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The basis for different neural activations in response to male and female voices as well as the question, whether
men and women perceive male and female voices differently, has not been thoroughly investigated. Therefore,
the aim of the present study was to examine the behavioral and neural correlates of gender-related voice percep-
tion in healthy male and female volunteers. fMRI data were collected while 39 participants (19 female) were
asked to indicate the gender of 240 voice stimuli. These stimuli included recordings of 3-syllable nouns as well
Voice perception as the same recordings pitch-shifted in 2, 4 and 6 semitone steps in the direction of the other gender.
Opposite-sex effect Data analysis revealed a) equal voice discrimination sensitivity in men and women but better performance
Pitch in the categorization of opposite-sex stimuli at least in men, b) increased responses to increasing gender ambi-
fMRI guity in the mid cingulate cortex and bilateral inferior frontal gyri, and c) stronger activation in a fronto-temporal
neural network in response to voices of the opposite sex.

Our results indicate a gender specific processing for male and female voices on a behavioral and neuronal
level. We suggest that our results reflect higher sensitivity probably due to the evolutionary relevance of
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voice perception in mate selection.
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Introduction

Gender discrimination signals are evolutionarily important for the
successful identification of adequate mates. Such signals are eclectic:
ranging from visual signals, such as body (Tovee et al., 1999) and face
symmetry (Little and Jones, 2006), to non-visual signals such as odor
and vocal characteristics, especially pitch (Fitch, 2000; Jones et al,
2010), and seem to covariate with each other (Cornwell et al., 2004).
Related sensory mechanisms are captured by signals relevant to fun-
damental reproductive needs. This seems to result in an adaptive alloca-
tion of attention to a counterpart of the opposite sex (Duncan et al.,
2007). Correspondingly, there is widespread evidence, that humans
prefer and react faster to signals of the opposite sex compared to
those of the same sex in various modalities (Conway et al., 2008;
Cornwell et al., 2004; Fischer et al., 2004; Hofmann et al., 2006; Jones
et al.,, 2010; Proverbio et al.,, 2010; Spreckelmeyer et al.,, 2012). How-
ever, conflicting results have also been found reporting a same-sex
advantage (Cellerino et al., 2004; Yamaguchi et al., 1995) or sex-
independent effects (Latinus and Taylor, 2012; O'Toole et al., 1998).
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The existence of a sex-dependent perceiver-stimulus interaction is
therefore insufficiently resolved.

Among the variety of gender discrimination cues, one of the most
important evolutionary signals in our environment is the human
voice, which plays a key role in social interaction (Belin et al., 2004;
Fitch, 2000) and mate selection (Apicella and Feinberg, 2009; Hodges-
Simeon et al,, 2010, 2011).

The widespread source-filter concept of human vocal production
(Fant, 1960; Ghazanfar and Rendall, 2008; Titze, 2008) states that
oscillations in the vocal folds located in the larynx (source) generate
acoustic energy passing through the vocal tract (filter). There, (like
a series of band-pass filters) formants or vocal tract resonances deter-
mined by time dynamics of length and shape of the vocal tract modify
the emitted sounds and create the speech signal. Formants are relatively
independent of the fundamental frequency (F0), which is determined
by the vocal folds (Fitch, 2000). However, the speech signal does con-
tain not only a linguistic message, but also multiple paralinguistic infor-
mation (Honorof and Whalen, 2010). In the last years research focused
more and more on these additional socially relevant voice properties in-
dependent of linguistic features of speech; especially emotion (McNally
et al,, 2001; Rodero, 2011), identity (Latinus and Belin, 2012; Latinus
et al,, 2011; Schweinberger et al., 2011), attractiveness (Bestelmeyer
et al,, 2012) and gender (Charest et al., 2013; Pernet and Belin, 2012;
Zaske et al., 2009). Further, paralinguistic information enables voice to
be an ‘auditory face’, referring to the similarity in processing complexity
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and providing relevant information about social and biological charac-
teristics across both modalities (Belin et al., 2011; Belizaire et al., 2007).

Normally, humans infer the gender of the speaker unconsciously
(Simpson, 2009). This decision is mostly perceived from pitch (Jones
et al,, 2010), but there are much more phonetic and neurobiological
differences related to male and female voices which are associated
with the way in which they are produced from and perceived by differ-
ent speakers (Simpson, 2009).

Acoustically, the primary difference between human male and
female voices concerns fundamental frequency and formants (acoustic
resonance) resulting from the anatomical sex differences in vocal
folds and vocal tract emerging in puberty (Fitch and Giedd, 1999).
Titze (1989) reported approximately 60% longer vocal folds in men
resulting in a lower FO as well as an about 15-20% longer vocal tract.
A manipulation of source and filter properties reflected that, although
FO represents the most effective factor, both, FO and formant frequency,
are necessary to identify speakers’ gender consistently (Hillenbrand
and Clark, 2009). Thus, two extra-linguistic parameters are of major
relevance for gender discrimination in human audition: the vocal
cord dependent mean fundamental frequency (FO) and the formant
frequencies depending on vocal tract dynamics (Poon and Ng, 2011;
Sokhi et al., 2005; Titze, 1989; van Dommelen, 1990).

The average voice pitch varies about one octave (i.e. 12 semitones)
between the sexes. The typical FO for male speakers is ranging
from 107 to 147 Hz, and for female speakers from 170 to 224 Hz
(Dacakis, 2000; Simpson, 2009). In between is an overlapping range
of 135-181 Hz, which can be associated with voices of both sexes.
In this range the decision on a male or female voice also depends on
other parameters like visual information or prosodic characteristics
(Gelfer and Schofield, 2000; Oates and Dacakis, 1997). This “gender-
ambiguous” range is centered on a “gender cut-off” FO of around
160 Hz, with voices exceeding 160 Hz mostly being perceived as
female and voices below 160 Hz being assigned to males (Oates and
Dacakis, 1997; Spencer, 1988). Especially in this gender-ambiguous
range formants get high importance as additional gender determin-
ing cues (Sokhi et al., 2005; Titze, 1989).

However, sex differences in vocalization are not unique to humans
but have been reported in many other species (Hauser, 1996; Rendall
et al., 2004). Differences involve sex-specific patterns of calling
during mate selection as well as diverse related organic characteris-
tics. For example, hormonal differences in songbirds can affect the
motivation to sing and the structural development of specific brain
nuclei regulating song production (Hauser, 1996). By means of single
cell recording Narins and Capranica (1976) found greater cell num-
bers tuned to a specific mate call in female neotropical tree frogs
than in males indicating a neural basis for auditory perception differ-
ences for mate calls between the sexes. This conforms to the finding
that female frogs choose mates whose callings match the excitatory
frequency of their auditory system best (Ryan et al., 1992). Thus,
the sexually dimorphic characteristics of vocalization and its percep-
tion are important predictors of mating success and can give insight
into the reproductive behavior of animals and humans.

Regarding cerebral differences between the sexes, there is wide-
spread evidence of sex differences in human brain structure (Cahill,
2006; Wallentin, 2009) including the prefrontal cortex, the amygdala,
the hippocampus and other temporal areas (Brun et al., 2009; Cahill,
2006), such as the primary auditory cortex (PAC; Rademacher et al.,
2001). Further, an increasing number of functional neuroimaging
studies report sex differences in neural activity patterns during differ-
ent tasks, for example related to emotion (Kohn et al., 2011), audition
(Brun et al., 2009), face perception (Derntl et al., 2010; Mather et al.,
2010), stress (Goldstein et al., 2010) or the interaction of emotion
and cognition (Koch et al., 2007) with or without performance differ-
ences (Cahill, 2006). In many cases, different processing strategies
in both sexes result in comparable behavioral patterns.

Human voice as speech carrier is initially processed in the auditory
cortex, namely BA41 and BA42 of the superior temporal gyrus
including Heschl's gyrus, regions in the planum temporale along
the right anterior superior temporal sulcus and middle temporal
gyrus (Belin et al., 2000, 2002, 2004; Formisano et al., 2008; von
Kriegstein et al., 2003, 2010). Sex differences in auditory perception
are already observed in the precortical auditory pathway such as
longer cochlear length in men resulting in longer cochlear travel
times (Sato et al., 1991) or differential auditory sensitivity at different
frequencies (Corso, 1963). Even in the brain stem women exhibit
faster and increased responses than men in click-evoked auditory
responses (Krizman et al, 2012). Similarly Ruytjens et al. (2007)
found increased activation in the PAC in men as compared to
women in reaction to music (vs. noise). However, the neural basis
for sex differences in gender-specific voice processing is still unclear.
To the best of our knowledge, there are only two studies dealing
with the topic. Both found differential regional activation for male
or female voice perception. Sokhi et al. (2005) studied a sample of
12 men and found greater activation in the right anterior superior
temporal gyrus while listening to female voices compared to male
ones. In contrast, male voices increased activation in the right pre-
cuneus. In contrast, Lattner et al. (2005) reported stronger neural
responses to female as compared to male voices in the right supra-
temporal plane, the right posterior superior temporal gyrus, left
postcentral gyrus as well as bilateral inferior parietal lobe and insula
in a mixed sample of 8 men and 8 women. Direct comparison revealed
no sex differences in neural activation. However, both sample sizes
were rather small preventing a thorough analysis of sex differences
for female and male voices.

Therefore we investigated a larger sample of healthy women and
men and systematically varied fundamental frequency and formants
of originally male and female voices to explore the neural correlates
of gender-related voice perception. Based on previous results (Lattner
et al., 2005; Sokhi et al., 2005) we expected a differential neural pro-
cessing of original male and female voices in voice-selective regions
of the brain, such as the superior temporal gyrus and middle frontal
cortex, interacting with the sex of listener, namely increased activation
in response to voices of the opposite sex due to increased attention
to evolutionary relevant stimuli. Moreover and based on previous

Which gender does the speaker have?
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Fig. 1. Order of events for the experimental paradigm with an illustration of acoustic presented male (blue) and female (red) voices.
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literature (Charest et al., 2013; Schweinberger et al., 2008) we hypoth-
esized an increased recruitment of additional frontal and cingulate
regions in response to gender ambiguous voices (due to increased
cognitive demands and monitoring processes). Therefore, we imple-
mented a task presenting different voice morphing levels (see also:
Belizaire et al,, 2007; Mullenix et al.,, 1995). Starting from unambiguous
male and female voices we increased ambiguity by morphing voices
stepwise (2, 4 and 6 semitones) into the direction of the opposite
sex. This modification of the degree of difficulty of gender recognition
might represent an especially sensitive tool for the investigation of
sex differences in voice perception. In this way we intended to not
only investigate differences in gender-specific voice processing be-
tween men and women, but also to show basal responses of the brain
to evolutionary determined cues in human voice.

Methods
Subjects

In total, 41 healthy subjects were examined. Two subjects were ex-
cluded subsequently due to movement artifacts. Hence, data from 39
participants (19 females, 20 males) were included in the final analyses.
On average, men and women did not differ significantly regarding
age (men: 32.35 years, SD = 10.26; women: 33.16 years, SD =
12.34, t(37) = —0.223, p = 0.825), education (men: 15.00 years,
SD = 2.92; women: 14.95 years, SD = 3.21, t(37) = 0.054, p =
0.958) or crystallized verbal intelligence quotient (men: 112.45,
SD = 14.71; women: 112.21, SD = 16.14, t(37) = 0.048, p = 0.962).
Aside from one left-handed participant in each group all subjects were
right-handed as assessed by the Edinburgh Handedness Inventory
(Oldfield, 1971).

Subjects were screened by means of the Structured Clinical
Interview for DSM-IV (Wittchen et al., 1997) to ensure the exclusion
of mental disorders of axis I. Subjects with neurological disorders and
other medical conditions which could affect the cerebral metabolism
as well as with first degree relatives with a history of mental or neu-
rological illness were also excluded.

The study was approved by the local Institutional Review Board of
the Medical Faculty of the RWTH Aachen University. All participants
gave their written informed consent and were financially reimbursed
for their participation.

Stimuli

The stimuli consisted of 10 male and 10 female voices. Six German
target words were recorded — three nouns spoken by half of each
group, respectively resulting in 30 natural male and 30 natural female
stimuli. In other words, the six stimulus words as well as the male and
female speakers were divided in halves, i.e. three of the six words
were spoken by five male and the other three by five female speakers.

In addition, as described in detail below, three modified (morphed)
versions of each natural stimulus were created to make the natural
stimuli progressively more gender-ambiguous. Hence, we got 240
stimuli in total.

The six target words were trisyllabic, emotionally neutral nouns
selected from a bibliographic database (Baayen et al., 1995). Trisyllabic
words were selected because they were found to be adequate for
voice gender discrimination with an error rate of less than 1%
(Lehmann et al., 2010). For a natural and consistent pronunciation,
the target words were spoken in the context of the carrier sentence
“I said ...” and then cut out. The utterances were digitally recorded
with a high-quality microphone (type C 2000 B by AKG) at a sampling
rate of 44100 Hz and a quantization of 16 bit in a sound proofed room
using the software tool Audacity (http://audacity.sourceforge.net).
After cutting out the stimuli from the carrier sentences, their amplitudes
were normalized. To avoid any discontinuities at the beginning and the

end of the cut-out stimuli, their onsets and offsets were smoothed by
multiplying them with the left/right half of a 30 ms long Hann window.
From multiple repetitions of the recordings, instances of the stimuli
were selected such as to match in duration across conditions and sex
(mean duration female voices: 946.43 ms (SD = 159.885), male voices:
996.66 ms (SD = 112.903); t = —1.445; p = 0.153). The average
fundamental frequency of the natural stimuli was 207.09 + 32.11 Hz
for female speakers and 128.77 + 23.42 Hz for male speakers.

For each of the natural stimuli, three modified versions were pro-
duced to make the original male stimuli sound progressively more
female and the original female stimuli sound progressively more
male. The modifications were done using the “change gender” func-
tion of the software Praat (Version 5.2.03 www.praat.org; Boersma
and Weenink, 2010). As stated before, adult women are characterized
by a mean pitch that is about one octave (=12 semitones) above that
of men, and a vocal tract that is proportionally shorter than that of
men (Fant, 1960; Fitch and Giedd, 1999). Therefore, each natural
stimulus was modified to approach the gender-ambiguous voice
region in three steps by shifting the pitch contour and changing the
formant structure that reflects the vocal tract length. Since the aver-
age frequency of a formant and vocal tract length are roughly inverse-
ly related, the formant shift ratio was set to the inverse of the vocal
tract length factors given above. Original male stimuli were modified
by shifting the pitch contour up by 2, 4, and 6 semitones (st), and at
the same time reducing the vocal tract length by the factors 0.97,
0.94, and 0.91, respectively. Accordingly, original female stimuli
were modified by shifting the pitch contour down by 2 st, 4 st, and
6 st, and at the same time increasing the vocal tract length by the
factors 1.03, 1.06, and 1.09, respectively.

All natural and modified stimuli were rated in a pre-study by an
independent sample of 15 male and 15 female subjects in order to
validate the stimuli used in the fMRI experiment regarding natural-
ness on a 10 point scale with 10 being most natural (male voices:
mean (SD): 0 st: 6.27 (1.63), 2 st: 5.25 (1.15), 4 st: 4.68 (1.22), 6 st:
4.39 (1.18); female voices: 0 st 7.09 (1.90), 2 st 6.25 (1.14), 4 st
5.83 (1.10), 6 st 5.19 (1.18)). By means of variance analyses, no
significant differences were detected between the original voices and
their morphed equivalents (female: all p > 0.245; male: all p > 0.178).
In addition, there were no rating differences between men and women
for any condition (all: p > 0.151).

Task

Stimuli were presented via an MRI compatible sound system
by means of electrostatic headphones with Presentation 14.2 soft-
ware (http://www.neurobs.com). Loudness was adapted individually
(ca. 70 dB on average) to assure comfort, intelligibility and audibility
given the background noise of the scanner.

Every condition appeared ten times in mini-blocks consisting
each of 3 nouns spoken by 3 different speakers within a hybrid design
resulting in 80 blocks. The order was pseudo-randomized and
balanced so that no speaker and no word was heard consecutively.
The first block was preceded by a short instruction. Within a block
an inter-stimulus interval (ISI) of 4 s (plus randomized jitter of max-
imal + 1/2 TR) was used. Between blocks there was an ISI from 11 s
to 16 s (+randomized jitter of maximal 1/2 TR). Therefore the total
length of the paradigm was 27.2 min.

The task was to determine the gender of each stimulus by pressing
one of two target buttons of an MR-compatible response pad with
the right index (male voice) or middle finger (female voice) as fast
as possible (Fig. 1).

Analysis of the behavioral data

All behavioral data were analyzed using SPSS 18.0.0 (SPSS Inc.,
Chicago, IL). Since the behavioral raw data were not normally
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distributed, nonparametric Friedman rank tests (Friedman, 1937;
Mann and Whitney, 1947) were performed to detect mean rank
differences between conditions in response accuracy and reaction
times (RT). Post-hoc Mann-Whitney-U tests for between-group
comparisons and Wilcoxon tests for within-group comparisons for
each sex group separately as well as for the whole group were calcu-
lated to decompose significant effects (Mann and Whitney, 1947;
Wilcoxon, 1945).

Task performance was assessed by the amount of hits (true posi-
tive answers) and false negative responses (due to the characteristics
of the two-alternative discrimination task the inclusion of true nega-
tive and false positive responses would not result in additional infor-
mation given that indicating a “female” voice in response to a male
stimulus can be interpreted as a false negative answer during the
male condition or as a false positive reaction in the female condition).

To further explore performance based on Signal Detection Theory,
discrimination sensitivity and potential response biases (D'Ausilio
et al., 2011) for each morphing level were assessed by means of
d-prime (d’) and log beta ratios (log [3) for two-alternative discrimi-
nation tasks (Wickens, 2002). The latter gets zero at the point exactly
between both distributions, positive when biased to the first answer
alternative (here: “male voice”) and negative when biased to the
other (“female voice”). One-sample t-tests were calculated for each
sex group separately against HO with a test value = 0 to see if dis-
criminability differed from chance level and if there is a significant
position bias. Furthermore, two-sample t-tests were computed to
compare the groups.

All post-hoc tests of the behavioral data were Bonferroni corrected
for multiple comparisons.

fMRI data acquisition

Functional images were acquired on a 3T Siemens Trio MR Scanner
(Siemens Medical Systems, Erlangen, Germany) at the Department
of Psychiatry, Psychotherapy and Psychosomatics of the University
Hospital of the RWTH Aachen University using echo-planar imaging
(EPI) sensitive to BOLD contrast (T2%, voxel size: 3.1 x 3.1 x 3.1 mm?,
distance factor 15%, GAP 0.5 mm, 64 x 64 matrix, FoV: 200 x
200 mm?, TR = 2's, TE = 30 ms, o = 76°). 36 slices covered the
entire brain. Transversal slices were acquired in ascending order.
Image acquisition was preceded by 6 dummy images in order to
account for magnetic field saturation effects. They were discarded
before preprocessing resulting in 785 volumes for each subject.

fMRI data analysis

Image analyses were performed using SPM8 (http://www.fil.
ion.ucl.ac.uk/spm) implemented in MATLAB 2010b (Mathworks,
Sherborn, MA). In a first step, the images were corrected for head
movement by realigning them to the first image. Afterwards, the
realigned images were spatially normalized into the anatomical
MNI space by coregistering them to the SPMS8 tissue probability
map template for grey matter and applying the non-linear unified
segmentation approach (Ashburner and Friston, 2005). Normalized
images were smoothed with an 8 mm full-width-at-half-maximum
(FWHM) Gaussian kernel to compensate for inter-subject variations in
brain anatomy. Low frequency noise was filtered out using a high pass
filter of 128 Hz.

Afterwards, on an individual level, all 8 experimental conditions
were separately modeled in an event-related design relying on the
canonical hemodynamic response function. First-level contrasts
were taken to a second-level and entered in a mixed-effects general
linear model (GLM) using a flexible factorial design implemented in
SPM8 with subjects as random effect (between group factor: sex)
and conditions as fixed effects (within-subject factors: sex and
morphing level of the voice (i.e. unmorphed original voice, morphed

by 2, 4 or 6 st)). Further, movement parameter regressors and the in-
dividual mean reaction times were included as nuisance covariates.

Moreover, to assess the effects of the parametric modulation of
the stimulus morphing, contrasts for male and female voices were
weighted linearly ascending (Ost + —3 < 2st + —1 <4st « 1 < 6st = 3)
and mean centered according to their morphing level.

Based on this model, separate contrasts were computed. First,
two contrasts for the interaction of group/sex of the listener and sex
of the (original) voice assessing the hypothesized opposite sex effect,
namely: 1) [men Ow > men Om] > [women Ow > women Om], 2)
[women Om > women Ow] > [men Om > men Ow] (note: due to
the subtraction method in the construction of contrasts, the first
interaction is arithmetically equivalent to [women Om > women
Ow] > [men Om > men Ow] and the second to [men Ow > men
Om] > [women Ow > women Om]). The underlying effects were
decomposed by parameter estimates. Mean beta values and standard
errors of each peak voxel were extracted for each of both voice condi-
tions and in each group separately in order to segment significant
results by means of post hoc two-sample t-tests comparing all voice
and sex sub-conditions with each other using GraphPad (www.
graphpad.com).

Second, effects of the morphing degree were assessed across the
whole group and compared between the sexes.

Finally, a correlation analysis reflected the relationship between
the amount of errors and the activation alteration due to an increased
gender ambiguity of the voices (i.e. the morphing degree).

A voxel-level threshold of p < 0.05 FWE corrected for multiple
comparisons (extent threshold: 20 voxels) was adopted for the whole
group and the correlation analyses. A more liberal Monte Carlo
corrected threshold was used for the analysis of sex group differences,
since interaction effects are more subtle and represent the difference
of a difference with less statistical power. Monte Carlo simulations
were computed using AlphaSim by Ward (2000) implemented in
AFNI 2011 (Cox, 2012). Assuming a per voxel probability threshold of
p = 0.001, after 1.000 simulations a cluster size of 19 contiguous
resampled voxels was indicated to correct for multiple comparisons
at p < 0.05.

Results
Behavioral results

Hits and errors

The Friedman test revealed significant differences regarding the
percentage of hits (x>(7) = 198.37, p = 0.001) and errors (x*(7) =
199.35, p < 0.001) across all morphing and sex of the voice conditions.
No general sex (p = 0.888) and voice gender (p = 0.625) effects
were found. In contrast, stimulus morphing decreased percentage of
hits in the whole group (as well as in both sex groups separately (all
p < 0.001)).

Further looking at both sexes separately and in contrast to whole
group analysis, an effect of sex of the voice was found with more
correct answers for voices of the opposite sex in men (z = —2.465,
p < 0.014) and women (z = —3.018, p < 0.003), respectively.

Directly comparing both groups, significant sex differences were
found for male and female voices (both z > —3.584, p <0.001).
Both groups showed better performance for voices of the opposite sex.
However, no group differences were found concerning the morphing
levels (all p > 0.224). Further, post hoc comparisons of each task sub-
condition reflected significance for all differences between men and
women (at least on a statistical threshold of p < .05), although only
sex differences for the 4st and 6st conditions survived Bonferroni cor-
rection (see Table 1, Fig. 2).

Given the two-alternative discrimination task, the opposite pat-
terns were found for error rates (accordingly providing no additional
information).
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Mean percentage of hits, errors, reaction times for correct responses in seconds, discrimination sensitivity (d-prime) and answering bias (log (3) in response to male and female

voices of the different morphing steps in semitones (st) for women and men.

Men Women Men Women

Mean (SD) Mean (SD) p Mean (SD) Mean (SD) p

Hits (%)

Male voice Female voice
Ost 97.00 (3.73) 99.29 (1.78) 0.020" 97.66 (2.88) 94.21 (6.29) 0.032"
2st 90.66 (7.48) 96.84 (4.07) 0.003" 91.16 (10.83) 80.35 (11.75) 0.002"
4st 63.00 (15.02) 83.15 (12.78) <0.0017* 81.66 (9.64) 65.78 (15.98) 0.001™*
6st 36.50 (17.18) 62.63 (15.65) <0.001* 58.66 (16.27) 36.49 (15.93) <0.001"*

Error rate (%)

Male voice Female voice
Ost 2.66 (3.17) 0.52 (1.67) 0.009" 1.83 (2.75) 5.78 (6.26) 0.006"
2st 9.00 (7.26) 3.15 (4.07) 0.004* 8.33 (10.84) 19.29 (11.78) 0.002"
4st 36.50 (16.87) 16.84 (12.78) <0.001* 18.00 (9.57) 33.68 (15.98) 0.001™*
6st 63.16 (16.87) 37.19 (15.72) <0.001** 41,00 (16.36) 63.15 (15.88) <0.001"*

Reaction time

Male voice Female voice
Ost 1.22 (0.19) 1.06 (0.15) 0.011* 1.25 (0.23) 1.07 (0.16) 0.011*
2st 1.32 (0.29) 1.14 (0.14) 0.009" 132 (0.27) 1.18 (0.24) 0.049"
4st 1.51 (0.29) 1.22 (0.13) 0.001™* 134 (0.25) 127 (0.21) 0.448
6st 1.65 (0.37) 1.35 (0.16) 0.008" 1.47 (0.29) 1.38 (0.27) 0.206

D-prime Log 3
Ost 3.87 (0.34) 3.78 (0.41) 0.495 —0.15 (0.73) 0.63 (0.75) 0.002*
2st 3.03 (0.48) 2.84 (0.40) 0.179 —0.18 (1.32) 1.22 (1.08) 0.001™*
4st 1.35 (0.32) 1.53 (0.43) 0.128 —0.08 (0.41) 0.37 (0.49) 0.003"
6st —0.15 (0.45) —0.03 (0.29) 0.339 —0.08 (0.41) 0.37 (0.49) 0.003"*

* p<0.05.
* p < 0.002 (Bonferroni corrected).

Discrimination and response bias

Two-sample t-tests on d’ showed no significant difference between
men and women in discrimination performance for all 4 morphing
degrees (see Fig. 2 and Table 1). Further, one-sample t-tests revealed
that discriminative ability was above chance level for all conditions
(p < 0.001) except the highest morphing level (6st — with p = 0.147
for men and p = 0.608 for women). In general, discrimination sen-
sitivity decreased with increasing morphing degree (see also Table 1).

Two-sample t-tests on log B indicated sex differences in all 4
morphing degrees (see Table 1). However, only group differences
for voices morphed by 2st also survived Bonferroni correction of (of
p < 0.002) (see also Table 1). While men revealed no significant posi-
tion bias (all p > 0.370) women were biased to indicate male voices
(all p < 0.004).

Reaction times

In addition, Friedman tests revealed significant differences in reac-
tion time (RT) across all morphing and sex of the voice conditions
(x3(7) = 172.94, p = 0.001). For the whole group, a general sex
effect was found with women responding overall faster than men
(z = —2.529, p =0.011), which was also true for all morphing
levels separately (all p <0.022). Further, an increase in stimulus
morphing decreased reaction times (all p < 0.005) and overall partic-
ipants reacted faster to female than to male voices (z = —1.996,
p < 0.046).

Looking at both sexes separately, an increase in RT was found with
increased stimulus morphing with significant differences between
all morphing levels (p < 0.002) except 4st compared to 6st (men:
z = —2.053, p = 0.040; women: z = —2.495, p = 0.013), where
differences did not survive Bonferroni correction. Sex of the voice
had a significant effect in men (z > —2.688, p = 0.007), but not in
women (z = —0.241, p = 0.809) with faster responses to female
than to male voices in male participants.

Comparing both groups directly, sex groups differed significantly
regarding male (z = —2.894, p = 0.003), but only by trend in
response to female (z = —1.939, p = 0.054) voices. While women
responded faster than men in both conditions men responded faster
to female than to male voices. In the direct comparison of each task
sub-condition women responded significantly faster than men in all
conditions, except for the 4st and 6st female voice condition at least
on a statistical threshold of p <.05 (Table 1). However, only group
differences for male voices morphed by 4st survived the conservative
Bonferroni correction.

To take these significant sex differences into account, RTs were
included as covariate of no interest into the brain image analyses.

Functional imaging results

Effects of sex and original voice gender

Interaction analyses showed stronger activation in men compared
to women for the processing of female vs. male original voices in
the right superior prefrontal gyrus similar to medial prefrontal cortex
(MPFC), left medial orbitofrontal cortex (OFC) and the left middle
temporal gyrus (MTG, s. Table 2) extending to angular gyrus.

In the next step, the extracted mean beta values and standard
errors from each of these three regions were compared with each
other for each group and each original voice condition by means of
post hoc t-tests in order to decompose the interaction effect.

Post hoc comparisons in the MPFC revealed stronger activation
during the processing of female voices in men as compared to women
(t(37) = 3.072, p < 0.004). Stronger activation was also shown for
female voices compared to male voices in men (t(38) = 2.166,
p < 0.037) and (by trend) for male voices compared to female voices
in women (t(38) = 1.987, p < 0.055).

Comparisons in the OFC showed less deactivation in response to
female voices in men as compared to women (t(37) = 2.1525,
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Fig. 2. A. Performance (% correct with standard error bars) in response to male (left) and female (right) voices of the different morphing steps in semitones (st) in men (blue) and
women (red). B. Gender discrimination sensitivity (d-prime with standard error bars) and C. response bias (log 3 with standard error bars) for each morphing step in men (blue)
and women (red) with positive values representing bias to choose male voices and negative values representing bias to choose female voices. Significant differences are marked by

asterisks.

p < 0.038). In addition, less deactivation was found for male voices
as compared to female voices in women (t(38) = 2.402, p < 0.022).

Post-hoc comparisons in the MTG/angular gyrus, finally, exhibited
less deactivation during the processing of female voices in men as
compared to women (t(37) = 2.987, p < 0.005). Furthermore, less
deactivation was revealed for male as compared to female voices in
women (t(38) = 2.611, p < 0.013) (Fig. 3).

In all three regions there was no significantly stronger activation
in women compared to men, in response to male compared to female
voices in men, or in response to female compared to male voices in

Table 2

Stronger activation/less deactivation in men compared to women for the processing of
female vs. male original voices with no significant results for the opposite interaction
([women Om > women Ow] > [men Om > men Ow]; MNI coordinates, p < 0.05 Monte
Carlo corrected, k = cluster extension).

Brain region L/R X y z k t

Medial pre frontal cortex R 15 56 16 120 448

Middle temporal gyrus (extending L —54 —76 13 24 419
to angular gyrus)

Medial orbitofrontal cortex L —12 35 —14 27 4.06

women. Note that only activation in the MPFC and the MTG/angular
gyrus during the processing of female voices in men as compared to
women survived Bonferroni correction (p < 0.008).

Effects of voice gender morphing

The parametric weighting of the linearly increasing morphing
degree revealed activation in the inferior frontal gyri bilaterally
extending to the insula as well as in the mid cingulate cortex (MCC)
for the whole group (Table 3 and Fig. 4).

Men showed stronger activation in right superior and middle frontal
gyri than women for increasing stimulus morphing (Table 3). Parame-
ter estimates revealed that effects resulted from an increase in activa-
tion with increasing morphing degree in men not reflected in women
(see Fig. 5). No stronger activation was found in women contrasted
to men.

Correlation analyses exhibited a negative association between
errors and activation increase with increasing morphing degree in
the right insula, the right middle temporal gyrus and brain stem as
well as left middle temporal pole, left hippocampus, and left paracentral
lobe in women. However, no correlations were found in men (see
Table 4).
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Discussion

The processing of voices is a basic cognitive and phylogenetic ability
(Belin et al., 2004; Lattner and Friederici, 2003). Studying sex differ-
ences in its cerebral substrates might provide further insight not only
into sex-specific voice perception, but also into the processing of
gender-related information in general. For this purpose, the aim of the
present study was to investigate the neural correlates of voice per-
ception in men and women in dependence of gender-specific voice
parameters. We could show better performance in the categorization
of and stronger activation in response to opposite-sex stimuli in men
compared to women as well as a response bias towards male voices
together with stronger activation in response to male as compared to
female voices in women. Moreover, men additionally recruited pre-
frontal areas with increasing morphing degree compared to women.
Women, on the other hand, made more classification errors with
decreasing activation in middle temporal and insula regions.

Biological relevance of opposite-sex voices

Opposite-sex effect on performance

We used the percentage of hits and errors, reaction times, discrimi-
nation sensitivity (d-prime) and position bias (log beta) as behavioral
measures of voice gender perception performance. First, when

Table 3

Activation peaks (MNI coordinates) and cluster extension (k) for a linear increase of
voice morphing regarding gender identity in the whole group (p < .05 FWE, cluster
size > 20 voxels) and for men contrasted to women (p < .05 Monte Carlo corrected).

Contrast Brain region L/R x y z k t

Increasing degree of morphing

Overall Inferior frontal gyrus R 30 29 —5 458 10.28
(triangularis)
Insula L —30 26 -5 287 9.44
Middle cingulate cortex R 9 20 43 408 8.50
Inferior frontal gyrus L —48 20 25 69 557

(triangularis)
Superior frontal gyrus R 15 5 52 45 459
Middle frontal gyus R 30 29 31 61 3.82

Men > women

comparing the amount of hits (and errors) in men and women,
independent of the morphing level men revealed significantly better
performance in response to female voices and vice versa. This effect
was also reflected in the within-sex effects concerning the sex of
the voice, i.e. both groups categorized voices of the opposite sex more
accurately than the voice of the own sex. Second, women reflected an
opposite-sex response bias, tending to more often choose male sex in
their answering pattern, which partly may have resulted in the increase
in true positive answers for male stimuli (given the two alternative
forced-choice task) and therefore might have influenced the opposite
sex performance effect in women. Third, men and women did not differ
in their voice sex discrimination sensitivity (d’).

Fourth, women generally showed faster responses than men.
Looking at both groups separately, men reacted significantly faster
in response to female as compared to male voices. This annulled
group differences for female voices. According to that, men seem to
benefit from the opposite-sex effect behaviorally as reflected by
shorter reaction times for female as compared to male voices. Shorter
reaction times in women, on the other hand, might be also related to
the response bias, which might have resulted in faster reactions.

The fact that at least men revealed an opposite-sex effect in per-
formance is in line with findings from previous studies in different
domains revealing that men prefer women's pheromones (Cornwell
et al, 2004) and faces (Feinberg, 2008) to male ones. Moreover,
Hofmann et al. (2006) showed that men entitle the facial attractiveness
of female faces faster than women and vice versa. According to that,
they found an opposite-sex performance effect which we could repli-
cate for voices.

Interestingly, and in contrast to Brown and Perrett (1993),
Yamaguchi et al. (1995) reported an own-sex effect in face perception
in an Asian sample. Authors explained conflicting results with a pos-
sible incomparability between Asian and Caucasian samples and
underlined the need for further research on this topic. However, also
Cellerino et al. (2004 ) found that women recognized female faces bet-
ter than men — at least at certain pixilation levels. Although authors
did not report on discrimination sensitivity or response bias measures,
this raises the question of evolutionary differences regarding the pro-
cessing of visual and auditory material and the influence of different
social stimuli.
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Nonetheless, an opposite-sex performance effect for voices in gen-
eral (Feinberg et al., 2008) and especially for voice pitch (Jones et al.,
2008, 2010) supports our findings. In addition, there is evidence for an
association between men's and women's perceived vocal attractiveness
and putative indices of fertility and health (Hughes et al., 2008).

Not all groups found an interaction between the listener's sex
and the sex of the voice (Bruckert et al., 2010; Latinus and Taylor,
2012). However, subtle differences may only become apparent in
larger sample sizes with more statistical power (both, Bruckert et al.
(2010) and Latinus and Taylor (2012) investigated samples with not
more than 13 female and 12 male participants).

In sum, our behavioral findings may be interpreted in terms of
an evolutionary perspective suggesting that individuals attend more
strongly to potential mates (Feinberg, 2008). This perspective of
significance due to evolutionary reasons, possibly more pronounced
in men, is in agreement with neurobiological and behavioral studies
reporting that the perceived physical attractiveness can be modulated
by the individual social interest in the evaluated person (Jones et al.,
2008; O'Doherty et al., 2003). According to this interpretation, the
social significance of a potential mate may be higher and result in
an unconscious preference and better attendance to sexually differen-
tiating cues, such as a speaker's voice, which may have led to our
results of better recognition of voices of the opposite sex.

Opposite-sex effect on prefrontal activation
In line with the idea of an opposite-sex effect, our data resemble
evidence from other modalities demonstrating increased activation

in men contrasted to women in the OFC in response to erotic pictures
(Sabatinelli et al., 2004) and other emotionally relevant stimuli
(Aleman and Swart, 2008), as well as in the MPFC in emotional
(Shirao et al., 2005) and social decision tasks (Krach et al., 2009).
There is a long line of evidence that prefrontal brain regions are
involved in social judgment and attention. Further, both OFC and
MPFC are closely linked to limbic structures critical for affective
and motivational processes (Miller and Cohen, 2001) and recruited
during cognitive reappraisal to regulate emotional responses (Ray
and Zald, 2012).

Thereby, especially OFC is involved in the evaluation of emotional
relevant stimuli across various sensory modalities (Hornak et al.,
2003) and plays a key role in affective appraisal by reflecting the attri-
bution of relative values to emotionally relevant concurrent voices
(Sander et al., 2005). Further, there are studies showing especially
responses in the OFC to faces of the opposite compared to faces of
the same sex in heterosexual (Davey et al., 2010; O'Doherty et al.,
2003) as well as to faces of the same sex in homosexual participants
(Ishai, 2007). These findings support the notion of voice as homolog
to faces and provide further evidence for an auditory face model of
voice perception (Belin et al., 2011).

According to the model of emotion regulation by Phillips et al.
(2008) the OFC is involved in the initial processing and identification
of emotional stimuli and thereby closely interconnected with the
MPEC. Inter alia, the latter is suggested to be involved in the com-
putation of expected reward and cognitive aspects of emotion pro-
cessing, such as attention to or identification of emotional material
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(p < 0.05 Monte Carlo corrected).

(Drevets and Raichle, 1998). It integrates multiple pieces of information
in order to choose a social behavior, in our case mate-identification,
thereby accommodating mate values from multiple value dimensions
(Funayama et al., 2012). Moreover, the MPFC is associated with moni-
toring of mental states of the self and seems to be necessary for
self-referential thinking (Gusnard et al., 2001). Thus, brain activation
in both prefrontal regions may also be of high relevance in the evalua-
tion of potential mates.

Opposite-sex effect on temporo-parietal brain activation

Further, we found differential activation in response to female
voices in the left posterior MTG and the angular gyrus in men com-
pared to women as well as larger deactivation in response to female
as compared to male voices in women. Both regions are meant to be
multimodal, linked to auditory association cortex and involved in
semantic processing (Binder et al., 2009). More detailed, the left

Table 4

Activation peaks (MNI coordinates) and cluster extension for the negative correlation
of errors and brain activation in response to a linear increase of the voice morphing
in women (with no positive correlation and no correlations in men; p < .05 FWE, clus-
ter threshold > 20 voxels).

Brain region Hemisphere X y z k t

Insula R 39 11 —14 58 6.27
Middle temporal gyrus R 48 2 —29 31 5.64
Middle temporal pole L —33 14 —35 26 5.18
Paracentral lobe L —12 —19 76 22 5.06
Hippocampus L —15 —-10 —20 20 4.54
Brain stem R 3 —16 —20 50 4.51

MTG and the angular gyrus are suggested to be involved in the linkage
of acoustic input to the representation of a category with the best fit to a
category being reflected by the least deactivation (Blumstein et al.,
2005). Further, there is evidence from connectivity analyses that these
two regions are highly connected to the MPFC when speech perception
is requested and that this connection is strengthened when semantic
context can positively influence speech perception (Obleser et al.,
2007). Increased connectivity is also observed during the integration
of facial and vocal information in person recognition (Joassin et al.,
2011). The MTG and angular gyrus therefore seem to simultaneously
direct attention to information from different sources to regulate social
decision making.

In sum, from an evolutionary point of view, sex differences in voice
gender perception may be related to higher attention to and emotional
involvement as well as social reward of opposite sex information in
the context of mate selection (Duncan et al., 2007), especially in men
(Clutton-Brock and Vincent, 1991).

Sex differences in hierarchical voice processing

Voices are processed in a hierarchical manner from a perceptual
and associative analysis in temporo-parietal cortices to its linkage to
other modalities, memory content, social knowledge and attention in
temporal as well as orbito- and middle prefrontal cortices (Blumstein
et al., 2005; Christensen et al., 2008; Sabri et al., 2008; Warren et al.,
2006).

We found no sex differences in activation in typical voice-selective
auditory areas, such as the STG or the anterior temporal lobe. Instead
we observed stronger activation/less deactivation in men compared
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to women for female vs. male voices in the left medial OFC, the MPFC
and the left MTG extending to the angular gyrus. All three areas
are associated with multimodal integration, decision making and
directing attention especially in the social domain.

Correspondingly, a recent event-related potential (ERP) study
showed a two stage voice gender processing with an early pitch pro-
cessing potential around 50 ms associated with the auditory cortex
and a relatively later gender differentiation at around 200 ms indepen-
dent of pitch in fronto-central regions (Latinus and Taylor, 2012). Other
studies also reported no activation increases in areas of early processing
after the removal of variance related to acoustic parameters, such as
pitch (Bestelmeyer et al., 2012; Wiethoff et al., 2008). Together with
our findings during voice gender perception, evidence so far suggests
sex differences occurring on higher order processing levels.

Increased activation in men compared to women in the superior
temporal gyrus, i.e. at earlier processing stage, was found in a pitch
perception task (Gaab et al., 2003) and may be related to the fact
that the authors used sine wave tones (in contrast to voices), which
lack social content. However, together with our findings this points
to a stronger activity in men compared to women in several aspects
of sound perception. Conflicting findings in this domain could be
the consequence of methodological differences, such as a smaller sta-
tistical power due to small sample sizes possibly disguising subtle sex
differences (e.g. 8 male and 8 female subjects in Lattner et al., 2005).

Interaction effects were mainly based on stronger down-regulation
of the temporo-parietal junction, the MPFC and the OFC in response to
female voices in women. In contrast, the only significant difference
between female and male stimuli in men was found in the MPFC. It
could be speculated that women tend to differentiate between male
and female voices already in the association cortex and during the initial
evaluation of emotional relevance (as reflected in stronger deactivation
in the MTG and OFC in response to female voices) suggesting less rele-
vance of and lower attention to same-sex voices. Moreover, stronger
activation in response to female stimuli was found in men as compared
to women. However, men seem to attach similar importance to same-
and opposite sex voices on this rather early processing level. Yet, on a
higher processing level, men also differentiate between the sexes as
reflected by activation in the MPFC suggesting differences in the emo-
tional attributions. In summary, increased MPFC activation in response
to voices of the opposite sex was found in men and women.

However, this interpretation must be taken carefully, since post
hoc results did not survive Bonferroni correction. Nevertheless and
important to note, increased activation in response to female voices
in men as compared to women as well as increased activation in
earlier processing steps in response to male as compared to female
voices in women seem to reflect found sex differences in behavioral
performance, namely an opposite-sex effect in men and an opposite-
sex bias in women. Further studies are needed to clarify the reliability
of the results.

Gradual voice gender morphing

Voice gender morphing and cognitive processing load

We found notable performance differences between conditions
indicating a general increase in cognitive demand with increasing
stimulus modification in accordance with recent data (Charest et al.,
2013). Task-associated d-primes revealed decreasing discrimination
sensitivity with increasing morphing degree. However, male and
female stimuli were distinguishable above chance level in all condi-
tions except the highest morphing level (6st).

Brain activation changes in relation to an increasing gender
morphing of the voices (comparable to Sokhi et al., 2005) demon-
strated an effect of linear pitch and formant frequency scaling as illus-
trated by increasing activity in the right MCC. The cingulate cortex is
associated with (phonological) conflict monitoring at a relatively high
processing level (Haupt et al., 2009). The MCC is activated during

tasks on response selection and decision making (Vogt et al., 2003),
the resolution of decision conflicts (Mitchell et al., 2009) and selective
auditory attention (Sturm et al., 2011). It is linked to a mental inspec-
tion of alternative representations (Huijbers et al., 2011). In addition,
there is evidence from brain lesion studies that damage in this area
can lead to impaired voice discrimination (Hornak et al., 2003).
Increased activation probably reflects additional cognitive demands
due to higher task difficulty with increasing morphing level.

The notion is further affirmed by the fact that also activation in the
IFG bilaterally and the left insula parametrically increases with in-
creasing stimulus ambiguity (Fig. 2). Our data resemble recent results
of Charest et al. (2013), who also found bilateral IFG and cingulate
activation in response to increasing gender ambiguity in a voice per-
ception task with a complex continuous carryover experimental
design and a different voice morphing technique. Activation in the
IFG and insula cortex were also associated with an increase in cogni-
tive processing load due to semantic ambiguity (Rodd et al., 2010),
increasing verbal working memory demands during the discrimina-
tion of linguistically relevant intonational features (LoCasto et al.,
2004), sound categorization (Husain et al., 2006) and interference
suppression (Vigneau et al., 2006). Activation in the bilateral IFG
correlated positively with better performance in dichotic listening
tasks (van Ettinger-Veenstra et al., 2010). However, using functional
connectivity analysis Kemmotsu et al. (2005) showed that these
activation increases may be less specific to language processing
but rather related to more general selective attention processes.
Enhanced activity in a network of IFG, MCC and insula was not only
reported in response to unimodal auditory but also to tactile and
visual detection tasks (Langner et al., 2012).

The anterior insula has already been shown to be involved in vocal
sound processing (Wong et al., 2004), more exactly in the processing
of vocal identity (Remedios et al., 2009) and the regulation of atten-
tional listening demands (Christensen et al., 2008). Andics et al.
(2010) reported reduced responses in the anterior insula when
voice stimuli were most similar to a mean voice representation. This
is in accordance with our finding of a relationship between insula
activation increase with increasing morphing level and a decrease in
errors during voice classification in women reflecting the central
role of the anterior insula in the evaluation of vocal stimuli.

Voice gender morphing and sex differences

Comparing the sexes, men showed stronger brain activations than
women in the superior and middle frontal gyrus. Especially the MFG
is believed to be involved in focusing attention in speech perception
and increases activation with cognitive load (Thomsen et al., 2004).
Thus, men consulted more areas involved in higher cognitive pro-
cesses than women to assess speakers' sex in voices parametrically
becoming more ambiguous. An increase in effort in men was also
reflected by reaction times, which (across the stimuli types of both
genders) by trend were longer in men as compared to women. In
addition, longer reaction times in combination with a lack of response
bias may indicate that men continued to try to discriminate voices'
gender. In contrast, women may shift to a response bias with increas-
ing ambiguity resulting in decreased neural activation and shorter
reaction times compared to men.

Finally, the negative correlation between error rates and activa-
tion in the left hippocampus in response to the morphing degree in
women, but not in men, underscores the fact that the hippocampus
is one of the evidently sexually dysmorphic regions in the brain, dif-
fering in anatomical structure, neurochemistry and hormonal level
(Cahill, 2006). The hippocampus is generally larger in women than
in men when adjusted for total brain size (Goldstein et al., 2001).
Functionally, it is a multimodal area involved in encoding and
retrieval of associative information in memory especially for source
information (Peters et al., 2007) and was found to have enhanced
connectivity with auditory cortex (Joassin et al.,, 2011) suggesting



J. Junger et al. / Neurolmage 79 (2013) 275-287 285

that its recruitment in voice discrimination in women may be a
reflection of a comparison process of the stimuli with previous expe-
riences, a strategy seemingly not comparably used in men. This indi-
cates differential cognitive strategies in men and women.

Conclusion

Taken together, our findings support the notion of sex-specific
brain networks enabling men and women to identify gender by
means of vocal sounds. It seems that sex differences in the perception
of male and female voices are reflected in networks of areas involved
not only in auditory but also in attentional and evaluative processes.

Behaviorally, we could demonstrate an opposite-sex effect in
voice perception in men and an opposite-sex bias in women. Brain
activation in both sexes also points to an increased attention to voices
of the opposite sex. Thereby, sex differences in neuronal response
patterns can be localized on higher processing levels and reflect
differences in behavioral outcome. All this indicates that these effects
reflect sensitivity to the evolutionary relevance of voice perception.
This is probably related to the central evolutionary role of voice inter-
pretation in mate selection. The higher relevance of the opposite
sex is reverberated by an additional recruitment of attention and
interpretation-related areas.

By morphing original voices into an ambiguous gender range we
could show additional sex differences namely increasing neuronal
brain response in cognition related areas with increasing cognitive
demands in men and a correlation between error rate and decrease
of activation in medial temporal areas in women.

Neural sex differences during voice perception might act as
confounding factors and have to be taken into account when investi-
gating mixed sex samples in related imaging studies. Regarding
future directions, the direct comparison of the explicit and implicit
processing of gender-related information may be a promising re-
search approach. Implicit information is processed comparatively
subconsciously, which may be more comparable to normal social
interaction.
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