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We study the developmental trajectory of morphology and function of the superior temporal cortex (STC) in
children (8–9 years), adolescents (14–15 years) and young adults. We analyze cortical surface landmarks
and functional MRI (fMRI) responses to voices, other natural categories and tones and examine how hemi-
spheric asymmetry and inter-subject variability change across age. Our results show stable morphological
asymmetries across age groups, including a larger left planum temporale and a deeper right superior tempo-
ral sulcus. fMRI analyses show that a rightward lateralization for voice-selective responses is present in all
groups but decreases with age. Furthermore, STC responses to voices change from being less selective and
more spatially diffuse in children to highly selective and focal in adults. Interestingly, the analysis of morpho-
logical landmarks reveals that inter-subject variability increases during development in the right – but not in
the left – STC. Similarly, inter-subject variability of cortically-realigned functional responses to voices, other
categories and tones increases with age in the right STC. Our findings reveal asymmetric developmental
changes in brain regions crucial for auditory and voice perception. The age-related increase of inter-subject
variability in right STC suggests that anatomy and function of this region are shaped by unique individual
developmental experiences.

© 2013 Elsevier Inc. All rights reserved.
Introduction

The human superior temporal cortex is a relevant cortical site for
many auditory and language functions. In the adult brain, its mor-
phology is highly asymmetric between hemispheres and highly vari-
able across individuals. It includes one of the most commonly
observed anatomical asymmetries of the brain, i.e. a larger planum
temporale (PT) in the left as compared to the right hemisphere,
which has been often related to a left hemispheric specialization for
language (Geschwind and Levitsky, 1968; but see Dorsaint-Pierre et
al., 2006; Eckert et al., 2006). Albeit less well-known, an opposite
asymmetry is consistently observed in the superior temporal sulcus
(STS), whose depth is greater in the right when compared to the
left hemisphere (Ochiai et al., 2004; Van Essen, 2005). Both PT and
STS asymmetries are already present in infants (Dubois et al., 2010;
Glasel et al., 2011; Hill et al., 2010a), suggesting an underlying genetic
component.
. Bonte).

rights reserved.
Characteristic functional asymmetries include enhanced left hemi-
spheric responses to linguistic speech information in the posterior
and/or anterior superior temporal cortex (Binder et al., 2000;
Kilian-Hütten et al., 2011; Obleser et al., 2007; Scott et al., 2000)
and enhanced right hemispheric responses to human voices, especial-
ly toward the anterior STS (Belin et al., 2000; Formisano et al., 2008;
von Kriegstein et al., 2003). Interestingly, 3-month-old infants show a
relatively strong left lateralization of the superior temporal activity to
speech and speech-like sounds (Dehaene-Lambertz et al., 2002,
2010). Furthermore, by 3 to 7 months, infants show a strong lateral-
ization of neural responses to voices as compared to non-vocal
sounds in the right anterior STS (Blasi et al., 2011) or right posterior
superior temporal cortex (Grossmann et al., 2010). Paralleling
language development, the neural systems for speech perception
continue to refine throughout childhood and adolescence (Bonte
and Blomert, 2004; Parviainen et al., 2011). Less is known on the
developmental trajectory of voice selective activity in the superior
temporal cortex and its lateralization, which is a focus of the present
study.

Morphologically, the superior temporal cortex shows inter-
individual variability in the number of transverse gyri of Heschl
(HG), including incomplete and complete HG duplications in the left

http://crossmark.crossref.org/dialog/?doi=10.1016/j.neuroimage.2013.07.017&domain=pdf
http://dx.doi.org/10.1016/j.neuroimage.2013.07.017
mailto:m.bonte@maastrichtuniversity.nl
http://dx.doi.org/10.1016/j.neuroimage.2013.07.017
http://www.sciencedirect.com/science/journal/10538119


Table 1
Psychometric test results across age groups.

Child Adolescent Adult

Word readinga 57.0 (3.2) 57.6 (1.5) 57.8 (1.7)
Phoneme deletiona 51.0 (10.8) 61.0 (3.9) 59.4 (7.5)
WISC/WAIS

Similaritiesb 10.4 (3.0) 12.3 (3.3) 13.3 (2.8)
Block designb 10.5 (2.8) 10.3 (3.2) 11.5 (3.4)
Digit spanb 11.1 (2.5) 12.1 (2.9) 11.9 (3.2)

a Age-appropriate t-scores, mean = 50, SD = 10.
b Age-appropriate norm scores, mean = 10, SD = 3.
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and/or right hemisphere (Campain and Minckler, 1976; Leonard et
al., 1998). Other sources of inter-individual variability include the
size and form of the planum temporale (Shapleske et al., 1999) and
the folding pattern of the STS (Im et al., 2010; Ochiai et al., 2004).
Inter-individual variability in morphology has been related to exper-
tise in music (Schneider et al., 2002) and speech analysis (Golestani
et al., 2011), and to language dysfunctions in dyslexia (Leonard
et al., 2006) and schizophrenia (Shapleske et al., 1999). Surprisingly
little is known about developmental changes in normal morphologi-
cal variability. Studying these developmental changes can further
our understanding of regionally specific maturation and learning-
induced plasticity.

In the present study, we investigated structural and functional
development of the superior temporal cortex by analyzing hemispheric
asymmetry and inter-individual variability of cortical surface land-
marks and fMRI responses to voices and control sounds in children, ad-
olescents and young adults. We assessed morphological and functional
asymmetries by calculating hemispheric differences in anatomical
landmarks and fMRI activity in individual subjects and subsequently
comparing them to their age group means. Furthermore, we examined
morphological variability by projecting individual anatomical land-
marks on a group surface for each age group and computing inter-
subject distances, and functional variability by calculating inter-subject
overlap of fMRI responses after minimizing macro-anatomical differ-
ences by means of cortex-based group alignment (Frost and Goebel,
2012; Goebel et al., 2006).

Materials and methods

Participants

(f)MRI measurements were performed in thirty-seven healthy
Dutch-speaking participants (13 children, 14 adolescents, 10 adults).
Analysis was performed on 30 subjects: 10 children (8f, mean (SD)
age 9.1 ± 0.7 years), 10 adolescents (8f, mean age 14.1 ± 0.6 years)
and 10 adults (6f, mean age 24.1 ± 2.4 years). Data of 3 children and
4 adolescents were discarded: 2 children did not complete the
measurement, 1 child moved too much during the measurements,
3 adolescents showed no significant activation to tones and/or voices
and 1 adolescent was discarded due to technical problems during the
measurement. For the functional analysis 2 additional children had to
be excluded due to excessive movement, resulting in the inclusion of
8 out of 10 children (6f, mean age 9.1 ± 0.7 years). Adults and adoles-
cents received a monetary reward for participation (€5 per hour),
children could select a toy (e.g. car, ball, bracelet, book) after both ses-
sions. Informed consent was obtained from all adult and adolescent
participants and from parents of adolescents and children, according
to the approval by the Ethical Committee of the Faculty of Psychology
and Neuroscience at the University of Maastricht.

All participants were Dutch speakers with normal hearing as
assessed with a pure tone audiogram (detection thresholds of
frequencies from 250 to 8000 Hz at 0–20 dB). Each age group included
9 right-handed participants and 1 left-handed participant, as assessed
by a handedness questionnaire adapted from Annett (1979). The adap-
tation consisted of replacing four less child oriented items (striking a
match, using thread, using a broom, using a shovel) with child oriented
items (drawing, using a spoon, using a hair comb, turning a page). All
children, adolescents and adults showed normal language develop-
ment and cognitive abilities as assessed by psychometric tests (see
Table 1). Psychometric tests included a word reading task and a pho-
neme deletion task (Blomert and Vaessen, 2009), as well as the block
design, similarities and digit span sub-tests of the WISC (Wechsler et
al., 2000) or WAIS (Kort et al., 2005). ANOVA analyses were performed
on age-appropriate t-scores (word reading, phoneme deletion;
mean = 50; SD = 10) or norm scores (WISC/WAIS subtests;
mean = 10; SD = 3). There were no significant age group differences,
with the exception of the phoneme deletion test. The latter test
showed a main effect of age group (F(2,27) = 4.2; p = 0.026) and a
post-hoc difference between children and adolescents (p = 0.012)
and children and adults (p = 0.033), but not between adolescents
and adults (p =0.66). These differences were due to 3 children who
performed just below the age-appropriate norm with t-scores of 34,
37 and 38. Importantly however, their t-scores for word reading
corresponded to 53, 60 and 58 and their average WISC norm scores
corresponded to 11, 9 and 10 respectively, indicating normal reading
and cognitive abilities.

Anatomical measurement
Brain imaging was performed with a 3 Tesla scanner (head setup,

Allegra — Siemens) at the Maastricht Brain Imaging Center. Children
and adolescents were acquainted to the scanning environment and
trained to minimize head movement using a simulation scanner.
Movement training consisted of two 6-minute blocks during which
children/adolescents watched a cartoon movie that was shortly
interrupted whenever head movement would exceed 3 mm. A
high-resolution structural scan (voxel size, 1 × 1 × 1 mm3) was
collected for each subject using a T1-weighted three-dimensional
ADNI sequence [TR, 2050 ms; echo time (TE), 2.6 ms; 192 sagittal
slices].

Preprocessing and cortex based alignment
Anatomical data were analyzed using BrainVoyager QX 2.4 (Brain

Innovation). The anatomical images of each participant were normal-
ized into Talairach space. This operation included the definition of the
landmarks AC (anterior commissure) and PC (posterior commissure)
as well as a demarcation of the extremities of the cortex (inferior,
superior, left and right most points); the defined subject-specific land-
marks were then used to rotate each brain in the AC–PC plane followed
by piecewise, linear transformations to fit each brain in the common
Talairach “proportional grid” system (Talairach and Tournoux, 1980).
The achieved brain normalization aligns global orientation and adjusts
size of the brains without distorting individual brain anatomy. Thus, it
is suited for the analysis of morphological features such as sulcal depth
or orientation of sulci. However, with Talairach (as well as the related
template-based MNI) normalization, gyri and sulci are not aligned
well across brains. For fine-grained questions requiring maximal corre-
spondence between brain anatomical locations (e.g. to study functional
variability with respect to morphology), more advanced cortex-based
alignment schemes have been introduced (e.g. Fischl et al., 1999;
Goebel et al., 2006). For advanced alignment of gyri and sulci as well
as for visualization, mesh representations of the cortical surface were
created using an automatic segmentation tool (Kriegeskorte and
Goebel, 2001). Curvature maps, reflecting the gyral/sulcal folding
pattern, were then derived from the extracted cortical meshes for
both hemispheres of each individual. To allow mesh vertices to find
corresponding locations across brains, each hemisphere was inflated
to a spherical representation to create a restricted space for vertex
displacements (e.g. Fischl et al., 1999). While this representation is
void of original morphology, information about the gyral/sulcal folding
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pattern is retained on the spheres by overlaying the calculated individ-
ual curvature maps. Thesemaps serve as goodness-of-fit measures dur-
ing alignment since they allow quantifying the overlap of concave
(sulci) and convex (gyri) regions. Cortex based alignment was then
performed by first carrying out a rigid alignment to a spherical curva-
ture map of a randomly chosen subject for each age group to minimize
differences in rotation and orientation of the spherical surface recon-
structions. This was followed by a non-linear morphing alignment to
a dynamic group average curvature map using a coarse to fine
(multi-scale) approach. During the early phase, smoothed curvature
maps are used to align gross anatomical features (central sulcus,
Sylvian fissure, STS, etc.). As the alignment algorithm progresses,
more detailed curvature information is added to maximize
macro-anatomical correspondence across the whole cortex (Frost and
Goebel, 2012; Goebel et al., 2006). The employed coarse-to-fine
scheme ensures that small local structures that may differ across brains
(e.g. small gyri and notches) are placed in the same relative position in
each brain, i.e. the alignment approach tolerates local curvature differ-
ences within established more global correspondence (e.g. large sulci
and gyri). Cortex-based alignment results in an averaged folded
group brain and creates tables that assign each vertex of an individual
cortex mesh to the corresponding vertex of the created group mesh.
The established vertex correspondence mapping was used to warp
hemisphere meshes from individual (Talairach) subject space to the
cortically aligned folded group space thereby creating improved
co-registration of functional data and anatomical landmark definitions.
To optimally align sulci and gyri and to avoid comparisons that are due
to potential age-group mis-alignments related to global anatomical
changes with age (Gogtay et al., 2004), cortex-based alignment was
performed separately within each age group. In each age group, the
alignment led to comparable and substantial reduction of anatomical
variability for the STG, STS and FTS (see Fig. 1b). Due to the variability
in HGmorphologywith complete posterior and common stem duplica-
tions in a substantial number of subjects (see Supplementary Fig. 1),
the alignment of the HG was suboptimal in each of the three age
groups and therefore HGwas not included in the anatomical variability
Fig. 1. (a) The defined anatomical landmarks: superior temporal gyrus (STG), superior te
temporale (PT). HG indicates Heschl's gyrus. (b) Inter-subject variability (Hausdorff distance
and after cortex-based alignment.
analysis. Importantly, in the right hemisphere, where we observed our
main developmental effects, the number of HG duplications was stable
across age groups.

Definition of anatomical landmarks
Five landmarks in the superior temporal cortex were manually

labeled and their spatial variability was measured both before and
after cortex-based alignment. The five landmarks are illustrated in
Fig. 1a and consist of the superior temporal sulcus (STS), the superior
temporal gyrus (STG), the first transverse sulcus (FTS), the Heschl's
sulcus (HS) and the planum temporale (PT). The landmarks were
identified and labeled on each individual subject's cortical mesh rep-
resentation according to the following criteria (Frost and Goebel,
2012; Kim et al., 2000; Pantazis et al., 2010). (1) The superior tempo-
ral sulcus separates the superior from the middle temporal gyrus and
was traced from its anterior border near the temporal pole until its
posterior split into an ascending and descending (or horizontal)
branch. STS trajectory was traced continuously along the depth of
the sulcus and across discontinuities when they occurred (Ochiai et
al., 2004; Ono et al., 1990), i.e. by tracing the shortest path between
the two closest sulcal points prior to and after the discontinuity.
(2) The superior temporal gyrus runs parallel to the lateral sulcus
(Sylvian fissure) and the STS, and was traced from its anterior border
at the temporal pole to its posterior border at the temporal parietal
junction, until the STG ascends to the supramarginal gyrus. (3) The
first transverse sulcus runs obliquely across the upper surface of the
STG, and forms the anterior medial border of Heschl's gyrus (HG).
FTS was traced from its origin near the retroinsular region, near the
medial border of HG until its endpoint on the planum polare.
(4) Heschl's sulcus forms the posterior limit of HG and was traced
from the medial border of HG until its antero-lateral border on the su-
perior temporal surface or at the lateral rim of the STG. (5) The planum
temporale (PT) is a triangular region on the superior temporal surface
posterior to HG (see purple region in Fig. 1a). Following Kim et al.
(2000) its anterior-medial border was defined by the HS, or alterna-
tively by the sulcus intermedius (SI) in case it was present. The SI is
mporal sulcus (STS), Heschl's sulcus (HS), first transverse sulcus (FTS) and planum
) between the STS, STG, FTS and HS in the left (LH) and right hemispheres (RH), before
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defined as a sulcus on the crown of HG splitting the gyrus into two
divisions that remain connected by a common medial stem (Kim et
al., 2000; Leonard et al., 1998). Laterally the PT was confined by the lat-
eral rim of the STG. The posterior border was traced from the medial
origin of HS through the deepest point of the Sylvian fissure until the
posterior point of the STG at the temporal parietal junction. We addi-
tionally determined the number of common stem duplications due to
the presence of an SI as well as complete posterior HG duplications
due to the presence of a second posterior HS, across hemispheres and
age groups (see Supplementary Fig. 1).

Quantification and statistical analysis
Analysis of anatomical asymmetry focused on two measures for

which hemispheric asymmetries have been reported in infants and
adults: PT area size and STS sulcal depth (Dubois et al., 2010; Glasel
et al., 2011; Hill et al., 2010a; Ochiai et al., 2004; Van Essen, 2005).
In addition, we measured the length of the STS within the temporal
cortex, from its anterior border at the temporal pole until its posterior
split into an ascending and descending branch. PT area size was mea-
sured on each individual subject's folded cortical mesh representation
by building the sum of the area of all mesh triangles enclosed by the
three specified anatomical landmarks (see above). STS length was
determined in terms of (1) Euclidean distance (Ochiai et al., 2004),
i.e. distance between the most anterior and most posterior points,
and (2) trajectory distance, i.e. the sum of vertex–vertex distances
along the STS including local and global folding patterns. Because all
brains were normalized to the Talairach template, differences in
size of brains between age groups were removed allowing com-
parison of the degree of lateralisation to be made. PT area and STS
lengthmeasures were tested using mixed-design ANOVAs with hemi-
sphere as within subject factor and age group as between subjects
factor.

STS sulcal depth values were sampled for each vertex of an indi-
vidual subject's folded cortical mesh representation from a sulcal
depth volume map measuring the shortest distance of each voxel of
a white/gray matter segmentation to the brain surface. To obtain
the surface of the brain, the sulci of the segmented brain were filled
by a morphological closing operation. The shortest distance was
then calculated using a chamfer distance transform operation starting
at the obtained brain surface boundary. This results in a volume map
with distance values at each voxel in the space between the white/
gray matter boundary and the brain surface boundary (i.e. within
the sulci) indicating the distance of a voxel to the brain surface. In
order to carry the distance values from volume space to the subject's
mesh surface, the distance values were sampled at the coordinates of
the vertices of the folded mesh representation. In order to obtain nor-
malized and aligned sulcal depth values across subjects, for each age
group the left and right STS were traced on the group aligned cortical
mesh, according to the criteria described above, and aligned to each
individual subject's cortical mesh using individual transformation pa-
rameters obtained during cortex based alignment. Statistical signifi-
cance of inter-hemispheric differences in STS sulcal depth was
assessed with a mixed-design ANOVA with hemisphere and segment
(anterior, middle, posterior) as within subjects factors and age group
as between subjects factor.

Inter-individual variability of sulcal and gyral landmarks was quan-
tified in terms of the variability of their trajectories. Following Pantazis
et al. (2010), we used a modified Hausdorff distance that quantifies the
pair-wise between subjects differences of the trajectories and enables
estimating the group variance (for exact definition, see Pantazis et al.
(2010)). Since the variance is calculated around 0, a small (near 0)
variance value indicates that trajectories are perfectly aligned. Given
10 subjects per age group, trajectory distances are estimated based
on 45 unique pairs per landmark (i.e. n-pairs = n*(n − 1)/2). In
each age group and for each of the landmarks, FTS, HS, STG and STS,
we analyzed (1) an overall distance measure that gives the variance
of the 45 pair-wise Hausdorff distances between the sulcal/gyral trajec-
tories of all subjects, and (2) the separate 45 pair-wise Hausdorff dis-
tances of the sulcal/gyral trajectories. Because distance measures of
HS were highly variable (see Fig. 1b) and dependent on the presence
of an SI in part of the subjects (see Supplementary Fig. 1), they were
not included in the analysis. The 45 pair-wise STS, STG and FTS distance
measures were tested using mixed-design ANOVAs with hemisphere
as within subject factor, age group as between subjects factor and
subject-pairs as covariates. In case of significant hemisphere by age
group interactions, we performed post-hoc ANOVAs separately for
each hemisphere, with age group as between subjects factor and
subject-pairs as covariates. Inter-individual variability of the PT, an
area of cortical surface that cannot be described as a path (gyrus or
sulcus), was quantified using the following vertex-wise measure of
overlap:

ov ¼ Nv=N

where Nv is the number of subjects whose planum temporale occupies
a certain vertex and N is the number of subjects.

Functional MRI measurement
For each subject, an 8-minute functional run (3 mm × 3 mm ×

3 mm) was collected using a standard echoplanar-imaging (EPI)
sequence (repetition time [TR] = 3.0 s; acquisition time [TA] = 2.0 s,
field of view [FOV] = 192 mm × 192 mm, matrix size = 64 × 64,
echo time [TE] = 32 ms). Each volume consisted of 33 slices (distance
factor 10%), including the temporal cortex. During the measurements,
subjects listened to auditory stimuli that were presented binaurally
and at a comfortable listening level via MR compatible headphones in
the 1000-ms silent gap between two volume acquisitions. The func-
tional run consisted of 12 stimulation blocks (18 s/6 volumes) alternat-
ed with 12 s (4 volumes) rest. During the stimulation blocks,
participants listened to either (1) vocal sounds (7 non-speech sounds
and 5 meaningless speech sounds), (2) other natural categories
(musical instruments and environmental and animal sounds), both
adapted from Belin et al. (2000), or (3) tones (amplitude modulated
(8 Hz) tones ranging from 0.3 to 3 kHz).

Preprocessing of fMRI activity
fMRI data were subjected to conventional pre-processing in

BrainVoyager QX 2.4, including slice scan-time correction (using
sinc interpolation), high-pass temporal filtering to remove nonlinear
drifts of five or less cycles per time course, and 3-dimensional motion
correction (Goebel et al., 2006). Functional data were spatially
smoothed to 4 mm × 4 mm × 4 mm. All participants included in
the analysis minimized movements to maximally 2 mm in any direc-
tion. To minimize the possible effects of these small movements, each
subject's motion correction parameters were included as confound
predictors in our general linear model (GLM) analysis that was
performed on time course data sampled on individual cortex meshes.
Because fMRI data were acquired using a block-design, a single
predictor per stimulus block was convolved with a double gamma
hemodynamic response function (HRF). The resulting number of
active voxels was very similar across groups, indicating that this
standard HRF model provided a comparable and good fit of blood
oxygen level dependent (BOLD) responses in each age group (see Sup-
plementary Table 1). In order to map fMRI signal time courses from
volume space to surface space, values located between the gray/
white matter boundary and up to 4 mm into gray matter toward the
pial surface were sampled with trilinear interpolation and averaged,
resulting in a single value for each vertex of a cortex mesh. Note that
throughout the paper, we still refer to functionally active voxels instead
of vertices, because this is the most commonly used term in fMRI liter-
ature. Importantly, GLM analysis was performed after macro-
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anatomical variability had been minimized using cortex-based align-
ment for each age group. In each age group, the alignment was able
to greatly reduce anatomical variability for the STG, STS and FTS but
less so for the HS, due to the presence of an SI in part of the subjects
(see Fig. 1b).
Quantification and statistical analysis
Functional analysis focused on the superior temporal activity for the

following four contrasts: (1) voice selectivity (voices N (other
categories + tones)/2), (2) voices N silent baseline, (3) other
categories N silent baseline and (4) tones N silent baseline. To examine
the inter-individual variability of the fMRI responses relative to the
cortex-based aligned group anatomy we constructed probabilistic
maps (Frost and Goebel, 2012) for each functional contrast and
for each age group. Probabilistic maps were obtained from individual
subject's activation maps at a fixed statistical threshold (voice
selectivity: t = 1.96, p = 0.05; single condition contrasts: t = 3.0,
p = 0.003) and at a fixed cluster threshold of 25 mm2. The resulting
group maps show regions of 50 to 100% subject overlap (i.e. n = 4 to
n = 8 in children and n = 5 to n = 10 in adolescents and adults) at
a fixed group cluster threshold of 20 mm2. See Supplementary Fig. 2
for corresponding random effects group-specific GLM maps. We did
not perform overall random effects GLM analyses involving all groups
together as that would require the alignment of the cortices across
age groups, which may be problematic due to global anatomical
changes with age (Gogtay et al., 2004). Instead, we quantified group
differences through the comparisons of measures of hemispheric
asymmetry and inter-individual variability calculated separately for
each group. These analyses were restricted to the left and right tempo-
ral cortices by applying the same average anatomical masks across the
three age groups (see Supplementary Fig. 3). The anatomical masks
included the superior temporal plane, STG and STS and comprised all
superior temporal activity to voices, other natural categories and
tones. The left and right hemisphere masks were constructed such
that they contained equal numbers of vertices. Hemispheric asymme-
try was quantified by calculating individual RH–LH differences in the
number of active voxels and comparing their group means across
ages. This was done for each of the four functional contrasts at a large
range of t-thresholds (t = 0.0 to t = 7.0). Independent-sample
t-tests were used to compute statistical significance of age group
differences in laterality. Inter-individual variability was quantified by
calculating the number of commonly active voxels for different levels
of subject overlap (n = 4 to n = 8) at a large range of t-thresholds
(t = 0.0 to t = 7.0). For adults and adolescents this analysis was
based on the average of 100 random selections of 8 out of 10 subjects.
Statistical significance of age group differences in variability was com-
puted based on empirical null distributions determined by permuting
subject labels across age groups (1000 iterations).
Fig. 2. Hemispheric asymmetry of the planum temporale (PT). Bar graph depicting nor-
malized size (Talairach space) of the PT in the left (LH) and right (RH) hemispheres
across the three age groups. *p b 0.05, ***p b 0.001.
Results

Anatomical asymmetry: planum temporale and superior temporal sulcus

PT size was measured on each subject's folded cortical mesh
representation. As expected, all age groups showed a larger PT in
the left as compared to the right hemisphere (Fig. 2), leading to a
main effect of hemisphere (F(1,27) = 58.6, p = 0.000). Expressed
in an asymmetry index (R-L)/(R + L) the larger left PT resulted in a
value of−0.09 in children,−0.23 in adolescents and−0.24 in adults.
Despite a trend toward smaller indices in children, results did not
lead to a significant hemisphere-by-group interaction (F(2,27) =
2.5, n.s.).

Each of the age groups additionally showed a rightward STS asym-
metry with a deeper STS in the right as compared to the left hemi-
sphere posterior to the HG/HS (Fig. 3). For statistical comparison of
Fig. 3. Hemispheric asymmetry of the superior temporal sulcus (STS). Mean (SE) nor-
malized sulcal depth (mm) along the left and right STS. For each age group, the average
left and right hemisphere STS is projected on inflated group-average representations of
the temporal cortex (light gray: gyri and dark gray: sulci) obtained after alignment of
the cortices of the 10 subjects in each age group.

image of Fig.�2
image of Fig.�3


Table 2
Mean (SE) normalized STS length (in mm) across age groups.

LH Euclidean RH Euclidean LH trajectory RH trajectory

Child 64 (1.5) 63 (1.7) 101 (4.7) 86 (3.6)
Adolescent 61 (2.1) 62 (1.6) 94 (4.8) 82 (2.4)
Adult 65 (1.1) 62 (1.3) 101 (5.1) 86 (4.2)
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hemisphere and age group effects along the posterior to anterior
direction, in each age group and hemisphere, the STS was equally
divided in anterior, middle and posterior sections. Results showed
the main effects of hemisphere (F(1,27) = 12.0, p = 0.002) and
segment (F(1,54) = 163.4, p = 0.000) and a hemisphere-by-
segment interaction (F(2,54) = 17.2, p = 0.000). Separate tests per
segment showed the main effects of hemisphere for the middle
(F(1,27) = 8.1, p = 0.008) and posterior (F(1,27) = 22.2, p =
0.000), but not for the anterior (F(1,27) = 3.2, n.s.) segment, and no
significant hemisphere-by-group interactions. Inspection of individual
depth profiles indicated a more prominent occurrence of sulcal bridges
in the left as compared to right STS posterior to HG/HS (see also Ochiai
et al., 2004), leading to a larger inter-individual variability of the depth
profile of the posterior segment of the left as compared to the right STS
in each of the three age groups (see standard errors in Fig. 3).
Fig. 4. Inter-individual variability of the planum temporale (PT) across the three age group
inflated group-averaged and cortex-based aligned cortical surface representations of the su
dicate larger inter-subject overlap (b) Bar graph depicting mean overlap of the left and rig
Furthermore, the presence of relatively prominent sulcal folding
patterns in the left as compared to the right hemisphere is also
consistent with our measures of STS length (Table 2). That is, STS
length was significantly longer in the left as compared to the right
hemisphere when measured in terms of STS trajectory, i.e. the sum
of vertex–vertex distances along the STS including local and global
folding patterns (main effect of hemisphere: (F(1,27) = 25.0; p =
0.000), hemisphere-by-group interaction (F(2,27) = 0.14; n.s.)).
However, results showed no asymmetry in STS length when mea-
sured in terms of Euclidean distance, i.e. the distance between the
most anterior and the most posterior point independently of the
sulcal trajectory (main effect of hemisphere (F(1,27) = 0.79; n.s.),
hemisphere-by-group interaction (F(2,27) = 0.97; n.s.).

Anatomical variability: planum temporale and sulcal/gyral landmarks

Variability of the PT was estimated by determining inter-
individual overlap of the PT on cortical group mesh representations
for each age group (Fig. 4a). The resulting measures of PT overlap
suggest an age related increase in PT variability (decrease in overlap)
in the right, but not in the left, hemisphere (Fig. 4b).

Variability of the STS, STG and FTS was tested based on the means of
the pair-wise inter-subject distances per age group (Fig. 5; for
s. (a) Probabilistic maps illustrating amount of subject overlap for the PT projected on
perior temporal plane in the left (LH) and right (RH) hemispheres. Brighter colors in-
ht PT.
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Fig. 5. Inter-individual variability of the superior temporal sulcus (STS), superior temporal gyrus (STG) and first transverse sulcus (FTS) across the three age groups. (a) The un-
aligned landmarks projected on inflated group-averaged and cortex-based aligned cortical surface representations of the left (LH) and right (RH) temporal cortices. * indicates
FTS outlier in the right hemisphere of adults. (b) Bar graph depicting mean (SE) pair-wise inter-subject distances in normalized space (Talairach) for the three unaligned landmarks.
The right FTS outlier is not included in the bar graph of the adults. *p b 0.05, **p b 0.01, ***p b 0.001.
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corresponding Hausdorff distances see Fig. 1b). Because the right hemi-
sphere FTS of one of the adults clearly deviated from all others (see
Fig. 5a), this subject was excluded for statistical analysis of the FTS. First,
in adults, STS variability was significantly larger in the right as compared
to the left hemisphere (main effect of hemisphere F(1,130) =12.7,
p = 0.000; hemisphere-by-group interaction F(2,130) = 4.2, p =
0.018; post-hoc t-test adults p = 0.005). Second, in children, STG
variability was significantly larger in the left as compared to right hemi-
sphere (hemisphere-by-group interaction F(2,130) = 8.7, p = 0.000;
post-hoc t-test children p = 0.000). And third, in children, FTS variabil-
ity was significantly larger in the left than in the right hemisphere
(hemisphere-by-group interaction F(2,121) = 3.2, p = 0.046; post-
hoc t-test children p = 0.001).

Following the significant hemisphere-by-group interactions, we
performed post-hoc ANOVAs to test for age group effects separately
per hemisphere. Like the PT, the STS showed a developmental increase
in inter-subject variability in the right hemisphere (STS: F(2,130) =
5.6, p = 0.005), together with stable variability in the left hemisphere
(no significant age group effect). In contrast, the STG showed a signifi-
cant age group effect in the left hemisphere (F(2,130) = 3.7, p =
0.034), due to a relatively high variability in children but no linear de-
creasewith age, togetherwith stable variability in the right hemisphere.
No significant age group effects were found for the FTS.

Functional activity in the superior temporal cortex

In each age group, voices, other natural categories and tones
evoked strong overlapping activation in the superior temporal cortex
encompassing middle to posterior STG, planum temporale and HG. In
addition to these areas, voices elicited enhanced activity bilaterally
along the STG and extending into the STS, especially in the right
hemisphere (see random effects GLM maps in Supplementary
Fig. 2). This enhanced activation is also reflected in the voice selectiv-
ity contrast (first row in Supplementary Fig. 2), which is examined in
detail below. Note that for each of the single-condition contrasts the
number of active voxels was very similar across age groups indicating
comparable data quality. Further analyses confirmed that there was
no significant group difference in the average number of active
(p b 0.001) voxels, as selected at single subject level (see Supplemen-
tary Table 1, all pair-wise group comparisons p N 0.19).

To assess the spatial consistency/variability of responses across
subjects, we examined probabilistic maps corresponding to the four
functional contrasts (Fig. 6). Similar to the random effects GLM
maps, probabilistic maps indicated a common overall activation
pattern across groups. Interestingly, visual inspection of hemispheric
differences indicated that a rightward asymmetry of spatial overlap of
voice selective responses decreases with age. That is, in children, prob-
abilistic maps show a small focus of overlapping responses in the left
mid-STG near the lateral HG/HS, and increased overlap extending
along the posterior to anterior STG and posterior to middle STS in the
right hemisphere. Although a rightward asymmetry of voice selective
overlap can also be observed in the other age groups, at this t-
threshold, lateralization appears much less pronounced, especially in
adults. Probabilistic maps of the three single condition contrasts
indicate relatively strong overlap of right hemispheric responses in
children, especially for voices. A leftward bias seems instead to be pres-
ent for responses to other natural categories in adults. Furthermore,
whereas children show relatively strong response overlap for each of
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Fig. 6. Probabilistic maps illustrating amount of subject overlap for the left and right STC activities to voices, other natural categories and tones, as well as voice selective activity,
across the three age groups. Maps are visualized on inflated group-averaged and cortex-based aligned representations of the superior temporal cortex (light gray: gyri and dark
gray: sulci). The maps show 50 to 100% subject overlap (i.e. n = 4 to n = 8 in children and n = 5 to n = 10 in adolescents and adults). Individual subject thresholds were set
to t = 1.96 (p = 0.05) for voice selective activity and t = 3.0 (p = 0.003) for the three single condition contrasts. Individual cluster thresholds were set to 25 mm2, and group
cluster thresholds were set to 20 mm2.
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the single condition comparisons, in adults the area of response overlap
for other categories and tones appears relatively small when compared
to that of voices. To confirm these observations of group differences in
probabilistic maps, we performed further analyses to assess statistically
asymmetry and variability of functional responses.
Functional asymmetry

We quantified developmental changes in hemispheric lateralization
by calculating individual right–left differences in the number of active
voxels in the superior temporal cortex and comparing their means
across age groups (Fig. 7). The resulting lateralization profiles confirm
a right lateralization of voice selective responses in each of the age
groups, together with a significantly enhanced right lateralization in
children as compared to adults. Although adolescents' response pro-
files were intermediate between children and adults, the between
group differences with adolescents did not reach significance. Profiles
of single condition voice responses show an even greater developmen-
tal change in lateralization, with a strong rightward bias in children, a
weaker bias in adolescents, and no apparent lateralization in adults. A
similar effect was not observed for the other two single condition con-
trasts. Instead, responses to other categories, and to a lesser extent also
responses to tones, show a leftward bias in adults but not in the other
age groups.
By quantifying lateralization across a large range of t-tests, the pro-
files additionally revealed a developmental increase in the selectivity of
the rightward asymmetry for voices. That is, in children and adoles-
cents, lateralization profiles of voice selective responses peaked at rel-
atively low t-thresholds (around t = 1.96, p = 0.05, blue and red
arrows in Fig. 7) whereas in adults they peaked at a higher
t-threshold (t = 3.2, p = 0.002, green arrow in Fig. 7). This age differ-
ence in selectivity also led to a significant difference between adults
and adolescents at higher t-values where adolescents do not, but adults
do show a right lateralization. Similar effects were not observed for the
single condition contrasts. Together, these results demonstrate that a
rightward asymmetry of voice selectivity is present in all age groups,
but changes from being less selective (peaking at lower t-values) and
more diffuse (larger number of voxels) in children toward more selec-
tive (peaking at higher t-values) and clustered (smaller number of
voxels) in adults.

Functional variability

We quantified developmental changes in functional variability by
calculating inter-subject overlap (number of commonly activated
voxels) in the left and right superior temporal cortices and testing
pair-wise age group differences. Fig. 8 illustrates these pair-wise
group differences for different levels of subject overlap (horizontal
axis: 50 to 100% overlap), and a large range of t-values (vertical
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Fig. 7. Hemispheric asymmetry of functional STC activity. Lateralization profiles illustrate for each of the age groups, the RH–LH difference in number of active voxels (vertical axis),
at a range of t-values (horizontal axis). Increasing positive numbers indicate stronger right lateralization, and increasing negative numbers indicate stronger left lateralization. Sig-
nificant pair-wise group differences (p b 0.05) are indicated by the horizontal lines, with colors indicating the corresponding age groups (blue = children; red = adolescents;
green = adults). In children and adolescents, lateralization profiles of voice selective responses peaked around t = 1.96, p = 0.05 (blue and red arrows), in adults it peaked at
t = 3.2, p = 0.002 (green arrow). For illustrative purposes a transparent white rectangle has been placed at the first part of the lateralization plots corresponding to t-values
lower than t = 1.96 (p b 0.05).
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axis: t = 0.0 to t = 7.0). The plots are masked for statistical signifi-
cance, non-masked (bright) colors correspond to significant group
differences (p b 0.05 based on permutation of subject labels). Red
colors indicate larger activity overlap in the younger age group, and
blue colors indicate larger activity overlap in the older age group of
the respective pair-wise comparisons. As can be seen in Fig. 8, voice
selective responses did not yield statistically significant group differ-
ences, suggesting a relatively stable inter-individual variability in this
Fig. 8. Inter-subject variability of functional activity in the left and right STC. Plots illustrat
levels of subject overlap (horizontal axis) and different t-values (vertical axis, the black do
significance, and non-masked (bright) colors correspond to significant group differences (p
lap in the younger age group, and blue colors indicate larger activity overlap in the older a
age range. The analysis of single condition contrasts instead showed a
significantly larger response overlap in the right superior temporal
activity to voices, other categories and tones in children as compared
to both adolescents and adults. In the left hemisphere, only responses
to other categories showed greater overlap in children, whereas tone
responses showed greater overlap in adults. Most importantly,
these findings show that the observed developmental increase in
the right hemispheric anatomical variability (STS, PT) also extends
e pair-wise group differences in inter-subject overlap (number of voxels) for different
tted lines indicate a t-value of t = 1.96, p = 0.05). The plots are masked for statistical
b 0.05 based on permutation of subject labels). Red colors indicate larger activity over-
ge group of the respective pair-wise comparisons.
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Table 4
Inter-subject variability: age effects in the left (LH) and right (RH) hemispheres.
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to anatomically aligned functional activity across the superior tempo-
ral cortex.
Age effect LH Age effect RH

Anatomy
PT No Increase with age
STS No Increase with age
STG Decrease with age No
FTS No No

Function
Voice selective No No
Voice N baseline No Increase with age

Child vs. adolescent/adult
Other N baseline Increase with age

Child vs. adolescent/adult
Increase with age
Child vs. adolescent/adult

Tones N baseline Decrease with age
Child/adolescent vs. adult

Increase with age
Child vs. adolescent/adult
Discussion

We investigated structural and functional development of superi-
or temporal cortex in children, adolescents and adults by analyzing
hemispheric asymmetry and inter-individual variability of anatomical
landmarks and fMRI responses to voices, other natural categories and
tones. By applying advanced analysis tools to individually determined
markers we were able to highlight the unique developmental trajec-
tory of the right superior temporal cortex. Results of the anatomical
and functional measures are summarized in Tables 3 and 4 and
discussed below.

A first aim of this study was to delineate developmental changes
in known anatomical and functional asymmetries of the superior
temporal cortex. The stable leftward asymmetry of PT surface area
and rightward asymmetry of STS sulcal depth across age groups
extend previous reports in adults (Ochiai et al., 2004; Van Essen,
2005) and infants (Dubois et al., 2010; Glasel et al., 2011; Hill et al.,
2010a). Inspection of individual depth profiles and standard errors
in Fig. 3 further suggests an asymmetry in terms of an increased
variability of sulcal depth in the left as compared to right STS posterior
to HG/HS in all age groups. This increased variability most likely relates
to a more prominent occurrence of sulcal bridges in this region as
compared to its right hemisphere equivalent (Ochiai et al., 2004) and
led to the age-independent leftward asymmetry of STS length when
measured in terms of STS trajectory (Table 2). Although our findings
suggest stable PT size, STS depth and STS length asymmetries through-
out childhood and adolescence, superior temporal asymmetries may
undergo other changes during this age period including for example
a developmental increase in the hemispheric asymmetry of the Sylvian
fissure slope (Sowel et al., 2002).

fMRI responses to voices, as compared to other categories and
tones, showed the expected functional asymmetry of enhanced activ-
ity along the right STG/STS in adults (Belin et al., 2000) as well as in
adolescents and children. Most interestingly, our results reveal a de-
crease in this rightward asymmetry from childhood to adulthood.
This is in agreement with previous findings showing a strong right
lateralization of brain responses to voices in infants (Blasi et al.,
2011; Grossmann et al., 2010). More specifically, our results indicate
that the rightward asymmetry for voices develops from being less
selective (lower t-values) and more diffuse (larger number of voxels)
in children toward highly selective and focal activation spots in
adults. When adults acquire complex new skills brain activity initially
spreads over a diffuse network of brain areas. Performance improve-
ments with learning are paralleled by a shift toward more focal acti-
vation in cortical areas relevant for the trained task (Karni et al.,
1998). Previous fMRI findings in 9 to 12 year old children suggest
that developmental improvements in performance of complex
Table 3
Hemispheric asymmetry: age effects.

Asymmetry Age effect

Anatomy
PT area size LH N RH No
STS depth RH N LH No

Function
Voice selective RH N LH Decrease with age

Child vs. adult
Voice N baseline RH N LH Decrease with age

Child vs. adolescent vs. adult
Other N baseline LH N RH Only in adults
Tones N baseline LH N = RH Only in adults
cognitive tasks are reflected by a similar shift from diffuse to focal
activity in frontal cortex (Durston et al., 2006). The present findings
extend this framework to the domain of auditory perception, and in
particular to the perception of human voices. We would predict that
improvements in the behavioral efficiency of voice recognition with
age and/or learning would lead to this shift from more diffuse to
more segregated (focal) activity in the superior temporal cortex. Fur-
thermore, this refinement of voice selectivity parallels developmental
changes in face selective responses of the right fusiform face area
across the same age groups (Golarai et al., 2007, 2010). When com-
pared to the presence of multiple voice selective activity clusters
along the left and right STG/STS, these face selective responses are
spatially more confined. However, an interesting goal for further re-
search would be to relate voice and face development at an individual
subject basis by a fine-grained characterization of recognition perfor-
mance and voice/face selective activity (e.g. lateralization, variability,
selectivity, area and response amplitude).

A second main goal of this study was to delineate developmental
changes in inter-individual variability of STC anatomy and function.
Our data provide first evidence for a hemisphere specific (right STC)
increase in anatomical as well as functional variability. Although a
comparison of infant and adult brains indicates substantial and
regionally specific differences in cortical expansion and folding pat-
terns (Hill et al., 2010b), and cortical gray-matter development
shows a regionally specific progression from childhood to adulthood
(Gogtay et al., 2004), little is known about developmental changes in
sulcal/gryal trajectories during childhood and adolescence. Our individ-
ually traced cortical surface landmarks indicate a specific developmen-
tal increase in inter-subject variability of the trajectory of the STS in the
right but not in the left hemisphere. A similar pattern was observed for
the right PT, but not for the STG or FTS. Such a protracted developmen-
tal change in right STS trajectory (and right PT variability) may occur as
a result of experience-dependent plasticity and extends previous
reports of prominent developmental changes in the right versus left
Sylvian fissure across the same age groups (Sowell et al., 2002) and
of enhanced inter-subject variability in the trajectory of the right as
compared to left STS in adults (Im et al., 2010). It is important to
note that in the right hemisphere, the expected variability of HG mor-
phology was constant across age groups (see Supplementary Fig. 1),
making it highly unlikely that this source of variability underlies the
developmental increase in variability of the right STC.

The age-related increase in variability of anatomically aligned right
superior temporal fMRI responses to voices, other natural categories
and tones follows the pattern of anatomical findings in this region. A
developmental increase in functional and anatomical variability sug-
gests a special role of the right STC in coding individual differences in
auditory perception that are enhanced by unique experience during
development. This may relate to individual differences in exposure to
auditory categories that strongly involve the right STC areas such as
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music (Klein and Zatorre, 2011) and extracting speaker identity (Belin
et al., 2004) or paralinguistic information (Schirmer and Kotz, 2006)
from speech. More homogeneous maturational and/or learning related
factors, in particular language exposure, on the other hand may lead to
a more consistent development of homologue areas in the left superior
temporal cortex. This notion would be consistent with the absence of a
developmental increase in inter-subject variability in the left STC, and
more specifically, with the observation of (1) greater variability of the
FTS and STG in the left as compared to the right hemisphere in chil-
dren, and (2) larger variability of left STC activity to tones in children
and adolescents as compared to adults. Although the above framework
of a unique and variable development of the right STC together with a
stable development of left STC fits with our morphological as well as
functional data, it leaves one of our findings unexplained, i.e. a smaller
variability of left STC responses to other categories in children as com-
pared to adolescents and adults.

We observed significant effects of development on both morpho-
logical and functional traits of the STC using a cross-sectional design
with 10 subjects per age group (8 for functional data of children). In
cross-sectional comparisons, however, it is not possible to exclude
the influence of cross-group variance; it would thus be important to
replicate the current findings in a larger longitudinal investigation.
Another possible confounding factor in the current study concerns
the relatively higher female/male ratio in the children and adolescent
groups (8 females, versus 6 females in the adult group). However,
previous large scale studies did not find significant sex differences
in the variability of neuroanatomical asymmetries including that of
the PT and HG (Chiarello et al., 2009, see also Leonard et al., 1998).
Thus, the effect of the unbalanced gender samples in our study is
not expected to be large.

From a methodological point of view, our study emphasizes the im-
portance of considering hemispheric and age group differences in
inter-subject variability when carrying out group studies. Focussing
the analysis on the cortical surface, as opposed to traditional volume
based analysis (Talairach and MNI transformations), and applying
tools such as cortex-based alignment greatly reduces this variability
(see also Desai et al., 2005; Frost and Goebel, 2012). Depending on
the research question one may choose to further constrain this align-
ment procedure using a functional localizer (e.g. tonotopic map) for
inter-subject alignment. This functional cortex-based alignment
scheme may reduce the remaining inter-subject differences due to
functional variability such as observed in the present study, and/or
morphological differences that prevent anatomical alignment across
subjects (e.g. different numbers of HGs).

In conclusion, the present study reveals regionally specific struc-
tural and functional developmental differences within the right supe-
rior temporal cortex of children, adolescents and adults. Such an
extended developmental time course indicates a prolonged process
of functional specialization during which auditory input contributes
to the shaping and fine tuning of relevant brain circuitry (Johnson,
2003). Age-related refinement of voice perception may underlie the
developmental decrease and focalization of the rightward asymmetry
for voice selective fMRI responses. Unique individual exposure to
auditory categories such as voices and music may contribute to the
age-related increase in anatomical and functional right superior tem-
poral variability.
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