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Abstract

Sulcal pits are thought to represent the first cortical folds of primary sulci during neurodevelopment. The uniform spatial
distribution of sulcal pits across individuals is hypothesized to be predetermined by a human-specific protomap which is
related to functional localization under genetic controls in early fetal life. Thus, it is important to characterize temporal and
spatial patterns of sulcal pits in the fetal brain that would provide additional information of functional development of the
human brain and crucial insights into abnormal cortical maturation. In this paper, we investigated temporal patterns of
emergence and spatial distribution of sulcal pits using 48 typically developing fetal brains in the second half of gestation.
We found that the position and spatial variance of sulcal pits in the fetal brain are similar to those in the adult brain, and
they are also temporally uniform against dynamic brain growth during fetal life. Furthermore, timing of pit emergence
shows a regionally diverse pattern that may be associated with the subdivisions of the protomap. Our findings suggest that
sulcal pits in the fetal brain are useful anatomical landmarks containing detailed information of functional localization in
early cortical development and maintaining their spatial distribution throughout the human lifetime.
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Introduction

In the human brain, primary sulci are important landmarks of
neurodevelopment. As a result of neurodevelopment, their fold-
ing pattern is highly complicated and variable across individuals
(Ono et al. 1990). Despite the complexity and variability, sulcal
pits, defined as locally deepest points of primary sulci, show a
uniform spatial distribution in the human brain (Lohmann et al.
1999; Im et al. 2010; Meng et al. 2014; Auzias et al. 2015; Le Guen
et al. 2017). As deep sulcal landmarks, sulcal pits are thought

to be the first folds that appear during brain development and
be related to the boundaries of major functional and cytoarchi-
tectonic subdivisions (Welker, 1990; Zilles et al. 1997; Hasnain
et al. 2001; Eickhoff et al. 2006; Fischl et al. 2008). The presence
and distribution of the sulcal pits have also been associated
with genetic effects. In monozygotic twin pairs, spatial distri-
bution of sulcal pits was more similar compared to genetically
unrelated individuals (Lohmann et al. 1999; Im et al. 2011b). A
strong additive genetic effect on the presence and distribution
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of the sulcal pits was found in a human pedigree cohort (Le
Guen et al. 2017). Additionally, in a longitudinal study, the pit
distribution was temporally consistent during the first 2 years
after birth, despite dramatic cortical growth and increase in
brain size (Meng et al. 2014). The reliability of sulcal pits was
also investigated and identified that pit position is invariant to
scan sessions, scanners, and surface extraction tools (Im et al.
2013a). These studies have supported that sulcal pits have a
uniform distribution in the normal populations regardless of age
and emphasized that they are reliable anatomical landmarks for
human brain development. Based on the uniform pit distribu-
tion, sulcal pits have been employed in neuroimaging research
investigating hemispheric asymmetry (Im et al. 2010; Meng et al.
2014; Auzias et al. 2015), human intelligence (Im et al. 2011a),
and developmental disorders (Im et al. 2016, 2013b; Ortinau et al.
2019; Tarui et al. 2018).

It has been hypothesized that invariant sulcal pit distribution
across individuals is influenced by a stable human-specific
protomap of cytoarchitectonic areas. The protomap is thought
to be associated with functional localization of the human cere-
bral cortex and consistently predetermined in early fetal stages
under genetic controls (Rubenstein and Rakic, 1999; Piao et al.
2004; Rakic, 2004; O’Leary et al. 2007; Chen et al. 2012; Stahl
et al. 2013; Miller et al. 2014). Although a protomap model could
explain the uniform spatial distribution, there is a missing link
in the evidence. To date, no one has explored the temporal uni-
formity of pit distributions from fetal to mature brains. Note that
the second half of gestation is a crucial period of cortical folding
in the human brain with temporal growth in terms of sulcal
shape and relative position of sulci (Garel et al. 2003; Habas et al.
2012). After 22 gestational weeks (GW), there is little migration
of neurons with dramatic changes of the human cerebral cortex
(Mrzljak et al. 1988). Because of these dynamic changes, it needs
to be determined whether the spatial distribution of sulcal pits
in the fetal brain is temporally invariant across gestational ages
and similar to the distribution in adult or neonatal brains. Tem-
poral invariance of sulcal pit distribution would demonstrate
that sulcal pits are lifelong anatomical landmarks from the
initial stage of functional localization and provide important
information to investigate early abnormalities in brain growth.
Furthermore, it is well known that primary sulci have a specific
timeline of emergence in typically developing (TD) fetal brains
(Garel et al. 2003; Habas et al. 2012) which might be affected by
rapid growth and regional expansion of functional areas (Welker,
1990; Ronan and Fletcher, 2015). The accurate timing of sulcal
emergence has been used as a reliable index for estimating ges-
tational age and detecting developmental disorders. However,
several primary sulci frequently have two or more sulcal pits (Im
et al. 2010; Meng et al. 2014; Auzias et al. 2015; Yun et al. 2019)
that may be related to subdivisions of functional areas. Since
measuring the timeline of cortical folding at a whole sulcal level
cannot consider the difference of cortical expansion among the
subdivisions, quantifying the timetable of pit emergence may
provide more regional information of functional localization in
human brain development.

To the best of our knowledge, the spatial and temporal pat-
terns of sulcal pits in the fetal brain have not been investigated.
In this paper, we employed 48 TD fetal brains between 22.0 and
32.0 GW, when the development of fetal cortex is characterized
(Mrzljak et al. 1988), and a majority of primary sulci are emerging
(Chi et al. 1977; Garel et al. 2001; Habas et al. 2012). First, we
investigated spatial characteristics of sulcal pits. The position
and spatial variance of sulcal pits of our 48 TD fetuses were

compared to that of 148 healthy adults. We then divided the fetal
cohort into three subgroups by GW and compared the position
and spatial variance of sulcal pits among the subgroups. We
hypothesized that the position and spatial variance of sulcal pits
in the fetal brain are similar to those in adult brains and tempo-
rally invariant against GW. Second, we quantified the timing of
emergence of sulcal pits. In contrast to pit distribution, timing of
pit emergence may vary by different growth rate in each sulcal
region. Thus, we hypothesized that sulcal pits show regionally
different timings of emergence related to the subdivisions of the
protomap.

Materials and Methods
Data and Image Acquisition

A total of 48 TD fetuses were included in this study (male/fe-
male, 30/18; age, 26.7 + 2.9 GW [mean + standard deviation (SD)],
ranged from 22.0 to 32.0 GW) (Table 1). The use of the fetal sub-
jects was approved by the Institutional Review Boards at Boston
Children’s Hospital (BCH) and Tufts Medical Center (TMC). TD
subjects were identified from (1) a retrospective patient data
at BCH and (2) prospective recruitment data for case control
studies at BCH and TMC. All participants in the case control
studies signed a written informed consent. For both data, we
included TD fetuses with maternal age 18-45 years between
22 and 32 weeks of pregnancy and then excluded those who
have multiple gestation pregnancies, dysmorphic features on
ultrasound examination, other brain malformations or brain
lesions, known chromosomal abnormalities, other identified
organ anomalies, known congenital infections, and any abnor-
mality on the fetal magnetic resonance (MR) imaging study. Fetal
brain MR images were acquired on a Siemens 3 T Skyra scanner
(BCH) or Phillips 1.5 T scanner (TMC) using a T2-weighted HASTE
(half-Fourier acquisition single-shot turbo spin-echo) sequence
with 1 mm in-plane resolution, FOV=256 mm, time repeti-
tion=~1.5 s (BCH) or 12.5 s (TMC), time echo=~120 ms (BCH)
or 180 ms (TMC), and slice thickness =2-4 mm. After localizing
the fetal brain, the HASTE scans were acquired multiple times in
different orthogonal orientations for reliable image processing
and analysis (scan time for acquisition of volumetric images was
up to 20 min). A part of this multicenter TD subject data has been
used in our prior studies, and there was no significant difference
in accuracy of image processing and analysis across different
scanners (Tarui et al. 2018; Yun et al. 2019).

In this study, we also employed a normal adult cohort to val-
idate the spatial distribution of sulcal pits in our 48 TD fetuses.
The cohort consisted of 148 normal adult subjects with 83 males
and 65 females which have been used in previous studies (Lyttel-
ton et al. 2009; Im et al. 2010). The age range of the adult subjects
was from 18 to 44 years (mean=+SD: 25.0+4.9). With a short
questionnaire, there were 15 left-handed, 124 right-handed, and
9 unknown hand-dominant subjects. The subjects gave a written
informed consent; the Research Ethics Committee of the Mon-
treal Neurological Institute and Hospital approved the study,
and their T1-weighted MR images (3D fast field echo scan with
140-160 slices, 1-mm isotropic resolution, TR =18 ms, TE =0 ms,
flip angle=30°) were acquired using a Phillips Gyroscan 1.5 T
system.

Dividing Subgroups in the Fetal Cohort

For statistical analysis, we divided the TD fetal cohort into three
subgroups by GW based on histogenic processes during fetal
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Table 1 Demographic information of the fetuses used in this study
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Subgroup GW range [mean =+ sd] Sex (M/F)
G carly (1=16) 22.0 ~ 24.7 [23.5+0.8] 10/6

G mid (n=16) 25.1 ~ 28.0 [26.6 £0.9] 10/6

G 1ate (n=16) 28.6 ~ 32.0 [30.1+ 1.0] 10/6

All (n=48) 22.0 ~ 32.0 [26.7 £2.9] 30/18

GW, gestational week; sd, standard deviation; M, male; and F, female.

brain development. Neuronal precursors migrate from prolifer-
ative zones to cortical plate in early fetal life. The majority of
neurons reach their destination in the cortical plate by 22 GW
(Bystron et al. 2008). After 22 GW, the development of fetal cortex
is characterized by the growth of neurons, arborization of neu-
ronal dendrites (Mrzljak et al. 1988), and appearance of primary
sulci (Chi et al. 1977). Around 25 GW, the first thalamocortical
axons start to relocate from the waiting compartment subplate
into the cortical plate (Krsnik et al. 2017). Therefore, our first
subgroup representing the early developmental period (Gearly)
spanned from 22.0 to 24.7 GW. From 25 GW, the development
of the cerebral cortex is characterized by neuronal dendritic
arborization, ingrowth of thalamocortical axons (predominantly
during 25 and 26 GW), and the emergence of axonal pathways
(Huang et al. 2009; Vasung et al. 2017, 2010). In the human
brain, majority of sulcal roots are visible after 28 GW (Chi et al.
1977; Garel et al. 2001; Habas et al. 2012; Im and Grant, 2019).
Thus, the second subgroup of development (Gp;q) in our study
spanned from 25.1 to 28.0 GW. From 28 GW, it is marked as the
emergence of higher order cognitive functions (Draganova et al.
2005; Huotilainen et al. 2005). The subplate, which is essential in
cortical development, is thickest and consistently visible until 32
GW and became progressively patchy (Judas et al. 2013; Vasung
et al. 2016; Diogo et al. 2019). Therefore, the third subgroup of
development (Giate) in our study spanned from 28.6 to 32.0 GW.
The demographic information of each developmental period is
in Table 1.

MR Image Processing and Surface Reconstruction

For fetal MR image processing, we adopted our pipeline for
surface extraction (Im et al. 2017; Tarui et al. 2018; Yun et al.
2019). Using a slice to volume super-resolution technique, we
combined multiple 2D slices of fetal brain MR images to create
a motion-corrected 3D volume with 0.75 mm isotropic res-
olution (Kuklisova-Murgasova et al. 2012). Then, the cortical
plate was segmented by a semiautomatic approach based on
voxel intensities. Spatial smoothing was performed in the seg-
mented inner volume of the cortical plate using 1.5 mm full
width at half-maximum (FWHM) kernel to minimize the noise.
Using the smoothed inner cortical plate, the hemispheric (left
and right) triangular surface meshes of the cortical plate were
automatically extracted by a function “isosurface” in MATLAB
2016b (MathWorks Inc.). The surface models were geometri-
cally smoothed using Freesurfer (https://surfernmr.mgh.harva
rd.edu) to eliminate noise and small geometric changes. To have
vertex-wise correspondence among the individual surfaces, we
aligned the smoothed cortical surfaces using a 2D sphere-to-
sphere warping method (Robbins, 2004; Boucher et al. 2009).
To minimize the technical errors of the warping method, we
selected a 28 GW template surface as a registration target which
is smooth but has all the primary sulci. The template surface was

extracted from T2 MRI volume templates that were generated
and published using a different fetal cohort from ours (Serag
et al. 2012; Yun et al. 2019). High accuracy of surface registration
between fetal brains has been reported in our prior study (Yun
et al. 2019).

Structural MR images of the adult cohort were processed
by CIVET pipeline from Montreal Neurological Institute (MNI,
http://www.bic.mni.mcgill.ca). MR images were spatially aligned
into the MNI 152 average template using a linear transformation
after intensity nonuniformity correction (Collins et al. 1994;
Sled et al. 1998). Then, the brain tissues were classified into
gray matter, white matter, cerebrospinal fluid, and background
using an advanced neural net classifier (Zijdenbos et al. 1996).
Individual inner cortical surfaces were extracted by deforming
a spherical mesh onto the boundary between white and gray
matter (MacDonald et al. 2000). The reconstructed surfaces were
aligned to a surface group template (Lyttelton et al. 2007) using
surface registration (Robbins, 2004; Boucher et al. 2009).

Extracting Sulcal Pits and Generating Cluster Map

To extract sulcal pits and their catchment basins, mean cur-
vature, sulcal depth, and surface area were measured on the
cortical surfaces. The surface area was computed using an area
of Voronoi region of each vertex on the cortical surface (Meyer
et al. 2003). Mean curvature is defined as the angular deviation
from a patch around each vertex, and its sign indicates inwardly
folded (negative) or outwardly folded (positive) regions (Meyer
et al. 2003). We calculated sulcal depth on the cortical surface
using adaptive distance transform searching shortest path from
the convex hull to the cortical surface (Yun et al. 2013). Mean
curvature and sulcal depth were transformed to the fetal and
adult template surfaces using surface registration, respectively.
We then smoothed mean curvature and sulcal depth on the tem-
plate surfaces with 10 mm FWHM Gaussian smoothing kernel
(Chung et al. 2003) which was previously proven to be a proper
kernel size to reliably extract sulcal pits and basins (Im et al.
2016, 2013a, 2010; Tarui et al. 2018; Yun et al. 2019). Smoothing
on the template surface provides the same spatial extent of
smoothing kernel size that reduces brain size effects across
individuals.

For each fetal and adult cohort, we applied different mea-
sures to extract pits and basins. The cortical folding pattern
in the fetal brain is smooth, and the deepest regions defined
by mean curvature and sulcal depth are similarly located (see
Supplementary Fig. S1). However, some early cortical sulci in
the fetal brain are too small and shallow to be identified by
sulcal depth after smoothing, whereas mean curvature is more
sensitive for extracting sulcal pits on the fetal cortical surface.
Thus, we used mean curvature to extract sulcal pits in the fetal
brain. From the vertex with the most negative mean curvature,
which represents the deepest part of the sulci, a watershed
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flooding algorithm was applied for extracting sulcal pits and
basins (Im et al. 2010). We applied merging criteria to remove
noisy sulcal pits which were generated by minor geometric vari-
ation of cortical surfaces. For the criteria, three thresholds were
applied—area of the basin [ThrA], geodesic distance between
two pits [ThrD], and ridge height [ThrR]. Since the thresholds
were calculated by geometrical features, they were sensitive
to individual brain size. Thus, we used the thresholds that
were normalized by considering fetal brain size (ThrA =0.0004 *
SurfaceArea, ThrD =2.165 * ThrA%**2 and ThrR=0.25 * AverageCur-
vature). See Yun et al. 2019, for a more detailed explanation of
the method for determining the thresholds. Then the watershed
flooding was only processed in the vertices with negative mean
curvature to prevent extracting pits and basins in nonsulcal
regions.

For adult brains, we extracted pits and basins using sulcal
depth. We found optimal thresholds for the adults in the same
way as our previous study (Yun et al. 2019): ThrA = 0.0004 * Sur-
faceArea, ThrD=4.019 * ThrA%¥4, and ThrR=0.25 * AverageDepth.
Details for normalizing the thresholds and its reliability are
described in Supplementary Methods and Supplementary Figure
S2. The watershed flooding was terminated when the water
reached the vertex which has a smaller depth than average
sulcal depth.

To define consistent regions of sulcal pits across individuals,
density and cluster maps were generated in each fetal and adult
cohort. We smoothed all the sulcal pits with 10 mm FWHM ker-
nel, preserving the value of pits as maximum of 1 (Im et al. 2010)
and averaged smoothed sulcal pits in each cohort to generate
density map. High density indicated that the sulcal pits were
extracted in a large number of subjects into these regions with
small spatial variation. The density maps of the fetal and adult
cohorts are shown in Figure 1A and C. In the fetal cohort, we
separated density maps by subgroups (Gearly, Gmid, @nd Giate)- T0
check the reliability of the density map against different target
template surfaces, we registered sulcal pits to 25 and 31 GW
template surfaces and found that there was no difference by
selecting target surfaces (see Supplementary Fig. S3).

Based on the density maps, we segmented cluster maps.
Applying the same merging thresholds for each cohort, we
segmented the clusters with high density in each cohort using
the watershed algorithm described above. We manually selected
clusters of primary sulci in fetal cluster map and then selected
corresponding clusters in adult cluster map (Fig. 1B and D) fol-
lowing our previous studies (Im et al. 2010; Yun et al. 2019).
Since there are some clusters with the absence of sulcal pits
in early fetuses, we performed a supplementary analysis that
segmented sulcal pit clusters in each subgroup to compare their
boundary patterns. In Supplementary Figure S4, the number
of clusters is different among subgroups; however, the cluster
boundary patterns in existing clusters are largely similar to each
other. This similarity demonstrated that the cluster map of the
fetal cohort represents spatial distribution of sulcal pit of the
fetal subjects. We also assumed some clusters without sulcal
pits in early fetuses are potential regions where sulcal pits may
emerge in the later fetal life.

Dimension Reduction of Coordinates of Sulcal Pits

Sulcal pits are in 3D coordinate system based on the location
of vertices in the cortical surfaces (Fig. 2A). Since the 3D coordi-
nates consist of many factors such as relative position of sulci,
brain size, and sulcal deepening, they might vary by GW and

gyrification (see Supplementary Fig. S5). To statistically analyze
spatial distribution of sulcal pits, it is necessary to convert the
coordinates with only positional information along the deep
sulcal regions. Because the topology of the surface model is
same as a sphere, sulcal pits in the fetal brain were converted
to a spherical coordinate system (Fig. 2B). With a constant radial
distance, the spherical coordinate system reduces the 3D coor-
dinates to 2D, removing brain size effect across fetuses. The 2D
coordinates of sulcal pits consisted of the polar (¢) and azimuth
(¢) angles, but they are inappropriate for evaluating their posi-
tional information on cortical surfaces (Tao et al. 2002). Thus we
constructed a tangent plane as an orthogonal (u, v) coordinate
system of each cluster whose origin is the average position of
the pits belonging to the cluster (Tao et al. 2002; Im et al. 2010).
In case multiple sulcal pits per subject are extracted in a cluster,
only one pit which is more closely located to pit distribution
of other subjects was selected (Im et al. 2011a). The selected
sulcal pits in the cluster were projected onto the tangent plane
and shown in Figure 2C. This 2D coordinates is able to show
spatial distribution of sulcal pits in the deep sulcal regions.
In most clusters, sulcal pits were distributed similar to a long
ellipsoid (Fig. 2C) because the sulcal pits are located along sulcal
fundi. Thus, we applied a principal component analysis (PCA) of
the sulcal pits on 2D tangent plane and converted them to 1D
coordinates along with the first principal component (Fig. 2C).
The first principal component explained over 80% of spatial
variance of sulcal pits in the most clusters (see Supplementary
Table S1); therefore, we assume the 1D coordinates represent
the relative position of sulcal pits along the deep sulcal regions.
In this study, all the statistical analyses of pit distribution were
performed using the 1D coordinates.

Data Analysis

Comparison of Sulcal Pit Distribution Between
the Fetal and Adult Brains

We visually compared the spatial distribution of the sulcal pit
clusters between the fetal and the adult cohorts. In this com-
parison, we focused on the cluster boundaries and the number of
clusters in primary sulci. We aligned adult cluster boundary map
to the fetal surface template using surface registration (Robbins,
2004; Boucher et al. 2009) and compared the boundaries of
corresponding clusters. In the fetal cohort, we evaluated the
frequency of sulcal pits by calculating a percentage of fetuses
in which a specific sulcal pit was identified. Clusters with high
frequency in the Geay indicated that they emerge early in fetal
life and vice versa. We visually compared the frequency, density,
and SD of 1D coordinates of sulcal pits in the clusters among the
three fetal subgroups.

Spatiotemporal Distribution of Sulcal Pits
in the Fetal Brain

We analyzed the spatiotemporal distribution of sulcal pits using
two approaches. First, positional invariance of sulcal pits was
tested using 1D coordinates which represent the location of
sulcal pits in each cluster. The difference in the position of sulcal
pits among the subgroups was investigated using a Kruskal-
Wallis test for each cluster. Insignificance of the test indicates
the spatial uniformity of sulcal pits among the subgroups—in
other words, there is no positional displacement of the first
cortical folds during brain development. Second, we examined
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Fetal brain

Densit

Adult brain

Figure 1. The density and cluster maps of sulcal pits in the fetal and adult cohorts. (A) density and (B) cluster maps generated by all the subjects in the fetal cohort.
The numbers in clusters correspond to the sulcal labels (1, Sylvian fissure [SF] a; 2, SF b; 3, SF ¢; 4, SF d; 5, SF ¢; 6, SF f; 7, central [CS] a; 8, CS b; 9, precentral [PreCS] a;
10, PreCS b; 11, superior frontal [SFS]; 12, middle frontal [MFS] a; 13, MFS b; 14, MFS c; 15, inferior frontal [IFS]; 16, postcentral [PostCS] a; 17, PostCS b; 18, PostCS c; 19,
intraparietal [IPS] a; 20, IPS b; 21, superior temporal [STS] a; 22, STS b; 23, inferior temporal [ITS] a; 24, ITS b; 25, ITS c; 26, lateral occipital [LOS]; 27, collateral [ColS] a;
28, ColS b; 29, ColS c; 30, orbital [OrbS]; 31, olfactory [OIfS]; 32, cingulate [CingS] a; 33, CingS b; 34, CingS c; 35, CingsS d; 36, CingS e; 37, subparietal [SPS]; 38, calcarine
[CalS] a; 39, CalS b; 40, Cals c; 41, parieto-occipital [POS] sulcus). In the adult cohort, (C) density and (D) cluster maps are shown. Black lines on the maps represent the
boundaries of clusters. Light blue spheres on the density maps indicate the peak position of density. White lines represent the boundaries which were not shown in
the other cluster map. Corresponding clusters between fetal and adult cohorts have same color codes.

(A) Pits on the cortical surface (B) Pits on the sphere ((9))] 2D coordinates of pits

A PC1

Figure 2. Dimension reduction of coordinates of sulcal pits. (A) 3D pit coordinates on the cortical surface (gray spheres) are converted to (B) the 2D spherical coordinates.
(C) Sulcal pits on the spherical coordinate system are projected to tangential plane (gray circles) which has an orthogonal coordinate system (u, v). PCA is performed

on 2D coordinates on tangent plane and converted them to 1D coordinates along with the first principal component (PC1, line). Cluster name corresponds to those of
Figure 1.

\A

the similarity of the spatial variance of sulcal pits across the where the SD could not be calculated due to the small number
subgroups. Pearson’s correlation analysis was performed with of sulcal pits (<2). High correlation coefficient indicates that the
the SD values of sulcal pit positions from all clusters in the pattern of the spatial variances across the clusters is temporally

whole brain between two subgroups. We excluded the clusters similar against dynamic brain growth with GW. Between the
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fetal subgroups and adult cohort, we selected corresponding
clusters and performed a correlation analysis with SD values of
the clusters. In all the statistical analysis, we set the significance
level at the corrected p value of 0.05 after false-discovery-rate
(FDR) correction.

Timing of Emergence of Sulcal Pits in the Fetal Brain

To estimate the timing of pit emergence in each cluster, the
presence of pits was counted as binary variables (1 when the
pits were present and 0 when absent) for each subgroup of the
fetal cohort. For subjects who had more than one sulcal pit
in the cluster, we also counted them as 1. Then we generated
crosstab table with the variables and performed chi-square tests
to examine if there is a rapid change of pit presence between
Gearly and Gpiq and between Gpjq and Gate- The significant
change between the subgroups indicates that there is a specific
timing of emergence of sulcal pits. The timing and frequency
were mapped on the template surface.

Results

Spatial Distribution of Sulcal Pits in the Fetal
and Adult Brains

We segmented 76 fetal clusters (37 for left and 39 for right
hemisphere) and 116 adult clusters (58 for each hemisphere)
(Fig. 1B and D). We visually examined the number of clusters
in each sulcus and the similarity of cluster boundaries between
the fetal and adult cohorts. As can be seen in Figure 1, clusters
in the fetal brain showed correspondence to those in the adult
brain in terms of position. Boundaries of corresponding clusters
between the fetal and adult maps showed a similar pattern
specifically in bilateral central sulcus (CS) a, postcentral sulcus
(PostCS) a, superior temporal sulcus (STS), subparietal sulcus
(SPS), lateral occipital sulcus (LOS), olfactory sulcus (OIfS), left
parieto-occipital sulcus (POS), and calcarine sulcus (CalS) a (see
Supplementary Fig. S6A). However, there were some differences
in detail. First, some clusters were not identified in the fetal
brain. Clusters belonging to the temporal lobe such as ante-
rior parts of STS and inferior temporal sulci (ITS) in the adult
brain were not identified in the fetal brain. Some fetal clusters
corresponded to two or more adult clusters in the bilateral
CS, precental (PreCS), intraparietal (IPS), orbital (OrbS), ITS, left
PostCS, left CalS, and right POS. On the contrary, the bilateral
Sylvian fissure (SF) and left cingulate sulcus (CingS) showed
an increased number of clusters in the fetal brain. Second, pit
frequency in the fetal cohort is lower than that of the adult
cohort. The clusters belonging to CS, PreCS, SFS, and MFS showed
a large difference in frequency between the cohorts (Fig. 3A
and Supplementary Fig. S6B). The fetuses showed near 0.5 of
frequency, while adults showed over 0.9 of frequency in those
clusters. The frequency pattern of Gy Was similar to that of
the adults.

Temporal Invariance of Spatial Distribution of Sulcal
Pits

The increase and decrease in density and SD were visually
confirmed in Figure 3B and C, respectively. Density showed a
dynamic increase from Geany t0 Giate Which is similar to the fre-
quency pattern (Fig. 3A). Although dynamic changes in density
were visually found in most of the cluster, the Kruskal-Wallis
test showed no significant difference in pit position among the

subgroups (see Supplementary Fig. S7). Some clusters with low
pit frequency in the fetal cohort (the bilateral middle frontal
sulcus (MFS) ¢, OIfS, LOS, left inferior frontal sulcus (IFS), left MFS
b, left collateral sulcus (ColS) a, right ITS c, and right CalS c) were
excluded in the Kruskal-Wallis test. On the contrary to the den-
sity changes (Fig. 3B), a relatively small decrease of SD among the
subgroups was shown, but similar spatial pattern of SD across
the whole cortex were found among subgroups (Fig. 3C). For
example, the left SF c, left STS a, left ITS a, left PostCS b, right
SPS, and right CingS a and c showed consistently higher SD than
other clusters across all fetal subgroups. Pearson’s correlation
tests showed significant positive correlations of the SD of sulcal
pit positions between Gearly and Gmig [r=0.59, P <0.001], Gearly
and Giaee [r=0.50, P=0.001], Gpig and Giae [r=0.70, P <0.001]
(Fig. 4A-C). SD values of the adult cohort also showed signifi-
cant correlation with Gpq [r=0.55, P <0.001] and Gjate [r=0.31,
P=0.019] (Fig. 4E and F). Geany showed insignificant correlation
of SD with adults, but it showed a positive trend (Fig. 4D). Overall
patterns of SD in the fetal and adult cohorts were shown in
Figure 3C and Supplementary Figure S6C, respectively.

Temporal Pattern of Sulcal Pit Emergence

Frequency of the clusters in the fetal brain were shown in
Figure 3A. The increase of frequency from Gearly tO Glate Was
found in all the clusters. The statistics of frequency change
showed a diverse pattern in several fetal clusters (Fig.5). A
significant increase in the frequency between Gearly and Gmig
was found in several clusters such as the bilateral CS a and b,
PreCS a, PostCS b, CalS b, OrbS, left STS b, left IPS a, left STS b, and
right POS. From Gpig to Giate, the bilateral middle frontal sulcus
(MFES) a, IPS b, left MFS b, right PreCS a, right IPS a, right ITS a
and b, right LOS, and right CalS b showed significant increase
of frequency. Interestingly, significant increases of frequency in
the right PreCS a and right CalS b were found in both periods. In
other clusters, no statistically significant frequency change was
found. Some clusters with high frequency (>0.3) in Geany such
as the bilateral SF a, b, ¢, d, e, and f; CingS a, b, ¢, d, and e; STS q;
PreCS b; SPS; CalS a; ColS b and c; left POS; and right STS b showed
insignificant changes of frequency. The frequency changes in
these clusters may not be captured in our fetal cohort, since
they generally develop earlier than 22 GW (Garel et al. 2001,
Habas et al. 2012), which is the earliest age in our fetal cohort.
Furthermore, the other clusters also showed insignificant fre-
quency change: the bilateral OIfS, MFS c, ColS a, IFS, PostCS a,
ITS ¢, left LOS, left superior frontal sulcus (SFS), left ITS a, right
PostCS c, right MFS b, and right CalS c. The detailed frequency
changes among the fetal subgroups and the adult cohort were
shown in Supplementary Figure S8.

Discussion

In this study, we aimed to characterize spatial distribution and
emergence of sulcal pits during fetal brain development. The
findings support our hypothesis that the position and spatial
variance of the sulcal pits in the fetal brain show similar pattern
compared to those in the adult brain and temporal uniformity
among the fetal subgroups against dynamic brain development;
and the timing of pit emergence is regionally diverse across the
fetal clusters.

We found that there was spatially similar correspondence of
the clusters between the fetal and adult brains. The boundaries
of clusters were similar in each sulcus, but the number of
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Figure 3. (A) Frequency, (B) density, and (C) standard deviation of the position of sulcal pits in the fetal brain. Black lines indicate the boundaries of clusters generated
by all the subjects from fetal cohort. Light blue spheres on the density maps indicate the peak position of density. Each row represents the group used to generate the

maps (from top to bottom: all fetal subjects, G‘eaﬂy, Gmid, and Giate)-

clusters was different in most of the sulci. Fetal brains showed
smaller numbers of clusters than adult brains in the bilateral
CS, PreCS, IFS, IPS, STS, ITS, OrbS, left Cals, left PostCS, and right
POS. This indicates that clusters in those sulci may develop and
divide later in fetal life. Interestingly, fetuses had more clusters
in the bilateral SF and left CingS, although they emerge early
during fetal life.

The first cortical sulci are thought to fold during the early
stage of cortical growth and have a stable number, position,
and orientation. Previous studies have reported that sulcal pits
are found in similar positions in the mature brain and they
partially showed that sulcal pits represent the first cortical
sulci (Lohmann et al. 2008; Im et al. 2010; Meng et al. 2014;
Auzias et al. 2015; Le Guen et al. 2017; Im and Grant, 2019). In
this study, we found the invariance of pit position among the
fetal subgroups. The temporally invariant position of sulcal pits
in the fetal brain despite dynamic growth during the second

half of gestation supports stable position of the first cortical
sulci. This demonstrates that sulcal pits are landmarks which
have developmental information of the human brain. Some
sulci had clusters with relatively higher spatial variance of the
sulcal pits compared to others. The clusters belonging to the
SF, STS, PostCS, ITS, ColS, SPS, and CingS are also shown to
have a high spatial variability in the adult brain due to several
sulcal branches. For example, in the adult brain, connections
of the marginal ramus with the CingS with paracentral sulcus
are highly variable, and the posterior parts of the ITS display
a highly interrupted pattern (Ono et al. 1990). In the clusters
in SF, their high spatial variance can be explained by hemi-
spheric difference and density patterns. These clusters might be
divided into two clusters in later fetal life, because their corre-
sponding clusters in the other hemisphere were already divided,
and the position of their peak density was relatively variable
among the subgroups. Among the fetal subgroups, the strong
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Figure 4. Correlation of standard deviation of pit coordinates between subgroups. (A) Gearly and Gmid, (B) Gearly and Gate, (C) Gmia and Giate, (D) Gearly and adults, (E) Gmia
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Figure 5. Cluster-wise results of pit frequency and chi-square tests. The colors in the clusters on the surface (left) indicating changes of pit frequency among fetal
subgroups and examples of changes of frequency in six clusters are provided (right). Cluster indices and names correspond to those of Figure 1. Colors of the clusters
represent the statistics of frequency change. Red: pit frequency in Geayny over 0.3 and no significant change between subgroups. Light blue: significant increase of pit
presence using chi-square test from Gearly to Gmiq. Purple: both high frequency in Geany (>0.3) and significant increase of pit presence using chi-square test from Gearly
to Gmiq- Green: significant increase of pit presence using chi-square test from Gy;g to Gate- Yellow: significant increase of pit presence using chi-square test from Gearly
t0 Gpyig and from Gpig t0 Giage. Gray: low frequency in Geayy (<0.3) and no significant change. *: significant change of pit presence (FDR corrected P < 0.05) between two

subgroups.

correlations of SD indicate spatial variance of sulcal pits is tem-
porally similar. The results support that spatial variance of sulcal
pits is determined in early fetal life; it may be linked to regional-
specific characteristics in each subdivision of the protomap; and
spatial variance of sulcal pits may be maintained throughout
human lifetime. Finally, our findings demonstrate that sulcal

pits contain spatial information of position and its variance of
the first sulcal folds that are important landmarks to investigate
human brain development and functional localization.

The increasing pattern of pit frequency was observed with
GW, although pit frequency was variant across clusters. This
pattern indicates that there is a specific period of pit emergence
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in each cluster. These results are supported by previous studies
using in vivo fetal MR images, which observe sulcal emergence
to occur during specified times of fetal brain development (Chi
et al. 1977; Garel et al. 2001; Fogliarini et al. 2005; Dubois et al.
2008; Habas et al. 2012). Also, we found three different emerging
patterns across the clusters. First, we found that sulcal pits in
some clusters showed high frequency (>0.3) in Geary. These
clusters were situated in the center of the cortical regions on
the lateral and medial view (Fig. 5). Furthermore, they belong to
the borders of the limbic cortex (i.e., the CingS with its marginal
branch, SPS, anterior parts of the CalS, POS, ColS without the
anterior paraolfactory and rhinal sulci) (Duvernoy et al. 1992;
Donkelaar et al. 2018) and encircled the bilateral SF (the SF, STS
a, and PreCS b). Second, the increase of pit frequency between
Gearly and Gpq was found in the clusters that are located periph-
erally, i.e., further from the limbic and primary visual cortex.
These clusters are predominantly belonging to the dorsolateral
parts of the brain (the bilateral CS a, PreCS a and PostCS b, right
IPS a, right ITS a), primary visual cortex (the bilateral CalS b,
right POS), and sulci near SF (the bilateral OrbS, CS a, and left
STS b). Third, the other clusters, where sulcal pits may emerge
in later fetal life, were observed in more peripheral parts of the
brain than those above (the bilateral PostCS c, ColS a, ITS, LOS,
IFS, MFS, OIfS, and right CalS c). Interestingly, these three emerg-
ing patterns roughly reflect the phylogenetic and functional
localization of the cerebral cortex. The phylogenetically older
allocortex, which does not undergo an ontogenetic six-layer
stage during the development (Brodmann, 1909; Zilles, 2018),
is centrally situated on the medial (the piriform, presubicular,
entorhinal, subgenual, supracallosal, and retrosplenial cortices)
and lateral parts (the anterior insular cortex) of the brain. In
contrast to the allocortex, the heterotypic isocortex undergoes
significant changes in the organization of cortical layers and
diverges considerably from the homogenous six-layer cerebral
cortex that is shown in many cortical areas during the third
trimester of development (Brodmann, 1909). The areas of the
cortex that are composed out of heterotypic isocortex are the
primary visual area in the CalS (area 17), granular insular cortex
in the posterior part of the SF, and primary motor cortex in the
precentral gyrus (area 4) (Marin-Padilla, 1970). Besides the allo-
cortex and heterotypic isocortex, the primary somatosensory
regions such as the primary sensory and auditory cortices are
also centrally situated on the lateral parts of the brain. Thus, the
allocortex, heterotypic isocortex, and primary somatosensory
cortex correspond to the clusters with high pit frequency (>0.3)
in Gearly- The clusters peripherally situated (e.g., MFS and ITS)
showed that pit emerged in later developmental period (Gp,iq or
later). Our results indicate there is a gradient of timing of cortical
maturation from the central to peripheral regions (through the
phylogenetically older and functionally simpler cortical areas),
which might not be captured by the timing of whole sulcal
emergence.

Although the current study showed meaningful results of
spatial distribution and emergence of sulcal pits in the fetal
brain, there are some limitations that should be investigated in
the future study. First are the different patterns of the cluster
boundaries in the bilateral SF and left CingS between the
cohorts. Previous studies with a large sample of human brains
showed individual variability with different morphological types
(continuity, location and number of vertically oriented branches,
and presence of paracingulate sulcus) of the CingS (Ono et al.
1990; Paus et al. 1996). We also found lower explanation
percentages of the first principal components of clusters
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in the left CingS that may represent intersubject variability
(see Supplementary Table 1). Thus, it would be worth to
divide types and analyze the spatial distribution of sulcal pits
separately. To divide the types, longitudinal information may
need to divide the types of the CingS which cannot be captured
in our early and smooth fetal brains. In contrast to the CingS, the
dissimilar boundaries of the SF can be explained by a difference
in geometrical features used for identification of sulcal pits.
While positions of sulcal pits extracted by mean curvature and
sulcal depth are similar, some sulcal pits in SF are not matched
between mean curvature and sulcal depth (see Fig. 1A and
Supplementary Fig. S1B). The density and cluster map generated
by sulcal depth shows a similar pattern to the adult density
map in the SF, while the patterns of cluster boundaries in
the other regions are similar to those in the fetal brain (see
Supplementary Fig. S1B). Thus, finding a reliable geometrical
feature for pit extraction would help clarify the difference of
cluster boundaries in SF between the cohorts. Second, the lack of
longitudinal fetal brain MR images is a shortcoming of this study.
While our findings demonstrated temporal invariance of spatial
distribution of sulcal pits during fetal life, testing longitudinal
data would clearly confirm this. Therefore, longitudinal imaging
of fetal brains should be analyzed in the further works. Third,
smoothness of surface is a major factor for calculating mean
curvature, and it may affect the number of sulcal pits (Cachia
et al. 2003). Although our approach has been used in previous
studies (Tarui et al. 2018; Ortinau et al. 2019; Yun et al. 2019)
and extracted reliable number of sulcal pits, it is necessary to
optimize the smoothness of surfaces for fetuses in the future
study. Last, we used constant FWHM kernel size for fetuses and
adults. Because the fetal template surface is smaller than the
adult one, it may cause a problem when comparing measures
between two cohorts. Although we only performed visual
comparison between the fetal and adult cohorts, selecting and
applying optimal sizes of smoothing kernel to compare fetal and
adult brains is needed for the future statistical approaches.

In summary, this article has three main contributions. First,
we found the position and spatial variance of sulcal pits show
similar patterns between the fetal and adult cohort. Second,
we provided statistical results showing that the position and
spatial variance of sulcal pits are temporally settled in early
fetal life against dynamic brain growth. Last, we quantified the
timing of pit emergence in each cluster and parcellated them
into three emerging patterns related to protomap subdivisions
under genetic controls. Based on the findings, we suggest that
sulcal pits in the fetal brain have the potential to be useful
landmarks for analyzing the topological features for the folding
pattern and for detecting altered cortical maturation in early
stages of neurodevelopment.

Supplementary Material

Supplementary material can be found at Cerebral Cortex online.
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