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Spatial Distribution of Deep Sulcal
Landmarks and Hemispherical Asymmetry
on the Cortical Surface

The locally deepest regions of major sulci, the sulcal pits, are
thought to be the first cortical folds to develop and are closely
related to functional areas. We examined the spatial distribution of
sulcal pits across the entire cortical region, and assessed the
hemispheric asymmetry in their frequency and distribution in a large
group of normal adult brains. We automatically extracted sulcal pits
from magnetic resonance imaging data using surface-based
methods and constructed a group map from 148 subjects. The
spatial distribution of the sulcal pits was relatively invariant
between individuals, showing high frequency and density in
specific focal areas. The left and right sulcal pits were spatially
covariant in the regions of the earliest developed sulci. The sulcal
pits with great spatial invariance appear to be useful as stable
anatomical landmarks. We showed the most significant asymmetry
in the frequency and spatial variance of sulcal pits in the superior
temporal sulcus, which might be related to the lateralization of
language function to the left hemisphere, developing more
consistently and strongly than for the right. Our analyses support
previous empirical and theoretical studies, and provide additional
insights concerning the anatomical and functional development of
the brain.

Keywords: brain development, cortical folding, functional lateralization,
magnetic resonance imaging, sulcal pits

Introduction

The pattern of sulcal and gyral folds, the principal anatomical
landmarks of the human cerebral cortex, exhibits structural
complexity and large intersubject variability. Understanding
the spatial relationships between structure and functional
features, and the precise anatomical correspondence across
different brains, remains a challenge. Although the origin and
meaning of this variability are still unclear, the first cortical
folds to develop appear to be stable in number, position, and
orientation (Regis et al. 1995, 2005; Cachia et al. 2003;
Lohmann et al. 2008). These may therefore be used as stable
anatomical landmarks for matching different cortical folding
patterns between subjects. The formation of the first sulci
occurs during the early stage of radial growth of the cerebral
cortex, and their formation may be closely related to functional
areas and the protomap of cytoarchitectonic areas (Rakic 1988;
Hasnain et al. 2001; Regis et al. 2005; Lohmann et al. 2008). The
sulci that form later during the tangential growth of the
cerebral cortex appear to be more variable, both in appearance
and in their relationship to functional areas (Hasnain et al
2001, 20006). It is therefore important to identify those sulcal
landmarks (the putative first cortical folds) that form early and
that retain their identity during development in the human
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brain. Moreover, their spatial distribution may be important for
understanding the anatomical and functional development of
the human brain.

Brain asymmetry has been observed in humans in terms of
structure, function, and behavior. The left hemisphere is
normally dominant for language and logical processing,
whereas the right hemisphere is involved in spatial recognition
(Riss 1984; Geschwind and Miller 2001). The distribution of
human brain function between the left and right hemispheres
is associated with asymmetries in anatomical structures such as
the Sylvian fissures (SFs), planum temporale, and superior
temporal regions (Good et al. 2001; Sowell et al. 2002; Ochiai
et al. 2004; Van Essen 2005). This lateralized specialization may
arise from evolutionary, developmental, genetic, experiential,
or pathological factors (Toga and Thompson 2003). Asymmet-
rical gene expression in the human embryonic cortex appears
as early as 12 weeks (Sun et al. 2005; Sun and Walsh 20006). If
the sulci that form early are related to functional areas and the
formation is under genetic control (Lohmann et al. 1999,
2008), their appearance and spatial distribution should be
asymmetrical and associated with lateralized brain function.

The locally deepest regions of sulci, called the sulcal pits,
are the first to develop and subsequently change the least as
the cortex expands (Lohmann et al. 2008). The sulcal pits
previously described had a regular spatial arrangement and
showed less variation between individuals than the more
superficial cortical regions. However, that study used a volume
image and was confined to the lateral brain areas because of
limitations in the methods used (Lohmann et al. 2008). The first
cortical folds were called sulcal roots, and a multiscale-based
representation of the sulcal folding patterns was used to
identify putative sulcal roots on a cortical surface model of the
adult brain (Cachia et al. 2003). These putative sulcal roots
were recovered from the curvature of the surface in the sulcal
fundic regions. However, these results were confined to one of
the simplest sulci, the central sulcus (CS), in a few subjects, and
the spatial distribution pattern and intersubject variability were
not described. To the best of our knowledge, there has not
been an examination of the hemispheric asymmetry of these
sulcal landmarks.

We examined the spatial distribution of the deep sulcal
landmarks (assumed to be the first cortical folds in the adult
brain) across the entire cortical region, and assessed the
hemispheric asymmetry in their frequency and distribution in
a large group of normal adult brains. We considered that the
sulcal pits, the locally deepest points of a sulcal fundus
(Lohmann et al. 2008), are the significant sulcal landmarks.
We identified sulcal pits using the cortical surface obtained
from magnetic resonance imaging (MRI) data.
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Materials and Methods

Data Acquisition

This study used the data set of the International Consortium for Brain
Mapping that has been used in many previous studies (Mazziotta et al.
1995; Watkins et al. 2001; Im, Lee, Lyttelton, et al. 2008). The subjects
scanned were 152 unselected normal volunteers. Each subject gave
written informed consent and the Research Ethics Committee of the
Montreal Neurological Institute (MNI) and Hospital approved the study.
Each subject was scanned using a Phillips Gyroscan 1.5 T super-
conducting magnet system. The sequence that was used yielded 77-
weighted images (3-dimensional [3D] fast field echo scan with 140-160
slices, 1-mm isotropic resolution, time repetition [TR] = 8 ms, time
echo [TE] = 0 ms, flip angle = 30°). We excluded 4 subjects from the
152 because of surface modeling errors. The final sample consisted of
83 men and 65 women. Their ages ranged from 18 to 44 years (mean *
standard deviation: 25.0 * 4.9 years). As determined from a short
questionnaire, 15 subjects were left-handed on a number of tasks and
124 subjects preferred to use their right hand. The hand-dominance for
9 subjects was not known.

Image Processing and Cortical Surface Extraction

Images were processed using a standard MNI anatomical pipeline. The
native images were normalized to a standardized stereotaxic space using
a linear transformation and corrected for intensity nonuniformity
(Collins et al. 1994; Sled et al. 1998). The registered and corrected
volumes were classified into white matter, gray matter, cerebrospinal
fluid, and background using an advanced neural-net classifier (Zijdenbos
et al. 1996). The hemispherical surfaces of the inner and outer cortex,
consisting of 40 962 vertices, were automatically extracted using the
Constrained Laplacian-Based Automated Segmentation with Proximities
algorithm (MacDonald et al. 2000; Kim et al. 2005). We used the inner
cortical surface to extract the sulcal landmarks.

Sulcal Depth

Sulcal depth maps were generated by measuring the 3D Euclidean
distance from each vertex in the inner cortical surface to the nearest
voxel on the cerebral hull. This approach has been employed and
described in our previous studies (Im, Lee, Lyttelton, et al. 2008; Im,
Lee, Seo, et al. 2008). We masked the surfaces to the images, isolated
inner voxels of the surfaces and binarized the images to extract the
cerebral hull volume. We performed a 3D morphological closing
operation on the binarized image using a structuring element of
spherical shape. The radius of the structuring element was 10 mm,
which is larger than the maximum radius of the sulcus. We detected
the edge of the image with the Laplacian of the Gaussian mask and
constructed a cerebral hull volume that wrapped around the hemi-
sphere, but did not encroach into the sulci.

FWHM 10mm

Original sulcal depth map

f 1 ‘ b \ n"i"

Extraction of Sulcal Pits on the Cortical Surface
A sulcal pit is the deepest point in a sulcal catchment basin, and it can
be identified by using the structural information of small gyri buried in
depths of sulci called plis de passage (the focal elevation of the sulcal
bottom) (Gratiolet 1854; Regis et al. 2005). The plis de passage, which
was described as the remnant of the development of separate sulcal
segments (Cunningham 1905), is located between 2 sulcal pits within
a sulus. We used a watershed algorithm to extract the locally deepest
points of the sulci on triangular meshes. The concept underlying our
watershed processing has been previously described (Rettmann et al.
2002; Yang and Kruggel 2008). The algorithm initially sorts the depth
values and creates a list of vertices that are ordered by their depth. The
vertex of the largest depth was first defined as the sulcal pit, the initial
vertex of a catchment basin. If the next vertex in the list was the
neighbor of the previously identified catchment basin, it was added to
this catchment basin. If all of its neighbors were unlabeled, we created
a new sulcal pit as a seed vertex for the next catchment basin. A vertex
can touch more than one existing catchment basin, and that vertex is
a ridge point where growing catchment basins join. In this case, the
vertex would be assigned to the closest catchment basin. This
processing was terminated when the depth of the vertex in the list
was less than a threshold value of 7 mm. This threshold was chosen to
avoid detecting unimportant pits that belonged to small, shallow sulci.
The original cortical surfaces had noisy features and small geometric
variations in shape, and therefore their sulcal depth maps were not
smooth. The watershed algorithm applied to the original sulcal depth
map overextracted sulcal pits because of small, noisy ridges and
catchment basins (Fig. 1). Surface-based diffusion smoothing with
a full-width half-maximum (FWHM) value of 10 mm was used to
smooth the depth maps (Chung et al. 2003). Although smoothing with
the 10-mm kernel was not enough to eliminate all noise, larger kernels
may remove not only noise, but also true sulcal pits. The results of the
watershed algorithm using different smoothing kernels are shown in
Figure 1. Our methods resulted in a slight overextraction of the pits
rather than underextraction. Instead of using a larger smoothing
kernel, we removed noisy sulcal pits by merging processing as
described following.

(a) Our first merging criterion was based on the areas of the catchment
basins. Noisy catchment basins for minor local variations have small
areas. If 1 of the areas of 2 or more catchment basins was smaller
than a threshold when they met at a ridge point, the smaller
catchment basin below the threshold was merged into the adjacent
catchment basin with the deepest pit and its sulcal pit was removed.
We empirically set the threshold at 30 mm?® We calculated the
Voronoi region area of each vertex for local surface area (Meyer et al.
2002). The area of any arbitrary region on a triangular mesh can be
measured as the sum of the Voronoi areas of the vertices making up
that region (Fig. 24).

Figure 1. Sulcal pit extraction using the watershed algorithm applied to sulcal depth maps with different kernels of diffusion smoothing for an individual cortical surface. The top
row in the figure shows the depth maps of the left temporal area with increases in the smoothing kernel from 0 to 30 mm. The sulcal-pit maps based on these depth maps are
shown in the second row. Sulcal pits were heavily overextracted in the original sulcal depth map. In the smoothed map at FWHM 20 mm, noisy pits were removed, but they were
still present in the middle region of the STS. Some true sulcal pits seem absent on the map with smoothing at FWHM 30 mm.
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Figure 2. Merge processing in the watershed algorithm. This example shows the
meeting of 2 catchment basins at a ridge point during watershed processing. The
area of the catchment basin on triangular meshes was measured using the Voronoi
region area of the vertices (4). The schematic illustration of merging criteria is shown.
The sulcal pit a was merged into b if (area < 30 mm? or distance < 15 mm) and
(height < 2.5 mm) (B).

(b) We merged some sulcal pits using a second criterion, the distance
between the pits. We computed the geodesic distance along the
surface from all sulcal pits as seed vertices (Lanthier et al. 2001;
Robbins 2003; Robbins et al. 2004). If the distance between any 2
pits was less than a 15 mm threshold, the shallower pit was merged
into the deeper one. This criterion is based on the assumption that
early, deep sulcal points may not be very close to each other.
Previous studies describing the clusters of sulcal pits and the generic
model of sulcal roots demonstrated that the distance from one
location to another is larger than the 15 mm threshold that we used
(Regis et al. 2005; Lohmann et al. 2008).

(¢) The final criterion was that the height of the ridge (the depth of the
sulcal pit minus the depth of the ridge) should be less than the
threshold for merging. Although 1 of the 2 criteria described above
was met, merging was not executed and the sulcal pit was
considered to be present if the ridge was higher than a threshold
of 2.5 mm. Thus the logic for merging required ((a OR b) AND c¢)
(Fig. 2B). The same threshold value of ridge height for merging was
previously used in a watershed algorithm to segment anatomically
different sulci (Yang and Kruggel 2008).

Cluster Segmentation in the Group Map

Each individual map of sulcal pits was transformed to a surface group
template using a 2-dimensional (2D) surface-based registration that
aligns variable sulcal folding patterns through sphere-to-sphere warp-
ing (Robbins et al. 2004; Lyttelton et al. 2007). The surface group
template is an unbiased, high-resolution iterative registration template
from a group of 222 subjects’ hemispheres (Lyttelton et al. 2007). The
transformed pits from many subjects were located on the common
template space and clustered at several specific regions. We segmented
and defined clusters from the distribution of the pits, and classified
each pit into the one of the clusters. First, the pits were smoothed with
an FWHM of 10 mm, maintaining a peak value of 1 (Fig. 34) (Chung
et al. 2003). The smoothed pits from all subjects were overlaid on the
template and their values were summed. Several regions of high density
were shown in the group map of the smoothed pits, indicating that the
sulcal pits from many subjects were clustered into these small regions
(Fig. 3B). We segmented the cluster regions and detected the densest
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points (local maxima) in the clusters by using the watershed algorithm
with the merging criterion of the area of the catchment basin described
above. The area threshold was set as 30 mm?® to avoid oversegmenta-
tion. Regions of low density whose values were less than 3 were
excluded from running the watershed segmentation process. The
improved surface registration algorithm and the group template with
its increased anatomical detail (Lyttelton et al. 2007) allowed us to
include some well-matched minor sulcal folds, and the sulcal pits of
such folds were clustered in the group map. We manually selected the
clusters located in the deep major sulci and excluded others because
we were interested in the deep sulcal pits of major sulci that are related
to early brain development. Pits occupying the same cluster had the
same identity. If more than one pit was present in a cluster in one
subject, the pit that was closest to the densest point was chosen for
analysis.

Construction of a Local Coordinate System

Because the cortical surface starts from a spherical polygon model, the
vertices can be inversely transformed to the spherical model (Kim et al.
2005). The sulcal pits, previously transformed to the common space of
the surface template, can be distributed in a 2D spherical coordinate
system. However, the spherical coordinates (6, ¢) of the pits cannot be
used to calculate the shape distribution directly (Tao et al. 2002). We
constructed a tangent plane as a local coordinate system for each
cluster. On the tangent plane, we defined an orthogonal coordinate
system (#, v) whose origin was the average position of the pits on the
sphere. The pits of all subjects were then projected onto the tangent
plane (Fig. 4). The methodological details have been described
previously (Tao et al. 2002). We performed all data analyses based on
the local coordinate system.

Data Analysis

The Frequency and Density of Sulcal Pits

We examined the frequency of sulcal pits. The percentage of subjects
that had a pit in each cluster region was calculated (the number of pits
(NV,)/148 x 100). This reflects the consistency of their appearance
between subjects. We measured the density to assess the consistency
of spatial localization of the pits within a sulcus. This density was
defined as the percentage of pits present within a radius of 5 mm
geodesic distance from each point of maximal density (the number of
pits in the area of radius 5 mm (Nps)/N, x 100).

Statistical Tests to Measure Hemispheric Asymmetry

We analyzed the hemispheric differences in data distribution. First, pit
frequency asymmetry between left and right hemispheres was
estimated using a x> test. The presence of pits was modeled in the
form of binary categorical variables taken to be 1 when the pits were
present and 0 when absent. The variables for the left and right sides are
also categorical. We generated crosstab table, relating 2 categorical
variables with each other. A y* test was used to see if there is
a relationship between 2 categorical variables, or they appear to be
independent. If the values in the cells of the table are not balanced, it
means that the frequency of sulcal pits is asymmetric and dependent on
the side. In those cases where the assumption of the y test (expected
frequency of 5 or more in each cell) was not met, we adopted Fisher’s
exact test.

Presence (1) Absence (0)
Left a (frequency) b a+ b (148)
Right c d ¢+ d (148)
a+c b+d

(ad-bc)*(a+b+c+d)
a+b)(c+d)(b+d)(a+c)

r=

Second, we tested the differences in spatial variance of the pits
between the left and right hemispheres. An equality of variance was
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Figure 3. The sulcal pits extracted from an individual were transformed to the surface group template and smoothed with an FWHM of 10 mm, maintaining the peak value of 1
(A). The group map was constructed by overlaying all individual maps of the smoothed pits and summing their values (B). Several areas of high density, shown in yellow and red,
can be seen, indicating the clustering of sulcal pits from many subjects in specific regions.
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Figure 4. Sulcal pits on a spherical coordinate system were projected onto the tangent plane as a local coordinate system. On the tangent plane, we define an orthogonal
coordinate system (u, v) with the origin taken as the average position of the pits on the sphere.

assessed using Levene’s test (Levene 1960). Third, we examined the
differences in the spatial distribution of the pits between the
hemispheres. Because measurements made in the left and right
hemispheres are dependent on each other, the differences in the
multiple variables (#, v) were tested using a repeated-measures
multivariate analysis of variance (MANOVA), with side (left and right)
entered as the within-subject variable.

Spatial Covariance of Sulcal Pits between Left and Right
Hemispheres

We investigated covariance in the location of sulcal pits on the
template surface between the hemispheres. The spatial covariance
between the left and right pits was assessed using a canonical
correlation analysis. This is a multivariate statistical technique for
describing and quantifying correlated variation between sets of vector

variables (the # and v in our study). A canonical correlation analysis has
been used to quantify the correlated behavior of different subcortical
structures (Rao et al. 2008).

Results

We applied our method of sulcal pit extraction to MRI data
from 148 normal adult brains. The final individual maps of sulcal
pits and sulcal catchment basins are shown in Figure 5. The
data in the first column on the left in Figure 5 show the same
subject as in Figure 1. Any noisy pits remaining after applying
diffusion smoothing were eliminated using merging, leaving
only the likely pits on the left temporal lobe. Figure 6 shows
the final map of the segmented cluster regions extracted from
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Figure 5. Final results of sulcal pit extraction in 3 subjects. The maps show the sulcal pits (white points) and the sulcal catchment basins on the cortical surfaces. The sulcal pit
extraction on the left temporal lobe shown in the first column on the left can be compared with the results shown in Figure 1.

Left Right
Sulcal pit distribution

Figure 6. Final map of the segmented cluster regions and the distribution of sulcal pits belonging to major sulci. Forty-eight and 47 (due to the absence of cluster 18) clusters are
shown in the left and right hemispheres, respectively. The clusters are labeled with numbers corresponding to the anatomical labels (s.: sulcus, 1 middle frontal s. a, 2 middle
frontal s. b, 3 superior frontal s., 4 junction between superior frontal s. and precentral s., 5 precentral s., 6 junction between precentral s. and inferior frontal s., 7 inferior frontal s.
a, 8 inferior frontal s. b, 9 inferior frontal s. ¢, 10 central s. a, 11 central s. b, 12 central s. c, 13 postcentral s. a, 14 postcentral s. b, 15 intraparietal s. a, 16 intraparietal s. b, 17
superior temporal s. a, 18 superior temporal s. b, 19 superior temporal s. ¢, 20 superior temporal s. d, 21 inferior temporal s. a, 22 inferior temporal s. b, 23 inferior temporal s. c,
24 inferior temporal s. d, 25 inferior temporal s. €, 26 occipito-temporal s. a, 27 occipito-temporal s. b, 28 occipito-temporal s. ¢, 29 collateral s. a, 30 collateral s. b, 31 collateral
s. ¢, 32 collateral s. d, 33 orbital s., 34 olfactory s., 35 cingulate s. a, 36 cingulate s. b, 37 cingulate s. ¢, 38 cingulate s. d, 39 cingulate s. e, 40 cingulate s. f, 41 subparietal s., 42
lateral occipital s., 43 calcarine s. a, 44 calcarine s. b, 45 calcarine s. ¢, 46 parieto-occipital s. a, 47 parieto-occipital s. b, 48 SF).

the group of smoothed sulcal pits shown in Figure 3B,
including the distribution of sulcal pits in the major sulci. Over
the entire cortical region, 48 clusters were detected on the left
hemisphere and 47 on the right. The frequency of pits was too
low to form a significant cluster in the right middle region of
the superior temporal sulcus (STS). A neuroanatomist assigned
anatomical labels to the clusters based on the literature
(Duvernoy 1991) (Fig. 6). Most major sulci contained 2-4
sulcal pit clusters. The inferior temporal sulcus (ITS) and the
cingulate sulcus (CiS) have long, variable shapes and contained
more than 4 sulcal pit clusters. There was only one cluster for
some of the sulci (orbital sulcus [OrS], olfactory sulcus,
subparietal sulcus [SPS], lateral occipital sulcus, and SF). The
areas of sulcal pit clusters were nearly symmetrical in both
hemispheres, except for one region. Note that the cluster in
STS b was not present in the right hemisphere. The region of
this cluster in the left hemisphere was masked and applied to
the homologous area in the right hemisphere for asymmetry
analyses.

The results of the frequency calculation showed that a high
percentage of subjects had a sulcal pit within each cluster.

606 Sulcal Landmarks on the Cortical Surface -+ Im et al

Almost every subject possessed a sulcal pit within the SF cluster
region with 99% and 100% for the left and right hemispheres,
respectively. Other cluster regions with a frequency of more
than 90% were the right middle frontal sulcus (MFS) a, the
superior frontal sulcus (SFS) and postcentral sulcus (PoCS) b,
both (left and right) MFS b, the junction between SFS and
precentral sulcus (PrCS), the junction between PrCS and
inferior frontal sulcus (IFS), CS a and b, intraparietal sulcus
(IPS) b, STS ¢ ITS e, collateral sulcus (CoS) b, OrS, CiS £, SPS, and
parieto-occipital sulcus (POS) a. The density of pits in some of
these clusters was high, with a high proportion of pits lying
within a 5 mm radius. The densities were higher than 70% in
the clusters in the left IPS b, right MFS a and PoCS b, and both
(left and right) the junction between SES and PrCS, the junction
between PrCS and IFS, CS b, CoS b, and SPS. The frequency and
density of all pits are shown in supplementary material.
Statistical tests were performed for each cluster region to
determine asymmetry. The statistics were conservatively set to
a significance threshold of P = 0.001 (=0.05/48) using
Bonferroni correction. A 3 test showed that the number of
the pits in the left hemisphere was significantly larger than in
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the right hemisphere for the regions in PoCS a (left/right: 114/
87, ¥ = 11.30, P = 0.0008), STS b (60/19, y*> = 29.03, P <
0.0001) and 4 (128/81, ¥* = 35.96, P < 0.0001), and calcarine
sulcus (CaS) a (115/83, ¥* = 15.62, P < 0.0001). The POS
b region had a significantly larger number of pits in the right
hemisphere than in the left (35/72, 3 = 20.04, P <0.0001). The
most significant difference in pit frequency between the
hemispheres was seen in the STS. The clusters in the STS also
showed significant hemispheric differences in the spatial
distribution of the pits. In the STS d, there was statistically
significant asymmetry in the spatial variance of the pits in the
cluster in the v variable of the local coordinate system (F; 297 =
14.08, P = 0.0002) and a trend toward significance was shown
in the u variable (F 297 = 7.52, P = 0.006). The spatial variance
of the pits in the right hemisphere was greater than in the left.
The distribution of the pits on the local coordinate system is
shown in the scatter plot (Fig. 74). There was no statistically
significant asymmetry in the spatial variance in other clusters.
The difference in the position of pit distribution between the
2 hemispheres for the STS c region (Fig. 84) had the highest
statistical significance (F5 ;33 = 30.03, P < 0.0001) when tested
using a repeated-measures MANOVA. This difference between
the hemispheres was also statistically significant for the clusters
in OrS (Fyy30 = 1527, P < 0.0001), CiS f (Foy44 = 7.75, P =
0.001), and POS a (F5 125 = 23.34, P < 0.0001).

A canonical correlation analysis showed that the sulcal pits
in the left and right hemispheres were spatially covariant in
some of the major sulci. Highly significant spatial correlations
were found for the clusters in the CS b (R = 0.430, P < 0.0001),
SF (R = 0.569, P < 0.0001), CaS a (R = 0.534, P = 0.0005), and
POS a (R = 0.349, P < 0.0001).

Discussion

We are the first to automatically extract and map sulcal pits
across the entire cortical region using the surface model. Our
method provides a surface-mesh-based procedure that is not
prone to overextraction and therefore appears to detect true
sulcal pits more reliably. The smoothing and merging criteria
operate cooperatively and are important in detecting appro-
priate sulcal pits. We observed the intrinsic variability of sulcal
pits along the sulcal valley in a 2D surface-based coordinate
system, reducing the variability due to the 3D position,
direction, and length of the sulcus. Methodological consider-
ations are more explained in supplementary material.

Spatial Distribution, Frequency, and Density of Sulcal
Pits

We constructed a group map of sulcal pits from 148 MRI data
sets from normal adults and examined their spatial distribution.
The major pattern of the distribution and organization of sulcal
pits was analyzed by segmenting and identifying sulcal pit
clusters associated with the major sulci. Forty-eight clusters
were identified in the left hemisphere and 47 in the right
hemisphere with most major sulci containing 2 or more
clusters. Our results support previous studies in terms of the
number and location of such clusters. Based on the anatomical
and embryological literature, the CS is considered to consist of
2 primitive folds (Cachia et al. 2003; Regis et al. 2005). Imaging
studies extracting putative sulcal roots and volume-based sulcal
pits and substructures have described 2 regions in the CS
(Lohmann and von Cramon 2000; Cachia et al. 2003; Lohmann

et al. 2008). We found more than 95% of sulcal pits in the
superior (CS a) and middle (CS b) part of the CS with positions
corresponding to the positions of the sulcal roots (Cachia et al.
2003). The sulcal pits were clustered in the inferior part (CS ¢)
of the CS in our map. This may be a consequence of using an
advanced surface registration algorithm that matched individ-
ual sulcal folding patterns with high accuracy. However, the
frequency in the CS ¢ was quite low (less than 30%) and the
area of this cluster was small in both hemispheres. The sulcal
pit in the inferior CS is not major and may appear as a small fold
in a few subjects. The presence of 4 sulcal roots and basins has
been reported in the STS (Lohmann and von Cramon 2000;
Cachia et al. 2003). Four sulcal pit clusters were present in the
left STS, consistent with previous reports. However, we
observed only 3 clusters in the right STS. The hemispheric
asymmetry in the pattern of sulcal pits is discussed in detail in
the following section. Our results are consistent with a previous
sulcal root analysis in which the ITS contained 5 sulcal roots
(Regis et al. 2005). We found that the PrCS and PoCS contained
3 and 2 pit clusters, respectively, in both hemispheres. This is
also consistent with a previous study of sulcal basin extraction
(Lohmann and von Cramon 2000). These observations confirm
that our sulcal pit extraction and cluster maps are meaningful
and interesting. Our pit cluster map can be used to auto-
matically label sulcal pits extracted from other individual brains
by matching them with a surface registration template.

The frequency and density of sulcal pits showed a consis-
tency between subjects in the appearance and spatial location
in each cluster. We found that there were several specific
cluster regions showing a high frequency of sulcal pits.
According to the radial unit hypothesis, the ventricular zone
consists of proliferative units that form a protomap of
cytoarchitectonic areas (Rakic 1988). The protomap model
proposes that the cells in the embryonic cerebral vesicle carry
intrinsic programs for species-specific cortical regional-
ization (Rakic 1988, 2001; Miyashita-Lin et al. 1999; Fukuchi-
Shimogori and Grove 2001). Genetic control has an effect on
the protomap and cortical regionalization, and is important in
the development and distribution of cortical convolutions
(Rubenstein and Rakic 1999; Piao et al. 2004; Rakic 2004). The
gyrogenesis theory suggests that areas of rapid growth form
gyri at the center of a functional zone, and boundaries between
functional areas will tend to lie along the sulcal fundi (Welker
1990). The process of gyrogenesis may underlie the formation
of the first major folds during the early stage of radial growth
of the cerebral cortex (Hasnain et al. 2001, 2006). Neurons
migrate tangentially at later stages of corticogenesis (Rakic
1990). A mechanical folding model based on the differential
tangential growth of the inner and outer cortical layers has
been proposed for these stages (Richman et al. 1975). The
formation of secondary and tertiary sulci may be influenced by
this mechanical folding and other chaotic events (Hasnain et al.
2001, 2006). In summary, the early major folds appear to show
greater spatial invariance during development as they deepen
and have a stronger spatial covariance with functional areas
under closer genetic control than later developing sulci. The
apparent immobility of the sulcal fundi has been reported
(Smart and McSherry 1986) and reproduced using a simulated
morphogenetic model (Toro and Burnod 2005). With regard to
the high-frequency sulcal pit regions in our study, it appears
that the first major folds develop and deepen at similar
positions between individuals and retain their identity without
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Figure 7. Scatter plots of sulcal pits in the left and right STS d on the u and v coordinate systems (4), a scatter plot showing the distribution of sulcal pits on the 2 axes of
a PCA, and histograms for the data projected onto the first component (B). The scale indicates the number of sulcal pits mapped on the same position. The spatial variance of the
pits in the right hemisphere is greater than that in the left hemisphere.
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Figure 8. Scatter plots with 2D error bars for sulcal pits in the left and right STS ¢ on the u and v coordinate systems (A), a scatter plot showing the distribution of sulcal pits on
the 2 axes of a PCA, and error bars for the data projected onto the first component (B). The scale indicates the number of sulcal pits mapped onto the same position. The error bar
represents the mean and the standard deviation. The positional difference in the distribution of the pits between the left and right hemispheres is shown. The sulcal pits in the left
STS ¢ are distributed in a more anterior region along the sulcal line compared with those in the right.
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merging into other folds. They develop from consistently
predetermined and spatially stable functional areas arising from
the protomap and powerful gyrogenesis in those areas at an
carly stage. We suggest that the ontogenetic protomaps of
high-frequency regions might generally resemble each other
more than those for other regions in human brains.

Most sulci contained just 1 or 2 sulcal pit clusters showing
a high frequency of more than 90%. We suggest that many sulci
develop with 1 or 2 of the early major folds. For example, the
major pit cluster in the CiS was present only in the posterior
region (CiS f, with 99% frequency in both hemispheres). Other
regions that have a low frequency may have variations in regard
to the number and location of the first sulcal folds. Alterna-
tively, sulcal pits may disappear during brain development
because of the intricate merging of the first folds. There is
a possibility that imperfections in our method may miss true
sulcal pits. More than 70% of sulcal pits were localized within
a 5 mm radius of the densest point in some of the high-
frequency clusters. The sulcal pits in the clusters with high
density and focal spatial localization (left IPS b, right MFS a and
PoCS b, and both (left and right) the junction between SFS and
PrCS, the junction between PrCS and IFS, CS b, CoS b, and SPS)
appear to be useful as stable anatomical landmarks for
improving current brain-image registration and cortical pattern
matching.

Hemispheric Asymmetries in the Frequency and the
Spatial Distribution of Sulcal Pits
We found hemispheric asymmetries in the frequency and
distribution of sulcal pits. Because deep, early sulcal pits appear
to be closely related to functional areas and under genetic
control, the asymmetric distribution of sulcal pits may be
associated with asymmetric genetic programs and functional
hemispheric lateralization. The most statistically significant and
interesting asymmetries were shown in the STS. For a better
insight, we performed a principal component analysis (PCA) of
the sulcal pit data on the local coordinate system and plotted
them using the 2 axes of the PCA. The first component
explained almost all variation of the sulcal pits in the STS cand
d because the STS is an elongate sulcus and the distribution of
sulcal pits is along the sulcal line (Figs 7B and 8B). We
constructed histograms using the data projected onto the first
component and confirmed the difference between the left and
right hemispheres in the spatial variance of the pits in the STS
d (Fig. 7B). This difference was statistically significant when an
equality of variance was assessed using Levene’s test (F; 297 =
8.59, P = 0.0038). The sulcal pits in the left STS c distributed
in a more anterior region along the sulcal line compared with
those in the right (Fig. 8B). A paired ¢ test using the data of the
first component showed that the positional asymmetry of the
pits in the STS cis statistically significant (#= 7.66, P < 0.0001).
The specialization of the left hemisphere for language is one
of the earliest and the best-known functional asymmetries.
Cortical activation associated with language processing was
strongly lateralized to the left superior temporal gyrus (STG) in
functional MRI and positron emission topography studies
(Karbe et al. 1995; Binder et al. 1997; Schlosser et al. 1998;
Tzourio et al. 1998; Balsamo et al. 2002; Bleich-Cohen et al.
2009). In relation to functional asymmetry, structural asymme-
tries in the STS and its nearby areas (Heschl’s gyrus and planum
temporale) have been reported (Witelson and Pallie 1973;
Penhune et al. 1996; Steinmetz 1996; Good et al. 2001; Watkins

et al. 2001; Sowell et al. 2002; Emmorey et al. 2003). The
regions of the STS cand d clusters are part of Wernicke’s area
and the STG is their neighboring gyrus. We suggest that the
higher frequency and smaller spatial variance of sulcal pits in
the left STS d may be related to the lateralization of language
function to the left hemisphere, developing more consistently
and strongly than for the right hemisphere. We showed that
sulcal pits in the left STS ¢ were located in a more anterior
region. Larger functional area and cortical structure for
language processing in the left hemisphere may result in the
different position of first folds between the left and right
hemispheres. The present study cannot fully address whether
the asymmetry of sulcal pits is a key biomarker of the
lateralization of the language function. The relationship
between the positional and frequency asymmetry of sulcal
pits, and functional and structural asymmetries should be
further investigated in future work.

The sulcal pattern analysis in the STS showed that the plis de
passage in the intermediate region of the STS was never
superficial on the right side and was much more visible on the
left (Ochiai et al. 2004). Because the region of intermediate plis
de passage looks like the boundary between the STS b and
the significantly higher frequency in the left STS b that we
found is directly related to the previous result of more
superficial left intermediate plis de passage. The difference
in pit frequency between the hemispheres may be related to
the asymmetry in sulcal development. The STS b cluster in the
right hemisphere was not included in the original cluster map
because of the low frequency and density of sulcal pits. The STS
had 3 pit clusters in the right hemisphere, but 4 clusters in
the left (Fig. 6). In a previous atlas of the sulci (Ono et al. 1990),
the STS was described as being continuous in a third of cases
(36% on the left and 28% on the right). The STS was divided
into 2 segments in 48% on the right and 32% on the left, into
3 segments in 16% on the right and 16% on the left, and into
4 segments but in only 24% of cases on the left. Our
observation of only 3 pit clusters in the right STS is consistent
with the lack of division of the STS into more than 4 segments
in the right hemisphere. Up to the end of the first postnatal
year, the left language regions, including the STS, lag behind the
right side in development, perhaps to await speech develop-
ment (Chi et al. 1977; Toga and Thompson 2003). A recent
neuroimaging study in preterm newborns demonstrated that
gyral complexity is present in the right STS earlier than in the
left (Dubois et al. 2008). In adults, the STS is significantly
deeper in the right hemisphere than in the left (Ochiai et al.
2004; Van Essen 2005). We suggest that the first folds formed in
the right STS usually appear earlier near the pit of STS ¢, and
then develop into a large sulcal segment or perhaps merge with
neighboring folds, resulting in greater depth than for the left
STS. Finally, there are fewer than 4 sulcal segments in the right
STS (Ono et al. 1990) because of prominent and deep folding in
the region of STS cand variations in the development of the STS
b and d areas. Although the development of the STS in the left
hemisphere lags behind that of the right, fold formation in the
STS ¢ region may proceed with neighboring folds, preserving
their identity more consistently than on the right side, resulting
in the frequent appearance of 4 segments in the left STS (Ono
et al. 1990).

As in the STS, the frequency of sulcal pits in the PoCS a was
significantly greater in the left than in the right hemisphere.
Previous structural analysis of the somatosensory area showed
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the same trend in leftward asymmetry. The area of the left
postcentral gyrus significantly exceeded that of the right (Jung
et al. 2003). The maturation of the somatosensory fibers was
analyzed in infants, and the asymmetry in myelination favoring
the left side has been described (Dubois et al. 2009). Higher
fractional anisotropy in the left anterior part of the CaS was also
shown compared with the right (Dubois et al. 2009). We found
that the left anterior CaS (CaS @) had a statistically significant
higher frequency of sulcal pits.

Hemispbheric Spatial Covariance of Sulcal Pits

Our finding that the left and right sulcal pits are spatially
covariant in the clusters in the 4 major sulci (CS b, SF, CaS «,
and POS a) is highly significant. In a previous study in-
vestigating the early sulcal emergence in vivo, the interhemi-
spheric fissure, SF, callosal sulcus, POS, CaS, CiS, and CS were
the first to be identified in preterm newborns (Dubois et al.
2008). It is worthy of note that all the significant clusters in our
spatial covariance analysis belong to the earliest developed
sulci. It might provide clues for the developmental process of
sulcal folds in the human brain. However, further studies
should be performed to clarify its biological meaning.

Conclusions

We generated a group map on a surface template showing the
intrinsic variability of sulcal pits clustered in specific focal
areas, with a relatively consistent pattern of spatial distribution
between subjects. The sulcal pits were automatically extracted
from the cortical surface using a robust methodological
procedure. Our analyses of sulcal pit distribution and its
asymmetric pattern support previous empirical and theoretical
studies, and provide additional insights concerning the
anatomical and functional development of the brain.
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