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Mechanical hierarchy
in the formation and modulation
of cortical folding patterns
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The important mechanical parameters and their hierarchy in the growth and folding of the human
brain have not been thoroughly understood. In this study, we developed a multiscale mechanical
model to investigate how the interplay between initial geometrical undulations, differential
tangential growth in the cortical plate, and axonal connectivity form and regulate the folding patterns
of the human brain in a hierarchical order. To do so, different growth scenarios with bilayer spherical
models that features initial undulations on the cortex and uniform or heterogeneous distribution of
axonal fibers in the white matter were developed, statistically analyzed, and validated by the imaging
observations. The results showed that the differential tangential growth is the inducer of cortical
folding, and in a hierarchal order, high-amplitude initial undulations on the surface and axonal fibers in
the substrate regulate the folding patterns and determine the location of gyri and sulci. The locations
with dense axonal fibers after folding settle in gyri rather than sulci. The statistical results also
indicated that there is a strong correlation between the location of positive (outward) and negative
(inward) initial undulations and the locations of gyri and sulci after folding, respectively. In addition,
the locations of 3-hinge gyral folds are strongly correlated with the initial positive undulations and
locations of dense axonal fibers. As another finding, it was revealed that there is a correlation between
the density of axonal fibers and local gyrification index, which has been observed in imaging studies
but not yet fundamentally explained. This study is the first step in understanding the linkage between
abnormal gyrification (surface morphology) and disruption in connectivity that has been observed in
some brain disorders such as Autism Spectrum Disorder. Moreover, the findings of the study directly
contribute to the concept of the regularity and variability of folding patterns in individual human
brains.

Throughout the development of the human brain, the initially small and smooth-surfaced brain undergoes a
transformation known as cortical folding. During this transformation, the brain experiences a volumetric expan-
sion followed by the formation of gyri (convex folds) and sulci (concave folds) on the cortical surface!?. These
folds are commonly classified into one of three categories: primary, secondary, or tertiary folds. Primary folds
are the first to form and are the largest and deepest. Secondary and tertiary folds are developed shortly after by
subdividing the primary folds**. Research has shown that, in terms of their location, primary folds are relatively
consistent across individuals of the same species, while secondary and tertiary folds are highly variable**. These
folds significantly impact brain function; abnormalities in cortical folding patterns have been linked to cogni-
tive impairments as well as neurodevelopmental and psychiatric disorders such as autism spectrum disorder
(ASD), epilepsy, and schizophrenia®’. The cortex, the outer layer of the brain, also called gray matter, is made up
of cell bodies and capillaries. The white matter, or subcortex, is a complex system of axonal fibers that act as the
connections between different areas of the brain. These fibers can be classified into one of three categories®'*:
projection, commissural, or association fibers. Projection fibers extend radially from the subcortical regions to the
cortex. Commissural fibers connect the two hemispheres of the brain through commissures. Association fibers
connect different regions located in the same hemisphere®. The location and orientation of these fibers change
throughout the development process, which led to many studies that explored the relationship between them
and cortical folding patterns>!'-1. Initially, it was speculated that the axonal fibers pulled on the cortex and thus
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caused cortical folding!'”'®. However, this theory has been largely disregarded due to contradicting evidence'.
In fact, the folding cortex pulls on the axons to trigger axonal elongation and white matter growth rather than
axons pulling on the brain to induce cortical folding!**°.

Currently, the leading theory for the mechanism of cortical folding is differential tangential growth (DTG),
which has been supported by recent experimental and computational findings*'~?’. This theory suggests that
cortical folding is attributed to mechanical instability arising from either the differential tangential growth within
the cortical layer’? or the radial differential tangential expansion due to faster growth of the cortical plate com-
pared to the subcortical white matter’>***°. The difference in the growth rates creates compressive stresses in the
cortex, which eventually induces buckling®*-*2. By using DTG theory, some classical brain disorders associated
with the morphogenesis of the developing brain have been modeled and explained by mechanical instability and
post-perturbation concepts®**%. Sophisticated computational modeling based on DTG has begun to emerge as
a powerful tool to validate or verify the cortical folding results from experiments. Recently, nonlinear finite ele-
ment (FE) analysis has offered valuable insight into the growth, morphology, and function of the brain?*+3*-41,
The results of those studies suggest that DTG is the potential driving force for cortical folding. However, this
driving force in idealized brain models produces random patterns, which are highly dependent on the initial
conditions and imperfections?®4>4,

Although it is widely accepted that the differential growth initiates folding, studies have shown that many
other parameters, such as axonal connectivity and patterned growth, play a role in the final morphology of
the brain>*14-16.18:2234,39,44-46 "The Jjterature shows that the emergence and development of brain connectivity
mainly occur simultaneously with cortical folding during the fetal stage'*’. A connection between abnormal
folding patterns of the brain and underlying connectivity has been observed in several brain disorders such as
ASD*-%2, schizophrenia®~*%, bipolar disorder®®, as well as alteration in both domains in polymicrogyria®-%
and lissencephaly®*%. It is postulated that two morphometric domain alterations in ASD have an early onset,
possibly during the fetal stage of neurodevelopment®®®’. For example, in ASD brains, it has been shown that
reduced gyrification is linked to reduced connectivity*® or, in some cases, to an increased local connectivity and
a reduced distant connectivity®. However, the underlying mechanics and mechanisms of this correlation are
not known. We previously have shown that the interplay between DTG and axonal fibers plays a role on the
modulation of cortical folding patterns®. We observed that the convolution of the cortex pulls areas with a high
concentration of axonal fibers toward gyri rather than sulci. Despite these findings, there is still limited knowl-
edge on how the location and shape of fully folded gyri and sulci are determined in mature brains. Moreover, the
important contributors and their hierarchy in the formation and modulation of folding patterns remain poorly
understood. This knowledge gap in the interplay of brain morphology and other determinant factors, such as
brain connectivity, is a barrier to discovering the origin of brain neurodevelopmental disorders.

In this study, we develop a multiscale mechanical model to explore and elucidate the hierarchy between DTG,
initial geometrical undulations, and axonal connectivity in the formation and modulation of folding patterns.
This study reveals the competition and correlation between important factors in determination of location and
shape of fully folded gyri and sulci. Moreover, we explain how 3-hinge gyral folds form in the human brain and
how important mechanical factors in brain folding control their locations and shapes. A 3-hinge gyral fold, here-
after 3-hinge fold, is the conjunction of gyrus crest lines from three different orientations®. In contrast to ordi-
nary gyri, gyral hinges are of importance because they have the thickest cortices, the strongest long-range axonal
connections, the most pronounced connective diversity, and the most aggregative functional profiles***-7?, This
study will be a foundation to explore the mechanics of the correlation between abnormal gyrification and brain
dysconnectivity in some brain disorders such as ASD.

Material and methods

Growth model. A quarter of a sphere that includes gray matter, white matter, and axonal fiber bundles was
created to study the effect of initial undulations and axonal fibers on brain morphology after growth and folding.
The undulations mimic the initial surface irregularities of the brain in the fetal stage and unfolded condition. The
white matter, the core of the sphere, is surrounded by gray matter with a thickness of 1.5 mm in the model>*7,
The white matter is composed of the Extracellular Matrix (ECM) and axonal fiber bundles. The human brain
contains trillions of axonal fibers with a total length reaching hundreds of thousands of kilometers. As a result,
modeling individual axonal fibers in a macroscopic growth model presents significant challenges, and achiev-
ing a complete representation of such complexity is currently considered extremely challenging. However, the
distribution of axonal fibers in the white matter follows a highly organized pattern. These fibers tend to aggregate
into specific bundles or tracts, each following distinct trajectories and pathways. Therefore, we offer the concept
of "axonal fiber bundles" to capture the contribution of axonal fibers to gyrification in our study. These bundles
represent groups of axonal fibers that are aligned and packed together within specific locations and orientations.
By defining axonal fibers as bundles, we aimed to incorporate the heterogeneous and anisotropic nature of the
white matter substrate into our models, considering its essential role in the gyrification process. Through the
control of bundle density, our models also enabled the representation of regions with varying densities of axonal
fibers, mirroring the distribution observed in the real human brain’s white matter”.

In this study, we considered the theory of differential growth as the driving force of gyrification. In the field
of continuum mechanics, the deformation map ¢ is introduced to describe the mapping of a material particle
from its original position X in the undeformed (reference) configuration 3 to its new position x = ¢ (X) in the
deformed (spatial) configuration 3;. Furthermore, the deformation gradient F = Vx ¢ is introduced to quantify
the mapping of the line element from the reference to spatial configuration, while the Jacobian J is used to char-
acterize the local volume alteration from the reference to spatial configuration. Both the deformation gradient
F and Jacobian J can be further decomposed multiplicatively into an elastic part and a growth part’®.
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where A and G are elastic and growth deformation tensor, respectively. J¢ and J$ are Jacobian corresponding to
the elastic and growth tensor, with the relation described as J¢ = det(A), J¢ = det(G). The growth of tissues,
including the gray matter, white matter, and axonal fiber bundles, was mimicked by a relative thermal expan-
sion, which has been shown to realistically simulate biological tissue growth”-”. Imaging data shows that the
thickness of gray matter remains relatively constant during brain development**’#8°, which indicates that gray
matter grows mainly transversally isotropic® -, Therefore, a uniform transversal growth with the growth tensor
G, =gd+ (1 — g )1s @ 1 was applied to the gray matter. In the equation, g (g->1) is a constant scaler, I is
the unit tensor, and #; is the normal vector of the surface’””%. It is worth noting that a homogeneous tangential
growth of the cortex was assumed in the models for the purpose of simplification. However, in reality, the growth
of the cortical plate is heterogeneous in both tangential and radial direction?®%>%. In contrast, we assumed that
the growth of the ECM followed an isotropic expansion, as defined by Gw = g, I. Additionally, the growth of
axonal fiber bundles was assumed to occur along the axis of the bundles (modeled by truss elements). The iso-
tropic and transversal growth were simulated using isotropic and transversal thermal coefficients in Abaqus FE
software®”. The gray and white matter growth rates were extracted from Andescavage et al.*® in the range between
25 and 40 GWs¥. We introduce the metric of the whole model growth ratio as the third root of the volume of the
grown model over the initial volume of the model to describe the growth process, encompassing both gray and
white matter. In the growth model, we initiated the simulation by replicating the same volumes of the gray and
white matter in a spherical setup, using % of the volumes to represent % of a sphere with symmetric boundary
conditions. Subsequently, the gray matter was assigned tangential growth, while the white matter underwent
isotropic growth, aiming to achieve the volumes observed at the second time point.

A neo-Hookean hyperelastic material model was employed in the study to replicate the mechanical response
of gray and white matter when subjected to quasi-static deformation*!®””. The model utilized a strain energy
density function defined by Eq. 2:

U=Co(#+B+74-3)+ 07 - 1) @
1

where Cjg and D are material parameters, 4; dente the principal stretches and J ¢l is determinant of the elastic
deformation gradient. In the case of axonal fibers, their material properties were also modeled using the neo-
Hookean model. However, when considering a truss element, only the principal stretch 4; = A is taken into
account. In the simplified 1D scenario, the principal stretches 2, = 13 = 1°°, which leads to the reduction of
Eq. (2) as follows:

1
U=Cp(if—1)+ D—l(Id -’ 3)

The shear moduli of gray matter, ECM, and axonal fiber bundles were assigned as 500, 70, and 310 Pa,
respectively’>®2. To focus on the contribution of axonal fibers and geometrical undulation to the folding process,
other material and geometrical properties, such as the shear modulus and growth rate of white and gray matter
and the gray matter thickness, were assumed to be constant in all models. Figure 1a shows the initial geometry of
the quarter-sphere model. Both gray matter and ECM were meshed using an 8-node linear brick (C3D8R), and
the truss element (T3D2) was used to mesh axonal fibers, Fig. 1b. To reduce the simulation cost, a small sphere
far from the study area was removed from the model and the remaining surface was clamped. Furthermore,
the mesh size was gradually increased from the outer surface of the ECM to the center of sphere. A self-contact
constraint to avoid the self-penetration of the gray matter during folding was applied on the free surface of the
gray matter. Considering the normal vector of each face, a symmetry boundary condition was applied to each
cut face of the model. The independence of the results from the boundary conditions and mesh size was checked.

A python code was developed to apply the geometrical undulations to the surface of the gray matter of the
meshed model. Figure 1c shows a zoomed-in undulation on the model. Each undulation was applied by dis-
placing the nodes of the meshed model based on a Gaussian distribution. Mapping the surface of the spherical
model to a plan surface enabled us to use a 2D Gaussian distribution. To keep the aspect ratio of the elements
in an acceptable range, the amplitude of the applied undulations decreases gradually from the outer surface to
the center of the sphere. Thus, the outer surface of the gray matter has the maximum amplitude, and the center
of the sphere has zero amplitude. Equation (4) describes the Gaussian distribution:

(x—x0)%* (=)
20} 207

F = aexp(—( ) (4)

Here, xo and yj are the center of the undulation, o and o, are the x and y spread of the blob, and a is the
amplitude. The parameters of the Gaussian function allow undulations to be created at random sites with random
amplitudes and blob spreads. This study investigated models with 4, 5, or 6 undulations at four different ampli-
tudes (a): 1- without undulation (o = 0); 2- low amplitude (¢ = 0.25 x t); 3- medium amplitude (¢ = 0.50 x t);
4- high amplitude (¢ = 1 x t), where ¢ is the thickness of the gray matter. We categorized the amplitudes of the
initial undulations using some preliminary models and according to their effectiveness on the formation of the
consistent folding patterns.

In addition to incorporating geometrical undulations, this study explores the contribution of axonal bundles
on brain gyrification. In our previous study, we showed that the axonal bundles could regulate the morphology of
the folding®. Here, the goal is to investigate the interaction of geometrical undulations and concentrated areas of
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Figure 1. (a) Initial geometry of the brain model without surface undulation. White matter part consists of the
ECM and axonal fiber bundles. (b) The initial geometry of the model after applying undulations. (c) Magnified
region of a meshed model with a negative (inward) undulation. Axonal fiber bundles are extended from the base
of the white matter towards the interface of the white and gray matter.

axonal fiber bundles. Axonal fibers bundles are created inside the ECM and projected from the inner to the outer
surface of the ECM by using truss elements. We considered axonal fiber bundles (nerve tract) to be a group of
individually aligned axonal fibers with a diameter equal to 250 pum'*****, The embedded element method>*>*’,
was used to embed the axonal fibers bundles inside the ECM. In this technique, the translation degrees of freedom
of embedded element nodes are confined to the interpolated values of the corresponding degrees of freedom
of the host element. Therefore, axonal bundles are bonded to the hosted elements of the ECM. The geometrical
undulation code was also applied for all axonal fiber bundles. Therefore, each axonal fiber bundle extends from
the clamped surface of the ECM and reaches the interface between ECM and gray matter after applying undula-
tions. According to the imaging data of Dean et al.?® for the fetal brains, the volume fraction of axonal bundles
inside the ECM was set to 20%. Therefore, axonal bundles were added to the ECM until the volume fraction of
axonal bundles reached 20%. Considering the imaging data that shows the density of axonal fibers varies in the
white matter and that there are concentrated areas of axonal fibers>*>*, we implemented concentrated areas of
axonal bundles into the ECM. To do so, 5% of the white matter is initially filled by axonal fiber bundles using
uniform random distribution. Then, the remaining axonal fiber bundles (15% of the white matter) were distrib-
uted at the concentrated sites using a normal distribution. To avoid an overlap between concentration areas,
a minimum allowable distance between their geometrical centers was set at 15 mm. In respect to the number
of concentration areas, three scenarios with 4, 5, and 6 concentration areas were modeled. In addition to the
scenarios with concentration areas, one scenario with a uniform random distribution of axonal bundles was also
created as a control group. Figure 2 explains the creation of models with different scenarios.

In Fig. 2a, the components of a model which includes gray matter, ECM, and axonal bundles are disassembled
to illustrate different sections of the model. The right figure of Fig. 2a depicts a model with transparent colors
including axonal fiber bundles (green color) inside the white matter. Figure 2b displays a set of scenarios with
the same number of undulations and concentrations but with different amplitudes for undulations. The contour
shows the radial distance of the gray matter. Red areas demonstrate the positive (outward) undulations while the
blue areas represent negative (inward) undulations. In this specific case, there are two positive undulations and
three negative undulations (five undulations in total). Black dots depict the projection of fiber bundles on the
surface of the gray matter. From left to right, the amplitude of undulations increases. As mentioned earlier, four
amplitude scenarios were considered. For the scenario without amplitude, the contour shows a uniform color
equal to the size of the model (35 mm). Moving from the low amplitude to the high amplitude, the color of the
undulations changes from light to dark, which shows deeper cavities and more elevated protrusions.

In this study, we considered three different numbers of undulations (4, 5, and 6), four different concentrations
(0, 4, 5, and 6), and four amplitude levels (0 x t, 0.25 x t,0.50 x t, and 1 X t). In total, 48 different scenarios
were defined. For each scenario, three different cases were created and studied to reduce the effect of random-
ness. We introduced a numerical abbreviation for each scenario based on the number of undulations, number of
concentrations, and the level of amplitude to present the results in a convenient way. As an example, a scenario
with four undulations, four concentrations, and with a low amplitude is represented with 441. Table 1 shows the
developed and studied scenarios.

Detection of gyrus, sulcus, and wall. A combination of maximum principal curvatures (MPCs) and
gaussian curvatures (GCs) was used to distinguish gyri, walls, and sulci in the folded brain models. The MPC
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Figure 2. Developing brain growth model including surface undulations and axonal fiber bundles. (a) Initial
state of a 3D model without undulations. The gray matter, white matter, and axonal fiber bundles are assembled
to form a unified model. Transparent colors are used to depict the components of the model in one image. (b)
An example model with five concentration areas of axonal fiber bundles and five surface undulations, including
three negative undulations and two positive undulations with different amplitudes. The gray matter is depicted
with the radial distance contour (mm). Red regions illustrate the positive undulations while blue regions have
negative undulations. The black dots show the projection of the tip of axonal fiber bundles on the surface of the
gray matter for a better representation. To capture the shallow undulations in the figure, we used a contour range
of 34-36 mm, which is within the bounds of minimum (33.5 mm) and maximum (36.5 mm) radial distance.

Low Medium High
Amplitude Amplitude Amplitude

Undulation | Amplitude | 0 Concentration |4 Concentrations |5 Concentrations | 6 Concentrations
0xt 400 440 450 460
025 x t 401 441 451 461
¢ 0.50 x t 402 442 452 462
1xt 403 443 453 463
0xt 500 540 550 560
025 x t 501 541 551 561
> 0.50 x t 502 542 552 562
1xt 503 543 553 563
0xt 600 640 650 660
025 x t 601 641 651 661
6 0.50 x t 602 642 652 662
1xt 603 643 653 663

Table 1. Labeling different scenarios (48 scenarios) based on the number of undulations, number of
concentrations, and amplitude of undulations. For each scenario, three different cases were developed to
reduce the effect of randomness. In total, 144 models were developed and studied (48 x 3=144). ¢ is the
thickness of the gray matter.

and the GC were computed on the membrane between white and gray matter. Gyral regions were specified as
those with MPC>0.2 (1/mm) or GCs> 0.2 and sulci regions with MPC<0.2 and the rest as walls, all the criteria
were chosen empirically.

Local gyrification index. The local gyrification index (LGI), a three-dimensional extension of the gyri-
fication index, is an automated method to study regional changes in gyrification, which enables a non-biased
estimation of whole-brain morphometric changes. The LGI was defined as an area ratio between the outer hull
and the pial surface of the gray matter'*!. The outer hull surface was generated by wrapping a surface around
the pial surface of the gray matter, which encloses any gap less than 10 mm. For each vertex on the pial surface,
a MATLAB code was developed to calculate the surface area of both the pial surface and hull surface in a radial
distance of less than 5 mm in a cylindrical coordinate system that originates at the center of the spherical model.
The LGI of each vertex was obtained by dividing the total area of the pial surface by the total area of the hull
surface.
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Detection of 3-hinge gyral folds. ~ Gyral net pipeline!® was used to extract the number and shape of the
3-hinge folds in the models after folding. Detailed information regarding the extraction of 3-hinge folds can be
found in our previous publications®®10>104,

Statistical analysis. In this study, we used the Pearson correlation (PC) and p-value to evaluate the effect
of the studied parameters in different scenarios, such as the number of undulations, number of concentrations,
and amplitude of undulations, on each calculated factor from the results. To evaluate the strength of correlation,
we first considered p-value; p-values greater than 0.01 are not statistically significant. If the p-value between two
parameters is less than 0.01, then we use the Pearson correlation. We considered the Pearson correlation |r| value
of < 0.4 as a weak correlation, 0.4-0.6 moderate correlation, and > 0.6 strong correlation.

Results

Different growth scenarios were developed based on the initial geometry of the gray/white matter and the location
of axonal fiber bundles. In general, three scenarios for the geometrical undulations (4, 5, and 6 undulations) and
four scenarios for the axonal fiber bundles concentration sites (4, 5, 6, and a uniform random distribution) were
considered. Furthermore, four amplitudes for the undulations were applied in the models (without undulation,
low amplitude, medium amplitude, and high amplitude). Finally, each case was studied three times to reduce
the effect of randomness. In total, 144 growth and folding models were developed and studied (see the Methods
section for more details). The presented data in this section is the average of the three cases for each setup.

Gyrification of the brain model including axonal fiber bundles. Figure 3, as an example, shows the
initial and folded morphologies of a model with four positive undulations and four axonal concentration areas.
The model before growth and at the initial stage has a smooth surface and positive undulations. At the initial
state, the projection of fiber bundles on the surface of the gray matter is illustrated by black dots. The models
start to grow and at a certain point of the growth process, a mechanical instability emerges as the result of the
mismatch between the growth rates of the gray and white matter. The volume of gray matter increases by 4.5
times while the volume of white matter increases only by 2.7 times during 25-40 gestational weeks®. Faster
growth of the gray matter induces compressive stresses in the cortical plate and creates instability. Growth ratio,

(b)

Growth and Folding

36

34

13

Figure 3. A multiscale mechanical model for the growth and folding of the brain including axonal fiber
bundles. (a) Initial geometry of the model. The model has 4 undulations and 4 concentration areas of axonal
fiber bundles. Twenty percent of the white matter is filled by axonal fiber bundles. The diameter of a bundle is
250 um. The contour shows the radial distance in the spherical coordinate system. (b) Growth and folding of
the model. The tips of fiber bundles are projected on the gray matter’s surface to better show their location at
the interface of gray-white matter. (c) Deformation of axonal fiber bundles inside the white matter after growth
and folding of the model. The contour shows the radial displacement in the spherical coordinate system. (d)
Location of fiber bundles’ tips in a zoomed-in state. Axonal fiber bundles settle mainly in gyri and form 3-hinge
patterns in the concentration areas.
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g of the whole model is defined as the third root of the volume of the grown model over the initial volume of the
model. At the beginning of growth (g=1.33), the amplitude of cortical undulations rises, but there is still no sign
of folding. After a certain amount of growth (g=1.33-1.56), the model reaches its unstable point and bifurcates
to a new geometry, where peaks and valleys start to form into gyri and sulci. By transitioning into post-instability
morphology, the system releases its strain energy?, and by further growth (g=1.56-2.29), the emerged folds
become more convoluted and are comparable to a real mature brain. Figure 3b shows the folded morphology of
the initial model after growth and folding. The ECM of the white matter is suppressed in Fig. 3¢ to observe the
position of the axonal fiber bundles after folding. In the initial status and before folding (Fig. 3a), the fibers are
straight bundles that extend from the inner to the outer surface of the ECM (Fig. 2a). Figure 3b also depicts the
projection of the axonal fiber bundles’ tips on the surface of the gray matter after folding. Tracking the tips of
fiber bundles and comparing them with the position of gyri and sulci in Fig. 3b,c clearly indicates that the axonal
fibers settle mainly in gyri rather than sulci. The main part of the white matter that acts as a substrate for the
cortex folding is corona radiata. Corona radiata is a section of white matter that includes several fiber tracts and
carries most of the neural traffic to and from the cerebral cortex. In the model, 20% of the white matter volume
is occupied with axonal fiber bundles (7,523 counts). The statistical data show that 45.7%, 29.9%, and 24.4% of
axonal bundles in this specific case settle in gyri, walls, and sulci, respectively.

Statistical results regarding the distribution of the axial stress in the axonal fiber bundles show that they are
mainly under tension during the growth process and after folding. Figure 4a distinguishes fiber tip color based
on the type of the experiencing stress (tensile vs. compressive). Red dots depict fiber tips under tension and blue
dots show fiber tips in compression at the end of the folding process. Figure 4a clearly shows that the number of
fibers under tension is significantly higher than the fibers under compression. The histogram analysis in Fig. 4b
also shows the distribution of the normalized axial stress in the fiber tips. Positive or negative stress represents
pulling or pushing force, respectively. In all the folding steps, the number of fibers under tension is higher than
those under compression. The ratio between the number of fibers under tension to the number of fibers in com-
pression equals 1.07, 1.35, 3.81, and 4.17 for growth ratio 1.33, 1.82, 2.20, and 2.29, respectively. These numbers
show that as folding progresses, the total number of fibers under compressive force decreases because it is added
to the total number of fibers under tensile force.

Correlation between the distribution of axonal fiber bundles and folding morphology. Fig-
ure 5 summarizes the results of one set of four scenarios with 4, 5, and 6 concentration areas, as well as a model
with a uniform distribution and a model with a uniform random distribution of axonal fiber bundles. The first
column shows the projection of axonal fiber bundles’ tips on the free surface of each model’s gray matter at its
initial state. Axonal fiber bundles’ tips are depicted with a radial distance contour. These models show the dif-
ference in axonal fiber concentration between each of the scenarios. The second column shows the projection of
axonal fiber bundles on the gray matter after folding. In all cases, most of the axonal fiber bundles settle in gyri.
For the models including concentration areas (Fig. 5c—e), the path of the crest lines of gyri and the path of the
tips of dense axonal fiber bundles are the same (magnified images). Even for the cases with uniform or random
uniform distributions, a greater number of axonal fiber bundles are in the gyri than the sulci. The last column
shows a magnified image of one concentration area for each case.

We ran three different cases for each scenario to reduce the effect of randomness and have meaningful sta-
tistical results. The first represented statistical data is the local density of the bundles in gyri, wall, and sulci. To
calculate the local density for each concentration area, we considered the fiber bundles and the interface between
gray matter and white matter located within a radius of 5 mm from the center of that concentration area. We com-
puted the total surface area of each gyri, wall, and sulci, along with the corresponding number of fiber bundles
within each region. The local density was determined by dividing the number of bundles by the surface area of
each respective region. The averaged results are presented in Fig. 6. The first column presents scenarios without
concentration areas, indicating that the bundles are randomly distributed throughout the white matter. As there
are no predefined concentration areas in these scenarios, we randomly selected four distinct points to serve as the
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Figure 4. Stress type in axonal fiber bundles. (a) Axonal fiber bundles’ tips under tension (red) or under

compression (blue). (b) Axial stress distribution in the axonal fiber bundles at the interface of the gray and white
matter during the folding process in different growth ratios.
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Figure 5. Growth and folding of brain models with a different number of concentration areas. The number of
bundles is the same in the models. There are no initial undulations in the models (o« = 0). The locations of the
concentration areas are selected randomly. Axonal bundles occupy 20% of the white mater volume. (a) Uniform
distribution. (b) Uniform random distribution. (c) Four concentration areas. (d) Five concentration areas.

(e) Jayakumari (Six) concentration areas. First column shows the initial distribution of axonal bundles before
folding. Second column shows the projection of axonal bundles on the surface of gray matter after folding. Third
column shows the magnification of a concentration area for each case.

centers of concentration areas. As expected, the scenarios without concentration areas exhibit noticeably lower
local fiber density. Additionally, in these cases, the ratio between the fiber density in the gyri and the fiber density
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Figure 6. (a) Local fiber density in gyri, wall, and sulci after folding in the models with a different number

of undulations and concentration areas. The local fiber density refers to the quantity of fibers present within a
given unit surface area (in 1 mm?). For each combination of undulation and concentration, models without, low,
mean, and high amplitude of undulations are compared. The first, second, and third numbers in the scenario
labels show the number of undulations, number of concentration areas of axonal fibers, and amplitude of
undulations, respectively. See Table 1 for the detail of labeling. Red, green, and blue colors indicate for gyri, wall,
and sulci, respectively. (b) Correlation analysis of the data for each parameter that has a significant correlation.
P: P-value, PC: Pearson Correlation.

in the sulci is notably low, specifically with an average ratio of 1.2. The results for the uniform distribution of fiber
bundles were not reported, as they showed the same trend as the uniform random distribution. The observed
difference in axonal fiber density between the gyri and sulci can be attributed to the bending of the cortex. This
bending leads to compression at the bottom of the gyri and stretching at the bottom of the sulci. Consequently,
given the assumption of a uniform random distribution of fibers, the fiber density in the gyri is higher than in
the sulci. However, it is important to emphasize that the uniform distribution of axonal fiber bundles does not
sufficiently account for their contribution to the formation and modulation of cortical folding patterns. Across
all scenarios with concentration areas, the density of bundles in the gyri is notably higher compared to the walls
and sulci, aligning with findings from imaging studies. The average ratio between axonal fiber density in the gyri
to the sulci is determined to be 2.1. While the phenomenon of compression and stretch at the bottom of gyri
and sulci remains valid, it is evident that other factors must be considered to explain this significant increase in
the fiber density. One possible explanation for this can be attributed to the energy minimization of the entire
structure, including gray matter, white matter, and axonal fiber bundles during folding. Indeed, due to the normal
distribution of bundles within the concentration areas, the axonal fiber density in these regions exhibits variations
from the initial stage. Following the folding process, areas with higher fiber density tend to be predominantly
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Radial Distance

Radial Distance

Radial Displacement

located in the gyri. The statistical analysis conducted revealed no significant or moderate correlation between
axonal fiber density and the number or amplitude of undulations. However, a strong correlation was observed
between axonal fiber density and the number of concentration areas. This correlation is expected since the total
number of bundles within concentration areas remains constant.

Correlation between initial undulations and folding morphology. Figure 7 shows the initial state
and the folded morphologies of the models with different numbers of undulations. The positive and negative
undulations mimic the convex and concave surface irregularities that the fetal brain has in the early stage of
development. Figure 7 presents cases with 4, 5, and 6 undulations, all of which have a medium amplitude. The
contour shows the deformation in the radial direction. Red areas highlight positive undulations and blue regions
indicate negative undulations at the initial state. The projection of axonal fiber bundles is depicted with black
dots in initial state. The corresponding final morphology and deformation of axonal fiber bundles of each model
are presented below the initial state. As the marked regions show, the negative undulations typically settle in sulci
after folding, while the positive undulations settle in gyri. This observation is consistent in all of the presented
cases. To quantify this observation, the negative and positive undulations of each scenario were separated and
statistically analyzed to better understand and interpret the effect of the parameters. The average results for each
scenario are reported in Figs. 8 (for positive undulations) and 9 (for negative undulations), which show what
percentage of undulation area in the initial geometry will settle in gyri, walls, or sulci after folding. The undula-
tion area in the initial geometry is defined as a circular surface with a radius of 5 mm centered at the center of
undulation. Data in Figs. 8 and 9 were obtained by calculating the surface area of each undulation located in gyri,
walls, and sulci after folding (see Fig. 8a).

Figure 8a shows the surface of the initial state of the white matter with the contour of radial distance. The
magnified images show one positive and one negative undulation after folding. Red, green, and blue colors in the
magnified image illustrate the distinguished gyri, wall, and sulci, respectively. From the image, the percentage of
the area identified as gyri for the positive undulation is significantly higher than wall and sulci. However, when a
negative undulation is studied, the total area of gyri decreases while the total area of sulci increases significantly.
Figure 8b shows the statistical results related to the positive undulations for each scenario. Each surface element
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Figure 7. Growth and folding of three models with different numbers of initial undulations. All the undulations
have a medium amplitude. (a) Four initial undulations (scenario 462). (b) Five initial undulations (scenario
552). (c) Six initial undulations (scenario 662). The first row shows the initial state of the models. The second
row shows the morphology of each model after folding. The contour of the first and second row are the radial
distance (mm). The third row shows the deformation of axonal fiber bundles inside the white matter after
growth and folding of the model. The contour illustrates the radial displacement (mm).
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Figure 8. (a) A positive undulation before and after growth. (b) Percentage of positive undulation area in gyri/
wall/sulci after folding in different scenarios. The undulation area in the initial geometry is defined as a circular
surface with a radius of 5 mm, in which its center is located at the center of undulation. (c) Correlation analysis
of the data for each parameter that has a significant correlation. P: P-value, PC: Pearson Correlation.

of the initial undulation region was traced to see if it is positioned in gyri, walls, or sulci after folding. Each
column shows the percentage of the undulation area located in each geometrical feature (gyrus, wall, sulcus).
The presented results are obtained by dividing the area of the elements in gyri/walls/sulci after folding by the
total area of the undulation before folding. The results of correlation analysis between different parameters are
shown in Fig. 8c. Only the parameters that exhibit a significant correlation are displayed in the figure. Refer to
the supplemental materials for a detailed analysis of all the parameters. As Fig. 8b clearly shows, the positive
undulations in the initial status will form mainly gyri after folding, regardless of the number of undulations,
concentration areas, or the amplitude of the undulations. A statistical analysis of Fig. 8b indicates that there
is a strong correlation between the amplitude of the initial undulations and the percentage of the area in gyri
after folding. In all the scenarios, increasing the amplitude of initial undulations raised the percentage of area in
gyri. The correlation coefficient between the amplitude and the percentage of area in gyri is 0.75, which shows a
robust positive relationship. The number of undulations and concentration areas do not significantly affect the
percentage of area in gyri because the calculated correlation coefficients are 0.04 and 0.007, respectively. Even
for the scenarios without undulation, the percentage of area in gyri is higher than wall and sulci. This happens
due to the definition of gyri, wall, and sulci. We used the interface between the gray matter and white matter as a
surface of interest to find gyri, wall, and sulci. On this surface, each gyrus is a double-layer surface, like a narrow
peak, while the sulcus is a wide valley. Therefore, the gyri’s total area is higher than the wall and sulci in general.
Although the percentage of area in gyri is higher even without undulations, application of undulations increases
the percentage of area in gyri significantly. Further details of correlation between initial positive undulations and
folding morphology are presented in Table S1.
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Figure 9. (a) A negative undulation before and after growth. (b) Percentage of negative undulation area in gyri/
wall/sulci after folding in different scenarios. (c) Correlation analysis of the data for each parameter that has a
significant correlation. P: P-value, PC: Pearson Correlation.

Figure 9 represents similar results to Fig. 8b, but for the negative undulations. In contrast with the positive
undulations, there is a negative relationship between the amplitude of negative undulations and the percentage
of the area in gyri. By increasing the amplitude of negative undulations, the percentage of area in gyri decreases
significantly. Meanwhile, an increase in the amplitude results in a considerable increase in the percentage of area
in sulci. The correlation coefficient obtained between the amplitude of undulations and the percentage of area
in gyri is -0.8, but for the percentage of area in sulci, it is 0.86. This means that the probability of formation of
sulci in areas with negative undulations is very high and increases when the amplitude of undulation increases.
The correlation coefficients between the percentage of surface area in sulci and the number of undulations or
number of concentrations demonstrate that there is no meaningful relationship between them. More details of
correlation between initial negative undulations and folding morphology can be found in Table S2.

Correlation between initial undulations and axonal concentration areas with the location of
3-hinge gyral folds. Figure 10 depicts the probability of evolution of 3-hinge folds in the location of con-
centrations and undulations or their neighborhood. The neighborhood is defined as a 5 mm distance from the
center of the undulation or concentration area of axonal fiber bundles. Figure 10a shows a folded white matter
and projection of axonal fiber bundles on its surface. Each blue sphere shows the location of one 3-hinge fold
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Figure 10. Correlation between the undulations and concentration areas with the formation of 3-hinge folds.
(a) white matter surface with mapped axonal fiber bundles tips and detected 3-hinge folds. (b) Fraction of
concentration areas that have a 3-hinge folds in their neighborhood in each scenario. (¢) Fraction of positive
undulations that have a 3-hinge folds in their neighborhood in each scenario. (d) Fraction of negative
undulations that have a 3-hinge folds in their neighborhood in each scenario. The neighborhood is defined as a
5 mm distance from the center of the undulation or concentration area of axonal fiber bundles. (e) Correlation
analysis of the data for each parameter that has a significant correlation. P: P-value, PC: Pearson Correlation.

in the model. Figure 10a visually shows that in the location of concentration areas, the probability of having a
3-hinge fold is very high. Figure 10b shows the percentage of concentration areas with a corresponding paired of
3-hinge fold in their neighborhood. For instance, for the scenario with 4 undulations, 4 concentration areas, and
medium amplitude, 88% of the concentration areas have a paired 3-hinge fold in their neighborhood.

Figure 10 shows a strong relationship between the location of concentration areas and the location of 3-hinge
folds. The overall average shows that in the location of more than 84% of the concentration areas, a 3-hinge fold
has emerged. Therefore, axonal fiber bundles could be one of the factors responsible for the formation of 3-hinge
folds that is consistent with imaging data extracted from the human brain”. Further statistical analysis shows
that there is a very weak correlation between the number of concentration areas and the fraction of concentration

Scientific Reports |

(2023) 13:13177 | https://doi.org/10.1038/s41598-023-40086-9 nature portfolio



www.nature.com/scientificreports/

areas that have a corresponding 3-hinge fold pair. The third row of Fig. 10 shows the percentage of the location of
positive undulations that have a corresponding 3-hinge fold in their neighborhood. The first column of each chart
in the third row shows the chance of having a paired 3-hinge fold without having an undulation. The average data
of the results for the cases without undulation indicates that 53% of the searched points have a paired 3-hinge
fold. As the correlation coefficient demonstrates (PC=0.69), there is a strong positive relationship between the
amplitude and the percentage of paired 3-hinge folds (68%). Increasing the amplitude of undulations raises the
chance of having a paired 3-hinge fold in all scenarios. However, there is no rational correlation between the
number of undulations and the percentage of pairs. The bottom row of Fig. 8 illustrates the percentage of cor-
respondence between negative undulations and 3-hinge folds. The first column of each chart in the third row is
for the cases without undulations. In contrast to positive undulations, when there are negative undulations, the
chance of having a paired 3-hinge fold in the neighborhood area is reduced. The calculated correlation coefficient
shows a strong negative relationship (PC=-10.70). As a result, it can be concluded that there is a high chance of
emergence of 3-hinge folds in the neighborhood of positive undulations with high amplitude and, more impor-
tantly, around concentration areas of axonal fiber bundles.

Correlation between initial undulations and axonal concentration areas with local gyrifica-
tion index. Another metric that is used to analyze cortical folding patterns is the local gyrification index
(LGI). LGI is a parameter that quantifies the folded brain surface area ratio compared with the surface area of
an outer, smooth, wrapped surface'®1%. A large LGI indicates deeper or more convoluted folds, while a low LGI
indicates smooth folds. Figure 11 combines the initial state, final state, and calculated LGI for a scenario with 4
undulations and 5 concentration areas. LGI was calculated by dividing the surface area of the pial surface by the
surface area of the hull surface. The second row depicts the initial state of each model with the contour of radial
distance. The red areas indicate the positive undulations while blue areas indicate negative undulations of the
initial model. The amplitude of the undulations increases from left to right. The third row shows the result of the
LGI for each corresponding model after folding. To discover the effect of concentration areas on the LGI, the
final state of each model with the projection of axonal fibers on the surface of gray matter is depicted in the last
row. An increase in the amplitude of the undulations increases the gap between LGI of areas with negative and
positive undulations. Furthermore, the LGI decreases in the areas with the concentration of axonal fiber bundles.

A statistical analysis based on the results of all cases was performed to better understand the correlation
between the LGI and the undulations and concentration areas. Figure 12 shows the average data for each scenario.
For each scenario, four different LGIs are reported: the average LGI in concentration areas; the average LGI in
positive undulations; the average LGI in negative undulations; and the LGI of the whole model. Because the
axonal fiber bundles are distributed uniformly in the first column scenarios, the average LGI in the concentration
area is eliminated from the charts. Consistent with the results of Fig. 11, the average LGI in the concentration
areas of axonal bundles is lower than the average overall LGI in all scenarios. In all scenarios, in the presence
of undulations (amplitude 7~ 0), the average LGI in negative undulations after folding is significantly higher
than the other regions of the model. Meanwhile, the positive undulations have the lowest average LGI after
folding. The amplitude of the undulations has a strong positive correlation with the LGI in negative undulations
(PC=0.87) and a strong negative correlation with the positive undulations (PC=—0.73). This result clearly shows
that there is a correlation between the connectivity and LGI that has been observed in the image-based studies

37

Without Amplitude Low Amplitude Medium Amplitude High Amplitude

Figure 11. The dependency of LGI to the concentration areas and amplitude of the undulations. (a) Initial

state of a scenario with 5 concentration areas and 3 negative undulations with different amplitudes. The contour
indicates the radial distance (mm). (b) The folded result of each case with the contour of local gyrification index.
The LGI increases from blue to red. (c) Projection of axonal bundles on the surface of gray matter after folding.
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Figure 12. (a) Obtained LGI for each scenario in the location of concentration areas and positive/negative
undulations. (b) Correlation analysis of the data for each parameter that has a significant correlation. P: P-value,
PC: Pearson Correlation.

of neurodevelopmental brain disorders such as ASD. This will be further discussed in the discussion section.
Table S3 presents the details of correlation between initial undulations and axonal concentration areas with LGI.

Discussions

In this study, we established a multiscale finite element model for brain gyrification motivated by the hypoth-
esis that axonal fibers can regulate the formation of a developing brain. The main goal was to understand the
mechanical hierarchy in the modulation of cortical folding patterns. From the perspective of mechanics, the
results of this study suggested that the formation and regulation of folding patterns of a developing human brain
are highly associated with the initial geometry and interplay between differential tangential growth and axonal

tension theories.
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Effect of initial geometry in the folding morphology. Our results showed that the locations with
positive undulations in the initial geometry would form mainly gyri after folding regardless of the number of
undulations, number of concentration areas of axonal fibers, and amplitude of the undulations. However, an
increase in the amplitude of a positive undulation increases the chance of forming a gyrus after folding at the
same location. In contrast to positive undulations, negative undulations in the initial geometry will form sulci
after folding, and any increase in the amplitude of the undulations increases the chance of the formation of sulci.
Tracking the formation of sulci and gyri from the early gestational weeks to the postnatal brain in humans also
reveals consistent results'”. Our statistical observations can explain how the initial geometrical undulations of
primary folds in the fetal stage after growth and folding form gyri and sulci in the mature brain. A good example
is the central gyrus and central sulcus sites in the fetal brain. The central sulcus appears as a small downward
point or as a groove in the parasagittal region around 21 GW'?. We can consider the central sulcus as a large
negative undulation at the fetal stage according to its initial depth. As the imaging studies show, after growth and
folding, the central sulcus will form a deep, consistent sulcus'”. Unlike the central sulcus, the precentral sulcus,
which can be considered a low-amplitude negative undulation, does not develop a consistent sulcus in individual
brains. The precentral sulcus forms anterior and approximately parallel to the central sulcus and has a different
shape in individual brains'®. In our study, we measured the depth of the central sulcus (representing a negative
undulation) before and after folding on three individual fetal brains at two longitudinal time points (averaged):
28.86 GW and 36.29 GW. Prior to folding, the depth of the central sulcus had a ratio of 1.15+ 0.1 mm, while after
folding, the depth increased to 9.25+ 0.5 mm. This results in an approximate ratio of the depth after folding to
the depth before folding as 8. To assess the accuracy of our models, we also measured the corresponding depths
in the models associated with the 28.86 GW and 36.29 GW time points. Specifically, we determined the ratio
of the negative undulation to the depth of the created sulcus for multiple undulations. The observed ratios were
15.8+0.6, 8.3+ 0.4, and 6.0 £0.4 for the low, medium, and high amplitudes, respectively. These results demon-
strate a good agreement with the imaging data, which as stated, the ratio is approximately 8 for the central sulcus.

In a real brain, the depth of sulci can vary, while the distance of the gyri from the center remains relatively
consistent. We speculate that the same radial distance of gyri in a real brain arises from the constraint of cerebro-
spinal fluid pressure*! and the skull'®®. It has been shown that the skull flattens the crest line of gyri'®. As the skull
is a growing but stiff material compared to brain tissue, it can radially align the crest lines of gyri. However, in our
model, there is no skull constraint as it has been demonstrated that cortical folding is not the consequence of the
skull constraint. Therefore, the maximum point of positive undulation has a larger radial distance compared to
the other formed gyri. In contrast, sulci can penetrate into the soft tissue (white matter) without a rigid barrier
similar to the skull. Consequently, the depth of sulci exhibits more variation than the radial distance of gyri.

Positive (upward) or negative (inward) undulations in the initial geometry might be associated with the
heterogeneous growth of the cortical plate. We have previously shown that the human brain experiences het-
erogeneous growth at the cortical plate due to the rate of the migration of neurons®. Faster growing local areas
typically form positive undulations, and slower growing areas form negative undulations. In this study, we used
a uniform cortical thickness with a uniform tangential growth rate. However, positive and negative undulations
can resemble the faster and slower growing areas, respectively. In reality, the thickness of the cortical plate and
its local growth rates are not uniform. In a study, we showed that the change of the cortical thickness over time
on the longitudinal fetal MRI atlas data provides evidence that the areas with a faster growth rate consistently
engender gyral regions®. From another perspective, we can consider positive undulations as convex patterns
with positive maximal principal curvature (MPC) values, whereas negative undulations have negative values. This
means that the local initial curvature is a determinant factor in the regulation of folding patterns after folding.
Our results also showed that the initial undulations with high amplitudes (positive or negative) are dominant to
axonal fiber bundles in the determination of the location of gyri and sulci after folding. However, in the absence
of the concentration areas of axonal fibers, differential growth can produce only random folding patterns. It is
important to mention that the determination of the location of gyri and sulci is not solely dependent on positive
or negative undulations. As suggested by Smart and McSherry!!®!1, the initiation of a gyrus involves local growth
in the subplate, while the cortical plate at the future sulcal site remains immature with retarded growth. This
observation has been further supported by Borrell and Gotz®* and Borrell''?, emphasizing that cortical folding
entails not only outward growth but also the coordinated action of inward fissuring mechanisms. Considering
these observations in the context of the real brain, we have previously demonstrated that radially faster growing
areas (heterogeneous growth) in the cortical plate also can engender gyrus after folding®. This finding aligns
with the current study, as local undulations can arise as a result of heterogeneous growth patterns in the corti-
cal plate or subplate. It should be noted that these mechanisms play a role alongside the positive and negative
undulations in determining the specific location and patterns of gyri and sulci.

Further statistical analysis showed that an increase in the amplitude of positive initial undulations will reduce
the LGI of the positive undulation locations after folding, while an increase in the amplitude of negative initial
undulations will increase the LGI of the negative undulation locations. To test this model-based observation,
we selected four groups of sulci and gyri at the same locations on one adult and one infant brain and calculated
the mean curvatures. The cerebral sulci were found to be more convoluted than the gyri, both early on and after
completion of the fold (see Fig. S1 and Table S4). Therefore, we can conclude that the locations with negative
undulations after folding are more convoluted and consistent than those with positive undulations.

The high-amplitude negative undulations can be associated with sulcal pits!*!!* (putative first sulcal fold)
in the human brain. It has been shown that the position and spatial variance of sulcal pits demonstrate a similar
trend between the fetal and adult brains'!%, which is believed to be the result of the formation of the deepest parts
of sulci during the early stage of brain development. More recently, the counterparts of these sulcal pits on gyral
regions were found and defined as gyral peaks'', which were shown to retain across ages on macaque brains and
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can be associated with the high-amplitude positive undulations. Those landmarks are consistent and preserve
their characteristics during development in contrast to the variable secondary folds that form later. Our mod-
eling results also showed that an initial high-amplitude undulation retains its location after growth and folding.
Therefore, mechanical models are able to explain the mechanisms of the formation of stable patterns of primary
sulci and high variations of minor sulci across individuals'*>!'%!"7 In addition, there are extensive studies that
emphasize the importance of sulcal pits in the normal development!!® and function!!*!? of the human brain.

Effect of axonal connectivity in the folding morphology. The results of this study showed that
axonal fiber bundles, after the growth and folding of the models, settle mainly in gyri rather than sulci. This
observation agrees with the imaging studies that show the concentration of axonal fibers is greater in gyri than
in sulci®®. The density of axonal fibers in gyri is higher than in other locations, even for primates other than
humans, such as macaques and chimpanzees*»”>. We have previously shown that the axonal bundles have lower
energy under tension than compression because the system tends to reach a lower energy?. The histogram and
image of axonal fiber bundles in tension in Fig. 4a, b show a significant fraction of fibers (more than 80%) are
under tension after development. This has also been observed in in vivo studies'?"!?2. Being in gyri puts axonal
bundles under tension, which is consistent with the experimental observations!*-12, Because we considered
only straight axonal fibers in our model, being under tension implies that the fibers are stretched along the radial
direction. It was shown that an increase in the amplitude of positive initial undulations increases the density of
axonal fibers in gyri. However, the number of undulations and concentration areas have no effect on the density
of the axonal fiber bundles in gyri. Our results also are consistent with the results of a continuum model for brain
development that suggests the anisotropy of the white matter induced by the axonal fibers breaks the symmetry
of regular folding patterns'*'°.

Our statistical analysis showed that LGI decreased in the presence of dense axonal fiber bundles. This obser-
vation might be due to the change in the material properties of the underlying substrate when there is a dense
area of axonal fibers. The axonal fibers are approximately seven times stiffer than the ECM white matter. There-
fore, locations with dense fibers form a stiffer substrate for the folding of the cortex. It is well known that an
increase in the stiffness of substrate in a compressed (or heterogeneously growing) bilayer system will produce
larger folds with higher wavelength'?'*°, which accordingly decreases the LGI. It should be mentioned that
this observation is in the absence of the towed growth in the axonal fiber bundles. Including the towed growth
concept might change the result, although the concept of the towed growth inside the ECM is not clear yet. Our
results show a correlation between LGI as a representative of gyrification and density of axonal fiber bundles as a
representative of brain connectivity. This observation might explain the reported correlation between abnormal
gyrification and dysconnectivity in brain neurodevelopmental disorders'*'~'*. A connection between abnormal
folding patterns (surface morphology) of the brain and underlying connectivity has been observed in several
brain disorders, such as ASD*-%2, schizophrenia®*~*%, bipolar disorder®°, as well as alteration in both domains
in polymicrogyria®-** and lissencephaly®*®*. Research, including this study, suggests that axon maturation plays
a critical role in gyrification'*'>!7199%137_ Considering these facts, several studies support the hypothesis that
brain abnormalities, such as ASD, are neurodevelopmental disconnection syndromes correlated with the differ-
ent formations of fiber pathways that correlate with cortical gyrification'**-'4°. In a recent cross-sectional study,
the correlation between gray matter neuroanatomy and white matter connectivity in male adults with normal
ASD brains was analyzed using a combined structural magnetic resonance imaging and diffusion tensor imaging
study®'. The study showed a significant difference in the local gyrification and mean diffusivity of fiber tracts in
individuals with ASD compared to a normal brain. Another study using tractography and tract-based spatial
statistics (TBSS) showed that the left prefrontal gyrification is negatively correlated to radial diffusivity in the
forceps minor fiber tract in participants with ASD, which implies reduced cortical gyrification is connected to
reduced connectivity*®. It was also shown that there is a positive correlation between LGI and local connec-
tivity in four fiber clusters in ASD brains by revealing that decreased gyrification is linked to increased local
connectivity and reduced distant connectivity*’. In agreement with the image-based studies, our study reveals
a connection between gyrification (surface morphology) and connectivity. Therefore, this study establishes a
foundation to explain the mechanics and mechanism of the gyrification-connectivity, which has not yet been
thoroughly studied.

3-hinge gyral folds and concept of variability and regularity in folding patterns. In addition
to the location of gyri and sulci, the geometrical undulations and axonal fiber bundles control the formation of
3-hinge folds in a developing brain. The locations with positive initial undulations and dense axonal fiber bun-
dles most likely form 3-hinge folds after folding. This observation is in agreement with imaging studies that show
the axonal fiber density is greater in the location of 3-hinge folds even than typical gyri in a matured brain®. Fig-
ure 13 shows the relation between the density of axonal fibers and the morphology of the brain. The fiber density
was determined by calculating the number of fibers’ tips present in a given unit of surface area. Increasing the
amplitude of undulations raises the chance of having a 3-hinge pair in all conditions. However, the number of
undulations and concentration areas of axonal fibers have no considerable effect on the formation of 3-hinges.
The results also show that in the absence of dense axonal fiber bundles or high amplitude initial undulations,
DTG produces only different shapes of 3-hinges in random locations. In contrast, in the presence of dense axonal
fibers or when there are high-amplitude initial undulations, the location and shape of 3-hinges are mainly consist-
ent and preserved. This observation might explain the concept of variability and regularity of the folding patterns
in the individual human brains. Despite a huge variability of folding patterns in the human brain'#!-'%, there are
still identified consistent 3-hinges across individual human brains”. The global and intense variability of folding
patterns stems from the fact that all individual brains at the fetal stage have a unique initial geometry. Our models,
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Figure 13. Relation between the density of axonal fibers and morphology of the brain. (a) Mean fiber density
of HCP $900' in sulci, gyri, whole brain, and 3-hinge folds. The fiber density in 3-hinge folds is even greater
than typical gyri. (b) The density map of an example brain including the detected 3-hinge folds patterns. The
locations including 3-hinges folds have greater fiber density than other locations. HCP S900 data includes 900
healthy brain data. The processing and the tractographic reconstruction from the DWTI (Diffusion-Weighted
Imaging) data were carried out using functions from the MRtrix3 software package'®. For each subject, 5 x 10*
fiber tracts were reconstructed. The fiber density of all individuals in the HCP S900 dataset was calculated and
then the mean fiber densities of the whole brain, sulci, gyri, and 3-hinges were counted.

which all feature different initial geometries, show that they can form distinct patterns after folding. As previously
shown, imperfections in geometry, boundary conditions, and loading types have impacts on secondary cortical
folds*2, which is a possible factor to elucidate the complex and unique cortical morphology that forms during
brain development'*!. However, consistent 3-hinge folds locations identified by imaging studies, show that their
initial locations at the fetal stage have high amplitude initial undulations or areas with a high density of fibers.
Figure 14a identifies several consistent 3-hinge patterns in the mature human brain. Tracing back the locations
of those consistent 3-hinges shows that they have positive initial undulations at the fetal stage, Fig. 14b. The
modeling findings agree very well with the imaging observations. The initial geometry, which includes positive
and negative undulations and heterogeneous distribution of axonal fibers, synergistically determines the final
folding patterns of the developing brain. Therefore, we hypothesize that the observed intertwined abnormal
cortical morphology and axonal dysconnectivity in brain disorders such as ASD are rooted in the fetal brain
development stage, even if ASD symptoms do not appear until infancy or later stages.

Limitations and future work. In this study, similar to other computational simulations, there are multi-
ple inherent simplifications and limitations. Direct experimental studies have shown that axonal fibers show a
chronicle growth in response to a tensile force. This growth is called towed growth and has been used in brain
folding models with simple geometries'***1214>. However, the complex behavior of axonal fibers inside the
ECM is not well understood. We have recently quantified the hyperelastic mechanical properties of axonal fibers
inside the ECM using bulk tissue material properties, micromechanical modeling, and inverse multiobjective
optimization®!. We have used those optimized material properties in the models; however, the intricate behavior
of growing axonal fibers inside the white matter ECM during gyrification needs further research.

In this study, we deliberately employed a homogeneous tangential growth model in the cortical plate and
assumed a uniform thickness. This decision was made to simplify the complexity of the models by reducing
the number of parameters involved. However, it is important to acknowledge that in reality, the cortical plate
is a nonuniform structure, exhibiting variations in thickness across different anatomical sites, and undergoes
a heterogeneous growth process. Recent studies have shed light on the heterogeneity of growth patterns in the
cortical plate, emphasizing the importance of considering regional variations. These findings highlight the need
for a more comprehensive understanding of the dynamic changes occurring during brain development?®#>56,
While the focus of our study was not specifically on the investigation of heterogeneous growth and its contribu-
tion, the inclusion of this factor could enhance the comprehensiveness of future models.

The consistent appearance of similar folds in all directions in our models can be attributed to the utilization
of a perfectly spherical model. In such a model, the symmetrical considerations do not favor any specific fold-
ing direction, resulting in folds that exhibit similarity to one another. However, in the case of a smooth fetal
brain, which possesses an irregular shape with preexisting prominent primary folds, the variation of curvature
of the initial shape and the presence of significant undulations guide the folding process to yield distinct and
nonuniform folds. Previous studies have elucidated the influence of the initial shape on the size and orientation
of folds, emphasizing that the initial shape can significantly impact the folding patterns*!“¢. For example, it has
been shown that longer brains tend to fold more longitudinally than radially™.

In this explanatory study, the spherical initial shape with multiple surface undulations was used to mimic the
morphology of the human brain before folding. However, MRIs of fetal brains show they have an irregular shape.
To be more precise, the initial geometry of the fetal brain should be reconstructed from MRI data to utilize a cor-
tical plate of nonuniform thickness. Additionally, the distribution of axonal fiber bundles should be reconstructed
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Figure 14. Effect of initial undulation on the formation of consistent 3-hinges. (a) Identified 3-hinges in a
mature brain. The identified regular 3-hinges are located at 1. Temporal lobe, (2). Frontal lobe, 3. Rostral Middle
Frontal, 4. Lateral Occipital, and 5. Precentral site. (b) Traced back of the associated locations with consistent
3-hinges at the fetal stage. The locations are in 1. Temporal lobe, 2. Frontal lobe, 3. Rostral Middle Frontal, 4.
Lateral Occipital, 5. Precentral, and 6. Postcentral, respectively.

from DTI fiber tractography of the fetal brains. Therefore, the next phase of our study will be the reconstruction
of the initial geometry of the models from fetal MRIs and axonal fiber bundles from tractography of DTIs.

At the end, we acknowledge that the knowledge of forces®*>!!? alone cannot fully provide a cellular develop-
mental interpretation of cortical folding, and understanding this complex process requires identifying the key
cells involved in the formation of gyri and sulci and comprehending how these cells deform the tissue. In future
studies, the demarcation between the cortical plate and the intermediate and ventricular zones'*” should be well-
defined due to the ongoing migration of neurons. This migration process exhibits spatial variability, resulting in
a gradient of maturity across the entire brain. Furthermore, within the cortex, localized differential expansion
occurs as a result of varying concentrations of basal radial glial fibers, which are genetically determined and
contribute to the formation of gyri and sulci®*'*%. In essence, a comprehensive understanding of cerebral cortical
folding necessitates examining the interplay between cells and forces, as neither factor alone is sufficient to fully
comprehend this intricate process.

Conclusion

In this study, we investigated how the interplay and hierarchy of initial geometrical irregularities, tangential dif-
ferential growth in the cortical plate, and axonal connectivity affect the formation and regulation of brain folding
patterns. Our results show a correlation between the location of gyri and sulci after folding and the location of
initial undulations and density of axonal fiber bundles before growth. In locations with a uniform growth profile,
the location of gyri and sulci is controlled by axonal fibers. The results showed that differential tangential growth
is the inducer of folding, and in a hierarchical order, high-amplitude initial undulations in the cortex and axonal
fibers in the substrate regulate folding patterns. After folding, the locations with dense axonal fibers settle in gyri
rather than sulci. In addition, the locations of 3-hinge shapes are strongly correlated with the locations of the
initial positive undulations and dense axonal fiber bundles. A major finding of this study is that there is a strong
correlation between local gyrification index as a representative of the surface morphology and density of axonal
fiber bundles as a representative of brain connectivity. Given that previous imaging studies attest to the correla-
tion between connectivity and gyrification in brain disorders such as ASD, schizophrenia, and bipolar disorder,
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this research may shed light on the relationship between connectivity disruption and structural discrepancies
that are accompanied by brain development disorders from a mechanical point of view.

Data availability
The data that support the findings of this study are available from the corresponding author upon reasonable
request.
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