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Subjects.We studied the following typical groups of infants, right-
handed children, and adults:

• 14 healthy full-term infants (mean age = 11.1 ± 3.9 wk; nine
males, five females) imaged in Necker Hospital (Assistance-
Publique Hôpitaux de Paris, France). These data have been
published already (1).

• 18 right-handed boys (mean age = 10.6 ± 1.3 y) from the
Kennedy Krieger Institute selected as control subjects in the
ABIDE project (2). Note that one subject appeared as an
outlier in our analyses. He had a strong asymmetry in the
STAP but in the opposite direction (see the orange dot in
the lower left quadrant in Fig. S2A). We checked the MRI
data carefully and found that this subject also had a reverse
pattern of petalia, suggesting that the MR image might have
been flipped accidentally. However, because we could not
prove the MRI flipping, this subject was included in all anal-
yses. When this subject is excluded, boys have a STAP ampli-
tude similar to that of girls (boys: AI = 21 ± 14%; girls: AI =
24 ± 23%; P = 0.7; Welch t test), and the STAP amplitude is
+22% in children, not +19% as shown in Table 1.

• 10 right-handed girls (mean age = 9.6 ± 0.4 y) imaged at the
NeuroSpin center (CEA, Gif sur Yvette, France). Written
informed consent was obtained from their parents. The pro-
tocol was approved by the ethical committee. We used these
subjects as controls for studying the effect of AgCC on STS
asymmetry.

• 47 young right-handed adults (mean age = 21 ± 1.2 y; 23
females, 24 males) imaged at the NeuroSpin center (CEA,
Gif sur Yvette, France). The protocol was approved by the
ethical committee.

We studied the following atypical human groups of left-handed
adults with left- and right-hemispheric language dominance (LLg
and RLg, respectively), children with autism spectrum disorders
(ASD), children with AgCC, adults with situs inversus, and adults
with Turner syndrome. We also included a group of chimpanzees:

• 48 young left-handed adults from Van der Haegen’s study (3),
consisting of 14 males (mean age = 22 ± 4 y), 17 LLg adult
females (mean age = 20 ± 1.6 y) and 17 RLg adult females
(mean age = 20.2 ± 1.5 y). Only female subjects with a strong
hemispheric dominance (lateralization index smaller than −0.6
or greater than 0.6) were included in this study. See Van der
Haegen et al. (4) for further details on subject recruitment and
protocol approval.

• 15 autistic right-handed boys (mean age = 10.0 ± 1.5 y) from
the Kennedy Krieger Institute through the ABIDE project.
Handedness, intelligence assessment tests, and psychiatric di-
agnoses can be found on the ABIDE Website (2). The ABIDE
database is open for data sharing in the scientific community.

• 5 right-handed girls with a prenatal diagnosis of isolated cor-
pus callosum dysgenesis (mean age = 11.4 ± 1.5 y) imaged at
the NeuroSpin center (CEA, Gif sur Yvette, France). Three
children presented with complete AgCC; two children had
a partial corpus callosum agenesis restricted to the genu.
Thus, the amount of callosal fibers along the STS is assumed
to be strongly reduced in every child (5). All had normal
psychomotor development, clinical evaluation, and Intellec-
tual Quotient. Written informed consent was obtained from
their parents. The protocol was approved by the ethical com-
mittee (CCP Kremlin Bicêtre) (6).

• 6 adults with situs inversus from the Situs Inversus Project
managed by N.R. Three of these subjects—one 49-y-old
right-handed woman and two 33-y-old right-handed men—
have been studied by Kennedy et al. (7). All three had re-
versed petalia and left hemispheric language dominance. Two
other subjects, a 46-y-old right-handed man and an 81-y-old
left-handed man, have been studied by Ihara et al. (8). Both
had reversed petalia and RLg. The last subject was a 43-y-old
right-handed Taiwanese man with a score of 100 on the
Edinburgh Handedness Inventory (9). MR images were ac-
quired at the National Yang-Ming University, Taipei City,
Taiwan. He had normal general health with no history of de-
velopmental defects of the cardiopulmonary system, learning
disorders, neurologic disorders, or psychiatric disease. We man-
ually assessed the reverse pattern of petalia: The left frontal
lobe was shifted anteriorly with respect to the right, and the
right occipital lobe was shifted posteriorly with respect to the
left. His hemispheric language dominance was not investigated.

• 14 patients with Turner syndrome (mean age = 24.5 ± 6 y)
from Molko’s study (10) imaged at the Frederic Joliot Hospi-
tal (CEA, Orsay, France). All had the main features of the
Turner syndrome phenotype. Ten were of the 45,X karyotype,
and four showed a mosaic. See Molko et al. (10) for further
details on subject recruitment and protocol approval.

• 73 adult chimpanzees (47 females, 26 males; mean age =
23 y ± 12 y) from the Division of Developmental and Cog-
nitive Neuroscience at the Yerkes National Primate Re-
search Center, Atlanta, GA. See ref. 11 for further details
on subjects and study approval.

MRI Acquisition Parameters. Parameters are given in Table S1.

Data Processing. Brain segmentation and sulci detection. We applied
the BrainVISA Morphologist pipeline procedure* (12, 13) on all
datasets except infants. The pipeline process consists of seg-
menting the brain and extracting the sulci from the gray–white-
matter interface. It includes the following steps: correction for
spatial inhomogeneities in the T1w signal intensity, splitting of the
hemispheres, tissue statistics estimation, white–gray matter classifi-
cation, cortical reconstruction, normalization toward the Talairach
space, and sulcal detection and recognition. It runs automatically as
soon as both anterior and posterior brain commissures have been
specified manually on the MRI. A quality check was performed on
each subject.
In patients with Turner syndrome, the same procedure was fol-

lowed, but the normalization step based on the Statistical Parametric
Mapping software (SPM99); only the normalized data were acces-
sible; the raw images were not (14). Distance errors of anatomical
landmarks across subjects have been shown to be slightly reduced
with SPM-type normalization compared with the linear trans-
formation that we used in this study (15). Furthermore, the MNI
coordinates provided with SPM can be converted easily to the
Talairach coordinates of our study with errors less than 5 mm
(imaging.mrc-cbu.cam.ac.uk/imaging/MniTalairach). Thus, we be-
lieve that this normalization process has only a minor impact on
both the magnitude and spatial extent of the STS asymmetry.
To account for the differences in chimpanzee brains, a number

of adjustments were necessary to take into account the different

*Fischer C, The 18th Annual Meeting of the Organization for Human Brain Mapping, June
10–14, 2012, Beijing, China.
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structural characteristics of the two species (11). Chimpanzee
MRI scans first were skull-stripped, cropped, and reformatted at
0.7-mm cubic isotropic resolution using Analyze 8.1 (BIR, Mayo
Clinic) software. Adjustments sometimes were needed in esti-
mating tissue statistics to distinguish gray and white matter better
in chimpanzee brain scans. Manual correction of the split-brain
mask sometimes was needed to label hemispheres and cerebel-
lum properly. Finally, the size of the morphological closing of the
hemispheric segmentation was set to 5 mm as opposed to 10 mm
in human children and adults.
In infants, brain was segmented on T2w MR images, which

provide better white–gray matter contrast than T1w images at
this age using a dedicated approach (16). Normalization was
a two-steps process. Brains first were normalized toward a com-
mon infant template by using the left and right brain surface
envelope (1). Then, the infant template was linearly normalized
to the Talairach space using a common scaling factor of 1.4 in all
three dimensions [see supplementary materials in Dehaene-
Lambertz et al. (17)].
STS identification. We identified the STS in each subject. In
chimpanzees, it is a long and linear sulcus with very few branches,
which runs below the sylvian fissure from the temporal pole to the
inferior parietal lobule. In infants, the sulcation also was rather
straightforward: We found only two full sulcal interruptions (on two
left hemispheres), and there was only one caudal branch connected
to the main sulcal part. Because automatic sulcus delineation
remains an open issue during the first postnatal months (1), the
sulcus was drawn manually in the MR images using the Anatomist
software (18). The drawing was blinded both to infant age and to
the side convention of the acquisitions. It was managed slice by
slice, starting from the outer section of the brain and moving in-
ward until a wall of gray matter was met (1).
In children and adults, the STS shape often is segmented and

bent in places. In the temporal pole, there is a small sulcus below
the superior temporal plane, which most often is disconnected
from the STS, usually being shallow and either running inwardly
toward medial regions or having a different orientation from the
STS. This sulcus was not included in our definition of the STS. See
Sulcal interruptions for our handling of other sulcal interruptions.
Of note, a few sulci (7% in children; 17 % in right-handed adults)
had an unusual connection to the sylvian fissure, all of which
occurred in the left hemispheres. In these cases, definition of the
STS stopped where the sulcus connected to the sylvian fissure.
In most human brains, the identification of STS caudal branches

presents a major issue. Across all human subjects in this study
(except infants), only one STS (in a subject with situs inversus) had
only a single caudal branch. In themajority of hemispheres we found
three caudal branches, i.e., anterior, central, and posterior (19); in
the remaining hemispheres, we found only anterior and posterior
branches. In all cases we excluded the posterior branch, which
often is horizontal and more ventral than the other branches and is
unlikely to be part of the angular gyrus. We selected the anterior
branch in subjects having only two caudal branches in a given
hemisphere (children: 61%; children with ASD: 40%; right-handed
females: 48%; right-handed males: 58%; LLg females: 41%; RLg
females: 71%; left-handed males: 62%). In the contralateral
hemisphere, we selected the caudal branch (the anterior branch or
the central branch) whose location was the most symmetrical in
relation to the interhemispheric plane. In a few cases, these
branches were equidistant from the contralateral branch, so we
added another criterion: Because left caudal branches usually are
more posterior than right ones (19), we selected the anterior
(central) branch for right (left) hemispheres, respectively.
For the remaining human subjects, who had three caudal

branches in both hemispheres, the location of the angular gyrus
was not easily determined because most modern atlases consider
only two caudal branches (20, 21). Furthermore, there are dis-
crepancies between atlases, which locate the angular gyrus at the

termination of either the anterior branch or the central branch
(19). Therefore we used a developmental approach and selected
the branch that most deeply joined with the main temporal part
of the STS, i.e., a true connection as described in Ono’s atlas
(20). Indeed, the posterior part of the STS often is continuous up
to the angular gyrus in infant brains (1), and the deepest parts of
sulci form early and retain their identity during development in
several species (22, 23). Using this approach, we selected either
a pair of left–right anterior branches or a pair of left–right central
branches for each subject (percent of central branches in nor-
mally developing children: 64%; in children with ASD: 44%; in
right-handed females: 73%; in right-handed males: 70%; in LLg
females: 40%; in RLg females: 60%; in left-handed males: 67%).
Note that caudal branches were posterior to the asymmetrical

segment that we describe here. As reported in this paper, the
STAP region terminates 10mm posterior to the planum landmark
in typical subjects. We measured the distance (dcaudal) between
the planum landmark and the most anterior part of caudal
branches along the coronal axis. Most branches started posteri-
orly to the STAP region (dcaudal >10 mm). The percentage of
subjects with dcaudal >10 mm in infants was 100% on the left,
57% on the right; in children: 93% on the left, 86% on the right;
in right-handed adults: 91% on the left, 77% on the right. Thus,
our choice of caudal branches had little effect, if any, on the
STAP magnitude in these groups.
The planum temporale as sulcal landmark. To set the origin of sulcal
depth profile, we defined a common landmark in all subjects. As
in Glasel et al. (1), we chose the deepest location of the planum
temporale, which is located in the posterior part of the insula
posterior to the medial tip of Heschl’s gyrus. This location has
been shown to be relatively stable across subjects (1). In cases
where Heschl’s gyrus was duplicated, the landmark was set
posterior to the most anterior transverse gyrus according to
a common definition of the anterior border of the planum
temporale (24). We then projected the planum landmark onto
the STS along the dorso–ventral axis to set the profile origin
(Fig. S1 C–E). Depth profiles both within and across groups of
subjects were aligned according to the sulcal coordinates origin.
Note that the left landmark is slightly more posterior than the

right along the coronal axis in all groups (with Δ = jyleft – yrightj in
Talairach space, infants: Δ = 4.2 ± 8 mm, P = 0.06; children: Δ =
3.1 ± 3 mm, P < 0.001; children with ASD: Δ = 5.0 ± 4 mm, P <
0.001; right-handed adults: Δ = 3.7 ± 3 mm, P < 0.001; left-handed
adults: Δ = 1.2 ± 3 mm, P = 0.006; chimpanzees: Δ = 1.2 ± 2 mm,
P < 0.001). However, this right–left landmark difference based on
an anatomical landmark provides an overall better alignment of
the left and right depth profiles than the choice of homologous
image coordinates in both hemispheres.
Location and extent of the STAP.We computed the overlap of group-
specific asymmetrical segments in the sulcal coordinate systems
across typically developing groups, i.e., infants, right-handed chil-
dren, and adults (anterior border: x = −35 mm; center: x = −12 mm;
posterior border: x = +10 mm along the sulcus). This overlap
constituted the STAP. The location of the STAP then was com-
puted in the Talairach referential for each hemisphere and av-
eraged across subjects. Profiles from both children and adults
were used for computing mean Talairach coordinates; infants’
profiles were omitted because of the sulcal parameterization used
(1) and because the normalization process (see Data Processing)
might be less accurate in infants than in children and adults.
Sulcal interruptions. We assessed how anatomical interruptions of
the sulcus might influence overall STS asymmetry. Sulcal inter-
ruptions (plis de passage) might signal enhanced connectivity
between adjacent gyri and have been used by anatomists to
characterize primate brains (25).
We detected sulcal interruptions in every subject. Interruptions

can either be full or partial. A full interruption occurs when the
sulcus is broken into two pieces, e.g., when a transverse gyrus
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connects the superior temporal gyrus with the middle temporal
one. In most cases, contiguous sulcal parts simply were concat-
enated to get one continuous morphological structure. In the case
of parallel parts, however, we kept only the sulcal part closest to
the superior temporal gyrus. For example, in Fig. S1 the sulcal tip
“s2” is closer to the gyrus than the sulcal tip “s3,” so that sulcal
parts are concatenated by projecting tip “s2” on the other part of
the sulcus. In contrast, a sulcal interruption is partial when the
transverse gyrus is buried in the depth of the sulcus, causing only
a local elevation of the sulcus floor, a pli de passage (26). (We
have used “pli de passage” as generic name for sulcal inter-
ruptions, because a full interruption can be seen as a superficial
pli de passage.)
Because sulcal interruptions could affect the depth of the

sulcus, we ran a post hoc analysis to assess their effect on depth
asymmetry. We computed the occurrence and size of plis de
passage in each group over the STAP. Interruptions were char-
acterized by local minima along the depth profile. They were
detected if they were at least 5 mm lower than neighboring local
maxima. This threshold was chosen empirically to minimize the
false detection rate caused by several sources of noise, e.g.,
partial volume effects close to the cortical–pial interface in the
MR image and inaccuracies in brain segmentation and in sulcal
parameterization. Furthermore, because the spatial extent of
interruptions is a few millimeters wide, interruptions were con-
sidered when they were less than 5 mm away from the STAP, i.e.,
in the sulcal range of −40, +15 mm. Because it has been shown in
adults that plis de passage occur more often on the left STS than

on the right (27), we tested this hypothesis in each group using
Fisher’s exact test (Table 1). Eventually we estimated the in-
terruption size over the depth profiles as the depth gap between
the local minimum that defined the pli de passage and nearby
local maxima on both sides of this minimum (Fig. S1).
We assessed whether asymmetrical sulcal interruptions might

explain STS depth asymmetry. Accordingly, all human subjects
were divided into two groups: the pli de passage (PP) group,
which included 100 subjects having an interruption in one or the
other hemisphere within the STAP, and the no pli de passage
(noPP) group containing 77 subjects with continuous sulci in
both hemispheres.
As expected in the PP group, the left–right difference in in-

terruption size is correlated with the STAP (R2 = 0.45; P < 0.001)
(Fig. S2A). The increase of the STAP in the PP group compared
with the noPP group also was seen when analysis was restricted to
the typical groups (PP AI = 33% ± 33% > noPP AI = 16% ±
11%; PP–noPP factor: F1,85 = 11.5; P = 0.001; infant–child–adult
factor: F2,85 = 2.1; P = 0.1; two-way ANOVA).
In the noPP group, the STAP remained significant in 97% of

subjects without plis de passage (Fig. S2B): infants: P < 0.001;
children: P < 0.001; children with ASD: P = 0.004; children with
AgCC: P = 0.2; left-handed adult LLg females: P = 0.002; left-
handed adult RLg females: P = 0.002; left-handed male adults: P =
0.06; right-handed female adults: P < 0.001; right-handed male
adults: P < 0.001; adults with situs inversus: P = 0.004; adults with
Turner syndrome: P = 0.03.
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Fig. S1. Computation of the STS depth profile in a left sulcus with two plis de passage: one superficial pli de passage (i.e., a full interruption) at the STAP and
a buried pli de passage posterior to the planum landmark (partial interruption). (A) MRI of an adult subject with left STS in three parts: from s1 to s2, from s3 to
s4, and from s4 to s5. (B) The planum temporale landmark is located at the most internal tip of the planum (orange), immediately posterior to Heschl’s gyrus.
The STS is shown in red, and the other sulci are shown in blue. (C) Sagittal view of the STS (red) with sulcal landmarks (from s1 to s5); note that landmark s3 has
been defined arbitrarily so that the delineated STS excludes the transverse gyrus from the superior temporal gyrus. The ventral projection of the planum
landmark onto the STS defines the origin of the coordinate system. (D) Sulcal parameterization. Two coordinate systems have been defined along and across
the sulcus to define sulcal coordinates and depth at every location. Each color longitudinal to the sulcus indicates locations of equal depth; each color
transverse to the sulcus indicates locations of equal coordinates. (E) Left and right depth profiles in Talairach space. The right profile is deeper than the left one
near the STAP. Landmarks s2 and s3 overlap because sulcal parts have been concatenated. The two sulcal interruptions make two notches on the left profile.
The size of the pli de passage over the STAP is computed as the height of the anterior notch (light red). See text for details.

Fig. S2. Relationship between STAP and plis de passage in humans. (A) Subjects with pli de passage over the STAP region (PP group, approximately half of the
whole human population). Correlation of the depth asymmetry and the height difference between left and right plis de passage. (B) Subjects without a pli de
passage on any hemisphere (noPP group). Despite the lack of sulcal interruption, asymmetrical sulcal depth over the STAP region is present in all groups except
children with AgCC and left-handed male adults (small sample sizes). ns, not significant. *P < 0.05; **P < 0.01; ***P < 0.001.
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Table S1. MRI acquisition parameters

Population Group

Sex

MRI scanner Sequence name TE/TR, ms

No. of
signals

averaged Matrix size

Image
resolution,

mm Ref.F M

Infants 5 9 1.5T Signa GE Axial, sagittal, and
coronal fast
spin echo

120/5,500 1 192 x 192 0.8 x 0.8 x 2
(in each direction)

(1)

Children Males 18 3T Achieva Philips 3D MP-RAGE N.a. 1 256 x 256 1 x 1 x 1 (2)
ASD males 15
Females 10 3T Trio Siemens 3D MP-RAGE 4.18/2,300 1 256 x 256 1 x 1 x 1 (6)

AgCC females 5
Right-handed

adults
23 24 3T Trio Siemens 3D MP-RAGE 2.98/2,300 1 256 x 240 1 x 1 x 1.1

Left-handed
adults

Males 14 3T Trio Siemens 3D MP-RAGE 2.39/1,550 N.a 256 x 256 0.9 x 0.9 x 0.9 (3)
LLg females 17
RLg females 17

Situs inversus
adults

First set 1 2 1.5 T Signa GE Coronal inversion
recovery SPGR

5/12 1 256 x 192 0.9 x 3 x 0.9 (7)

Second set 0 2 3T Signa GE N.a. N.a. N.a. N.a. 1 x 1 x 1 (8)
Third set 0 1 3T Siemens 3D MP-RAGE 3.5/2,530 1 256 x 256 1 x 1 x 1

Turner
syndrome

14 0 1.5 Signa GE Axial gradient echo 2.1/10.3 N.a 128 x 128 0.9 x 0.9 x 1.2 (10)

Chimpanzees 47 26 3T Trio Siemens 3D gradient echo 4.4/2,300 3 320 x 320 0.6 x 0.6 x 0.6 (11)

MP-RAGE, magnetization-prepared rapid gradient-echo; n.a., not available; SPGR, spoiled gradient echo.
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