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This study aimed at uncovering mechanisms that govern the spatio-temporal patterning of the human cortex and
its structural variability, and drawing links between fetal brain development and variability in adult brains. A
data-driven analytic approach based on structural MR images revealed the following findings: (1) The cortical
surface can be subdivided into 13 independent regions (“communities”) based on macroscopic features. (2) Thirty
centers of low inter-subject variability were found in major sulci on the cortical surface. Their variability showed a
strong positive correlation with the known time points at which they appear in fetal development. Centers
forming early induce a higher inter-subject regularity in a larger local vicinity, while those forming later result in
smaller regions of higher variability. (3) The layout of sulcal and gyral patterns within a community is governed
typically by two centers. Depending on the relative variability of each center, communities can be classified into
structural sub-types. (4) Sub-types across ipsi-lateral communities are independent, but associated with the sub-
type of the same community on the contra-lateral side. Results shown here integrate well with current knowledge
about macroscopic, microscopic, and genetic determinants of brain development.

1. Introduction

The quest to understand the relationship between brain and behavior
has typically included an intermediate step in the form of brain parcel-
lation. Indeed, the individual variability of macro-structural features of
the cerebral cortex has puzzled neuro-anatomists for two centuries
(Gratiolet, 1854; Eberstaller, 1890; Cunningham, 1892; Duvernoy,
1991), who, from visual observation, developed a common ontology
(Swanson, 2015). Considerable training is required for a human observer
to recognize cortical structures. Difficulties arise because even major
sulci and gyri show a remarkable structural variability within and be-
tween subjects (Ono et al., 1990). Secondary features may be prevalent in
some individuals only, and there is an abundance of literature describing
detailed regional variation (e.g., Tomaiuolo et al., 1999; Chiavaras and
Petrides, 2000; Kringelbach and Rolls, 2004; Germann et al., 2005; Kahnt
et al., 2012). However, the definition of regions under study and criteria
for sub-type classification are often phenomenological and ad-hoc. An
over-arching “theory of cortical variability” trying to assess and interpret
the relationship between common and individual features of the human
cortex is currently missing.

Existing brain atlas schemes used in anatomical and functional MRI
studies (e.g., Tzourio-Mazoyer et al., 2002; Desikan et al., 2006; Oishi

et al., 2008; Glasser et al., 2016) are based on the implicit assumption
that all brains can be sufficiently represented as a common mean, without
assessing the validity of this assumption. The positional error incurred
from mapping an individual brain into a normative space is generally
well above the current resolution limit of modern neuroimaging
methods. No current approach allows referencing the individual vari-
ability found on the cortical surface at the imaging level of detail, limiting
the advance of knowledge about individual determinants in translational
research and clinical practice.

In the present work, rather than focusing on commonalities, we aimed
to elucidate mechanisms that govern cortical variability. We applied a
data-driven, quantitative approach for assessing individual cortical
variability, based on the analysis of anatomical MR brain imaging data
acquired in a large cohort of healthy adults. Without including anatom-
ical knowledge, our unbiased approach used machine-learning methods
to reveal processes that segregate cortical space while allowing individ-
ual variations. As a first step, we introduce background and terminology
used in this study:

Sulcal roots: Neuroanatomical studies of fetal development have
established locations and time points at which sulci first appear on the
cortical surface (Cunningham, 1892; Chi et al., 1977; Nishikuni and
Ribas, 2012). Regis et al. (1995, 2005) introduced the term “sulcal roots”
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for these initial locations, and was one of the first to suggest the analysis
of structural variations in terms of their number and relative configura-
tion. More recently, analyses of in utero MRI data sets (Dubois et al. 2008,
2014; Hu et al., 2011; Clouchoux et al., 2012; Habas et al., 2012) have
provided hints that sulcal roots are retained as the locally deepest points
within sulci (“pits”). Studies in infants (Meng et al., 2014) and adults
(Lohmann et al., 2008; Im et al., 2010; le Guen et al., 2018a) have shown
that pits can serve as anatomical landmarks that have a low inter-subject
variability (for a recent review, refer to: Im and Grant, 2018).

Basins: We introduced the concept of sulcal basins as a richer repre-
sentation of cortical features than points (Yang and Kruggel, 2008;
Kruggel, 2018). A basin corresponds to a cortical patch that is centered
around a locally deepest point and includes the neighboring sulcal area
up to the gyral crowns (Fig. 1). Basins are automatically segmented on a
surface representing the gray/white matter (GM/WM) interface, using as
criteria, geodesic depth and surface curvature. In this way, basins provide
a complete segmentation of the cortical surface.

Variability: In our previous publication (Kruggel, 2018), we demon-
strated how basin segmentations can be used to quantify inter-individual
structural variability. In this context, cortical variability is a point-wise
measure that corresponds to a weighted sum of the probabilities of
finding specific basins at that location across a group of subjects. If the
same basin is found at a specific location across all subjects, the vari-
ability is zero. Higher values indicate a higher structural variability
(Fig. 2). We demonstrated that neighboring basins cluster into cortical
communities: basins overlap within a community but not across commu-
nities when compared across subjects. Thirteen communities were
derived by automated clustering (Fig. 3).

In this work, we assess biological mechanisms that govern cortical
variability. We will demonstrate that: (1) The structural pattern within
the 13 communities described before (Kruggel, 2018) is governed by 30
centers of low inter-subject variability (CLV) located in major sulci. (2)
Their variability shows a strong positive correlation with the known time
points at which they appear in fetal development. Deep, low variable
centers are formed early in development. (3) The layout of sulcal and
gyral patterns within a community is governed by typically two centers.
Deep, low variable centers induce a higher regularity in a larger local
vicinity. Depending on the relative variability of each center, commu-
nities can be classified into structural sub-types. (4) Sub-types across
ipsi-lateral communities are independent, but associated with the
sub-type of the same community on the contra-lateral side. Community
sub-types offer a “pattern library” that is sufficiently large to represent
individual variability.

Fig. 1. Processing stages for basin segmentation: Surface shape index (top left,
dimensionless units), geodesic depth (top right, in mm), basin segmentation
(below left, arbitrary color labels), and aligned spherical map (below right,
arbitrary color labels).
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Fig. 2. Overall mapping of variability onto example “inflated” left and right
brain hemispheres. Focal regions of a low variability (in magenta) are sur-
rounded by highly variable “rims” (in red). There is a correspondence between
variability and geodesic depth: regions of low variability are found in deep
cortical folds.

Fig. 3. Mapping of 13 cortical communities onto example left and right brain
hemispheres: fronto-superior (FS, dark orange); fronto-polar (FP, white); fronto-
inferior (FI, black); central sulcus (CS, gray); parietal (PA, dark green); insula
(IN, light green); temporo-lateral (TL, red); occipito-lateral (OL, yellow); orbital
(OR, pink); temporo-medial (TM, light brown); occipito-medial (OM, brown);
medial-anterior (MA, light orange); medial-posterior (MP, light blue).

2. Material and methods
2.1. Subjects and imaging data

This work included imaging data of the 1113 subjects in the “1200
Subjects Release” of the Human Connectome Project released in March
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2017. The cohort consisted of 606 females and 507 males in the age
range of 22-37 years (mean: 28.7 years). T1-and T2-weighted structural
MR images were used in this study. For detailed acquisition information,
refer to the release document (Human Connectome Project, 2017).

2.2. Segmentation of cortical features

The analytical procedures described in this section were extended
from our previous work (Yang and Kruggel, 2008; Kruggel, 2018), and
we included only relevant detail here.

Generation of hemispheric surfaces: Native T1-and T2-weighted struc-
tural images were co-registered, corrected for intensity inhomogeneities,
and the intracranial space was extracted. This space was classified into
four compartments, roughly corresponding to GM, WM, cerebro-spinal
fluid (CSF) and connective tissue. The inner cavities of the WM seg-
mentation (e.g., inner ventricles, basal ganglia) were filled to form a
binary object with genus zero. The cerebellum and brain stem were
clipped 15 mm below the AC-PC plane, and split into hemispheres at the
mid-sagittal plane. A triangulated surface was computed from this object,
and optimally adapted to the GM/WM interface. These meshes retained
the individual dimensions of the acquired images (0.7 mm vertex dis-
tance, about 230.000 vertices, 0.35 mm? Voronoi area per vertex).
Cortical thickness (Osechinskiy and Kruggel, 2012) and myelin ratio
(Glasser and van Essen, 2011) were determined at each vertex location,
using the intensity-corrected T1-and T2-weighted images.

Segmentation of cortical basins: Surface curvature was computed from
the hemispheric mesh, represented by the shape index (Fig. 1, p. 4).
Geodesic depth was determined in image space, using a constrained
distance transform on the sulcal compartment and interpolated at vertex
positions (Fig. 1, p. 4). Finally, basins were segmented by a watershed-
region growing process guided by surface curvature and geodesic
depth. Each basin received a unique label stored at each vertex (Fig. 1, p.
4). Regions that were clipped at the mid-sagittal plane and the brain stem
were excluded from the process. This procedure yielded 100-140 basins
per hemisphere. Basins implicitly encode surface properties: their bor-
ders correspond to shallow cortical ridges, and centers to deep sulcal
folds.

Inter-subject alignment: To compare data across individuals, each
hemispheric mesh was unfolded to a unit sphere while minimizing angle
and area distortion (Kruggel, 2008). The overall correspondence between
individual spherical meshes was maximized by finding a rotation that
optimizes the normalized mutual information of the vertex-wise basin
labels with an arbitrarily chosen reference. Finally, basin labels were
re-sampled on an icosahedral mesh matching the spatial resolution of the
original data (ico7, 163842 vertices; Fig. 1, p. 4). Likewise, geodesic
depth, curvature, cortical thickness, and myelin ratio were re-sampled at
each vertex location. This process led to a spatial normalization across
individuals: Each vertex was considered as homologue between in-
dividuals. Technically, data for each hemisphere were stored as a 3D
matrix of the 1113 subjects by 163842 vertices by 5 features, along with
the spherical mesh that represented vertex positions and neighborhood
relationships.

2.3. Cortical variability and communities

This section contains a condensed version of the methods published in
(Kruggel, 2018). Please, refer for details to this publication.

Variability map: If all brains had identical surface features, basin labels
at each vertex would also be identical. Using the basin segmentation of an
example brain as a reference, we computed a basin variability map as
follows: For a reference sphere S, with M basin labels and an object
sphere S, with N basin labels, we collected an M x N matrix O(m,n) of
label correspondences. Nonzero entries in row m of this matrix corre-
spond to the number of vertices that overlap between basin m in the
reference and basins n on the object mesh. The row-wise maximum de-
notes the basin on S, that best corresponds to basins m on the reference.
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This map of homologue basins was used to relabel basins of S, in terms of
S;. For a given reference, this process was repeated for all subject meshes.
Next, we determined the frequencies of labels at each vertex, and ranked
them by decreasing values, denoting the top rank as zero. Their rank-
weighted sum was used as our vertex-wise variability metric V. The
variability is zero for a one-to-one match m to n, while any other over-
lapping basins increase the metric by the amount of overlap, weighted by
the rank. All vertices of basin m received the variability score V,, corre-
sponding to this basin. Using one subject as a reference, averaging the
1112 pair-wise variability maps resulted in an individual variability map.
Averaging all 1113 individual maps led to the overall variability map
(Fig. 2, p. 5).

Community map: Neighboring basins were clustered as communities
in terms of their mutual overlap. For a chosen reference mesh S,, labels
on a subject mesh S, were re-labeled as described above, to find a matrix
O of dimensions M x M that contains the occurrence of label corre-
spondences. Elements on the diagonal of this matrix contain the number
of homologue labels between the reference and the subject mesh, and off-
diagonal elements the number of vertices in non-homologue basin pairs.
Community building was performed by a graph-based algorithm (For-
tunato, 2008). Initially, this graph contains an unconnected set of M
nodes that represent the basins of the reference mesh. For each
off-diagonal non-zero matrix element, an edge was added to the graph,
and the edge weight updated by the amount of overlap (“connection
strength”). Given the same reference S,, this process was repeated for all
subject meshes S,, accumulating edge weights in the reference graph.
Communities were formed as subsets of nodes that maximized their
common connectivity while minimizing their cross-community connec-
tivity. The final number of communities emerged from the heuristic
optimization process (Campigotto et al., 2014). Each subject mesh was
selected once as the reference, resulting in 1113 maps of community
clusters. To integrate all individual community maps, a variability map
was computed from the community labeling, as described above. Regions
of low variability were occupied by the same community in all subjects,
bordered by small rims of high variability where neighboring commu-
nities “compete” for space. A watershed-region growing procedure was
used to segment this variability map into 13 communities for each
hemisphere (Fig. 3, p. 6). This set of communities is considered as the
structural core that is common to all the brains in our cohort.
Community-wise variability maps (as shown in Fig. 4, and 8-10) were
computed by determining the basins that comprise a specific community
in each subject, and computing a variability map as described above.
Maps were thresholded such that at least 50% of all subjects contributed
to a given vertex position.

2.4. Community sub-types

The arrangement of basins within a community may differ across
groups of subjects. We examined for community sub-types using the
following steps:

Pair-wise similarity: A subject pair was selected, and vertex-wise basins
labels within a specified community were compiled in a contingency
matrix. If patterns are identical, this matrix has non-zero entries only on
the diagonal. The normalized mutual information (NMI) of the contin-
gency matrix ranges from 1 (for an identical pattern) to 0 (for a random
correspondence of labels). The NMI, weighted by the basin size, was used
as a similarity metric. The similarity between all subject pairs was
computed, and compiled in a similarity matrix.

Domain decomposition: The N x N similarity matrix was projected into
a lower-dimensional space using principal component analysis, with M
components selected such that the retained variance was above 80%,
typically, M € {3,---,10}. The resulting data set contained M observations
(i.e., the projected components) in N subjects.

Clustering: Multivariate Gaussian mixture models were adapted to
projected data (Scrucca et al., 2017). The optimal number of classes C
was selected from the maximal Bayesian information criterion. For each
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Fig. 4. Variability in example communities OR, FS, FI, CS, IN, TL, OM, and MP. Please refer to Table 2 for anatomical loci of CLVs.

subject, the basin pattern in a specific community was addressed to a
community sub-type c € {1,--,C}.

Statistical Assessment: In order to assess properties of community sub-
types, we computed class-wise maps of the following vertex-wise fea-
tures: the variability of basin label patterns; cortical depth; cortical cur-
vature; cortical thickness; myelin ratio; and spatial z-score maps of class-
wise differences between features. Differences in spatial statistics were
considered significant if they passed a Bonferroni correction (|z| > 4.08).
The complexity of the basin structure was evaluated using linear
regression, with the number of basins as the dependent variable, and the
sub-type and subject sex as independent variables. Subject age was
generally found to have an insignificant influence, so is not reported
here.

2.5. Anatomical analysis

Locations of CLVs were determined by searching the overall vari-
ability map (Fig. 2, p. 5) for local minima. Vertex positions were mapped
back from common into individual space of a reference data set, and
anatomical locations identified by comparison with an anatomical atlas
(Duvernoy, 1991). For the comparison with fetal development, we
referred to the rich collection of photographs of fetal brains in Nishikuni's
thesis (2006), where sulcal roots were identified in both hemispheres at
different stages of development. The mean time point by which a sulcal
root appeared was used in the analysis here. Note that Nishikuni does not
report hemispheric asymmetries in development.

3. Results
On the basis of the analytical framework detailed below, we exam-

ined the relevance of cortical communities in terms of their relationship
to brain development, and their importance for segregating the
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developing cortex into structural sub-units. First, we studied the rela-
tionship between communities and their centers of low variability (CLV).
Second, we assessed the relationship of geodesic depth and variability of
these centers, and linked their variability to their temporal sequence in
fetal brain development. Third, we demonstrated that communities form
sub-types, governed by specific properties of CLVs in sub-groups of our
cohort.

3.1. Structural centers in communities

A visual comparison of the variability map (Fig. 2, p. 5) with the
community map (Fig. 3, p. 6) led to the observation that communities
contain core sulcal regions of low variability (in magenta), bordered by
variable gyral regions (in red). To study this relationship more system-
atically, maps of the basin variability in the 13 communities were
computed, and their local minima determined as CLVs. Spherical maps
were projected to a local plane for visualization (Fig. 4, p. 12). To ease
comparison across figures, the same color mapping was used to depict
vertex-wise variability measures, although the distinction of some cen-
ters may be less apparent.

Community size and number of centers per community were
compiled in Table 1. Thirty CLVs were determined in each hemisphere;
each community had between one and four centers. Each CLV represents
on average 3.1% of the hemispheric surface (2700 mm?). Notably, cen-
ters with a relatively lower variability determine a larger local neigh-
borhood. Their anatomical locations were identified by mapping
positions back onto a hemispheric mesh. A list of all centers, their
anatomical location, and average variability is compiled in Table 2.

We emphasize that CLVs do not map one-to-one on a sulcal pit.
Centers were derived as local minima from a variability map, unlike the
process of finding pits as locally deepest surface points (Im et al., 2010;
Lohmann et al., 2008). Some centers represent more than one pit,
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Table 1

Summary of basic community metrics. Communities: Size (number of vertices
(#) and percent of total size (%) in both left and right hemispheres. Low-
variability centers (CLVs): Number (#) and percent of total surface size (%).
NL refers to non-cortical regions (cut plane areas in the middle and brain stem).

Community Vertices left Vertices right CLVs
# % # % # %
NL 10531 6.42 10913 6.66 NA NA
OR 4820 2.94 4658 2.84 2 1.44
FS 9385 5.72 10190 6.21 2 2.98
FI 11223 6.84 11133 6.79 2 3.40
FP 6413 3.91 5111 3.11 1 3.51
CS 7234 4.41 6364 3.88 2 2.07
PA 10733 6.55 16036 9.78 3 2.72
IN 20617 12.58 18113 11.05 4 2.95
TL 17650 10.77 17092 10.43 2 5.21
™ 19648 11.99 21799 13.30 4 3.16
OL 11173 6.81 8916 5.44 2 3.06
OM 13308 8.12 11612 7.08 2 3.80
MA 12210 7.45 9288 5.66 2 3.27
MP 8897 5.43 12617 7.70 2 3.28
Table 2
Locations of CLVs and their relative variability.

Comm. CLV Location Var. left Var. right
OR OR1 Olfactory sulcus low low

OR2 Orbital sulcus medium medium
FP FP1 Fronto-marginal sulcus medium medium
FS FS1 Sup. front. sulcus, post. medium high

FS2 Sup. front. sulcus, ant. high high
FI FI1 Inf. front. sulcus, post. low low

FI2 Inf. front. sulcus, ant. high high
CS CS1 Central sulcus, inf. low medium

CS2 Central sulcus, sup. low medium
PA PA1 Post-central sulcus, inf. medium medium

PA2 Post-central sulcus, sup. high high

PA3 Intra-parietal sulcus medium medium
IN IN1 Circular sulcus, front. medium medium

IN2 Circular sulcus, par. low low

IN3 Lat. sulcus, polar plane low low

IN4 Lat. sulcus, temporal plane low low
TL TL1 Sup. temp. sulcus, ant. medium low

TL2 Sup. temp. sulcus, post. medium low
™ T™M1 Hippocampal sulcus low low

TM2 Collateral sulcus, mid. medium medium

T™M3 Occ.-temp. sulcus, ant. high high

T™M4 Inf. temp. sulcus high high
OL OL1 Par.-occ. sulcus low low

OL2 Lat. occ. sulcus high high
OM OM1 Occ.-par. sulcus low low

OM2 Calcarine sulcus medium high
MA MA1 Cingulate sulcus, post. high high

MA2 Cingulate sulcus, ant. medium medium
MP MP1 Cingulate sulcus, asc. low low

MP2 Sub-par. sulcus medium medium

because low-variable neighboring basins may coalesce (e.g., TL1, TI2,
FI1, FS2). Combinations of two neighboring sulcal pits lead to different

CLV shape configurations (e.g., “I” and “L’-type centers FI1 and FS1).

3.2. Variability vs. geodesic depth

We hypothesized that: (1) There is a close relationship between
center variability and depth; (2) Deep, low variable centers are formed
early in development. We determined variability and geodesic depth of
the 30 CLVs in all individual maps, resulting in a table of N=1113
subjects by M = 30 variability and depth measures for each hemisphere.
Depth measures were normalized by the subject-wise median. Finally,
variability and normalized depth were averaged across all subjects.

The variability of CLVs on the right vs. left side is plotted in Fig. 5, top.
As the slope of the regression line (1.0005, p < 2e-16) indicates, the
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Fig. 5. Top: Variability of CLVs in the right vs. left hemisphere. CLVs OM2, FS1,
PA2, and OL2 were less variable on the left, while TL1, TL2, and CS1 were less
variable on the right side. Below: Normalized depth of CLVs in the right vs. left
hemisphere. Centers were slightly deeper on the left side, with the exception of
IN3, TL2, CS1, and FP1. Refer to Table 2 for an explanation of CLV labels.

overall variability was not different between both hemispheres. How-
ever, individual variability scores were significantly lower on the left side
(Wilcoxon test, p=0.04). Some CLVs (TL1, TL2, PA2, OM2) showed
gross differences in their variability between both hemispheres. Fig. 5,
below shows CLV depth on the right vs. left side. Here, the slope of the
regression line (0.947, p < 2e-16) indicated that CLVs are overall slightly
deeper on the left side. Exceptions are CLVs IN3, TL2, CS1, and FP that
are deeper on the right side. Notably, there was a similar group of deep,
low-variable centers on both sides (OR1, MP1, TM1, OM1, OL1, IN2-4,
plus OR2, IN1, TL1, and TL2 on the right side) that may be considered
as the “invariant core” centers of the brain. This group is separated in
variability and depth from a second (CS1-FP1) and third group (FP1-
OL2).

The assessment of CLV variability vs. normalized depth (Fig. 6) did
not reveal a simple relationship. Notably, there was an upper limit on this
relationship, because no CLV was deep and variable. Separating centers
on the basal and medial aspects of the brain (in black) from those on the
convexity (in red) demonstrated that variability and depth were strongly
correlated for the CLVs on the convexity (left: p=1.5e-4, R% = 0.56;
right: p=1.4e-3, R2 = 0.44). Centers on the basal and anterior medial
aspect of the brain cannot be deep, due to anatomical constraints.
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Fig. 6. Variability vs. normalized depth of CLVs in the left and right hemi-
sphere. Centers on the convexity of the brain (in red) showed a strong corre-
lation between variability and depth (left: p=1.5e-4, R*> = 0.56; right: p = 1.4e-
3, R2=0.44).

The temporal sequence of emerging folding patterns of the human
brain was studied by post-mortem assessment (Chi et al., 1977; Nishi-
kuni, 2006) and in utero MRI (Dubois et al., 2008; Habas et al., 2012;
Huang et al., 2013). As previously noted, data about the average
appearance of sulci during weeks 12-40 of gestation were taken from
(Nishikuni and Ribas, 2012) and adapted to the CLV notation in Table 2.
Variability was more strongly correlated with appearance on the left
(Fig. 7; left: R =0.629, p = 2.31e-6) than the right side (Fig. 7; right:
R%=0.303, p = 3.12e-3). Note that post-mortem data (Nishikuni, 2006)
were not differentiated by side.

We conclude that sulci appearing early in development remain as
regions of low variability in adulthood. The apparent clustering of CLVs
into three depth and variability groups spurred the idea that CLVs
develop in three “waves™: (1) The first wave occurs between GW 16 and
20 and segregates a basal ring of communities (OR, IN, TM, OL, OM, and
MA) by seeding one CLV in each community. (2) The second wave fol-
lows between GW 21 and 26 as a superior ring of communities (CS, PA,
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Fig. 7. Variability vs. average timing of sulcal formation (in gestation week) in
the left and right hemisphere. Developmental data were adapted from Nishikuni
and Ribas (2012). Their data were not separated by hemispheres.

TL, FI, FS, MP, and FP), again, by placing one CLV in each community. At
GW 26, CLVs are allocated in all communities. (3) Secondary and ternary
structures develop after GW 26. The second CLV appears in each com-
munity at the same time (IN, OM) or 4-11 weeks later (OR, OL, TM, MP,
MA, FI, PA).

3.3. Community sub-types

The number and pattern of basins within a community differed across
subjects. While primary sulci and their roots were regularly found in all
subjects, secondary sulci were present only in sub-groups of subjects.
Thus, these sub-groups may have distinctive basin patterns within a
community, i.e., form structural sub-types. We used the analytic pro-
cedure described in Section “Methods” and focused on communities CS,
OR, and IN. In comparison with traditional neuroanatomy, these example
communities correspond to different hierarchy levels: CS is a sulcus, OR a
local region with several sulci, and IN is often considered as a “fifth lobe”.
Even with the examples at three different scales, we demonstrate that
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Fig. 8. Sub-types of community CS. Top row: Classification in the left and right hemispheres. Cases marked by green triangles correspond to class 1, blue dots to class
2, and red squares to class 3, shown in the three rows below. Below: Mean variability for the three CS sub-types. In each sub-figure, the outer side corresponds to the

inferior, the inner to the superior portion of the central sulcus.

their structural patterning is governed by similar rules.

Community CS - Central Sulcus: We found three sub-types in the CS
community that showed highly significant differences in local variability
(Fig. 8). In the left hemisphere, type 1 (n = 162 subjects, 14.6%) repre-
sented the central sulcus as a single, “straight”, deep basin with very low
variability (< 0.1). Type 2 (n= 376, 33.8%) split off a more variable
portion by a bridging gyrus in its superior third, with a total average of
2.95 basins. In type 3 (n =575, 51.7%), a bridging gyrus located in the
middle separated variable inferior and superior portions. This pattern
had 4.07 basins on average. Interestingly, males had 0.29 more basins
than females, and the ratio of females in sub-type 1 was significantly
higher (1.42, p = 0.042). Similar to the left hemisphere, in the right, type
1 (n=85, 7.6%) represented the central sulcus as a single, “straight”,
deep basin with very low variability (< 0.1). Type 2 (n =343, 30.8%)
split off a more variable portion by a bridging gyrus in its superior third,
with a total average of 3.24 basins. In type 3 (n = 685, 61.5%), a bridging
gyrus was located rather in the middle and separated a variable superior
portion. This pattern had 3.56 basins on average. Males had 0.35 more
basins than females. A weak association was found between left and right
hemispheric clustering (p =0.059). Types 1-3 were of similar native
surface size (left: 3480 mmz, right: 3251 mm?). and males had larger
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areas than females (left: +404 mm?, p < 2e-16; right: +458 mm?, p < 2e-
16).

Community OR - Orbito-Frontal Cortex: Four sub-types were found in
both hemispheres with highly significant differences in local variability
(Fig. 9, p. 20). As noted, community OR consists of two CLVs, in the ol-
factory and orbital sulci. Patterns of sub-types were similar in both
hemispheres, and a strong association was found between the left and
right hemispheric clustering (p = 1.1e-7).

In type 1 (left: n=164, 14.7%, 6.31 basins; right: n =331, 29.7%,
5.98 basins), community OR was comprised of two deep CLVs with very
low variability (< 0.1). This type was more prevalent in females (left:
1.40, right: 1.33) and showed a deep transverse orbital sulcus (TOS),
with the medial, intermediate, and lateral sulcus typically split off. In
type 2 (left: n =406, 36.5%, 8.40 basins; right: n =285, 25.6%, 7.51
basins), the CLV in the olfactory sulcus was prominent, while the orbital
sulcus was represented by two basins, of which the lateral one was deeper
and more invariant. Both sulci were shallower than in sub-type 1. This
type was more prevalent in males (left: 1.30, right: 1.64). Type 3 (left:
n =310, 27.9%, 7.39 basins; right: n =281, 25.2%, 6.90 basins) was
similar to type 2, but the CLV in the orbital sulcus was uniformly shallow.
In type 4 (left: n =233, 20.9%, 7.39 basins; right: n =216, 19.4%, 6.57
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Fig. 9. Sub-types of community OR. Top row: Classification in the left and right hemispheres. Cases marked by green triangles correspond to class 1, blue dots to class
2, red squares to class 3, and black crosses to class 4, shown in the four rows below. Below: Mean variability for the four OR sub-types.

basins), both CLVs were variable and shallow, resulting in a variable
basin pattern. Males had significantly more basins than females (left:
0.50, right: 0.59).

In the left hemisphere, types 1 and 4 were of similar native surface
size (2827 mm? and 2773 mm?), while types 2 and 3 were significantly
larger (3003 mm? and 3040 mm?, p =1e-9). In the right hemisphere,
types 1 and 3 were of similar size (2720 mm?, 2560 mm?), while type 2
was significantly larger (2780mm?2 p=1e-9) and type 4 smaller
(2300 rnrnz, p = le-9). Independent of sub-type, males had larger areas
than females (left: +352 mm?, p < 2e-16; right: +348 mm?, p < 2e-16).

Chiavaras and Petrides (2000) developed a classification scheme for
orbito-frontal sulci using structural properties as detected by MR imag-
ing. Although their definition was phenomenological, our type 1 corre-
sponded to their type 3, our type 2 to their type 2, and our types 3 and 4
to their type 1.
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Community IN - Insula: Four sub-types were found in community IN
that showed highly significant differences in local variability (Fig. 10, p.
22). The community IN consisted of four CLVs: in the frontal (IN1) and
parietal (IN2) section of the circular sulcus (at the anterior-posterior level
of the long insular gyri), and the temporal (IN3) and polar (IN4) planes
(at the level of the short insular gyri, with IN3 segregated from IN4 by the
transverse temporal gyrus). Note that this definition of the community IN
differs from the standard delineation as it includes opercular regions,
especially, on the temporal side. The clear distinction between IN1 and
IN2 corresponds to the sub-division into anterior insula/frontal opercu-
lum and posterior insula/parietal operculum, in line with a recent data-
driven analysis of functional neuroimaging data (Kelly et al., 2012).

Sub-type patterns were similar in both hemispheres, and a significant
association was found between the left and right hemispheric clustering
(p=3.6e-7). Type 1 (left: n=357, 32.1%, 8.45 basins; right: n =315,
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Fig. 10. Sub-types of community IN. Top row: Classification in the left and right hemispheres. Cases marked by green triangles correspond to class 1, blue dots to class
2, red squares to class 3, and black crosses to class 4, shown in the four rows below. Below: Mean variability for the four IN sub-types.

28.3%, 6.86 basins) was found as a single, confluent group of four centers
with very low variability (< 0.1). In type 2 (left: n =257, 23.1%, 10.35
basins; right: n = 387, 34.8%, 7.94 basins), the center in anterior insula/
frontal operculum was significantly less deep and more variable, and split
off by 1-2 additional basins. Type 3 (left: n = 324, 29.1%, 10.66 basins;
right: n =100, 9.0%, 8.01 basins) showed prominent CLVs in the insula,
while the center in the polar plane was more variable, separated by 1-2
additional basins. In type 4 (left: n=175, 15.7%, 12.33 basins; right:
n =311, 27.9%, 10.19 basins), the anterior insula and polar plane had a
low variability, while the other two sub-regions were more shallow,
variable and separated by 3—-4 additional basins. Males had significantly
more basins than females (left: 1.04, right: 0.98, p =1.7e-3).

In the left hemisphere, types 1, 2 and 3 had similar native surface size
(8951 mm?, 8948 mm?, and 9104 mm?), while type 4 was significantly
larger (9193 mm?, p =0.00195). In the right hemisphere, types 1 and 2
were of similar size (7950 mm?, 8024 mm?), while types 3 and 4 were
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significantly larger (8213mm?, p=0.00221 and 8148 mm? p
0.0072). Independent of sub-type, males had larger areas than females
(left: +1131 mm?, p < 2e-16; right: +876 mm?, p < 2e-16).

Centers vs. Sub-Type Structure: Based on the structural variation of the
sub-types found above, it appears that their CLVs were expressed in two
variants (low variable/deep vs. variable/shallow). A combination of their
variants governs the sub-type structure: a community with two CLVs can
form four sub-types. Denoting a probability p; that CLV i is in a low-
variable state (likewise, 1 — p; for the variable state), sub-type 1 should
be found with a probability p; p2 (likewise, sub-type 4 with a probability
of (1 —p1) (1 — p2)). Assuming independence of variant probabilities p;,
D2, their values were determined from the relative sub-type fractions, and
were compiled in Table 3. While the assumption of two discrete variants
is likely an over-simplification, the similarity of the observed vs. the
estimated fractions is striking. Thirty centers per hemisphere span a state
space of more than 1 billion (2%%) combinations - offering a simple
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Table 3

Examination of sub-type fractions in communities OR, IN, and CS in the left and
right hemispheres. For each sub-type ST, the observed fractions (column obs.),
the estimated fractions (column est.), governed by the two state probabilities p;,
D2 (column Parm.) are shown.

Community ST Probability left Probability right
obs. est. Parm. obs. est. Parm.

OR 1 0.147 0.154 0.297 0.297
2 0.279 0.279 0.356 0.194 0.242 0.551
3 0.209 0.202 0.433 0.252 0.254 0.538

4 0.365 0.365 0.256 0.207

IN 1 0.321 0.321 0.283 0.211
2 0.231 0.206 0.609 0.348 0.348 0.377
3 0.291 0.288 0.527 0.090 0.166 0.559

4 0.157 0.185 0.279 0.275

CS 1 0.146 0.148 0.076 0.082
2 0.338 0.339 0.304 0.308 0.352 0.188
3 0.517 0.155 0.487 0.615 0.100 0.433

- - 0.356 - 0.420

explanation for the puzzling structural variability of the cerebral cortex.
4. Discussion

This study aimed at understanding the spatio-temporal determinants
of structural segregation and patterning on the human cerebral cortex.
We assessed the spatial relationship between regions common to all
brains (“communities”) and their individual structural variants (“sub-
types”), and provided clues about their temporal allocation.

Our principal findings can be summarized as follows: (1) The cortical
surface can be subdivided into 13 communities based on macroscopic
features. These communities form the common core expressed in all
brains. Their allocation on the early cortical surface reserves sufficient
space for developing neuro-functional systems. The individual variability
is confined within a community. (2) Thirty centers of low variability are
found on the cortical surface. Their variability (present in our adult
brains) shows a strong positive correlation with the appearance of cor-
responding sulci during gestation. Centers forming earlier in develop-
ment induced a higher regularity in a larger local vicinity, while those
forming late result in smaller regions of higher variability. A first, basal
ring of communities is segregated from GW 16 to 20, followed by a
second, superior ring that appears between GW 21 and 26. (3) The layout
of basin patterns within a community is governed by 1-4 centers of low
variability. Interestingly, communities can be classified into sub-types,
depending on the relative variability in each center. It is likely that - at
least in part - this variability depends on individual factors influencing
the relative timing at which centers within a community are formed
during gestation. (4) Sub-types are independent of those in neighboring
communities, while there is a weak to strong association with the sub-
type of the corresponding community on the contra-lateral side. Sub-
types over all communities comprise a pattern library that is capable of
explaining a considerable amount of macro-structural variation of the
cortex.

Based on the above, it can be of great interest to integrate these
findings with the current knowledge about the spatio-temporal devel-
opment of the human cortex.

4.1. Methodological considerations

The outcome of community sub-typing depends on three components:
The selection of features that represent structural properties; the choice
of a similarity metric for comparing features between subject pairs; the
layout of an analytical strategy for clustering community sub-types based
on their mutual similarity. Note that N x N pair-wise comparisons must
be made before clustering, which can be computationally demanding.

We included a rich set of vertex-wise features in this study (basin
labels, local curvature, geodesic depth, cortical thickness, and myelin
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ratio) and used a statistical comparison over the community region as a
similarity measure. Our current method did not correct for a possible
relative rotation or scaling of individual patterns. Such a correction might
improve results shown here, at the expense of a much higher computa-
tional cost.

As an alternative to vertex-wise features, basin patterns can be rep-
resented as an attributed geometric graph (Bandelt and Chepoi, 2008),
where nodes correspond to basins and edges to their neighborhood re-
lationships (Yang and Kruggel, 2008). The connectivity and extent of
basin nodes bear important information, thus, neighbors can be merged
but not flipped. Most commonly, graph edit methods (Billie, 2005; Ferrer
and Bunke, 2012) or random walks (Harchaoui and Bach, 2012) can be
employed to compute a similarity metric. Spatial features within a
community can also be considered as a probability distribution on the
sphere, and a Wasserstein (“earth mover's”) metric used to rate similarity
(Solomon et al.,, 2015). Due to the much higher computational
complexity of these approaches, we performed limited experiments here,
and did not a decisive advantage compared to the simple metric above.
We continue to work on the implementation of highly efficient and more
capable similarity measures.

After all N x N pair-wise similarities were compiled in a matrix, data
were projected into a lower-dimensional and clustered into sub-types.
For domain decomposition, we assessed PCA, ICA and kernel PCA
(Scholkopf et al., 1998). For classification, we studied using Gaussian
mixture models (GMM) (Scrucca et al., 2017), agglomerative and divisive
clustering (Kaufman and Rousseeuw, 1990), and evidence accumulation
clustering (Fred and Jain, 2005). Due to the overlap between sub-types in
clustering space, results varied across methods and their parameters (e.g.,
the number of retained components). Domain decomposition by PCA
followed by GMM classification was chosen as a well-understood and
robust approach here. We plan to revise the methodology when more
information about the nature of structural differences within commu-
nities is available.

Our former work on line representations of sulci and gyri (Lohmann
et al., 1997, 1998) was recently re-kindled in the form of a graph rep-
resentation of gyral crest lines (Chen et al., 2017). While results shown
here clearly indicated that gyral features were more variable than sulcal
ones, their relative advantage in capturing important individual detail
remains to be assessed. More interestingly, a multi-scale representation
of cortical curvature (Duan et al., 2018) led to a novel approach for
classifying local gyral patterns. Similarly, a recently described method for
the spectral decomposition of the cortical folding (Germanaud et al.,
2012) led to interesting conclusion about temporal wave dynamics of
cortical development (Dubois et al., 2019=). Research on the represen-
tation of individual cortical features and their analytic approaches is
on-going (Mangin et al., 2010).

4.2. Community sub-types

A clear clustering was found in communities CS, OR, and IN. Similar
results (i.e., two to six clusters) were obtained for other communities,
corroborating the hypothesis that combinations of basin patterns within
a community cluster to form sub-types. A few results from this analysis
deserve a closer look: Hemispheric asymmetries: Overall, the cortex in
the right hemisphere appeared to be structurally more complex. Cortical
variability was slightly but significantly higher on the right side, and sub-
type patterns were less discriminative. Generally, a weak to strong sta-
tistical association was found between the sub-type and hemispheric
side. Thus, structural features between homologue communities are
generally similar but not identical. In contrast, no significant association
was found between clusters of neighboring (ipsi-lateral) communities,
underlining their structural independence. We interpret that this inde-
pendence is due to an early segregation in development, as further dis-
cussed below. Although there are no striking differences in the cortical
development of both hemispheres (Chi et al., 1977; Nishikuni, 2006;
Nishikuni and Ribas, 2012; Dubois et al., 2019), early minute
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asymmetries become more prominent with time (Im et al., 2010; Habas
et al., 2012; Dubois et al., 2014; le Guen et al., 2018b). The strongest
hemispheric difference was found for the superior temporal sulcus,
which was less variable and deeper on the right side, confirming prior
findings (Im et al., 2010; Habas et al., 2012). In contrast to develop-
mental studies by Nishikuni (2006), Chi et al. (1977) reported that the
superior temporal sulcus appeared 1-2 weeks earlier on the right side. In
addition, the asymmetric development of the transverse temporal gyrus
(Chi et al., 1977) leads to more left-sided sulcal interruptions (le Guen
et al., 2018b), and thus, to a higher variability. The lateral sulcus is longer
on the left, providing more space on its posterior end (IN2, IN4) for the
planum temporale (Chi et al., 1977; Im et al., 2010). Chi et al. (1977) also
reported an earlier appearance of the superior frontal sulcus on the left
side, which was found here as less variable on the left.

Sex differences: Several imaging studies established the fact that brain
size scales with body height (e.g., Kruggel, 2006) which largely explains
sex-related difference in absolute brain size. In this cohort, body height
and sex explained 45% of the overall variance: Males had slightly larger
brains (+111 ml, p < 2e-16), with a sex-independent increase in brain
volume of 3.2ml per cm body height (p =2.7e-16). Our approach for
spatial normalization partially corrected for such differences. Males had
consistently between 0.3 and 1.0 more basins per community than fe-
males, given a male brain surface that is 13.5% larger on average. As
previously reported (Kruggel, 2018), these additional basins were
small-to medium-sized (< 400 mm?) and occupied additional space
available on the slightly larger male hemisphere. These additional basins
did not noticeably influence sub-type configurations. This finding is in
line with a former analysis of the cortical folding by Awate et al. (2010)
who concluded that patterns in both sexes are not simply scaled versions
of each other: While females had a larger number of fine-scale features,
males had additional folds. Overall sex differences may also be present in
the form of a higher sulcal tortuosity in males (Germanaud et al., 2012;
Fish et al., 2017) which is difficult to relate to our analysis. Generally, sex
differences were not reported or detected before GW 30 (Scott et al.,
2011) but were present in neonates (Meng et al., 2014), which may
indicate that influences of sex on brain structure increase with later
stages of maturation. A highly significant association between sub-type
and sex was found for some communities (e.g., CS type 1 left, OR type
1 and 2). Interestingly, a recent voxel-based study of multi-modal MRI
brain data (Feis et al., 2013) revealed the most significant sex-related
differences in the fronto-orbital and fronto-inferior portions of the
brain. Thus, it is likely that sex-related differences become more preva-
lent when focusing on sub-regions, such as communities, which is under
further investigation.

Age-related changes: Our cohort included adults in the age range be-
tween 20 and 36. Especially the frontal cortex is known to still mature in
early adulthood (Sowell et al., 1999), while degenerative processes
become noticeable in the fourth decade of life (Kruggel, 2006). Longi-
tudinal studies in infants (Duan et al., 2018; Dubois et al., 2008; Meng
et al., 2014) described macroscopic correlates of cortical maturation as
an increase of gyral fine-structure. Changes were quantified by a higher
fractal dimension of the cortical folding (Sandu et al., 2014) or an in-
crease of the proportion of higher frequencies in a spatial decomposition
of surface curvature (Dubois et al., 2019; Germanaud et al., 2012).
Degenerative processes beginning in adulthood lead to a thinning of the
cortex and white matter stalks, thereby reducing gyral fine-structure. In
contrast, sulcal pits are considered as cortical landmarks that remain
stable throughout life (Meng et al., 2014).

Wherever applicable, we controlled measures for a possible depen-
dence of age. Surprisingly, we did not find influences at a significance
level stronger than a trend, so they were not reported here. We remark
that 70% of subjects in our cohort belong to the age range of 25-32 years,
which may be considered as the “plateau phase” in the transition be-
tween maturation and degeneration. In the context of our analysis,
changes in gyral fine-structure may correspond to changes in detail of
boundaries between adjacent basins, but not to changes in their spatial
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arrangement. Thus, we expect that aging affects local quantitative mea-
sures (e.g., variability), but not regional features (e.g., the community
subclass type).

4.3. Relation to brain development and genetics

This study determined a strong correlation between the variability of
centers and the temporal sequence of their appearance during fetal
development. In the past, the development of macroscopic structural
features has received much attention: Seminal work was performed the
19th century (Gratiolet, 1854; Eberstaller, 1890; Cunningham, 1892),
although reports were rather descriptive and obtained from limited
sample sizes. More recent post-mortem examinations were based on
larger samples (Chi et al., 1977; Nishikuni, 2006; Nishikuni and Ribas,
2012) and complemented by image-analytic methods applied to in utero
MRI (Dubois et al. 2008, 2014; Hu et al., 2011; Clouchoux et al., 2012;
Habas et al., 2012). Nishikuni and Ribas (2012) attributed some vari-
ability in results vary due to: (1) Difficulties in determining the exact date
of contraception; (2) Increasing individual biological variation of sulcus
formation during gestation; (3) Method-related detection criteria. How-
ever, there is converging evidence for the relative sequence of sulcus
formation which was assessed here (Nishikuni and Ribas, 2012). While it
was hypothesized before that sulcal pits are presumably formed early
(Regis et al., 1995; Lohmann et al., 2008; Im et al., 2010), we presented
here, to our best knowledge, the first quantitative evidence for this
hypothesis.

Brain development comes in waves. The apparent grouping of CLVs
by variability and depth (Fig. 5), and their correlation with development
(Fig. 6) support the idea of three “waves”. A first, basal ring of commu-
nities is segregated during GW 16-20 by seeding a single CLV in each
community. A second, superior ring follows between GW 21 and 26.
Around this time point, all communities are allocated. A second CLV is
placed typically 4-11 weeks after the first one, and is rather related to the
development of secondary features. We note that the first ring corre-
sponds to phylogenetically old cortical areas, while the second ring
consists of more recent ones.

The knowledge about the microscopic development of the human
brain dramatically increased in recent years (for recent reviews, refer to:
Sun and Hevner, 2014; Fernandez et al., 2016; Borrell, 2018). Several
mechanisms were determined as pre-conditions for the folding of the
human cortex: (1) Abundant neurogenesis and gliogenesis (Welker,
1990); (2) Splitting of the subventricular zone (SVZ) into inner and outer
sections (OSVZ) during neurogenesis (Reillo et al., 2011); (3) Complex
morphological and transcriptional diversity of progenitor cells (de Juan
Romero et al., 2015); (4) Regional differences in the density of progenitor
cell proliferation (Reillo et al., 2011) and gene expression levels (de Juan
Romero et al., 2015). The regularity of macroscopic folding patterns
within and across species suggest the existence of genetic mechanisms
that regulate early cortical development (Borrell, 2018). A tran-
scriptomics analysis in the developing ferret determined many genes
expressed in distinct spatial patterns (Huang et al., 2013; de Juan Romero
et al., 2015) and temporal variations (Martinez-Martinez et al., 2016) in
the OSVZ that are related to prospective locations of primary folds and
fissures. Jammes and Gilles (1983) studied the growth of the surface area
in human fetuses. They found a biphasic growth, with a slow gain of the
isocortex up to GW 24-26 and an exponential growth thereafter.
Conversely, the allocortex showed a regular gain in GW 13-31, with no
increase later on. Likewise, the germinal matrix (SVZ and ISVZ) peaked
in size at GW 25, then showed a marked decrease. These findings are
similar to a later MRI-based study (Scott et al., 2011), who modeled
isocortical growth as exponential from GW 20 on. Thus, the assumed
formation of our CLVs in two stages (GW 16-20 and 21-26) precedes and
prepares for the period of cortical growth, corroborating their impor-
tance for spatial segregation.

Details of the genetic regulation underlying the spatio-temporal
pattern formation of the human cortex are still largely unknown.
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However, recent studies demonstrated the heritability of 16 sulcal pits
that correspond to our CLVs (le Guen et al., 2018ale Guen et al., 2018b).
Further evidence for the influence of genetic factors may come from the
assessment of specific types of brain malformations (Mangin et al., 2010;
Im and Grant, 2018).

Several groups investigated the hypothesis that gyrification is a
consequence of differential mechanical forces that occur during cortical
growth (e.g., Bayly et al., 2013; Ronan et al., 2014; Tallinen et al., 2016;
Toro and Burnod, 2005; Xu et al., 2010). Bionumerical simulations of a
developing brain consisting of a cortical layer attached to a white matter
core led to brain models that stunningly match an adult brain (Tallinen
et al., 2016).

It is likely that both genetics and biomechanics contribute to gyr-
ification. While genetic mechanisms described above may indicate lo-
cations and time lines of gyrification, they do not suggest why gyrification
occurs - and biomechanical processes may offer an explanation. Con-
versly, a pure biomechanical model may be insufficient to explain why
the complex-shaped brain is formed in a highly similar fashion - a spatio-
temporal control likely stears brain growth.

4.4. Determinants of cortical variability

An early segregation of cortical space is required to ensure a regular
development. We assume that the cortical communities detected in
adults correspond to these regions. Their allocation is presumably
genetically determined and common to all human brains. The cortical
folding process is regularized by a temporal sequence of seeding centers
within communities, with a first, early set in phylogenetically older re-
gions, and a later set in younger regions. Centers formed early induce a
larger, locally more regular folding pattern, while those forming later
influence smaller areas with a higher degree of variability. The relative
formation of centers within a community leads to distinct structural
patterns that are detectable as community sub-types. The spatio-temporal
pattern of center development is also presumably genetically deter-
mined, but to a lesser extent than the community segregation process
and/or controlled by genetic variants common to sub-groups of a pop-
ulations. Non-genetic factors contribute to the individual cortical for-
mation with increasing weight from the third trimester on.

Options for “assembling cortices” by combining sub-types of the 13
communities may explain some of the puzzling individual cortical vari-
ability. The regular portion of the conventional neuro-anatomical
ontology maps to the layout of the community structure and their
inherent invariants. Individual structural variants are confined within a
community, and are often not described in anatomical terms, because a
suitable comprehensive framework is missing.

We emphasize that the sub-typing conducted here is based on
macroscopic assessment of structural features only. Further evidence
must come from the inclusion of structural connectivity and functional
results, and will likely lead to even more fine-grained sub-division of
cortical regions (e.g., Kringelbach and Rolls, 2004; Anwander et al.,
2007; Uylings et al., 2010; Kahnt et al., 2012, Kelly et al., 2012). Thus, we
prefer to refrain from speculating about neuro-biological implications of
regional sub-typing at this time. Considering the strong arguments for
region sub-types provided by this data-driven analysis, we suggest to
consider advantages of individual sub-typing into account when
analyzing structure-function relationships in the human brain.
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