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We investigated neural mechanisms that support voice recognition in a training paradigm with fMRI. The
same listeners were trained on different weeks to categorize the mid-regions of voice-morph continua as an
individual's voice. Stimuli implicitly defined a voice-acoustics space, and training explicitly defined a voice-
identity space. The pre-defined centre of the voice category was shifted from the acoustic centre each week
in opposite directions, so the same stimuli had different training histories on different tests. Cortical sensitivity
to voice similarity appeared over different time-scales and at different representational stages. First, there
were short-term adaptation effects: increasing acoustic similarity to the directly preceding stimulus led to
haemodynamic response reduction in the middle/posterior STS and in right ventrolateral prefrontal regions.
Second, there were longer-term effects: response reduction was found in the orbital/insular cortex for stimuli
that were most versus least similar to the acoustic mean of all preceding stimuli, and, in the anterior temporal
pole, the deep posterior STS and the amygdala, for stimuli that were most versus least similar to the trained
voice-identity category mean. These findings are interpreted as effects of neural sharpening of long-term
stored typical acoustic and category-internal values. The analyses also reveal anatomically separable voice
representations: one in a voice-acoustics space and one in a voice-identity space. Voice-identity repre-
sentations flexibly followed the trained identity shift, and listeners with a greater identity effect were more
accurate at recognizing familiar voices. Voice recognition is thus supported by neural voice spaces that are
organized around flexible ‘mean voice’ representations.
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Introduction

The ecological significance of voices is reflected in the existence
of regions in the primate (Petkov et al., 2008) and human cortex (Belin
et al., 2000) that are specially tuned to conspecifics' vocalizations.
Voices are used very efficiently for person recognition (e.g., Schwein-
berger et al., 1997). To do that, listeners need to link variable voice
encounters to stable voice-identity categories. But how the brain could
represent voice identities is still largely unknown. That is the central
question of this paper.

To identify mechanisms that support voice recognition, one needs
to separate voice-identity representations from earlier levels of voice
processing. It has been suggested that a voice structural processing
stage which is sensitive to voice-acoustic changes is anatomically
separable from a voice-identity processing stage which is sensitive to
changes in voice-identity (Belin et al., 2004; Campanella and Belin,
2007). Voice-acoustic analysis has been proposed to take place in
voice-sensitive regions of the bilateral superior temporal sulci (Belin
et al., 2000; Belin et al., 2002; von Kriegstein et al., 2003, 2005), and
voice-identity analysis has been linked to regions of the right anterior
temporal lobe (Nakamura et al., 2001; vonKriegstein et al., 2003, 2005;
vonKriegstein andGiraud, 2004; Belin and Zatorre, 2003; Lattner et al.,
2005; Sokhi et al., 2005).

Although this previous research has contributed considerably to
our understanding of the separation of different voice processing stages,
the precise nature of the underlying neuralmechanisms at each of these
stages is still unknown. One aim of this study was to address this issue.
Furthermore, there is a common difficulty in the interpretation ofmany
of the studies that have claimed to distinguish voice-identity repre-
sentations from earlier levels of voice processing. This is that their
critical contrasts were based on acoustic manipulations (e.g., Belin and
Zatorre, 2003; Belin et al., 2000; Belin et al., 2002), task changes (e.g.,
Stevens, 2004; von Kriegstein et al., 2003), or both (e.g. von Kriegstein
and Giraud, 2004). The proposed separation of voice processing stages
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may possibly reflect these acoustic and/or task differences. A second
aim of the present study was therefore to try to distinguish between
these processing stages with acoustic and task differences controlled.
Several other cortical regions have also been implicated in voice
processing in both primates and humans, including the anterior insular
cortex (Remedios et al., 2009; Wong et al., 2004), the ventrolateral
prefrontal cortex (Romanski et al., 2005; Fecteau et al., 2005), and
paralimbic regions including the amygdala (Lloyd and Kling, 1988;
Fecteau et al., 2007). A third aim was to try to clarify the role of these
areas in voice recognition.

A useful voice processing mechanism positions voice stimuli in an
object space. fMRI evidence on natural object processing suggests that
stimuli that are more typical within an object space elicit reduced
neural responses (Loffler et al., 2005; Myers, 2007; Belizaire et al.,
2007). A possible neural mechanism for object space representation
is based on neural sharpening: with experience, the coding of central
values in relevant object dimensions becomes sparser (for a recent
review, see Hoffman and Logothetis, 2009). Neural sharpening reflects
long-lasting cortical plasticity and is thus suitable for positioning
stimuli in an object space over the long term. Long-term neural
sharpening has been demonstrated in a face space (Loffler et al.,
2005). In a study on face-identity processing, reduced haemodynamic
responses were found in the fusiform face area for central stimuli only
when those were also central in the long-term stored face space of
the viewer (referred to as ‘mean face’ stimuli, Loffler et al., 2005),
suggesting that long-term central faces are encoded more sparsely.
Based on these results and on behavioural findings that have indicated
a prototype-centered representation of voices in long-term memory
(Papcun et al., 1989; Mullennix et al., 2009; Bruckert et al., 2010), we
can expect a typicality-based neural sharpeningmechanism for voices
similar to that found for faces.

But long-term neural sharpening is not the only mechanism that
can explain response reduction for central stimuli. Another candi-
date mechanism is short-term neural adaptation: in case of fast and
balanced stimulus presentation, neural response reduction for cen-
tral stimuli can be a consequence of the on-average greater physical
similarity of preceding events to central than to peripheral stimuli
(Aguirre, 2007; Epstein et al., 2008). Short-term adaptation, just like
neural sharpening, is sensitive to the object's relative position among
similar objects, but in this case sensitivity is restricted to a very limited
time scale. Short-term adaptation, in contrast with long-term neural
sharpening, presupposes no long-term stored knowledge about the
centre of the object space. But voice recognition cannot be successful
without long-term stored information on person identity, that is,
long-lasting voice-identity representations. Voice-acoustic analysis,
on the contrary, might be based on short-term mechanisms exclu-
sively, or it might be supported by an automatically formed, long-
term stored voice-acoustics space, with a ‘mean voice’ as its centre.
No previous studies have found evidence for the existence of such
‘mean voice’ representations. Here we attempted to identify long-
lasting voice representations, and separate them from short-term
stimulus similarity effects.

The present study evaluated two hypotheses. First, we attempted
to confirm the hypothesis that person recognition from vocal infor-
mation is mediated by anatomically separable stages of voice analysis
(i.e., voice-acoustic analysis and voice-identity analysis). Second, we
tested the hypothesis that voice analysis at each of these stages
is supported by neural representations of the stimulus space such
that long-term stored typical values are coded more sparsely than
atypical values, that is, that there are both voice-acoustic and voice-
identity spaces. To achieve these goals, we applied a learning–re-
learning paradigm. Listeners were trained to categorize the middle
part of several voice-morph continua as a certain person's voice.
Because perceptually relevant inter-speaker and intra-speaker varia-
tion are largely based on the same acoustic cues (Potter and Steinberg,
1950; Nolan, 1997; Benzeghiba et al., 2007), the stimuli, although
they were made by morphing between voices, nevertheless modeled
natural within-voice variability in the way each individual produces
spoken words. The training hence simulated normal voice learning,
where the same voice-identity must be linked to variable tokens of
words. The trained voice-identity category was associated with a
different interval on the voice-morph continua on each of 2 weeks for
every listener. The voice-acoustics space was defined implicitly by the
stimulus continuumused throughout the experiment, while the voice-
identity space was defined by explicit feedback during training.
Training was followed by fMRI tests each week.

We thus investigated two equivalent contrasts with the same
subjects, the same stimuli and the same task. One contrast measured
voice-acoustic sensitivity and the other measured voice-identity sen-
sitivity. We predicted that if a neural region is sensitive to deviations
from long-term stored typical values in either the voice-acoustic or
the voice-identity space, then that region will respond less strongly to
acoustically central or trained identity-internal stimuli than to acous-
tically peripheral or trained identity-external stimuli respectively, while
remaining insensitive to short-term adaptation effects. To reveal the
contribution of long-term and short-term mechanisms behind these
sensitivities,we separated theeffect of stimulus similarity to thedirectly
preceding voice stimulus from longer-lasting effects.

Materials and methods

Participants

Twenty-five Hungarian listeners (14 females, 11males, 19–31 years)
with no reported hearing disorders were paid to complete the ex-
periment. Written informed consent was obtained from all participants.
One personwas excluded because of a failure to perform the task during
training. The analyses presented below were based on the remaining
twenty-four subjects.

Stimuli

Recording
We recorded two young female non-smoking native Hungarian

speakers with no speech disorders, saying the Hungarian words “bú”
[sadness], “fű” [grass], “ki” [out], “lé” [liquid], “ma” [today] and “se”
[neither] in standard Hungarian with no recognizable regional accent
(voiceA and voiceB). These monosyllables were selected to cover
various types of segmental content, with consonants varying inmanner
and place of articulation and in voicing, and with vowels varying in
height, backness, roundedness and length. Speakers were similar in
pitch (voiceA: 195 Hz, voiceB: 179 Hz), as shown by measurements
averaged across the six words. Recordings were made in a soundproof
booth using a Sennheizer Microphone ME62, a MultiMIX mixer panel,
and Sony Sound Forge. All stimuli were digitized at a 16 bit/44.1 kHz
sampling rate andwere volume balanced using Praat software (Version
4.2.07; Boersma and Weenink, 2005).

Morphing
Voice morphing was then performed between the natural end-

point tokens of the two speakers, making one 100-step continuum
per word (voiceA=morph0, voiceB=morph100). Intermediate steps
were made using the morphing algorithms of STRAIGHT (Kawahara,
2006).

Perceptual rescaling
To ensure approximately equal perceptual distances between

neighbouring steps on each of the stimulus continua, the morphs
for each of the six words were subjected to perceptually-informed
rescaling. A behavioural pretest was carried out in order to acquire
psychophysical data which could then be used for re-labelling the
morph steps. In this pretest, ten repetitions of seven steps (5, 20, 35,
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50, 65, 80 and 95) of each of the six morph continua were presented,
in random order, to 10 naive listeners who performed a forced-choice
voiceA or voiceB categorization task (these listeners did not take part
in the main experiment). There was no training or feedback provided.
The test directly followed an initial voice-to-response-button assign-
ment, in which listeners were presented with a single repetition of
all six natural endpoint tokens of each speaker. Group-averaged
‘voiceB’ response proportions per level for each continuum were
then subjected to linear interpolation, to get estimates of how each
step of each continuum would be perceived. All morph steps were
then re-labelled to best match the corresponding, interpolated
‘voiceB’ response proportions. For example, after perceptual rescaling,
morph20 for each word refers to the morph step on that word
continuum whose identification proportion as ‘voiceB’ was closest to
20% in this pretest. Example stimuli are available as Supplementary
data.

Training

Design
The voices were unfamiliar to all listeners. Listeners were trained

to categorize the middle parts of the voice-morph continua as a
certain person's voice (we call this the trained voice identity). They
had to perform an A or not-A categorization task on each stimulus
(Ashby and Maddox, 2005). They were asked whether the presented
stimulus was an exemplar of the trained voice identity or of a differ-
ent voice. A within-subject training manipulation was applied. The
trained voice-identity category was associated with a different in-
terval on the voice-morph continua on each of 2 weeks for every
listener, namely either themorph20–morph60 range or themorph40–
morph80 range— thesewill be referred to as ‘voice20–60 training’ and
‘voice40–80 training’, respectively. The whole continuum was sam-
pled each week, and listeners were presented with exactly the same
stimuli (with a different trial order) during the two training sessions.
The difference between the training conditions was restricted to the
feedback that was provided. The order of the training sessions was
counterbalanced: half of the listeners had voice20–60 training on the
first week and voice40–80 training on the second week, while the
other half of the listeners had the reverse order.

During training, 25 stimuli from each of the six 0–100 voice-morph
continua were presented, sampling the continua at approximately
equal perceptual distances (a difference of 4 steps). The steps used
were morphs 2, 6, 10, … , 90, 94, and 98. To maximize any training
effect, the 8 stimulus steps that were closest to the critical 20, 40, 60
or 80 levels (i.e., those that were used at test) were presented twice
as often as the rest (these steps were 18, 22, 38, 42, 58, 62, 78, 82).
There was, however, no difference in presentation frequency between
central and peripheral stimuli. In each of two weeks participants
received 80 min of training over 2 days, with 4 training sessions of
16 min each on day 1 and a single training block on day 2. The first
two blocks were blocked by word; in subsequent blocks the words
were mixed. Training was followed by an fMRI test session on day 2 in
each week.

Procedure
Trial onsets were signaled with a question mark displayed in the

middle of the screen for 300 ms. The auditory stimulus (a voicemorph
of one of the six words) began 200 ms after trial onset and lasted on
average 456 ms. A response had to be made within 1800 ms of
stimulus onset. Listeners received feedback on every trial. This feed-
back consisted of two parts. First, they saw an evaluation of their
performance (i.e., whether the response was correct, incorrect or late)
between 2000 and 2250 ms after trial onset. Second, this visual feed-
back was followed by auditory and visual reinforcement of learning.
Listeners were presented with a repetition of the auditory stimulus,
starting at 2700 ms after trial onset. This auditory reinforcement was
accompanied with temporally synchronized visual reinforcement (a
picture) presented between 2700 and 3450 ms after trial onset. If the
stimulus morph was within the pre-defined trained voice-identity
category (in 42% of all trials), then this picture was a face (positive
feedback). If the stimulus morph was outside the trained voice-
identity category, then a scrambled picture (matched in size, colour
and contrast) was presented instead of the face (negative feedback).
The same female face and the same scrambled picture were shown to
all listeners in all training sessions on both weeks. We used the same
face throughout the experiment in order to model natural voice
learning, where acoustic variability in the realization of spoken words
has to be mapped onto the same voice-identity. The manipulation
appeared to be successful in that all participants reported, after the
experiment, that they thought that they had heard various exemplars
of natural voices only and that they were convinced that the trained
voice was an actual person's voice. The face was unfamiliar to all
listeners before the experiment. They were told that it was the trained
talker's face at the beginning of a half-minute long practice session
on the training task which was presented before the first training
session. The procedure ensured that every training stimulus was
immediately repeated after the listener had made their choice, but
for the second time with a visually disambiguated talker identity.
No response had to be made on the repeated stimulus. Trials had a
duration of 5500 ms.

Conditions of interest
The critical stimuli in the fMRI test were morphs 20, 40, 60 and

80. The categorization training defined identity membership of these
stimuli (internal, boundary and external), although these specific
morph levels were not presented during training. During voice20–60
training, morph40 stimuli were category-internal, morph80 stimuli
were category-external, and morph20 and morph60 stimuli were
at the category boundaries. In contrast, during voice40–80 training,
morph60 stimuli were internal, morph20 stimuli were external, and
morph40 andmorph80 stimuli were at the boundaries. Voice-identity
membership was trained by giving explicit feedback on every trial.
Feedback was always positive for stimuli within the artificially deter-
mined trained voice-identity interval, and it was always negative for
stimuli outside this interval. During voice20–60 training, for example,
morph steps greater than 20 but smaller than 60 were trained as
internal through positive feedback, and morph steps smaller than 20
or greater than 60 were trained as external through negative feed-
back. An analogous procedure was used for voice40–80 training. As
a consequence, out of the trained morph levels corresponding to
the internal, boundary and external conditions at test, the proportion
of morphs with positive feedback was 100, 50 and 0%, respectively.
This defined the identity space. The stimuli therefore also differed in
categorization ambiguity: it was expected that internal and external
stimuli would be categorized less ambiguously and more accurately
than boundary stimuli.

The critical voice morphs also differed in terms of their distribu-
tional position on the stimulus continua:morph40 andmorph60were
close to the middles of the continua, while morph20 and morph80
were close to the endpoints — these morphs will be referred to as
acoustic-central and acoustic-peripheral stimuli, respectively. Identity-
internal stimuli were always acoustic-central, identity-external stimuli
were always acoustic-peripheral, and identity-boundary stimuli were
acoustic-central and acoustic-peripheral equally often. See Fig. 1A for
an overview of the training and test design.

Analyses of training data
Voice-category training data were collapsed across training blocks

and days, and binned around the nine morph levels used at test (10,
20, …, 90) applying a +/−4 morph step interval. This was done to
enable a direct comparison of the training data to the fMRI test data
(see Figs. 1B,C). The trained morph levels 2 and 98 were not included



Fig. 1. Design and behavioural results. (A) Training and test design. Stimulus position with respect to identity was defined via feedback during training: internal morphs were
associated with positive feedback (+) and external morphs with negative feedback (−). For critical test stimuli (morphs 20, 40, 60 and 80; in bold), which were not presented
during training, stimulus position with respect to identity was in half of the cases (red boxes) internal (I) for more central and external (E) for more peripheral stimuli, while in
the other, stimulus-matched half of the cases (blue boxes) stimulus position was at the voice category boundary (?) for both central and peripheral stimuli. (B) Proportion of ‘trained
voice’ responses across binned morph levels during training, collapsing over all training blocks in each condition. Error bars represent the standard error of the mean (n=24).
(C) Proportion of ‘trained voice’ responses across morph levels at fMRI test, for each training condition. Error bars represent the standard error of the mean (n=24).
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in any bins. The non-critical morph level bins (10, 30, 50, 70, 90)
comprised three stimuli that were actually used in training (the
morph in the middle of the bin plus those in a 4-step distance in both
directions, e.g., bin 10 comprised data corresponding to stimulus
levels 6, 10 and 14). Each of these non-critical bins corresponded to 90
trials per condition, per subject (30 trials per stimulus level). The
critical morph level bins 20, 40, 60 and 80 comprised two actually
trained stimulus levels, in a 2-step distance in both directions (e.g., bin
20 comprised data corresponding to stimulus levels 18 and 22 — the
actual morph level 20 was only presented at test). Every critical bin
corresponded to 120 trials per condition, per subject (60 trials per
stimulus level, as the number of repetitions on these critical stimulus
levels was doubled).

fMRI test

Design and procedure
At fMRI test the task was the same as during training (“do you

hear the trained voice identity or another voice?”), but no feedback
was given. The 10-minute test contained 216 trials (four repetitions
of six word continua, sampling each continuum with 9 morph levels,
namely 10, 20, 30, 40, 50, 60, 70, 80 and 90), and a button-press
response was expected after each stimulus. Trials had a duration of
2500 ms. Stimulus presentation was blocked by word continuum:
all 9 levels of a word continuum were presented in each 9-trial-
miniblock. Morph levels were therefore evenly distributed through-
out the trial sequence. The word was different in consecutive
miniblocks, and stimuli in consecutive trials were physically different.
Stimulus ordering was otherwise random and varied across listeners.
An example of a miniblock is: “lé” [30] — “lé” [80] — “lé” [10] — “lé”
[50] — “lé” [40] — “lé” [90] — “lé” [20] — “lé” [70] — “lé” [60].

We explored the role of the task in an additional test in which
subjects had to perform a word-repetition detection task by pressing
a button when two consecutive words were the same. For this task
the trained voice-category-membership properties (i.e. whether they
were exemplars of the trained voice identity or of another voice) were
irrelevant. Two 9-minute runs with stimuli from the six trained word
continua, sampled with the critical morph levels 20, 40, 60 and 80,
were presented. At this test stimulus presentation was blocked by
morph level, in 7-trial-miniblocks. Every miniblock contained each
of the six words, and exactly one of them was repeated in each
miniblock, in a randomly-chosen position within the block. An exam-
ple of a miniblock at the irrelevant-task test is: “ki” [40] — “lé” [40] —
“bú” [40] — “fű” [40] — “fű” [40] — “ma” [40] — “se” [40]. A response
was expected for the second “fű” stimulus but not for the other six
stimuli in the block. Subjects were not informed about the frequency
of word repetitions.

This irrelevant-task test preceded the relevant-task test each
week. The constant order of tests was preferred to a balanced ordering
because our focus was not on a direct comparison of the two tasks, but
rather on a direct comparison of training effects across weeks within
each test. We assumed that a constant order of tests would reduce
noise caused by variation in listening history and in the amount of
time already spent in the fMRI scanner.

image of Fig.�1
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Further tests included a single localizer run for voice-sensitive
regions in the first week (including blocks of vocal and non-vocal
sounds, using the stimuli from Pernet et al., 2007, with passive
listening), and one for face-sensitive regions (including blocks of
faces, houses, objects and matched scrambled objects, with a picture
repetition detection task) in the second week.

Stimuli were presented at a standard, comfortable volume. Stimuli
were controlled using Presentation software (Version 10.2; www.
neurobs.com). During imaging, stimulus presentation was synchro-
nized by a TTL trigger pulse with the data acquisition. Stimuli were
delivered binaurally through MRI-compatible headphones (MR Con-
fon, Magdeburg, Germany).

Data acquisition
MRI measurements were performed on a Philips Achieva 3 T

whole body MR unit (Philips Medical Systems, Best, The Netherlands)
equipped with an eight-channel Philips SENSE head coil. For the main
tests EPI-BOLD fMRI time series were obtained from 27 transverse
slices covering temporal lobes and the inferior part of the frontal
lobes with a spatial resolution of 3.5×3.5×3 mm, including a 0.5 mm
slice gap, using a single-shot gradient-echo planar sequence (parallel
imaging; ascending slice order; acquisition matrix 64×64; FOV=
224 mm; TR=2500 ms; TA=1763 ms (i.e., 737 ms silent gap); TE=
32.3 ms; and flip angle=90°). That is, the acquisition of each volume
was followed by a 737 ms gapwhen the scanner was silent. Compared
to standard sparse sampling methods, this close-to-continuous sam-
pling method not only increased statistical power by increasing the
number of data points, but also made it possible to haemodynamically
model each individual stimulus. At the same time it was possible to
present all auditory stimuli in silence (stimulus onset time coincided
with scanner silent gap onset). The relevant and irrelevant-task runs
included 265 and 225 volumes respectively.

For the voice localizer there were 29 transverse slices and a longer
silent gap between acquisitions (TR=10,000 ms, including 2000 ms
acquisition and 8000 ms silent gap; TE=36.5 ms). For the face localizer
we used continuous scanning with 31 transverse slices (TR=2200 ms;
TE=37ms). The voice and face localizer runs included 63 and 200
volumes respectively. All other parameters were identical to the main
test settings.

In addition to the functional time series, a standard T1-weighted
three-dimensional scan using a turbo-field echo (TFE) sequence with
180 slices covering the whole brain was collected for anatomical
reference at the end of the second scanning session, with 1×1×1 mm
spatial resolution.

Data analysis
Image preprocessing and statistical analysis were performed using

SPM5 (www.fil.ion.ucl.ac.uk/spm). The functional EPI-BOLD images
were realigned, slice-time corrected (except for the voice area
localizer run, where each volume acquisition was followed by a four
times longer silent gap, and in this case slice-time correction is
known to be more harmful than helpful, Friston et al., 2007), spatially
normalized, and transformed into a common anatomical space, as
defined by the SPM Montreal Neurological Institute (MNI) T1 tem-
plate. Next, the functional EPI-BOLD images were spatially filtered
by convolving the functional images with an isotropic 3-D Gaussian
kernel (10 mm FWHM). The fMRI data were then statistically ana-
lyzed using a general linear model and statistical parametric mapping
(Friston et al., 2007). For the relevant-task run, every single stimulus
was modeled as a separate event. For the irrelevant-task run, seven
consecutive stimuli, all representing the same voice-morph level,
were modeled as a block. Conditions in the voice and face localizer
runs were also modeled as blocks.

For the main analyses, condition regressors for the relevant and
irrelevant-task tests were constructed per morph level. Sensitivity to
voice-acoustic stimulus similarities was measured in a test contrast-
ing continuum-central and continuum-peripheral stimuli, but con-
trolling for category-membership properties by only including stimuli
that were trained as identity boundaries. After voice20–60 training,
these were morphs 20 and 60; after voice40–80 training these were
morphs 40 and 80 (see Fig. 1A). Voice-identity sensitivity was tested
in a contrast that had an identical stimulus load to that of the acoustic
contrast, but those stimuli now also entailed a training-induced iden-
tity manipulation. Trained internal stimuli were compared to external
stimuli (after voice20–60 training these were morphs 40 and 80
respectively, after voice40–80 training these were morphs 60 and 20
respectively; see Fig. 1A).

To determine the role of short-term stimulus similarity-based
mechanisms in the relevant-task test, an additional analysis was
performed. For that, critical condition regressors (corresponding to
morphs 20, 40, 60, and 80) were split into more regressors, based on a
one-back-distance measure, that is, the morph level distance of the
actual trial from the preceding one (regressors of the newmodel: c10,
c20, c30, c40, c50, p10, p20, p30, p40, p50, p60, p70; i10, i20, i30, i40,
i50, e10, e20, e30, e40, e50, e60, e70 — where the number refers to
the one-back-distance and c=acoustic-central from acoustic test,
p=acoustic-peripheral from acoustic test, i=identity-internal, and
e=identity-external). For example, the condition c10 involved acous-
tic-central stimuli asused in the acoustic test (so only identity-boundary
cases are included) for which the preceding stimulus was 10 morph
steps distant (e.g., after voice20–60 training, this would comprise those
morph60 trials that come after morph50 or morph70). The effect of
short-term similarity sensitivitywas thenmeasured by comparing trials
with theminimal one-backdistance to trialswith themaximal one-back
distance (c10+p10+i10+e10bc50+p50+i50+e50; distances
larger than 50 were not available for all critical conditions).

This split regressor model was also used in confirmatory follow-up
tests that were aimed at distinguishing long-term from short-term
effects. They did so by controlling for short-term biases in the main
acoustic and identity tests. In those tests, low one-back distances
were more frequent and thus overweighted among acoustic-central
and identity-internal trials, while high one-back distances were more
frequent and thus overweighted among acoustic-peripheral and identi-
ty-external trials. In the follow-up tests equal weights were therefore
assigned to all one-back distances. The main acoustic analysis contrast
cbp was substituted with c10+c20+c30+c40+c50bp10+p20+
p30+p40+p50, and the main identity analysis contrast ibe was
substituted with i10+i20+i30+i40+i50be10+e20+e30+e40+
e50.

Realignment regressors were also included for each run to model
potential movement artefacts. A high-pass filter with a cycle-cutoff
of 128 s was implemented in the design to remove low-frequency
signals. Single-subject fixed effect analyses were followed by whole-
brain random effects analyses on the group level. Significance levels
were FDR-corrected.

Results

Behavioural results

The training was successful and had long-lasting effects: listeners
learned that the voice category was located in the middle of the
presented stimulus continua, and they shifted this category during re-
learning on the secondweek (Fig. 1B). The learning effect found during
training was present at the fMRI test as well (Fig. 1C). Repeated-
measures ANOVAson categorization responses during the training and
then at the fMRI test examined the effect of condition (voice20–
60 training or voice40–80 training) across nine morph levels (10,
20, …, 90; as described above, these levels for the training phase
were created by binning data around these values). We found a
main effect of morph level (training: F(8, 184)=257.89, pb0.001;
test: F(8, 184)=70.21, pb0.001), no main effect of condition
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(training: F(1, 23)=1.40, p=0.250; test: F(1, 23)=1.18, p=0.289),
and a significant condition by morph level interaction (training: F(8,
184)=21.44, pb0.001; test: F(8, 184)=67.47, pb0.001). Moreover,
the quadratic trend was highly significant for this interaction during
training and at test (training: F(1,23)=643.86, pb0.001; test: F(1,23)=
287.17, pb0.001). We also found a significant linear trend during train-
ing but not at test (training: F(1,23)=97.04, pb0.001; test: F(1,23)b1).
The presented degrees of freedom are uncorrected, but were Green-
house–Geisser corrected for F score calculations.

Recognition performance accuracy during training was calculated
for every listener (mean d′=.85, SD=.19). For the d primes, hit rates
versus false alarm rates were calculated from responses to all stimuli
with positive versus negative feedback respectively. These recogni-
tion accuracy scores were later compared to neural sensitivity scores
in correlation analyses.

Decision difficulty affected both recognition accuracy and re-
sponse times (see Table 1). The training stimuli corresponding to the
boundary stimuli were categorized with lower recognition accuracy
than those corresponding to internal and external stimuli. Response
times during trainingwere significantly longer for trials corresponding
to boundary stimuli than for trials corresponding to internal/external
stimuli. The same pattern was observed at test. Note that the stimulus
load contributing to the easy and difficult conditions was identical.

fMRI results

Acoustic sensitivity
This test contrasted continuum-central and continuum-peripheral

stimuli, including only identity-boundary trials in each condition (see
Fig. 1A). Large regions were found in a whole-brain analysis (FDR-
correction, pb .05). Clusters that showed response reduction for cen-
tral compared to peripheral stimuli included anterior, middle and
posterior parts of the bilateral superior temporal sulcus (STS; BA 21,
22), the bilateral orbitofrontal cortex extending to the anterior insula
(BA 47, 11) and the bilateral posterior ventrolateral prefrontal cortex
(VLPFC) along the inferior bank of the inferior frontal sulcus (BA 44,
45) (see Fig. 2 and Table 2). No clusters were found in the opposite
test.

Identity sensitivity
Here we compared identity-internal to identity-external stimuli

in a contrast that had an identical stimulus load to that of the
acoustic contrast (see Fig. 1A). Reduced BOLD responses were found
for identity-internal compared to identity-external stimuli in the
bilateral middle and posterior STS (BA 21, 22) extending ventrome-
dially to the middle temporal gyrus in the right hemisphere, and
medially to the Heschl's gyrus in the left hemisphere (BA 41); the
bilateral anterior temporal pole (BA 38); the left amygdala; and a left
deep posterior STS region (BA 39) in the proximity of the angular
gyrus and the intraparietal sulcus (see Fig. 2. and Table 2.). No regions
were found in the reverse contrast.

There was a partial overlap of the posterior STS clusters found in
the acoustic and the identity tests, in both hemispheres. There were
no voxels in any other cortical areas that were significantly active in
both the acoustic and the identity tests, not even at a more liberal
threshold (pb .001, uncorrected).
Table 1
Voice recognition accuracy (d′) and response times (RTs) at training and test.

Boundary Internal/external t(23)

Training d′ .143 (+/−.136) 1.131 (+/−.324) 16.636⁎

Training RT (ms) 940 (+/−155) 924 (+/−156) 4.047⁎

Test RT (ms) 954 (+/−186) 931 (+/−182) 3.783⁎

The values refer to group mean and to standard deviations.
⁎ Significant paired t-tests (pb .001).
Correlation analyses
To investigate the behavioural relevance of the variation in neural

activity found in the acoustic contrast and identity contrast, these
tests were followed up by correlation analyses. Recognition perfor-
mance accuracy during training, characterized by d-prime scores for
every subject, was compared to neural sensitivity, characterized by
the size of significant response reductions in regions found in either
contrast. Behavioural scores were added to both the acoustic and the
identity contrast's group designmatrix as a regressor. In the context of
the GLM, carrying out a t-test on the coefficient of this regressor is
equivalent to testing the corresponding correlation.

Small-volume correction analyses were performed for every
activated cluster. Seven acoustic clusters and six identity clusters
were investigated. Table 3 reports the local maxima and corrected
p-values (corrected for the number of voxels within each cluster,
but uncorrected for the number of tested clusters) for the behavioural
regressor. Peaks with a significant correlation with recognition accu-
racywere found for identity clusters: the rightmiddle/posterior STS (BA
21,22), the left deep posterior STS (BA 39), the right anterior temporal
pole (BA 38), and the left amygdala (see Fig. 3). No significant positive
correlations were found for acoustic clusters. No significant regions
showed negative correlations between acoustic or identity sensitivity
and behaviour.

Short-term effects
To determine whether the acoustic and identity effects could

be caused by short-term perceptual similarity-based mechanisms,
an additional analysis was performed. The short-term effect was
measured in a contrast orthogonal to the acoustic and identity tests,
by taking all critical conditions and comparing trials with the mini-
mal distance between the stimulus and the immediately preceding
stimulus (10 morph steps) to trials with the maximal distance be-
tween stimuli (50morph steps).We expected that in regions sensitive
to short-term stimulus similarities we would see an effect of one-back
distance. Reported results were thresholded at the whole-brain level
(tN4, see Table 4, Figs. 2 and 4). Reduced BOLD responses were found
for minimal-distance compared to maximal-distance stimuli in the
bilateral middle/posterior STS (BA 21, 22), extending medially to the
Heschl's gyrus (BA 42), and in the right hemisphere also ventrome-
dially to the inferior temporal gyrus (BA 20). A further cluster was
found in the right posterior ventrolateral prefrontal cortex (BA 44).
The bilateral temporal clusters overlapped with the bilateral STS
clusters of both the acoustic and the identity test. The right VLPFC
cluster also overlapped with that found in the main acoustic test (see
Table 6). This suggests that the STS and right VLPFC clusters detected
in the main acoustic analyses and the STS clusters found in the main
identity analyses are findings that can at least partially be explained
by short-term adaptation effects. No regionswere found in the reverse
contrast.

Long-term effects
We have seen that some but not all of the acoustic and identity

effects could be explained by short-term similarity-based mechan-
isms. To confirm that brain regions with acoustic or identity sensi-
tivity but without a sensitivity to short-term similarities were indeed
based on long-term mechanisms, we followed up on the acoustic and
identity tests in a confirmatory analysis. (‘Long-term’ here and
throughout the paper refers to a time interval that is longer than the
distance between two consecutive trials.)We used contrasts thatwere
parallel to the main acoustic and identity analysis contrasts, but we
defined the contrasts with separate regressors for each distance (10,
20, 30, 40, 50morph steps) from the preceding stimulus, to control for
short-term stimulus similarity effects.

Results were thresholded at t(23)N3 and small-volume corrected
for each of the corresponding main analysis clusters (seven acoustic
or six identity clusters, thresholded at t(23)N4, see Fig. 4). Table 5



Fig. 2. Coronal and axial slices and sagittal views display significant acoustic sensitivity (blue), identity sensitivity (red) and short-term effects (green), thresholded at t(23)N4.
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reports the local maxima and corrected p-values (corrected for the
number of voxels within each cluster, but uncorrected for the number
of tested clusters) for the long-term acoustic and identity sensitivity
tests. Long-term acoustic sensitivity (response reduction to short-
term controlled central compared to short-term controlled peripheral
stimuli) was found in the right orbital/insular cortex (BA 47, 11);
and in the posterior medial portion of the right STS cluster, close to
the junction of BA 20, 37 and 41. No significant long-term acoustic
sensitivity was found in the left STS cluster, the VLPFC clusters and
the left orbital/insular cluster. Long-term identity sensitivity (re-
sponse reduction to short-term controlled identity-internal compared
to short-term controlled identity-external stimuli) was found in the
bilateral anterior temporal pole (BA 38); in the left deep posterior
STS region (BA 39) and in the left amygdala. No significant long-term

image of Fig.�2


Table 2
List of regions found in the voice-acoustic and voice-identity sensitivity tests.

BA x y z T p (corr.) mm³

Acoustic sensitivity
R anterior/middle/posterior STS 21/22 58 −38 6 8.16 0.001 11312
L anterior/middle/posterior STS 21/22 −50 −32 4 6.11 0.002 5248
R orbitofrontal cortex/anterior insula 47 42 16 −12 5.67 0.003 5184
R medial orbitofrontal cortex 11 10 20 −14 5.88 0.003 248
L orbitofrontal cortex/anterior insula 47/11 −22 14 −12 6.03 0.003 4936
R posterior VLPFC 44/45 36 6 34 6.62 0.002 4672
L posterior VLPFC 45 −44 16 28 4.21 0.009 88

Identity sensitivity
R middle/posterior STS 21/22 50 −20 −6 5.05 0.040 1416
L middle/posterior STS 21/22/41 −42 −38 4 6.01 0.037 3376
L deep posterior STS 39 −30 −58 22 5.40 0.037 304
R anterior temporal pole 21/38 48 18 −28 4.68 0.045 304
L anterior temporal pole 21/38 −54 10 −24 4.59 0.046 272
L amygdala − −30 −2 −20 4.86 0.041 464

A single peak per region is shown. Analyses were thresholded at t(23)N4, cluster sizeN10 voxels.
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identity sensitivity was found in the middle/posterior STS clusters
in either hemisphere. No clusters were found in the opposite tests.
Although these confirmatory analyses are based on functionally non-
independent small-volume corrections that can possibly result in
false positives, they are nevertheless strict tests, since the largest
STS clusters found in the main analyses did not survive them. These
analyses thus suggest that activity in most of the brain regions that
was found in the main acoustic and identity analyses, and that re-
mained insensitive to short-term stimulus similarities, can indeed be
explained by long-term mechanisms.

Voice- and face-sensitivity
Voice-sensitivity was measured with a functional localizer (Pernet

et al., 2007) using a contrast of voice stimuli versus matched non-
voice stimuli. Face-sensitivity was measured with another functional
localizer using a contrast of faces versus matched scrambled objects.
The localizer activities were thresholded at tN4 and narrowed down
for the activated clusters of the acoustic and the identity test (Table 6).
Among acoustic test clusters, a high proportion of voxels within the
STS clusters showed voice-sensitivity, and the posterior part of the
right STS also showed considerable face-sensitivity. Part of the right
posterior VLPFC region from the acoustic test was also shown to be
sensitive to voices but not to faces. In identity test clusters, the
overwhelming majority of activated voxels in the bilateral middle/
posterior STS and anterior temporal pole showed voice-sensitivity,
but none showed face-sensitivity. On the contrary, the left amygdala
as found in the identity test showed clear face-sensitivity but almost
no voice-sensitivity. Interestingly, the left deep posterior STS region
of the identity test which was also well correlated with recognition
accuracy did not contain any voice- or face-sensitive voxels.
Table 3
Correlation of recognition accuracy and significant acoustic or identity sensitivity.

BA x y z T p (corr.)

Correlation with acoustic
sensitivity

[No clusters contained suprathreshold voxels]

Correlation with identity sensitivity
R middle/posterior STS 21/22 46 −14 −20 3.86 0.020
L middle/posterior STS 21/22 −40 −42 10 3.16 0.357
L deep posterior STS 39 −32 −60 24 3.56 0.015
R anterior temporal pole 38 56 8 −28 3.39 0.030
L anterior temporal pole [No suprathreshold voxels]
L amygdala − −30 2 −22 3.81 0.028

Correlation contrasts were thresholded at t(23)N3. Small-volume correction was based
on clusters from the corresponding main analyses, thresholded at t(23)N4. Significant
probability values (pb.05) are highlighted in bold.
Lateralization
To directly compare hemispheric contributions to the two con-

trasts, lateralization indices were calculated from voxel values for
the temporal lobes, where large clusters were found in both tests.
Individual maps were thresholded at pb .05 uncorrected. Activity in
the identity test was left-lateralized (mean(LI)=−.141, SD(LI)=
.392), but in the acoustic test it was right-lateralized (mean(LI)=
.182, SD(LI)=.406). There was a significant difference of individual
lateralization indices in the temporal lobes between tests (p=.025,
paired t-test).

The role of decision difficulty
To explore direct effects of decision difficulty on critical stimuli,

a test comparing difficult and easy trials was performed. Difficult
trials included the ambiguous identity-boundary stimuli, that is, all
stimuli of the acoustic test. Stimulus-matched easy trials included the
unambiguously trained identity-internal and identity-external stim-
uli, that is, all stimuli of the identity test. No significant voxels were
found in either direction of the comparison (whole-brain analysis,
FDR-correction, pb .05).

The role of the task
As noted in the Materials and methods, there was a test where

listeners performed a word-repetition detection task instead of voice
recognition, on the same stimuli. In an analysis of the fMRI data for
this word-repetition task, no significantly active regions were found
for the same acoustic and identity contrasts as were used in the main
analysis.

Discussion

Voice-identity processing is separable from voice-acoustic processing

It has been proposed that the neural substrates for the recognition
of voice identities are separable from general acoustic processing
regions (see Belin et al., 2004 for a review). This view has been
strengthened by reports on cortical regions that are differentially
active in voice recognition tasks (Nakamura et al., 2001; vonKriegstein
et al., 2003, 2005; Belin and Zatorre, 2003; Lattner et al., 2005; Stevens,
2004), and on selective deficits of voice-identity recognition abilities
(Van Lancker et al., 1988; Garrido et al., 2009a,b). Nevertheless, until
now there were few attempts to describe the neural mechanisms
underlying voice-identity representations. We identified identity-
sensitive regions that are both functionally and anatomically distinct
from acoustic-sensitive regions. While temporal lobe activity in the
acoustic contrast was right-lateralized, it was left-lateralized in the



Fig. 3. Significant correlations between voice recognition accuracy scores and neural identity sensitivity for the peak coordinates defined in the correlation analyses (dots denote
individuals).
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identity contrast. This lateralization difference suggested that these
stimulus-matched and task-matched contrasts indeed measure
different functions. Identity-sensitive but not acoustically sensitive
regions involved the voice-sensitive bilateral anterior temporal pole;
the face-sensitive left amygdala; and a left deep posterior STS region
which was not found in either of the functional localizer tests.

Voice-identity but not voice-acoustic sensitivity was found to
covary with person identification performance. This covariation
suggests that the identity sensitivity we described is indeed useful
for voice recognition: listeners with a greater neural sensitivity for
voice identities are more accurate at recognizing familiar voices.
Covariation between significant identity sensitivity and behaviour
was found for voice-sensitive regions (the middle/posterior STS and
the anterior temporal pole) in the right but not in the left hemisphere.
Right-hemisphere biases in voice recognition have been reported both
in imaging (Nakamura et al., 2001; von Kriegstein et al., 2003; von
Kriegstein and Giraud, 2004) and in clinical studies (Van Lancker and
Table 4
List of regions found in the short-term acoustic similarity sensitivity test.

BA x y z T p (corr.) mm³

Short-term similarity sensitivity
R middle/posterior
STS, ITG

20/21/22/42 48 −32 −6 6.04 0.026 6256

R posterior VLPFC 44 46 14 22 5.23 0.026 640
L posterior STS 22/42 −66 −38 12 5.22 0.026 592
L middle/posterior STS 21/22 −62 −26 −4 5.02 0.026 1136

A single peak is shown per region. The analysis was thresholded at t(23)N4, cluster
sizeN10 voxels.
Kreiman, 1987; Ellis et al., 1989; Van Lancker et al., 1989; Gainotti
et al., 2003). Covariation was also found between neural and
behavioural identity sensitivity in regions that were not differentially
sensitive to voices in the voice-localizer test, namely the amygdala
and the deep posterior STS in the left hemisphere. These covariations
not only validate our identity test but are also among the first
demonstrations of the direct behavioural relevance of voice-identity
representations. In addition, the fact that we did not find any sig-
nificant covariation between neural sensitivity in acoustic regions and
performance further strengthens our claim that identity processing
is separable from acoustic processing.

Short-term similarity effects

Auditory stimuli that are similar to other, just presented stimuli
are expected to elicit more reduced neural responses than dissimilar
stimuli, in cortical regions that are sensitive to those auditory changes.
This neural mechanism is known as the short-term carry-over effect
(Aguirre, 2007), or, in its purest form in same versus different tests,
as rapid fMR-adaptation (Grill-Spector and Malach, 2001). To reveal
the possible contribution of short-term stimulus similarity-based
mechanisms behind the sensitivities measured by our acoustic and
identity tests, we separated the effect of stimulus similarity to the
directly preceding voice stimulus from longer-lasting effects. Exten-
sive regions were found in and around the bilateral middle/posterior
STS (BA 21, 22) in both the acoustic and the identity tests. These were
the only brain regions that were found to be differentially active in
both main tests. Neural sensitivity in the right STS, as measured in the
voice-identity test but not in the voice-acoustic test, was even found
to covary with person identification performance. Furthermore, we
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Fig. 4. Sagittal views display short-term effect (green), thresholded at tN4; long-term acoustic sensitivity effect (purple) and long-term identity sensitivity effect (yellow), thresholded at
t(23)N3 and masked by the corresponding main analyses thresholded at t(23)N4.

Table 6
Overlapping regions in main analyses and additional independent tests.

Short% Voice% Face%

Acoustic sensitivity
R anterior/middle/posterior STS 29 89 28
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demonstrated that these temporal regions were involved in short-
term similarity processing. These regions are very similar to the tem-
poral voice areas (Belin et al., 2000) that have been found to respond
differentially to voice stimuli in healthy subjects but not in autism
(Gervais et al., 2004). The present findings confirm short-term
stimulus similarity sensitivity in the voice-tuned middle/posterior
STS, and that better short-term sensitivity may lead to better voice
recognition performance.

Only one further region, the right VLPFC, showed sensitivity to
short-term stimulus similarity processing. This posterior ventrolateral
prefrontal region on the inferior bank of the inferior frontal sulcus
(BA 44, 45) was found bilaterally, but with strong right-hemisphere
dominance in the main acoustic but not in the identity sensitivity test.
The right ventrolateral prefrontal region, just as the bilateral STS, was
also differentially sensitive to voice stimuli in general. This prefrontal
region involves Broca's area in the left hemisphere and is known to
be crucial for linguistic processing. Its right-hemisphere counterpart
has been shown to be more active in nonverbal memory tasks with
environmental sounds (Opitz et al., 2000). Additionally, right ven-
trolateral prefrontal regions have been proposed to be involved in
voice analysis in both primates (Romanski et al., 2005) and humans
(Fecteau et al., 2005). Our findings suggest that this right VLPFC
region, similarly to the voice-tuned STS regions, participates in short-
term voice-acoustic change detection.

Short-term sensitivity to acoustic similarities between voice
stimuli in the middle/posterior STS and in the VLPFC confirms these
areas' responsiveness to acoustic changes within the stimulus set.
Table 5
List of regions found in the long-term acoustic and identity sensitivity tests.

BA x y z T p (corr.)

Long-term acoustic sensitivity
R posterior medial temporal cortex 21/22 40 −26 0 4.79 0.012
R orbitofrontal cortex/anterior insula 47 44 18 −16 4.79 0.002
R medial orbitofrontal cortex 11 8 18 −16 3.53 0.009

Long-term identity sensitivity
L deep posterior STS 39 −30 −62 24 5.09 b0.001
R anterior temporal pole 21/38 48 18 −28 4.39 0.002
L anterior temporal pole 21/38 −52 14 −28 4.73 0.001
L amygdala − −20 −8 −18 3.02 0.034

A single peak is shown per region. Long-term sensitivity contrasts were thresholded at
t(23)N3. Small-volume correction was based on clusters from the corresponding main
analyses, thresholded at t(23)N4.
However, an area's involvement in a short-term cortical mechanism
does not exclude its involvement in mechanisms based on long-
term representations. The STS is a region that is highly heterogeneous
functionally (e.g., Beauchamp et al., 2004), and the middle/posterior
STS was proposed to be crucial for different stages of voice-identity
processing (von Kriegstein and Giraud, 2004; Warren et al., 2006).
Recent findings also suggested VLPFC involvement in the represen-
tation of long-term stored objects (Latinus et al., 2009). It was there-
fore somewhat surprising that in our confirmatory analyses we found
no evidence suggesting that STS or VLPFC regions would mediate
long-term voice memory (except for a small right posterior medial
temporal region close to the junction of BA 20, 37 and 41). One
explanation is that, contrary to these earlier claims, the neural sub-
strates of long-lasting object space representations, including acoustic
mean or category mean voice representations, are located elsewhere.
Alternatively, it is possible that long-term effects were indeed present
in the STS and VLPFC, but were masked by co-existing short-term
effects in the present design. Further investigations are needed to
resolve this issue.
L anterior/middle/posterior STS 4 95 b1
R orbitofrontal cortex/anterior insula
R medial orbitofrontal cortex
L orbitofrontal cortex/anterior insula 3
R posterior VLPFC 4 12
L posterior VLPFC

Identity sensitivity
R middle/posterior STS 14 92
L middle/posterior STS b1 71
L deep posterior STS
R anterior temporal pole 100
L anterior temporal pole 97
L amygdala 2 90

The columns short%, voice% and face% show the proportion of voxels in each acoustically
sensitive or identity-sensitive cluster thatwere also differentially active in the (1) short-
term effect test (minimal distancebmaximal distance), (2) voice area localizer (non-
vocal stimulibvoices) and (3) face area localizer (scrambled objectsb faces) respectively
(thresholded at t(23)b4).
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Voice-acoustics space representation

The acoustic sensitivity test contrasted acoustically central and
peripheral stimuli. This contrast tested the hypothesis that during
listening to stimuli from a voice-morph continuum, an implicit
prototype-formation process takes place in the voice-acoustics space,
resulting in the creation of a long-term stored ‘acoustic mean voice’
representation and hence in long-lasting neural sharpening for
acoustically central stimuli. This hypothesis was confirmed. Although
some regions found in this test, including the STS and the VLPFC, were
shown to be biased by covarying short-term similarity, other regions,
including the bilateral orbitofrontal cortex extending to the anterior
insula (BA 47, 11) did not exhibit short-term stimulus similarity
sensitivity. Furthermore, there was no difference in presentation
frequency between central and peripheral stimuli at either training or
test to motivate a long-term bias without an ‘acoustic mean voice’
representation. So the orbital/insular cortex activity in the acoustic
sensitivity test can best be described as long-term stimulus similarity
sensitivity. This claim was further supported by a confirmatory test
looking for long-term acoustic space sensitivity: the bilateral orbital/
insular cortex was found in this test but the STS and VLPFC regions
were not (except for a small right posterior medial temporal region
close to the junction of BA 20, 37 and 41). The anterior insula has been
implicated in the processing of sound and more specifically speech
information (Wong et al., 2004), and it has also been proposed to
possibly play a role in processing vocal paralinguistic information
such as vocal emotion or vocal identity (Remedios et al., 2009;
Watson, 2009). Our findings do not confirm that the insula handles
vocal identity information; instead, the response reduction for voice
stimuli that were most versus least similar to the acoustic mean of all
preceding stimuli suggests that ‘acoustic mean voice’ representations
exist and that they may be created in the orbital/insular cortex. This
acoustic mean voice seems to be created independently from any
representation of trained voice identities. Our results thus show that
a perceptual typicality-based organization arises automatically for
voice representations, similarly to what has been reported for faces
(Loffler et al., 2005).

Voice-identity space representation

We hypothesized that voice analysis at the stage of identity
processing is also supported by neural representations of the stimulus
space in which long-term stored typical values are coded more
sparsely than atypical values. Our findings support this hypothesis.We
found response reduction for identity-internal versus identity-exter-
nal stimuli in regions (including the voice-tuned ATP, the amygdala
and the deep posterior STS) that showed no response reduction for the
same stimulus contrast when it was free from the identity manipula-
tion. The response pattern of regions with an identity effect but no
acoustic effect can be explained as a long-term neural sharpening
effect induced by the explicit categorization feedback during training.
These results and the finding of significant covariation between neural
identity sensitivity and behavioural sensitivity in almost all identity-
sensitive clusters (except for the left ATP) therefore argue for the
existence of a neural voice-identity space and of ‘trained category
mean voice’ representations. This explanation is further supported
by our additional analyses that confirmed the presence of long-term
identity representations but found no effects of short-term stimulus
similarity sensitivity in the bilateral ATP, the left deep posterior STS
and the left amygdala.

The finding of voice-identity representations in the anterior tem-
poral pole confirms existing reports about the anterior temporal
lobe's role in voice-identity processing (Nakamura et al., 2001; von
Kriegstein et al., 2003, 2005; Belin and Zatorre, 2003; Lattner et al.,
2005, Sokhi et al., 2005) and seems to support the idea that this region
corresponds to the unimodal voice recognition module in the model
proposed by Belin and colleagues (Belin et al., 2004; Campanella and
Belin, 2007). The novelty of our ATP finding is that we demonstrated
this voice-tuned region's involvement in the representation of a
category mean-centered voice-identity space, and showed the effect
of individual identity space sensitivity on voice recognition perfor-
mance. Anterior temporal lobe regions, however, have also been
shown to be involved in person identity recognition for different
modalities (von Kriegstein and Giraud, 2006), in the multimodal in-
tegration of person information (for a review, see Olson et al., 2007;
but see also Turk et al., 2005) and in the ‘what’ processing pathway
(Scott and Johnsrude, 2003; Belin and Zatorre, 2003). Furthermore,
clinical reports suggest that voice-identity recognition and supramo-
dal person identity recognition can be selectively impaired after de-
generation of the anterior temporal lobe (e.g., Hailstone et al., 2010).
The location of anterior temporal lobe findings in the present study
[48, 18, −28; −52, 14, −28] is in-between previously reported
coordinates of supramodal person recognition in the temporal pole
(slightly superior to e.g., [46, 16,−40;−44, 16,−40] in Sugiura et al.,
2006) and those of unimodal voice recognition in the anterior STG/
STS (slightly inferior and anterior to e.g., [57, 9, −21; 54,12,−15; 48,
6, −18] in von Kriegstein et al., 2003, or to [58, 2, −8] in Belin and
Zatorre, 2003). We therefore cannot exclude the possibility that our
anterior temporal pole findings correspond instead to a different stage
in Belin and colleagues' model (Belin et al., 2004; Campanella and
Belin, 2007), namely to the supramodal person identification stage.
Note that other, non-neuroimaging research has also suggested that
there may be distinct acoustic, unimodal and supramodal steps in
person identification (Ellis et al., 1997; Neuner and Schweinberger,
2000). Further clarification of the distinction between unimodal and
supramodal processing regions within the anterior temporal lobe will
probably require a direct experimental comparison of these person
identification steps. Furthermore, earlier studies have created some
uncertainty with respect to whether voice-identity processing in
ATP regions is restricted only to the right hemisphere or is present
bilaterally. Our results, although remaining inconclusive, offer a bet-
ter view on this issue: we found identity sensitivity in the ATP
bilaterally, but voice recognition was shown to reflect only the right
ATP sensitivity.

Voice-identity representations were also found in a left deep
posterior STS region (BA 39) in our study. Our knowledge about the
possible role in object recognition of the deep posterior STS region is
very limited. Brodmann area 39 is often considered to be part of the
Wernicke's area (Wise et al., 2001), an important centre for speech
processing. Sensitivity to biological motion (Grossman et al., 2000)
and audiovisual integration of voice and face information (Kreifelts
et al., 2007) has been found for close but more lateral parts of the
posterior superior temporal gyrus. Additionally, the left but not the
right angular gyrus and medial parietal regions were found to be
sensitive to voice familiarity in a prosopagnosic patient with bilateral
damage (Arnott et al., 2008). Neighbouring, but more medial brain
regions of the precuneus/retrosplenial cortex have shown sensitivity
to person familiarity (Shah et al., 2001), and have been proposed as
possible loci of cross-modal person identity nodes (Campanella and
Belin, 2007). We suggest that this deep posterior STS region close to
the angular gyrus and the intraparietal sulcus may contribute to a
modality-nonspecific person identity representation.

We also found the identity effect in the amygdala, with significant
covariation between neural and behavioural sensitivity. The amygdala
activity persisted in our confirmatory long-term identity effect test.
The amygdala has been suggested to be involved in the processing
of socially relevant stimuli such as faces (Breiter et al., 1996; Morris
et al., 1996; Whalen et al., 1998) and voices (Fecteau et al., 2007;
Campanella and Belin, 2007), but the specific role of this region is
debated. Belin et al. (2004, Campanella and Belin, 2007) proposed that
during voice analysis distinct neural processing streams are respon-
sible for the recognition of speech categories, emotions and identities,
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and that the amygdala is responsible for vocal emotion processing.
But recent findings suggest an important role for the amygdala also in
the processing of emotionally neutral face stimuli both in monkeys
(Gothard et al., 2007) and in humans (Kleinhans et al., 2009).
Recently, Kleinhans et al. (2009) found reduced neural habituation
in the amygdala for neutral facial stimuli in autism, a complex de-
velopmental disorder characterized by deficits in social interaction. It
has also been proposed that there is a paralimbic network including
both the amygdala and the anterior temporal polewhich is specialized
for person identification (Olson et al., 2007). The amygdala seems to
be tuned to emotional stimuli more than to neutral stimuli, and to
faces more than to voices, but our results indicate that it nevertheless
participates in the representation of person identity given neutral
voice stimuli. This finding is in line with psychophysical and elec-
trophysiological evidence suggesting that voice analysis modules are
not fully independent (Campanella and Belin, 2007), for example,
speech perception has been shown to influence voice perception
(Remez et al., 1997; Perrachione and Wong, 2007; Perrachione et al.,
2010), and vocal emotions have been shown to modulate early sen-
sory processing (Spreckelmeyer et al., 2009). A better understanding
of the amygdala's role will clearly help to clarify the interplay of
different voice analysis modules and the separability of neural sub-
strates for different object types conveyed by voice and face stimuli.

Interestingly, no regions with identity sensitivity were found
when, in an additional test, listeners had to perform a voice-irrelevant
word repetition detection task. This indicates that identity sensitivity
requires the presence of a relevant task, confirming earlier reports
that specified similar brain regions responsible for voice-identity
processing by manipulating task relevance but not stimuli (von
Kriegstein et al., 2003, von Kriegstein and Giraud, 2004).

Flexibility in voice representation

Finally, this study demonstrates the dynamics of voice processing.
Voices, although carrying information about an anatomically defined
vocal tract, are modulated by less permanent factors such as language,
dialect, speech style, emotions, volume, speed, health situation etc.
that are known to influence talker identification (Nolan, 1997;
Perrachione and Wong, 2007; Perrachione et al., 2010). Indeed,
speakers dynamically tune their voices to the situation they find
themselves in (e.g., in phonetic convergence, speakers tend to talk
more like their interlocutors as a conversation progresses; Pardo,
2006). Therefore, the human perceptual ability to adapt flexibly to
dynamic object changes (Kourtzi and DiCarlo, 2006; Jiang et al., 2007)
is especially important for voice stimuli (cf. Schweinberger et al.,
2008). Consequently, neural representations of voice identities need to
be highly plastic to support voice recognition. Our findings demon-
strate listeners'flexibility in learning and representing voice identities.
On the first week of the experiment, listeners rapidly learned a new
voice-identity and then, when a week later a different voice morph
interval was associated with the same identity, they dynamically
adapted their representations. Neural sharpening for a long-term
stored ‘category mean voice’ followed the trained shift and therefore
retuned the neural representation of the voice-identity space.

Conclusion

Our results are in line with the proposal that voice recognition
is supported by a categorical level of processing that is anatomically
separable from voice structural processing (Belin et al., 2004). Our
findings also confirm that there exist dissociable neural mechanisms
for short-interval versus long-interval fMRI repetition suppression
(Epstein et al., 2008). More specifically, we have argued for the
existence of dynamic, long-lasting ‘mean voice’ representations at
both voice-acoustic and voice-identity stages of processing. In ac-
cordance with recent findings in behavioural studies of voice
processing (Papcun et al., 1989; Mullennix et al., 2009, Bruckert
et al., 2010) and with those in the face processing domain (Loffler
et al., 2005), our demonstrations of neural ‘mean voice’ representa-
tions constitute the first neuroimaging evidence that voice represen-
tations are centered around prototypes in long-term memory.
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