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Voice Perception:
Sex, Pitch, and the Right Hemisphere
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Abstract: The present functional magnetic resonance imaging (fMRI) study examined the neurophysio-
logical processing of voice information. The impact of the major acoustic parameters as well as the role of
the listener’s and the speaker’s gender were investigated. Male and female, natural, and manipulated
voices were presented to 16 young adults who were asked to judge the naturalness of each voice. The
hemodynamic responses were acquired by a 3T Bruker scanner utilizing an event-related design. The
activation was generally stronger in response to female voices as well as to manipulated voice signals, and
there was no interaction with the listener’s gender. Most importantly, the results suggest a functional
segregation of the right superior temporal cortex for the processing of different voice parameters, whereby
(1) voice pitch is processed in regions close and anterior to Heschl’s Gyrus, (2) voice spectral information
is processed in posterior parts of the superior temporal gyrus (STG) and areas surrounding the planum
parietale (PP) bilaterally, and (3) information about prototypicality is predominately processed in anterior
parts of the right STG. Generally, by identifying distinct functional regions in the right STG, our study
supports the notion of a fundamental role of the right hemisphere in spoken language comprehension.
Hum Brain Mapp 24:11-20, 2005.  © 2004 Wiley-Liss, Inc.
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INTRODUCTION

In speech communication, the listener does not only de-
code the linguistic message from the speech signal, but at the
same time he or she also infers paralinguistic information
such as the age, gender, and other properties of the speaker.
We will term this type of information voice information. In
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terms of acoustic properties, voice information has been
described by several acoustic parameters. Two of these pa-
rameters are of major perceptual relevance: (1) the funda-
mental frequency and (2) the spectral formant frequencies
[Fant, 1960; Lavner et al., 2000; Van Dommelen, 1990]. The
fundamental frequency (FO) of the vocal fold vibration de-
termines the perceived pitch of a voice; most often it is
higher in females than in males. The spectral formants (F1,
F2...) determine the characteristic timbre of each speaker’s
voice, so that the listener can recognize familiar voices and
discriminate or categorize unfamiliar voices. A formant is a
prominence in the frequency spectrum that depends on the
size, length, and shape of the vocal tract. It has been reported
that particularly the third and fourth formant correspond to
the perceived speaker’s gender, because they depend on the
shape of the pharyngeal cavity, which is disproportionably
larger in males [Lavner et al., 2000]. Despite the importance
of voice information for the interpretation of an utterance,
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hitherto neurocognitive research has largely ignored the
domain of voice information. For decades, the study of
neurologically impaired patients was the only source of
information about the neural processing of voices. The clin-
ical observations suggest that lesions of the temporal lobe of
either hemisphere may lead to deficits in the discrimination
of unfamiliar voices [Van Lancker and Kreiman, 1987; Van
Lancker et al., 1988, 1989] whereas a lesion in the right
hemisphere only leads to a deficit in the recognition of
familiar voices [Van Lancker and Kreiman, 1987]. Recently,
the neural processing of voice information has also been
investigated by functional imaging experiments corroborat-
ing and complementing the clinical data. In a recent func-
tional magnetic resonance imaging (fMRI) study [von Krieg-
stein et al., 2003], it was shown that a task targeting on the
speaker’s voice (in comparison to a task focussing on verbal
content) leads to a response in the right anterior temporal
sulcus of the listener. In another series of studies [Belin et al.,
2000, 2002], it was shown that temporal lobe areas in both
hemispheres responded more strongly to human voices than
to other sounds (e.g., bells, dog barks, machine sounds) but
that, again, it is the right anterior STS that responded sig-
nificantly stronger to nonspeech vocalizations than to scram-
bled versions of the same stimuli. However, while these
studies employed different categories of sounds as control
stimuli for voice-selective effects, the present experiment
sought to investigate the processing of differential acoustic
parameters within the voice domain by identifying areas
that are sensitive to these parameters.

In an earlier study using magnetoencepalography (MEG)
[Lattner et al., 2003], we showed that a violation of the
listeners” expectations by a non-prototypical voice (e.g., an
extraordinarily low female voice) leads to a voice-specific
brain response. This response occurs in primary auditory
cortices as early as 200 ms after the stimulus onset. The data
suggest that listeners have a certain expectation (i.e., a mem-
ory trace or template) about the combination or configura-
tion of pitch and spectral properties of male and female
voices that influences the brain response even at a pre-
attentive processing level. The separate manipulation of ei-
ther parameter, therefore, offers a valuable method to gain
further information about the way voice information is pro-
cessed. However, while MEG allows an excellent temporal
resolution in the range of milliseconds, the spatial resolution
achieved by this method is coarse. In the present fMRI
experiment, we investigated the functionally relevant neu-
roanatomical correlates of specific information processing
within the voice domain, focussing on the supratemporal
cortex and in particular on the role of the anterior part of the
right hemisphere.

A further aspect that to our knowledge has not been
systematically investigated at all is the difference in the
neural processing of voice gender in male and female listen-
ers. Behavioural data suggest that the male-female distinc-
tion in voice perception is of major importance; e.g., infants
are able to categorize voices at the age of 8 months [Patter-

son and Werker, 2002], and adults judge the similarity of
voices according to a male-female categorization [for a dis-
cussion, see Mullenix et al., 1995]. In order to explore the
neurophysiological correlates of voice gender perception,
we systematically varied the voices we presented. In addi-
tion to varying the factor gender in the percept, we also
varied this factor in the perceiver in order to see whether
expectations about gender-specific properties of a voice are
different between male and female persons listening to pre-
sented speech.

MATERIALS AND METHODS

Subjects

Sixteen subjects (8 male, mean age 26 *+ 2 years; 8 female,
mean age 24 * 4 years) participated in the experiment. They
were right-handed native speakers of German, reported no
audiological or neurological disorders, and had normal
structural MRI scans. Subjects were paid for participation
and gave written informed consent in accordance with the
guidelines approved by the Ethics Committee of the Leipzig
University Medical Faculty.

Stimuli and Design

The stimuli consisted of 144 two-word sentences (e.g.,
Albert lacht / Albert laughs). The sentences were uttered both
by a male and a female speaker. The average fundamental
frequency for each speaker was determined (male, 124 Hz;
female, 205 Hz) and the stimuli were shifted in fundamental
frequency by the amount of the FO-difference, i.e., 81 Hz. The
recordings were then manipulated using the PSOLA re-
synthesis function of the PRAAT speech editing software.
Intensities were normalized using the Cool edit speech ed-
iting software; durations were matched across conditions
(female speaker 1.509 ms vs. male speaker 1.318 ms).

Altogether, four types of experimental stimuli were em-
ployed and each type constituted an experimental condition.
Condition M consisted of the sentences read by the male
speaker, condition F consisted of the sentences read by the
female speaker, condition F— was comprised of the female-
voice utterances that were lowered in pitch, and condition
M+ contained the male utterances but with a high (female
voice) pitch (Fig. 1)." Note that all conditions consisted of
intelligible speech.

Procedure and Task

Four lists of 36 items per condition were made up of the
stimulus material. Each subject was presented with one list.
By this procedure, it was ensured that no subject heard a
sentence more than once, but that across subjects each sen-

'Example sound files are available at “http://www.psychol-
ogie.unizh.ch/neuropsy/home_mmeyer/HBM-03-0175".
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Figure I.
Spectrograms and pitch contour derived from the four different voices speaking the same sentence. Each spectrogram corresponds to
one experimental condition: F = natural female voice; F— = pitch-shifted female voice; M = natural male voice; M+ = pitch-shifted

male voice. (Example sound files are available online at http://www.psychologie.unizh.ch/neuropsy/home_mmeyer/HBM-03-0175.)

tence was presented in each voice condition. This constraint
also holds for the two listener-gender groups separately.
The relation between image acquisition and trial presenta-
tion was systematically varied so that numerous time points
along the response are sampled [Burock et al., 1998], with an
average onset-to-onset interval of 6 s, allowing the fMRI
signal to decrease adequately between trials. The subjects
were instructed to indicate by a button press after presenta-
tion of each sentence whether the sentence was presented in
a natural or unnatural voice (finger and hand for the an-
swering reaction were balanced).

MR Imaging

MRI data were collected at 3T using a Bruker 30/100
Medspec system (Bruker Medizintechnik GmbH, Ettlingen,
Germany). The standard bird cage head coil was used. Be-
fore MRI data acquisition, field homogeneity was adjusted
by means of “global shimming” for each subject. Then, scout
spin echo sagittal scans were collected to define the anterior
and posterior commissures on a midline sagittal section. For
each subject, structural and functional (echoplanar) images
were obtained from 8 axial slices (5 mm thickness, 2 mm
spacing, 64 X 64 with a FOV of 19.2 mm) parallel to the
plane intersecting the anterior and posterior commissures
(AC-PC plane). After defining the slices” position a set of
two-dimensional (2-D) T1l-weighted anatomical images
(MDEFT sequence: TE 20 ms, TR 3,750 ms, in-plane resolu-
tion 0.325 mm?®) were collected in plane with the echoplanar
images, to align the functional images to the 3-D images. A
gradient-echo EPI sequence was used with a TE 30 ms, flip

angle 90°, TR 2000 ms. In a separate session, high-resolution
whole-head 3-D MDEFT brain scans (128 sagittal slices,
1.5-mm thickness, FOV 25.0 X 25.0 X 19.2 cm, data matrix of
256 X 256 voxels) were acquired additionally for reasons of
improved localization [Norris, 2000; Ugurbil et al., 1993].

Data Analysis

For data analysis we used the LIPSIA software package
[Lohmann et al., 2001]. Data preparation proceeded as fol-
lows: slice-wise motion correction (time step 50 as refer-
ence), sinc interpolation in time (to correct for fMRI slice
acquisition sequence); baseline correction (cut-off frequency
of 1/36 Hz); spatially smoothing using a Gaussian kernel
with FWHM 6 mm. To align the functional data slices onto
a 3-D stereotactic coordinate reference system, a rigid linear
registration with six degrees of freedom (3 rotational, 3
translational) was performed. The rotational and transla-
tional parameters were acquired on the basis of the 2-D
MDEFT volume to achieve an optimal match between these
slices and the individual 3-D reference dataset. Geometrical
distortions of the EPI-T1 images were corrected by using
additional EPI-T1 refinement on the transformation matri-
ces. The resulting parameters, scaled to standard size, were
then used to transform the functional slices using trilinear
interpolation so that the resulting functional slices were
aligned with the stereotactic coordinate system of [Talairach
and Tournoux 1988].

Statistical evaluation was based on a least-square estima-
tion using the general linear model for serially autocorre-
lated observations [Friston, 1994; Zarahn et al., 1997]. First,
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TABLE l. Natural male vs. natural female voices*

Left hemisphere

Right hemisphere

Location BA Z score x y z Z score x y z
Natural female > natural male
SCG/STP 6/43/4 —3.60 —49 —-15 21 —4.85 52 -13 15
42/22 —3.53 62 —12 8
pSTG 22 —-3.60 50 —34 15
IPL 40 —3.55 —56 -25 27 —3.53 56 —34 24
INS —3.55 -29 —-10 18 —3.80 32 -19 21
HeG 41 —4.59 —37 —34 12

* This table and Tables II-IV list results of averaged

contrast images based on individual contrasts between conditions. To assess the

significance of an activation locus, averaged contrast images were thresholded with (P < 10~ one-tailed, uncorrected for multiple
comparisons). Localization is based on stereotactic coordinates [Talairach and Tournoux, 1988]. These coordinates refer to the location of
maximal activation indicated by the Z score in a particular anatomical structure. Distances are relative to the intercommissural (AC-PC)
line in the horizontal (x), anterior-posterior (y), and vertical (z) directions. The table only lists activation clusters exceeding a minimal size

of 50 voxels.

SCG, subcentral gyrus; STP, supratemporal plane; pSTG, posterior superior temporal gyrus; IPL, inferior parietal lobe; INS, insula; HeG,

Heschl’s gyrus.

statistical parametric maps (SPM) were generated for each
subject. The design matrix was generated with the standard
hemodynamic response function considering a response de-
lay of 6 s and its first and second derivative. The model
equation, including the observation data, the design matrix,
and the error term, was convolved with a Gaussian kernel of
dispersion of FWHM 4 s. The model includes an estimate of
temporal autocorrelation. The effective degrees of freedom
were estimated as described by Worsley and Friston [1995].
Thereafter, contrast maps (i.e., estimates of the raw-score
differences of the beta coefficients between specified condi-
tions), were generated for each subject. As the individual
functional datasets were all aligned to the same stereotactic
reference space, a group analysis was subsequently per-
formed. A one-sample t-test of contrast maps across subjects
was computed to indicate whether observed differences be-
tween conditions were significantly different from zero as
suggested by Holmes and Friston [1998]. Obtained t-values
were subsequently transformed into Z-values giving an
SPM Z for each subject and condition. Voxels exceeding the
threshold |Z = 3.09], corresponding to P < 10, were re-
ported as significant results.

RESULTS
Behavioural Results

In 92% of the cases, the subjects judged the naturalness of
the voices as expected (correct response: “natural” for con-
dition M and F; “unnatural” for conditions M+ and F-).
The individual analysis showed that 12 of the 16 subjects
had above 90% correct responses. One subject had 88%
correct responses because he tended to judge the manipu-
lated male voice (M+) on some occasions as “natural”. The
other three subjects had above 70% correct. The lower rate of

these three subjects is due to a consistent behaviour: While
they made no deviant judgements about the other voices,
two of them rated the high male voice as “natural”; the third
subject judged the low female voice as “natural”.

fMRI Results

Four contrasts were performed, looking at the processing
of different voice parameters: In the first contrast, the pro-
cessing of natural male and female voices (M vs. F) was
evaluated; the second contrast focused on the role of the
fundamental frequency by comparing high- and low-
pitched voice conditions (M/F— vs. F/M+); in the third
contrast, pitch was balanced across conditions, but the for-
mant related activation was investigated (M/M+ vs. F/F—);
and in the fourth contrast, the role of voice prototypicality or
naturalness was explored (M/F vs. M+ /F—).

The role of speaker’s gender

Table I shows that the contrast of the natural voice con-
ditions M vs. F revealed stronger responses to the female
voice than to the male voice in the right hemisphere and was
comprised of three main centres of gravity: (1) in the supra-
temporal plane (STP) anteriorly to Heschl’s gyrus extending
to the foot of the central sulcus and adjacent ventral pre- and
postcentral gyri; (2) in the posterior part of the superior
temporal gyrus (STG) and adjacent parietal operculum ex-
tending into the inferior parietal lobe (IPL); and (3) in the
superior part of the first long insular gyrus in the right
hemisphere.

In the left hemisphere, activation was observed in the
posterior central gyrus, the inferior parietal lobe, and the
insula.

A second level analysis revealed no significant differences
between the activation patterns of female and male listeners;

* 14
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TABLE Il. Pitch*

Left hemisphere Right hemisphere
Location BA Z score x z Z score x y z
Low pitch > high pitch
aCG/Gs 25 418 -2 -3
High pitch > low pitch
STP 42/22 -3.82 54 -7 10
INS -3.93 38 -7 15

* Functional activation indicated separately for contrasts between conditions. For further explanation, see Table L
aCG, anterior cingulate gyrus; Gs, subcallosal gyrus; STP, supratemporal plane; INS, insula.

both groups showed the right hemisphere dominance in
response to the female voices.

The role of the fundamental frequency (pitch)

A contrast of the brain responses to high-pitched voices
(E/M+) and low-pitched voices (M/F—) was performed. In
this contrast the formant spectra are balanced across the
conditions (Table II, Fig. 2A).

Stronger activity in response to the high-pitched voices
was observed in the right-hemispheric temporal lobe por-
tion anterior to Heschl’s gyrus and in the insula. In the left
hemisphere, stronger activation in response to the low-
pitched voices was observed in the subcallosal area of the
anterior cingulate gyrus.

A Pitch

[M/F-] vs

B Formant Structure &

[M/M+] vs

The role of the formant structure (vocal tract)

A contrast of the brain activation in response to all
voices with a male formant spectrum (M, M+), and the
activation patterns in response to all voices with a female
formant spectrum (F, F—) was performed, whereby the
fundamental frequency level was balanced (Fig. 2B, Ta-
ble III).

Stronger activation in response to the female vocal tract
voices was found in the posterior part of the left and right
superior temporal region (planum temporale, planum pa-
rietale). Subcortical activation was also observed in left
hemisphere brain areas, namely in the white matter and
thalamus. Stronger activation in response to the male

Prototypicality

WHRRES

Figure 2.
The brain scans show right hemisphere parasagittal view of direct comparison along three signal
regressors: (A) pitch, (B) formant structure, and (C) prototypicality (|Z| 3.09, a-level 0.001).
Functional inter-subject activation (N = 16) is superimposed onto a normalised 3-D reference brain.
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TABLE lll. Formant structure*

Left hemisphere

Right hemisphere

Location BA Z score x y z Z score X Y z
Male voices > female voices
IFG 46/45 3.65 —44 35 6
Female voices > male voices
HeG 41 —4.32 40 =31 12
STG 22 —4.11 —47 —34 15
IPL 40 —4.3 57 —35 26
SCG/ 6/43/4 —3.73 56 =13 18
ROP —3.75 -29 -10 15 —3.85 23 -7 15
Tha —3.68 -8 -10 3

* Functional activation indicated separately for contrasts between conditions. For further explanation, see Table L.
IFG, inferior frontal gyrus; HeG, Heschl’s gyrus; STG, superior temporal gyrus; IPL, inferior parietal lobe; SCG, subcentral gyrus; ROP,

Rolandic operculum; Tha, thalamus.

voice spectra was found in the left inferior frontal gyrus
(rostrodorsal part of the pars triangularis).

The role of voice prototypicality

In a final contrast, the role of voice prototypicality was
investigated. Balancing fundamental frequency and formant
spectra, i.e., the acoustic parameters, we contrasted the brain
responses to natural voices (F, M) with the activation pat-
terns evoked by the odd voices (F—, M+) (Table IV, Fig. 2C).

Odd voices produced activation in the right anterior su-
perior temporal gyrus (STG). However, this particular con-
trast revealed temporal lobe activation that is even more
anterior relative to the other results mentioned above. No
selective responses to normal voices were found.

DISCUSSION

The aim of the present experiment was to investigate the
processing of voice information by means of functional res-
onance imaging and to dissociate areas that are sensitive to
different acoustic parameters in the voice signal. We suggest
a functional segregation of the right superior temporal areas
involved in voice processing based on the signal parameters,
which we are going to discuss in turn.

We first investigated the brain activation in response to
natural male and female voices (contrast: F vs. M). The
activation pattern shows a stronger response to the female
voice. The activation was bilateral with a clear right hemi-
spheric dominance in temporal lobe regions including the
anterior and posterior part of the supratemporal plane
(STP) and the insula. We can only speculate upon the
reason for the stronger brain activation in response to the
female voices. One explanation could be that the signal is
perceptually more salient than the male voice. However, a
more cognitively loaded explanation focuses on the social
and biological relevance of female/high-pitched voices.
For instance, it is well known that neonates already prefer
female voices over male voices [Fifer and Moon, 1988] and
also the resemblance of high voices to children’s voices
might enhance the adults” physical response to the high-
pitched signals. Moreover, an increase in pitch signals a
speaker’s increasing stress and, hence, a potential danger.
All these examples suggest that the perceptual system is
more aroused by high-pitched/female voices, which
might explain the stronger brain activation in this exper-
imental condition. The observed spatial distribution of the
activation resembles clinical data, reporting an impair-
ment of voice discrimination following brain damage to

TABLE IV. Prototypicality*

Left hemisphere Right hemisphere
Location BA Z score x y z Z score x v z
Odd voices > natural voices
aSTG 22 —4.74 55 -1 0

* Functional activation indicated separately for contrasts between conditions. For further explanation, see Table L

aSTG, anterior superior temporal gyrus.
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both hemispheres, and a deficit in the recognition of fa-
miliar voices after right hemisphere brain damage [Van
Lancker and Kreiman, 1987]. Note that the present cate-
gorization task involves low level perception as well as a
comparison between the incoming signal and prototypical
memory traces (“templates”) of natural voices and is,
therefore, comparable to a recognition task. The first im-
aging study that proclaimed the existence of voice selec-
tive areas [Belin et al., 2000], identified cortical sites along
the STS, bilaterally with a right hemispheric preponder-
ance, albeit not as clearly lateralized as observed in the
present study. While these temporal areas exhibited a
voice selectivity with respect to between-domain process-
ing (i.e., voice signals vs. object sound), we suggest that
right supratemporal areas and the brain regions nearby
play a crucial role in the more fine-grained classification
processes within the voice domain. Fundamental fre-
quency (F0) and the spectral formant configuration are the
most salient acoustic features in gender classification of
natural voices. The values of these parameters are not
independent from each other but correlate in real life, i.e.,
a formant configuration related to a female vocal tract is
typically correlated with a relatively high FO. Although FO
and other formants are physically very similar, we hy-
pothesized distinct functional areas to play a role in per-
ception for two reasons. First, we derived our predictions
from recent studies on simple auditory, speech, and music
perception. Converging evidence obtained from these
studies suggests dissociation in the (right) hemisphere
[Hall et al., 2003] or even a hemispheric difference for the
two types acoustic cues with the right hemisphere pref-
erentially driving pitch processing and the left hemi-
sphere particularly mediating the processing of fast spec-
tral formant transitions [Zatorre et al., 2002]. Second, our
hypotheses are based on the notion of differential func-
tional relevance of these parameters in the closely related
domains of voice and speech perception. In speech per-
ception the FO contour transfers information on the sen-
tence structure (e.g., phrase boundaries), of the talker’s
attitude (e.g., ironic), and other paralinguistic informa-
tion. In contrast, the spectral formants help decode the
linguistic message, from phonemes to words. The percep-
tual system treats these types of information distinctly.
Therefore, it is plausible to assume that functionally and
neurally distinct areas mediate FO level and spectral for-
mant configuration, although they are correlated in real
life. In the present study, we considered and tested fun-
damental frequency (F0) and the spectral formant config-
uration independently in order to learn more about the
processing of the single features as well as of the config-
uration of the given parameters.

A very salient feature distinguishing male and female
voices is their different pitch level, i.e., in terms of the
acoustic substance, the fundamental frequency [Lass et
al., 1975; Van Dommelen, 1990]. Consequently, the acti-
vation observed in the first contrast (M/F— vs. F/M+)

might largely be explained by the different pitch levels of
the male voice and the female voice, independent of other
factors. In order to investigate this assumption, a second
contrast of high- and low-pitched voices was performed
(F/M+ vs. M/F—). Note that both conditions consist of
voices with female and male vocal timbre; i.e., in terms of
the spectral formant structure, the contrast is balanced
and pitch is the only relevant variable. Perception of low
pitch (M/F— > M +/F) leads to activation in the subcal-
losal area, which is an unexpected result. The subcallosal
area is a small area of cortex on the medial surface of each
cerebral hemisphere and is the ventralmost portion of the
“affective division” of the anterior cingulate cortex
(ACad) [Bush et al.,, 2000]. Little is known about the
specific function of the subcallosal area so we can only
speculate on the functional relevance of this finding. Gen-
erally, ACad primarily is recruited in assessing the sa-
lience of emotional information [Bush et al., 2000]. High
pitch is often correlated with positive emotional valence
whereas low pitch is more likely to signal sad emotional
valence. Thus, it may be possible that the uncertainty
about emotional information in low-pitch voices yields an
enhancement of activity in the ACad. Alternatively, activ-
ity of the subcallosal area might imply that participants
had unpleasant sensations when perceiving low-pitch
voices, in particular the pitch-shifted female voice, which
indeed sounds unaesthetic. Perception of high pitch (M/F
— < M +/F) uncovers stronger responses in the right
peri-auditory cortex. As can be seen in Tables I and II, the
activation pattern evoked by high-pitch voices partly
overlaps with responses to natural female voices in the
right hemisphere STP anteriorly adjacent to Heschl’s gy-
rus and in the right insula. However, the activation pos-
terior to Heschl’s gyrus observed in the first contrast did
not occur, and must, hence, be attributed to other than
FO-related differences.

A plausible hypothesis could be that the posterior part of
the right temporal lobe is involved in the processing of
spectral/formant information. To investigate this hypothe-
sis, we contrasted the brain activation in response to all
female voices with all voices comprised of a male formant
spectrum (F/F— vs. M/M+; note that this contrast is bal-
anced in terms of fundamental frequency). Voices with male
formant configurations (M/M+), when compared to the
female voices, activated the triangular part of the left inferior
frontal gyrus, which is an intriguing finding. This region has
been previously associated with auditory perception of sim-
ple and complex sentences [Caplan et al., 1999; Miiller et al.,
1998]. In the present study, participants also heard simple
sentences; however, sentences were equal in complexity so
that our findings cannot be explained in terms of complex-
ity. The mean Z-value of this cluster was 3.23 (¢ = 0.12),
which is just above the significance threshold (Z > 3.09) we
applied. Therefore, given the data at hand, we are not in the
position to provide a suitable interpretation and we con-
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clude that this issue needs to be clarified in follow-up stud-
ies.

In general, a clearly stronger activation was found in
response to the voices with female vocal tract characteristics
(E/F—). This activation was observed in the posterior part of
the right supratemporal plane (planum temporale, planum
parietale), extending even into the parietal lobe, which may
also speak to a particular sensitivity of this region for spe-
cific aspects of processing vocal information. Interestingly,
this contrast also yielded activation in left hemisphere brain
areas, particularly in the superior temporal gyrus. The pla-
num temporale (PT) of the left hemisphere is known to play
an important role in speech processing [Hickok and Péppel,
2000; Jancke et al., 2002; Meyer et al., 2004; P6ppel, 2003].
This region is involved in the phonetic analysis, particularly
in the perception of fast formant transitions; for example,
activation of the PT is observed in response to CV syllables
but not to steady vowels [Jancke et al., 2002]. The present
response pattern can be interpreted in two ways: First, acti-
vation of the left hemispheric PT could be explained by the
processing of speaker-specific formant transitions due to
articulatory characteristics; second, it could be a correlate of
the analysis of the constant aspects of the formant spectrum
that reflect each talker’s vocal tract and, hence, his or her
unique voice timbre. Further investigations need to clarify
this issue. However, brain-imaging studies on speech- and
voice-related parameters suggest that the perception of
speech and voice during on-line speech processing cannot
be considered independent. Even though some studies re-
port a neurophysiological dissociation of speech perception
and the recognition of familiar voices [Assal et al., 1981],
there is meanwhile considerable evidence indicating that the
perception/discrimination of unfamiliar voices interacts
with speech perception: understanding what is said facili-
tates speaker recognition [Goggin et al., 1991], talker famil-
iarity facilitates speech perception [Nygaard et al., 1994],
and even in terms of clinical [Ziegler et al., 1999] and neu-
rophysiological [Knosche et al., 2002] data, there is no evi-
dence in favour of a neat dissociation of speech and voice
perception.

Having explored the impacts of single acoustic parame-
ters, next we investigated the role of voice prototypicality.
Balancing fundamental frequency as well as formant spec-
tra, we contrasted the brain responses to natural voices with
the activation patterns evoked by the unusual voices (F/M
vs. F—/M+). This contrast revealed stronger vascular re-
sponses only to unusual voices in the right anterior temporal
lobe. However, this temporal lobe activation is anterior to
what has been observed in the earlier contrasts reported
here. Thus, the anterior part of the right superior temporal
gyrus (aSTG) appears to be less sensitive to feature-based
acoustic processing of FO and formants, but it is responsible
for the processing of the combination of the single parame-
ters [Lattner et al.,, 2003]. The anterior part of the right
hemisphere, therefore, reflects the highest level of process-
ing during voice recognition as investigated in the present

study. Results of other recent neuroimaging studies that
report a particular role of the right anterior STS in response
to voice-related processing [von Kriegstein et al., 2003], ad-
aptation to a particular speaker [Belin and Zatorre, 2003], or
even voice-specific perception across domains [Belin et al.,
2000] clearly support this conclusion even though the acous-
tic substance of the stimuli was comparable or even identical
across conditions, thus requiring a cognitively higher anal-
ysis or categorization processes. Therefore, our data concur
with Belin’s notion of cortical regions selective to sounds of
voice [Belin et al., 2004].

A final aspect that we investigated was the role of the
listener’s gender. Other fMRI studies report gender-related
differences in the laterality of brain activation to cognitively
higher, language-related processes [Jaeger et al., 2000; Kan-
saku and Kitazawa, 2001; Phillips et al., 2000; Shaywitz et al.,
1995], although not unequivocally, e.g., [Frost et al., 1999]. In
addition, gender-related differences were also reported for
pitch memory [Gaab et al., 2003], where male listeners ex-
hibited a stronger lateralisation of the activation, as well as
for magnetic brain responses in early pure tone processing
[Salmelin et al., 1999]. The role of voice quality as a feature
of sexual attraction and its potential role with respect to the
selection of a potential partner also support the hypothesis
that there would be gender-related differences in neuro-
physiological processing of various voice signals. However,
the present study revealed no significant differences in the
activation patterns of male and female listeners in response
to male and/or female voices but rather supports studies
reporting behavioural null effects in gender-related voice
perception in children [Mann et al., 1979] as well as in adults
[Mullenix et al., 1995].

CONCLUSIONS

The present study is the first neuroimaging experiment to
look at the processing of speaker information within the
voice domain and takes the speaker’s and the listener’s
gender into account. The gender of the listener does not
seem to influence the way of processing of voice-related
information. However, a general functional segregation of
right hemisphere areas dependent on the processing of dif-
ferent signal features is suggested: (1) pitch is predominately
processed by mid STG areas, anterior but close to Heschl’s
Gyrus; (2) spectral voice properties are predominately pro-
cessed by overlapping areas in the posterior STG and IPL
(planum temporale/planum parietale); and (3) prototypical-
ity is processed by areas of the right anterior STG. However,
while we show that these regions exhibit a sensitivity to the
acoustic parameters relevant in voice processing, we do not
argue that they are restricted to voice processing, i.e., that
they are “voice selective” in a strict sense. Instead, we sug-
gest a close overlap between voice and speech processing.
Based on this observation, we argue in favour of a more
explicit and more careful consideration of the role of voice-
related perceptual processes in current models of speech
perception.
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