Cerebral Processing of Linguistic and Emotional Prosody: fMRI Studies

D. Wildgruber'?, H. Ackermann?, B. Kreifelts®, T. Ethofer™?

'Department of Psychiatry
Section MR of CNS, Department of Neuroradiology
3Department of General Neurology, Hertie Institute for Clinical Brain Research

University of Tubingen, Germany

Manuscript submitted to Progress in Brain Research, January 31, 2006

Corresponding author: Dirk Wildgruber, M.A., M.D.
Department of Psychiatry
University of Tubingen
Osianderstr. 24
72076 Tubingen, Germany
Phone: +49-7071-2987726
Fax: +49-7071-294371

e-mail: dirk.wildgruber@med.uni-tuebingen.de

No. of color figures: 4 (Fig. 1, Fig. 2, Fig. 3, Fig. 4)

Key Words:

Affect, Communication, Emotion, fMRI, Intonation, Language, Lateralization, Prosody

Running Title:

Cerebral Processing of linguistic and emotional prosody



Cerebral Processing of Linguistic and Emotional Prosody Wildgruber etal. 2

Abstract:

During acoustic communication in humans, information about a speaker’s
emotional state is predominantly conveyed by modulation of the tone of voice
(emotional prosody). Based on lesion data, a right-hemisphere superiority for
cerebral processing of emotional prosody has been assumed. However, the available
clinical studies do not yet provide a coherent picture with respect to inter-hemispheric
lateralization effects of prosody recognition and intra-hemispheric localization of the
respective brain regions. In order to further delineate the cerebral network engaged in
the perception of emotional tone, a series of experiments was carried out based upon
functional magnetic resonance imaging (fMRI). The findings obtained from these
investigations allow for the separation of three successive processing stages during
recognition of emotional prosody: (1) extraction of supra-segmental acoustic
information predominantly subserved by right-sided primary and higher-order
acoustic regions; (2) representation of meaningful supra-segmental acoustic
sequences within posterior aspects of the right superior temporal sulcus; (3) explicit
evaluation of emotional prosody at the level of the bilateral inferior-frontal cortex.
Moreover, implicit processing of emotional prosody seems to be bound to subcortical
regions mediating automatic induction of specific emotional reactions such as
activation of the amygdala in response to fearful stimuli.

As concerns lower-level processing of the underlying supra-segmental
acoustic cues, linguistic and emotional prosody seem to share the same right-
hemisphere neural resources. Explicit judgment of linguistic aspects of speech
prosody, however, appears to be linked to left-sided language areas whereas

bilateral orbito-frontal cortex has been found involved in explicit evaluation of
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emotional prosody. These differences in hemispheric lateralization effects might
explain that specific impairments in non-verbal emotional communication subsequent
to focal brain lesions are relatively rare clinical observations as compared to the more

frequent aphasic disorders.

Introduction:

During social interactions among humans, transfer of information does not
only depend upon the words we use. Rather, in numerous situations it seems to be
much more important how we utter them (Mehrabian, 1972). Emotional states,
attitudes (i.g., sympathy, dominance, politeness), and intentions often are
predominantly expressed by the modulation of the tone of voice (emotional prosody).
For example, if your head of department comes around and says with an angry
intonation “I have just been reading your report. We have to talk about it right now”
you will certainly get a fairly different impression of his intentions as if he would
produce the same sentences in a friendly and happy manner. As concerns the
cerebral correlates of prosody processing, observations in patients suffering from
focal brain lesions indicate that the well-established left-hemisphere dominance for
language comprehension does not extend to the perception of emotional tone
(Hughlings-Jackson, 1879; Pell and Baum, 1997; Schmitt et al., 1997; Baum and
Pell, 1999; Borod et al., 2001, 2002; Adolphs, 2002; Charbonneau et al., 2003;
Wildgruber and Ackermann 2003; Ackermann et al., 2004). According to an early
neuroanatomical model proposed by Ross (1981), prosodic information is encoded
within distinct right-sided perisylvian regions that are organized in complete analogy

to the left-sided language areas. Expression of emotional prosody, thus, is believed
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to depend upon the Broca-homologue within the right inferior frontal cortex whereas
comprehension of intonational information is presumed to be bound to the right
superior temporal region (Wernicke-homologue). However, the empirical evidence for
this model was based on a few case reports only, and more systematic investigations
yielded rather discrepant results. The majority of lesion studies seem to be
compatible with the assumption that the right-hemisphere posterior perisylvian cortex
is highly important for the comprehension of speech melody (Heilman et al., 1975,
1984; Darby, 1993; Starkstein et al., 1994; Adolphs et al., 2001; Borod et al. 2002).
However, various clinical examinations indicate a widespread network of - partially
bilateral - cerebral regions including the frontal cortex (Hornack et al., 1996, 2003;
Breitenstein et al., 1998; Rolls, 1999; Adolphs et al., 2002) and the basal ganglia
(Cancellier and Kertesz 1990; Weddel, 1994; Peper and Irle, 1997; Breitenstein et al.,
1998, 2001; Pell and Leonard, 2003) to contribute to the processing of emotional
intonation. In line with these findings, several neuroimaging studies reported
rightward lateralization of hemodynamic activation within temporal regions (Buchanan
et al., 2000; Wildgruber et al., 2002, 2005; Mitchell et al., 2003; Kotz et al., 2003;
Grandjean et al., 2005) and revealed additional — partially bilateral — responses within
the frontal cortex (George et al., 1996; Imaizumi et al., 1997; Buchanan et al., 2000,
Wildgruber et al., 2002, 2004, 2005; Kotz et al., 2003), the anterior insula (Imaizumi
et al., 1997; Wildgruber et al., 2002, 2004) and the basal ganglia (Kotz et al., 2003)
during recognition of emotional intonation. The considerable differences in
lateralization and localization of the relevant lesion sites as well as hemodynamic
activation spots, however, do not yet allow for an indisputable determination of the
neural substrates of prosody processing. Presumably, the discrepancies of the

available data are due to differences in the methods used such as stimulus selection,
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task and control conditions. In order to further clarify to which extent specific neural
structures subserve different facets of the comprehension of emotional prosody, our
research group conducted a variety of experiments based on functional magnetic
resonance imaging (fMRI), a technique that can be used for the non-invasive
evaluation of task-related hemodynamic cerebral responses at a highly spatial (ca.
0.5 mm, Menon and Goodyear, 1999) and moderately temporal (< 1 second,
Wildgruber et al., 1997) resolution. Specifically, these studies were designed to
delineate the neural substrates underlying distinct facets of prosody processing: (a)
extraction of supra-segmental acoustic information, (b) representation of meaningful
prosodic sequences, (c) explicit judgment of emotional as compared to linguistic
information, (d) connectivity between the neural structures involved, and (e) implicit

processing of emotional prosody.

Extraction of supra-segmental acoustic Information

At the perceptual level, emotional tone is characterized by the modulation of
loudness (acoustic correlate: sound intensity), pitch (fundamental frequency
variation), speech rhythm (duration of syllables and pauses), and voice quality or
timbre (distribution of spectral energy) across utterances (Lehiste, 1970; Ackermann
et al., 1993; Murray and Arnott, 1993; Banse and Scherer, 1996; Cutler et al., 1997,
Bachorowski and Owren, 2003; Sidtis and Van-Lancker-Sidtis, 2003; Scherer et al.,
2003). These supra-segmental features are imposed upon the sequence of speech
sounds (segmental structure) of verbal utterances. According to the acoustic
lateralization hypothesis (Fig. 1a), the encoding of supra-segmental parameters of

the speech signal (rather slow shifts > 100 ms) is predominantly bound to right-
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hemisphere structures whereas rapid transitions (< 50 ms), contributing to the
differentiation of the various speech sounds at segmental level (i.e., phonemes,
syllables), are mainly processed within contralateral areas (lvry and Robertson, 1998;
Belin et al., 1998; Zatorre et al., 2001, 2002; Meyer et al., 2002; Poeppel et al.,
2004). These acoustic laterality effects have been supposed to explain the differential
hemispheric dominance patterns of language (left Hemisphere) and music
processing (right hemisphere) (Wildgruber et al., 1996, 1998, 2001, 2003; Belin 1998;
Ivry and Robertson 1998; Zatorre et al., 2002; Hugdahl and Davidson, 2003;
Poeppel, 2004; Ackermann et al., 2006). In order to further separate the neural
structures subserving the extraction of basic acoustic properties of speech prosody
from those which respond to the conveyed emotional “meaning”, a series of fMRI
experiments was conducted. More specifically, the following hypotheses were
explored:

a) Lateralization of hemodynamic responses during passive listening to trains of
noise bursts depends upon stimulus frequency.

b) Extraction of specific acoustic parameters (signal duration, fundamental
frequency) is associated with different activation patterns at the level of
primary and higher-order acoustic regions.

c) Expressiveness of emotional prosody enhances the hemodynamic responses
of voice-sensitive areas within the right as compared to corresponding regions

within the left hemisphere.

The first experiment encompassed a simple passive listening condition. Trains
of noise bursts (clicks) were presented at different rates (2.0, 2.5, 3.0, 4.0, 5.0, 6.0

Hz) to eight healthy right-handed subjects (4 males and 4 females, age 19-32 years)
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during fMRI measurements. The clicks had been produced originally by striking a pen
against a table. Each acoustic sequence of a given click rate had a duration of 6
seconds. Altogether, 90 trains (6 rates x 15 repetitions) were presented in pseudo-
randomized order. During passive listening to these stimuli, significant hemodynamic
responses across all different presentation rates emerged within the superior
temporal gyrus of both sides, right-hemisphere putamen and the tectum. Moreover,
parametric analysis revealed lateralized rate-dependent responses within the anterior
insular cortex. During presentation of the click trains at slow rates, the right anterior
insula showed the highest activation levels. Furthermore, the hemodynamic
responses of this region displayed a decline of amplitude in parallel with an increase
of stimulation frequency. By contrast, an opposite relationship emerged within the left
anterior insular cortex (Ackermann et al., 2001). This double dissociation of rate-
response functions between the two hemispheres is in a very good accordance with
the acoustic lateralization hypothesis (Fig. 1b).

Seventeen healthy volunteers (8 males, 9 females, age 18-31 years)
participated in a second experiment that investigated discrimination of duration and
pitch values at different levels of difficulty. Complex sounds consisting of four formant
frequencies (500, 1500, 2500, 3500 Hz), manipulated either in duration (100-400 ms)
or in fundamental frequency (100-200 Hz, realized by rhythmic intensity fluctuations
throughout the signal), served as stimuli. Sequences of two signals were presented
to both ears each, and subjects either had to detect the longer duration (duration
task) or the higher pitch (pitch task), respectively. The behavioural data showed
comparable hit scores (mean values about 75%) with increasing accuracy rates in
correlation to rising physical difference between the two acoustic signals for both,

pitch and duration discrimination (Fig 1c). As compared to baseline at rest, both tasks
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yielded bilateral activation of frontal, temporal and parietal regions including primary
and secondary acoustic cortices as well as the working memory network (Fig. 1c). A
lateralization analysis, i.e., comparison of each hemisphere with the contralateral side
on a voxel-by-voxel basis, revealed, however, lateralization effects toward the left
side within insular and temporal cortex during both tasks. Even more noteworthy, a
parametric analysis of hemodynamic responses showed an increase of activation
within the right temporal cortex in parallel with the differences in sound properties of
the stimulus pairs. This positive linear relationship emerged both during the duration
and the pitch task. Moreover, a comparison with the contralateral hemisphere
revealed significant lateralization effects of the parametric responses towards the
right superior temporal sulcus during discrimination of stimulus duration (Reiterer et
al., 2005). Slowly changing and highly different acoustic stimuli, thus, seem to be
predominantly processed within the right hemisphere, whereas detection of rapid
changes or rather slight signal differences might be linked to the left hemisphere.
The findings of these first two experiments indicate that differences in basic
acoustic properties have a strong impact on brain activation patterns. In a third study,
twelve healthy right-handed subjects (7 males, 5 females, aged 19-29 years) were
asked to judge in two separate sessions the emotional valence of either word content
or prosody of altogether 162 German adjectives spoken in a happy, angry or neutral
tone. Intonations of these different emotional categories differ in various acoustic
properties (Banse and Scherer, 1996). To disambiguate more specific effects of
emotional expressiveness from extraction of low-level acoustic parameters, mean
and variation of volume intensity and fundamental frequency were included in the
statistical models as nuisance variables. During both tasks, a linear correlation

between hemodynamic responses and prosodic emotional expressiveness emerged
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within the middle part of the bilateral superior temporal sulcus (mid-STS). Responses
of right-hemisphere mid-STS showed higher amplitudes, larger extension and a
stronger dependency on emotional intensity than those of the contralateral side (Fig.
1d). Similar response patterns were found both for explicit and implicit processing of
emotional prosody (Ethofer et al., 2006). These observations support the assumption
that the mid-STS region contributes to the encoding of emotionally salient acoustic
stimuli independent from task-related attentional modulation (Grandjean et al., 2005).
In summary, these findings, related to the acoustic level of prosody
processing, indicate extraction of supra-segmental acoustic information to be
predominantly subserved within right-sided primary and higher-order acoustic brain

regions including mid-STS and anterior insula.

[Please place Fig. 1 near here]

Representation of meaningful prosodic sequences

According to the neuroanatomical model proposed by Elliot Ross, the
Wernicke-homologue region bound to the posterior aspects of right-hemisphere
superior temporal gyrus represents the key area for the comprehension of prosodic
sequences (Ross, 1981). An important role of the right posterior perisylvian cortex for
comprehension of speech melody has been confirmed in various clinical
examinations (Heilman et al., 1975, 1984; Darby, 1993; Starkstein et al., 1994; Borod
et al. 2002). In some studies on the comprehension of emotional information,

however, the valence of emotional expression has been reported to influence
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lateralization of cerebral responses (Canli et al., 1998; Davidson et al., 1999; Murphy
et al., 2003). According to the valence hypothesis, rightward lateralization of prosody
processing only holds true for negative emotions, whereas comprehension of happy
stimuli is ascribed to the left hemisphere (Fig. 2). As concerns speech intonation,
several clinical examinations failed to show any interactions between hemispheric
lateralization and emotional valence (Pell, 1998; Baum and Pell 1999; Borod et al.,
2002; Kucharska-Pietura et al., 2003). Considering functional imaging data, however,
distinct cerebral activation patterns bound to specific emotional categories such as
disgust, anger, fear or sadness have been observed during perception of facial
emotional expressions (Sprengelmeyer et al., 1998; Kesler-West et al., 2001; Phan et
al., 2002; Murphy et al., 2003). Several studies have corroborated the notion that
responses of the amygdalae are specifically related to facial expressions of fear
(Morris et al., 1996, 1998; Adolphs 2002; Phan et al., 2002) whereas facial
expressions of disgust seem to elicit activation of the anterior insula (Sprengelmeyer
et al., 1998; Phillips et al., 1998; Calder et al., 2001; Phan et al. 2002; Wicker et al.,
2003). Fear-specific responses of the amygdalae have also been reported in
association with vocal emotional expressions (Phillips et al., 1998; Morris et al., 1999)
whereas the predicted disgust-related activation of the anterior insula has not been
observed in a prior PET experiment (Phillips et al. 1998). It is unsettled, thus, to
which extent lateralization and exact localization of cerebral activation during
comprehension of emotional prosody is linked to specific emotional categories.
Based on the aforementioned clinical and neuroimaging studies, presumably,
there are cerebral regions — including the right posterior temporal cortex - that
contribute to comprehension of emotional prosody independent of any specific

emotional content, whereas other regions — including the amygdala and anterior
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insula - are selectively linked to comprehension of specific emotional categories. In
order to separate these components, 100 short German declarative sentences with
emotionally neutral content (such as “Der Gast hat sich fir Donnerstag ein Zimmer
reserviert [The visitor reserved a room for Thursday]”, “Die Anrufe werden
automatisch beantwortet [Phonecalls are answered automatically]”) were randomly
ascribed to one of five different target emotions (happiness, anger, fear, sadness or
disgust). A professional actress and an actor produced these test materials
expressing the respective emotion by modulation of affective intonation. Verbal
utterances were presented to 10 healthy subjects (5 males, 5 females, age: 21-33
years) under two different task conditions during fMRI. As an identification task,
subjects were asked to name the emotion expressed by the tone of voice whereas
the control condition (phonetic task) required the detection of the vowel following the
first /a/ in each sentence. Similarly to the emotion recognition task, vowel
identification also included a forced choice selection from five alternatives, i.e., the
vowels (/a/, lel, i, o/, lul). Under both conditions, participants were asked to give a
verbal response as quickly as possible and they were provided with a list of possible
response alternatives prior to testing. Since both tasks require evaluation of
completely identical acoustic stimuli and involve very similar response mechanisms,
comparison of the respective hemodynamic activation patterns should allow for the
separation of task-specific cerebral responses independently of stimulus
characteristics and unspecific task components. In order to delineate cerebral
structures contributing to the recognition of emotinal prosody independent of specific
emotional categories, responses during the identification of emotional prosody across
all emotional categories were compared to the phonetic control condition. To

disentangle patterns of cerebral activation related to comprehension of specific
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emotional categories, each emotional category was compared against the others.
The main goal of the study, thus, was to evaluate the following two hypotheses:
(a) A network of right-hemisphere areas including the posterior temporal cortex
supports identification of affective intonation independent of specific emotional

information conveyed.

(b) Perception of different emotional categories is associated with specific brain
regions, i.e., response localization varies with emotion type. Specifically, fear-
specific responses are linked to the amygdalae and disgust-specific responses

to the anterior insula.

During the fMRI experiment, subjects correctly identified the emotional tone at
a slightly lower rate (mean: 75.2 + 7.9 %) as compared to the vowel detection task
(mean: 83.4 + 7.0 %, p < 0.05). The accuracy scores for happy (90%), angry (82%)
and sad (84%) expressions reached comparable levels whereas fearful (51%) and
disgusted (57%) expressions were identified at significantly lower rates (p < 0.05).
These differences in performance are in good accordance with prior observations
and might be related to differences in recognizability of the acoustic cues of the
various emotions (Banse and Scherer, 1996). Response times for the emotional task
(mean: 4.3 £ 0.9 seconds) showed no significant differences as compared to the
phonetic task (mean: 4.1 + 1.0 seconds) indicating comparable levels of task
difficulty. Cerebral responses obtained during both tasks, as compared to the rest
condition, yielded a bilateral network of hemodynamic activation at the level of
cortical and subcortical regions including frontal, temporal and parietal cortex,

thalamus and cerebellum. To identify brain regions specifically contributing to the
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encoding of emotional intonation, the respective activation patterns were directly
compared to the responses obtained during phonetic processing of the identical
acoustic stimuli (Wildgruber et al., 2005). Using this approach, responses within two
activation-clusters, localized within the right posterior superior temporal sulcus (BA
22/42) and the right inferior frontal cortex (BA 45/47), could be assigned to
recognition of emotional prosody (Fig. 2b). No significant impact of emotional valence
or specific emotional categories on the distribution of brain activation could be
observed. Therefore, the results of the current study do not support, in line with prior
functional imaging (Buchanan et al., 2000; Wildgruber et al., 2002; Mitchell et al.,
2003; Kotz et al., 2003) and recent lesion studies (Pell, 1998; Baum and Pell 1999;
Borod et al., 2002; Kucharska-Pietura et al., 2003), the hypothesis of valence-specific
lateralization effects during processing of emotional intonation.

The observed hemodynamic responses, however, indicate a task-dependent
and stimulus-independent contribution of the right posterior STS (BA 22/42) and the
right inferior frontal cortex (BA 45/47) to processing of supra-segmental acoustic
information irrespective of specific emotional categories. We assume, therefore, that
the representation of meaningful supra-segmental acoustic sequences within these
areas should be considered a second step of prosody processing. A further
experiment was designed in order to evaluate the contribution of posterior STS and
inferior frontal cortex to the processing of emotional prosody as compared to

evaluation of linguistic prosody.

[Please place Fig. 2 near here]
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Explicit Judgment of emotional prosody

As concerns its communicative functions, speech prosody serves a variety of
different linguistic as well as emotional purposes (Ackermann et al., 1993, 2004;
Baum and Pell, 1999). Among others, it is used to specify linguistic information at the
word (content vs. content) and sentence level (question vs. statement intonation: “It
IS new?” vs. “It is new!”; location of sentence focus: “he wrote this letter ” vs. “he
wrote this letter”), and conveys information about a speaker’s personality, attitude
(i.e. dominance, submissiveness, politeness etc.) and emotional state (Fig. 3). Based
on lesion studies, the functional lateralization hypothesis proposes linguistic prosody
to be processed within the left hemisphere whereas emotional tone is bound to
contralateral cerebral structures (Van Lancker, 1980; Heilman et al., 1984; Behrens,
1985; Emmorey, 1987; Pell and Baum 1997; Borod et al., 1998, 2002; Geigenberger
and Ziegler, 2001; Schirmer et al., 2001; Charbonneau et al., 2003). In order to
disentangle the functional and the acoustic level of prosody processing, sentences
varying in linguistic accentuation (sentence focus) as well as emotional
expressiveness were generated by systematic manipulations of the fundamental
frequency contour of the simple declarative German sentence "Der Schal ist in der
Truhe" ("The scarf is in the chest”). With its focus on the second word, this utterance
represents an answer to the question "What is in the chest?". Shifting the accent to
the final word, the sentence provides information about where the scarf is. This
prosodic distinction is realized by distinct pitch patterns characterized by FO-peaks on
the accented syllables (Cutler et al., 1997). As a first step, a series of five FO
contours was generated extending from a clear-cut focus on the second to an accent

on the final word (Fig. 3b). On the basis of each of these five focus patterns, second,
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five additional variations were generated differing in pitch range across the whole
sentence. These global variations are perceived as modulations of emotional
expressiveness. Sentences with broader FO range clearly sound more excited
(Banse and Scherer, 1996; Pihan et al. 1997). Ten healthy right-handed participants
(6 males, 4 females, age: 20-35 years) were asked to perform two different
discrimination tasks during pair-wise presentation of these acoustic stimuli. In two
different sessions of the experiment they had to answer one of the following
guestions: (a) “Which of the two sentences is better suited as a response to the
question: Where is the scarf?” (discrimination of linguistic prosody) and (b) “Which of
the two sentences sounds more excited?” (discrimination of emotional
expressiveness). Since both conditions require the evaluation of completely identical
acoustic signals, the comparison of hemodynamic responses obtained during the two
different runs allows for the separation of task-specific responses independent of
stimulus characteristics. This experiment was primarily designed to explore the

following two alternative hypotheses:

a) Lateralization effects during prosody processing are strongly bound to acoustic
properties of the relevant speech signal: Since comprehension of linguistic as
well as emotional prosody relies upon the extraction of supra-segmental
features, a rightward lateralization must be expected during both conditions
(acoustic lateralization hypothesis)

b) Linguistic prosody is processed within left-sided speech areas whereas
comprehension of emotional prosody must be expected to be bound to the

right hemisphere (functional lateralization hypothesis)
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The obtained behavioral data clearly show that the participants were able to
discriminate the patterns of linguistic accentuation and emotional expressiveness at
similar levels of accuracy (linguistic discrimination: 82% + 14%, emotional
discrimination 78% + 11%). Therefore, a comparable level of difficulty for both tasks
can be assumed. As compared to the baseline at rest, both conditions yielded
bilateral hemodynamic responses within supplementary motor area, anterior
cingulate gyrus, superior temporal gyrus, frontal operculum, anterior insula, thalamus
and cerebellum. Responses within the dorso-lateral frontal cortex (BA 9/45/46)
showed lateralization effects toward the right side during both tasks (Wildgruber et
al., 2004). In order to identify brain regions specifically contributing to the processing
of linguistic or emotional intonation, the respective activation patterns were directly
compared with each other.

During the linguistic task, significantly stronger activation was observed within
the left inferior frontal gyrus (BA 44/45 = Broca’'s Area). By contrast, the affective
condition yielded significant bilateral hemodynamic responses within orbitofrontal
cortex (BA 11/47) as compared to the linguistic task (Fig. 3c). Comprehension of
linguistic prosody requires analysis of the lexical, semantic and syntactic aspects of
pitch modulation patterns. Activation of left inferior frontal cortex (Broca's area)
concomitant with the discrimination of linguistic accents indicates that at least some
of these operations might be housed within the anterior perisylvian language areas.
In line with this assumption, native speakers of Thai, a tone language, showed
activation of the left inferior frontal region during discrimination of linguistically
relevant pitch patterns in Thai words. This activity was absent in English speaking
subjects listening to identical stimuli (Gandour et al., 1998). Moreover, clinical

observations support the assumption of a specific contribution of the left hemisphere
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to the comprehension of linguistic aspects of intonation. For example, Heilman et al.
(1984) found patients suffering from focal left-sided brain lesions to produce
significantly more errors in a linguistic prosody identification task as compared to the
recognition of affective intonation whereas damage to the right hemisphere was
associated with a similar profile of deficits in both tasks. Furthermore, Emmorey
(1987) observed impaired discrimination of stress contrasts between noun
compounds and noun phrases after damage to the left hemisphere whereas patients
with right-sided lesions performed as well as normal control subjects. Predominant
disturbance of linguistic prosody comprehension concomitant with relatively
preserved processing of emotional intonation in patients with damage to the left
hemisphere has also been reported by Pell and Baum (1997) as well as
Geigenberger and Ziegler (2001).

Discrimination of emotional expressiveness yielded a significant increase of
hemodynamic responses within the bilateral orbito-frontal cortex (BA 11/47) as
compared to the linguistic task indicating, thus, a specific contribution of this region to
the evaluation of emotional aspects of verbal utterances conveyed by the tone of
speech. On the basis of neuro-anatomical considerations, e.g. reciprocal fiber
connections to sensory cortices and limbic regions, this region might serve as a
substrate for the judgment of emotional stimuli independent of the stimulus modality
(Price, 1999). Accordingly, activation of the orbito-basal frontal cortex has been
observed in preceding functional imaging studies during perception of emotional
intonation (George et al., 1996; Wildgruber et al., 2002), emotional facial expressions
(Nakamura et al., 1999, Blair et al., 1999) and affective gustatory judgments (Small et
al., 2001). Moreover, patients suffering from unilateral focal damage to this area

displayed impaired identification of emotional face and voice expressions whereas
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performance in non-emotional control tasks (i.e. discrimination of unfamiliar voices
and recognition of environmental sounds) was found uncompromised (Hornak et al.,
1996, 2003; Rolls 1999). These observations, in line with the results of the present
study, support the assumption that orbito-frontal areas contribute to the explicit
evaluation of emotional information conveyed by different communicational channels.
Blair and Cipolatti supposed this region to be critically involved in building
associations between the perceived emotional signals and an emotional episodic
memory. In patients suffering from lesions of orbito-frontal cortex, pronounced
abnormalities of social behavior have been observed (Levin et al., 1991; Blair and
Cipolatti, 2000; Wildgruber et al., 2000), resulting, conceivably, from compromised
associations between actual environmental stimuli with emotional memory traces.

In conclusion, hemispheric specialization for higher-level processing of
intonation contours has been found to depend — at least partially - upon the functional
role of the respective acoustic signals within the communication process:
Comprehension of linguistic aspects of speech melody relies predominantly upon left-
sided perisylvian language areas whereas the evaluation of emotional signals,
independent of modality and emotion type, is bound to bilateral orbitofrontal regions.
As a third step of prosody processing, thus, explicit evaluation of emotional prosody
seems to be associated with bilateral inferior aspects of frontal cortex including the

orbitobasal surface (BA 47/11).

[Please place Fig. 3 near here]
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Connectivity within the Prosody Network

So far, three successive steps of prosody processing have been identified: (1)
extraction of supra-segmental acoustic information, (2) representation of supra-
segmental sequences and (3) explicit judgment of emotional information. As
concerns the respective neuroanatomical correlates, extraction of suprasegmental
acoustic information seems to be predominantly bound to the right primary and
secondary auditory regions. Presumably, the relevant acoustic information is
transferred from these regions via direct fibre connections to an area within the
posterior superior temporal sulcus (post-STS) subserving the representation of
meaningful intonational sequences. In case of explicit judgement of emotional
prosody, a further temporo-frontal passage of information must be assumed
accounting for the observed activation of bilateral inferior-frontal cortex during this
task. It should be emphasized, furthermore, that converging results from lesion
studies (Hornak et al., 1996, 2003; Ross et al., 1997) and functional imaging
examinations (Imaizumi et al., 1997; Pihan et al., 2000; Wildgruber et al., 2002, 2004)
suggest a contribution of these areas to the processing of emotional prosody, and an
intact transcallosal communication of information has been assumed to be a
prerequisite for comprehension of emotional prosody (Ross et al., 1997). It is unclear,
however, whether this cooperation of the two hemispheres is based on a sequence of
processing steps or if both frontal lobes receive the respective information
independently via parallel connections from the right posterior temporal cortex. In
order to investigate the connectivity architecture of the cerebral network involved in
the processing of emotional prosody, a further experiment was carried out. Twenty-

four healthy right handed subjects (11 males, 13 females, mean age 24.4 years)
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underwent event-related fMRI measurements while rating the emotional valence of
either prosody or semantics of 162 binaurally presented emotional adjectives (54 x
neutral, 54 x positive, 54 x negative content) spoken in happy, neutral or angry
intonation by six professional actors (3 females / 3 males). The adjectives were
selected from a sample of 500 adjectives on the basis of ratings obtained from 45
healthy German native speakers (see Kissler et al, this volume) along the dimensions
of valence and arousal on a 9-point self assessment manikin scale (SAM, Bradley
and Lang, 1994). The stimuli comprised 54 highly arousing positive (mean arousal
rating > 4, mean valence rating < 4, e.g. “verfuihrerisch” = alluring), 54 highly arousing
negative (mean arousal > 4, mean vaence rating > 6, e.g., “panisch” = panic) and 54
low arousing neutral (mean arousal rating < 4, mean valence rating between 4 and 6,
e.g. “breit” = broad). During separate functional imaging sessions, subjects had been
asked to judge either the valence of emotional word content or the valence of
emotional prosody on the 9 point SAM-scale. Both the order of within-session
stimulus presentation and the sequence of sessions were pseudo-randomized across
subjects. To assess functional connectivity of activated regions, the novel technique
of dynamic causal modelling (Friston et al., 2003) was applied to the data. This
approach allows inferences on (1) the parameters representing influence of
experimentally designed inputs, (2) the intrinsic coupling of different brain regions,
and (3) modulation of this coupling by experimental factors (for methodological
details see Ethofer et al, 2006). Using this technique, the following hypotheses were

evaluated:



Cerebral Processing of Linguistic and Emotional Prosody Wildgruber etal. 21

a) Within the network of regions characterized by task-dependent activation,
the post-STS serves as input region (receiving input from primary and
secondary acoustic regions).

b) The frontal lobes, consecutively, receive their input from the post-STS.
Moreover, it was assessed whether both frontal lobes subserve two
successive processing steps or receive their information independently

from the right post-STS via parallel pathways.

Conventional analysis of the fMRI data yielded — in very good accordance with
prior investigations (Wildgruber et al., 2004, 2005) - activation within the right
posterior STS and bilateral inferior frontal cortices during evaluation of emotional
prosody. Subsequent determination of functional connectivity revealed that the
activation cluster within the right post-STS represents the most likely input region into
this task-specific network. This finding is in agreement with the assumption that this
region subserves representation of suprasegmental sequences and receives direct
input from primary and secondary acoustic regions. To investigate the intrinsic
connectivity pattern within the network, dynamic causal models assuming parallel,
serial or fully bidirectional connectivity patterns were compared. The model based
upon parallel projections from the posterior STS to the frontal cortical regions turned
out to be significantly superior to both serial models as well as the model with
bilaterally connected brain regions (Fig. 4a). In a post hoc analysis, an attempt was
made to optimize this parallel pathway model by adding either unidirectional or
bidirectional connections between the two frontal regions or adding unilateral or
bidirectional backward projections from the frontal areas to the right posterior STS.

The original parallel pathway model again was found to be significantly superior to all
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alternative models. These results provide further empirical support for the hypothesis,
that processing of emotional prosody is carried out in three successive steps: (1)
extraction of suprasegmental acoustic information bound to predominantly right-sided
primary and higher-order acoustic regions, (2) representation of meaningful
suprasegmental sequences within the right post-STS and (3) explicit emotional

judgment of acoustic information within the bilateral inferior frontal cortices (Fig. 4b).

[Please place Fig. 4 near here]

Implicit Processing of Emotional Prosody

During every-day interactions among humans, as a rule, the emotional
connotations of communicative signals are not explicitly evaluated on a quantitative
scale. Rather, highly-automatized understanding of the emotional information
conveyed by facial expressions, speech prosody, gestures or the propositional
content of verbal utterances seems to be much more important. A variety of empirical
data indicate different cerebral pathways to be involved in explicit and implicit
processing of emotional signals (LeDoux et al., 1996; Anderson and Phelps, 1998;
Adolphs, 1999; Critchley, 2000; Adolphs et al., 2002). As concerns the hemodynamic
responses bound to specific emotional categories, a selective contribution of the
amygdala to recognition of fearful voices has been assumed on the basis of lesion
data (Scott et al., 1997) and prior PET studies (Phillips et al. 1998; Morris et al.,
1999). Furthermore, a specific contribution of the anterior insula and the basal

ganglia to the perception of vocal expressions of disgust has been predicted based
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on clinical findings (Pell and Leonhard, 2003) and functional imaging experiments
during processing of facial expressions (Sprengelmeyer et al., 1998; Pihan et al.,
2002; Wicker et al., 2003). Responses of the amygdalae have been observed to
depend on implicit processing of emotional signals, e.g., during passive listening
tasks, whereas explicit judgments of emotional expressions were shown to result in
deactivation of this region (Morris et al., 1999; Critchley et al., 2000; Adolphs 2002).
As a consequence, implicit transmission of emotional information by the induction of
physiological emotional reactions, e.g., changes of heart rate and skin conductance,
might be linked to emotion-specific subcortical regions whereas the explicit
evaluation of emotional signals based on the retrieval of information from emotional
memory appears to be processed within bilateral inferior-frontal areas, irrespective of
emotion type and valence of the stimuli. In order to evaluate the neural basis of
implicit processing of emotional prosody, a cross-modal interaction experiment was
conducted (for methodological issues of cross-modal interaction experiments see
Ethofer et al., this volume). This experiment was designed to test the following two

predictions:

a) Simultaneous presentation of emotional faces and emotional prosody induces
distinct interaction effects: explicit judgment of facial expressions is influenced
by implicit processing of unattended emotional prosody.

b) The impact of an unattended fearful tone of speech on explicit judgment of

emotional faces is associated with activation of the amygdala.

During this experiment, images of facial expressions taken from the Ekman

and Friesen battery (Ekman and Friesen, 1976) were presented to 12 healthy right-
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handed subjects (7 males, 5 females, age: 19-29 years). Using digital morphing
techniques, a series of visual stimuli was generated extending in facial expression
from 100% fear to 100% happiness in incremental steps of 25% (Perret et al., 1994).
In one run of the experiment, the facial expressions were shown in isolation, and in
another trial they were combined with acoustic stimuli, i.e., short declarative
sentences spoken in a fearful or happy tone by two professional actors (one male,
one female). In both of these runs participants were instructed to rate the emotional
valence of the displayed facial expressions. A third run of the experiment required
explicit judgment of emotional prosody. The behavioral results show that subjects
rated fearful and neutral facial expressions as being more fearful when presented
concomitant with a fearfully spoken sentence as compared to the no-voice condition.
By contrast, no significant shifts in interpretation occurred during application of happy
expressions (Fig. 5a). Thus, this experimental paradigm might provide a means for
quantitative measurements of the implicit impact of emotional prosody on the
judgment of facial expressions (de Gelder and Vroomen, 2000). A comparison of
happy and fearful intonations during explicit judgment of prosody (unimodal auditory
session) did not reveal any significant differences of the hemodynamic cerebral
responses. As concerns implicit processing of emotional prosody, however, the
middle section of the right fusiform gyrus showed a significantly stronger activation
when facial expressions were displayed in the presence of a fearful voice as
compared to happy intonation. This region has been named the fusiform face area,
because it has been found crucial for the processing of faces in clinical and
experimental studies (Barton et al. 2000, Puce et al. 1995, Kanwisher et al. 1997).
Moreover, this region shows stronger activation to emotional as compared to neutral

faces (Morris et al. 1998) and seems to respond particularly to stimuli signalling
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danger (Surguladze et al., 2003). The increased hemodynamic responses within the
fusiform gyrus in presence of an auditory expression of threat might reflect enhanced
alertness for detection of the respective visual cues, giving rise to shifts in the
interpretation of facial expressions. Moreover, comparison of hemodynamic
responses with the individual explicit ratings of emotional facial expressions in
presence of unattended fearful prosody revealed a significant correlation within the
basolateral part of the left amygdala extending into the periamygdaloid cortex. This
finding indicates the impact of voice on the processing of faces to be mediated via
anterior-temporal structures. In line with this assumption, the amygdala has been
observed to modulate neuronal activity in brain regions subserving visual processing
(Morris et al. 1998, Davis and Whalen 2001, Vuilleumier et al. 2004), and it has been
suggested the left-sided nuclei integrate audiovisual fear-related emotional

information into a common percept (Dolan et al. 2001).

[Please place Fig. 5 near here]

Cross-modal integration of emotional communicative signals

Emotional information may be conveyed via different communicative channels,
e.g., prosodic features of the acoustic speech signal, facial expressions, and
propositional content of verbal utterances. Based on the findings presented here,
several successive steps during cross-modal integration of emotional signals can be
separated and assigned to distinct cerebral correlates: (1) extraction of

communicative signals is subserved by the respective modality-specific primary
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cortices, (2) modality-specific higher-order auditory regions process emotional
information (i.g., prosody = right STS, facial expressions = fusiform face area,
propositional meaning = left posterior STG), (3) explicit emotional judgments,
presumably involving evaluation of associations with episodic emotional memory,
were found to be linked to bilateral orbitofrontal cortex. Implicit processing of
emotional signals, however, seems to rely on alternative pathways including emotion-
specific subcortical regions involved in automatic physiological reaction (e.g. variation
of heart rate and skin conductance). It has been demonstrated, that both pathways of
emotion processing influence the behavior of the organism and that unattended
processing of emotional information may interact with attended evaluation of
emotional communicational signals (Fig. 5b). Future research will be required,
however, to further clarify the neuroanatomical basis of interaction effects between
implicit and explicit stimulus processing and integration of emotional signals

conveyed by various means of communication.
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Figure Legends:

Fig. 1: (a) According to the acoustic lateralization hypothesis, rapid changes of
acoustic parameters (< 50 ms) are predominantly processed within the left
hemisphere, whereas slow variations (> 100 ms) of these parameters are mainly
processed within the right hemisphere.

(b) Parametric responses during passive listening to trains of noise bursts:
hemodynamic responses characterized by positive linear (red), negative linear
(green) or non-linear (blue) rate-response functions. Activation clusters are displayed
on transverse sections of the averaged anatomical reference images (R = right, L =
left). The relationship between signal intensity and rate of acoustic stimulation (in
arbitrary units) was determined within the right (green) and left (blue) insular cortex
(see Ackerman et al., 2001).

(c) Discrimination of sound duration: pairs of complex acoustic signals that varied in
duration (100 to 400 ms) were presented to healthy subjects. Accuracy rates
demonstrate increasing deviance in time to be correlated with higher performance
scores. Parametric effects: significantly activated areas as a function of linear
increase with task performance emerged within the right MTG/STG and the left IFG
during duration discrimination. Laterality analysis: voxelwise comparison of the
hemispheres revealed a significantly activated cluster within the left STG for the
parametric effect of duration discrimination (see Reiterer et al., 2005).

(d) Parametric effects of prosodic emotional intensity. Conjunction of regions showing
a linear relationship between hemodynamic responses and prosodic emotional
intensity during both implicit and explicit processing of emotional prosody. Beta

estimates (mean + standard error) corresponding to distinct intensity steps of
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emotional intonations have been plotted for the most significant voxel of the cluster in
the right and left STS during implicit (red) and explicit (green) processing of emotional

prosody (see Ethofer et al., 2006c).

Fig. 2: (a) According to the valence hypothesis positive emotional information (i.e.
happy expressions) is processed within the left hemisphere, whereas negative
emotional information (expressions of fear, anger, disgust or sadness) is processed
within the right hemisphere.

(b) Significant hemodynamic responses during identification of emotional intonation
as compared to vowel identification are superimposed upon the cortical surface of a
template brain and upon an axial slice at the level of the highest activated voxels
within the activation clusters. The emotional task yielded specific activation within the
right STS (BA 22/42) and the right inferior frontal cortex (BA 45/47). Analysis of
valence effects, however, revealed no differences of cerebral responses depending

upon valence or specific emotional categories (see Wildgruber et al., 2005).

Fig. 3: (a) According to the functional lateralization hypothesis linguistic prosody is
processed within the left hemisphere, whereas emotional prosody is bound to the
right hemisphere.

(b) Variation of linguistic (left) and emotional intonation (right). The German sentence
“Der Schal ist in der Truhe” (“the scarf is in the chest”) was digitally resynthesized
with various pitch contours. Five different patterns of sentence focus were realised by
a stepwise increase of the fundamental frequency on the final word (left). The stress
accentuation ranged between an utterance clearly focussed on the second word

(solid line) and one that is focussed on the final word (dotted line). For each of these
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synthetic sentences, five variations of emotional expressiveness were generated by
manipulation of the pitch range across the whole utterance (right). Sentences with
broader pitch ranges are perceived as being more excited. As shown for the middle
contour (red) the realisation of linguistic accents remains constant during
manipulation of emotional expressiveness. The sentences of each stimulus pair
differed in relative focus accentuation as well as in emotional intensity.

(c) Significantly activated regions, identified by task comparisons, superimposed
upon the cortical surface of a template brain and upon an axial slice at the level of the
highest activated voxels within each activation cluster. The emotional task (upper
row) yielded significant responses within the bilateral orbitobasal frontal cortex (BA
11/47), whereas activation of the left inferior frontal gyrus (BA 44/45) emerged during

discrimination of linguistic prosody (lower row) (see Wildgruber et al., 2004).

Fig 4: (a) To evaluate the intrinsic connectivity of regions contributing to processing
of emotional prosody four different models were compared. (Model 1) Parallel
transmission from the right post-STS to both frontal regions. (Model 2) Successive
conductance from post-STS to right IFG and further on to the left IFG. (Model 3)
Serial conductance from post-STS to left IFG and right IFG. (Model A) Fully
connected bidirectional flow of information. Based upon a prior analysis, in all these
models external inputs were specified to enter the network via the right post-STS.
Dynamic causal modelling revealed a statistical superiority of the parallel processing
model (Model 1) as compared to all other models (Ethofer et al., 2006b).

(b) Based on the these findings it is assumed that explicit judgment of emotional
prosody is carried out in at least three successive steps: (1) extraction of

suprasegmental information bound to predominantly right-sided primary and
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secondary acoustic regions, (2) representation of meaningful suprasegmental
sequences within the right post-STS and (3) explicit emotional judgment of acoustic

information within the bilateral inferior frontal cortices.

Fig. 5: (a) Implicit impact of fearful prosody on judgment of emotional faces: (left)
valence rating of facial expressions (mean + standard error) presented without
acoustic stimuli (white bars) and in combination with fearful prosody (grey).
Evaluation of facial expressions in presence of a fearful voice as compared to a
happy intonation yielded significant activation in the right fusiform gyrus (upper right).
Analysis of cross-modal impact of fearful voices revealed significant correlations
between individual behavioural changes and hemodynamic responses in the left
amygdala (see Ethofer et al., 2006a).

(b) Cross-modal integration of emotional communicative signals: (1) extraction of
different communicative signals (prosody, facial expressions, word content) is
subserved by the respective modality-specific primary cortices. (2) More complex
features of these signals are processed within modality specific secondary regions.
(3) As a third step, explicit emotional judgments based on evaluation of associations
with episodic emotional memory seem to be linked to the bilateral inferior frontal
cortex. This region is assumed to be involved in cross-modal integration during
explicit evaluation. On the other hand, emotional signals can yield an automatic
(implicit) induction of emotional physiological reaction (e.g. variation of hart rate and
skin conductance) that is linked to specific subcortical regions. Presumably, both

neural pathways are inter-connected at various levels.
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