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Abstract

The characteristic surface morphology of the mammalian brain is closely correlated with brain function and dysfunction. During
development, the initially smooth surface evolves into an elaborately convoluted pattern. Growing evidence suggests that mechan-
ical instabilities emerging from differential growth between a faster growing outer gray matter and a slower growing inner white
matter play a major role in brain morphogenesis. Previous studies assume uniform growth and stiffness; yet, recent experiments
indicate that the properties of brain tissue are highly inhomogeneous. Here, we hypothesize that regionally varying developmental
pathways across the brain result in nonuniform material properties at the onset of cortical folding. We establish a computational
model of brain growth to explore the effects of stiffness and growth variations in gray and white matter tissue to mimic cellular pro-
cesses and evolving tissue microstructure. We present an effective approach to determine critical growth values from geometrical
data and systematically study the effect of inhomogeneous material properties on growth-induced primary and secondary instabil-
ities. Our results reveal that critical growth and wavelength strongly depend on the stiffness distribution in the developing brain.
Regional variations in cortical growth affect secondary instabilities and evoke highly irregular folding patterns, but characteristic
wavelength and critical growth remain relatively stable. The interplay of different influential factors including cortical thickness,
brain geometry, stiffness, and growth explains how primary folds are highly preserved across individuals, whereas secondary and
tertiary folds vary significantly. Our findings are directly applicable to imaging data of fetal brains and ultimately enable early
diagnostics of cortical malformations to improve treatment of neurodevelopmental disorders including epilepsy, autism, spectrum
disorders, and schizophrenia.
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1. Introduction

The mechanisms that drive the formation of cortical convolutions during brain development have recently caught the attention
of researchers in various fields. First studies suggesting that mechanics play an important role during brain development [20, 40]
had long fallen into oblivion. Recent evidence, however, has strikingly strengthened the mechanically motivated hypothesis that
growth-induced mechanical instabilities drive cortical folding as the outer gray matter, the cortex, grows much faster than the inner
white matter. Constraint cortical growth leads to compressive stresses high enough to induce surface buckling. Analytical [40], nu-
merical [3, 39], and experimental [47] predictions agree well with anatomical observations [20] including classical malformations
associated with neurological disorders such as schizophrenia and autism [8]. The mechanical model further explains the occur-
rence of period-doubling patterns as shown in Figure 1. Previous studies have mostly assumed homogeneous properties within
the different layers although it is well known that the microstructure of brain tissue is highly inhomogeneous [9]. While we can
macroscopically distinguish between two main tissue types, gray matter and white matter, recent experimental evidence indicates
that the microscopic structure and material properties can vary significantly even within those regions [17, 52]. This most likely
applies to the highly dynamic developmental stage in particular. Furthermore, homogeneous stiffness and growth in the cortex
fail to explain why primary folds are highly consistent among individuals [37, 55]. To elucidate the influence of inhomogeneities
in material properties on cortical folding, we consider the cellular processes during brain development and systematically study
inhomogeneous stiffness and growth distributions. We present an effective geometrical approach to assess growth-induced instabil-
ities in highly irregular systems and indicate how inhomogeneous growth could explain highly preserved primary folds and more
variable secondary and tertiary folds.

Although great efforts have been made to characterize the mechanical behavior of mature brain tissue [24, 43, 25, 9], the stiffness
of the fetal brain remains unknown [16]. Regarding its microstructure, during the early stages of development progenitor cells in the
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Figure 1: Folding pattern on a coronal slice of a human brain, constructed from the same raw image as in [9]. Secondary period-doubling patterns are clearly visible.

deep ventricular and subventricular zones divide to generate neurons which migrate outwards through the cell-sparse intermediate
zone to form the cortex from inside out [14, 44]. When cortical cells mature and form inter- and intracortical connections [38], the
brain surface expands and begins to fold [41, 12]. Simultaneously, the vascular system develops, which closely correlates with cell
proliferation and connectivity. The vasculature follows the radial gradient from the inside to the outside and is first limited to the
deep proliferating ventricular and subventricular zones before it progresses through the intermediate zone, the subplate, and toward
the surface. As recent experiments on mature human brains suggest that factors such as capillary density and brain activity correlate
with the elastic properties of the tissue [9], we hypothesize that the stiffness at the onset of cortical folding is not uniform. Rather,
it likely correlates with the developmental gradient in radial direction: deep proliferating layers and the cortex with high density of
cell nuclei and capillaries might be stiffer than the cell-sparse intermediate layers as illustrated in Figure 2.
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Figure 2: Brain development follows a radial gradient from inside out. As elastic properties of brain tissue correlate with brain activity, neuronal connectivity, and
capillary density, we approximate the stiffness distribution in the developing subcortex by an exponential function, where the deep proliferating zones are stiffer
than the cell-sparse intermediate layers. We assume that the stiffness contrast between cortex and subcortex, 7(y) = pc/us(y), increases exponentially with depth y
as 7(y) = Neo + [0 — Moo ] €Xp(—y/ys) in terms of the stiffness contrasts at the boundary 79 and at infinity 7., = 1, scaled by the parameter ys. The structural gradient
in the developing subcortex can also be deduced from the magnetic resonance image of a very preterm neonate at 27 weeks of gestation (left), adapted from [8].

Not only the stiffness might vary across the developing fetal brain but also cortical growth rates. It has been observed that the
subventricular and ventricular zones are thicker at sites of evolving gyri and thinner beneath sulci. Similarly, the cortex is thicker
in the crowns of gyri than in sulci [33]. Thicker proliferating zones could lead to increased cell migration and higher growth rates.
Therefore, we pose the question whether cortical folding patterns are partially driven by local variations in both cortical stiffness
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and growth rates [12] and systematically study the effect of inhomogeneous properties on the evolving folding pattern.

In a first approximation, cortical folding can be considered as the instability problem of a thin, uniaxially growing stiff film
resting on a homogeneous soft, infinitely deep substrate. Then, a linear perturbation analysis provides closed-form estimates for
the critical growth and critical wavelength for periodic wrinkling [5, 3, 11]. Independent of cortical folding, the influence of in-
homogeneous substrate stiffness on buckling phenomena has previously been investigated analytically and numerically assuming
simplified geometries and exponential or power-law gradients in the radial direction [36, 15] or step-like functions in the circum-
ferential direction [1]. Irregular geometries as well as more complex stiffness and growth distributions as those we expect in the
developing brain, to the authors awareness, require numerical treatment. Furthermore, analytical considerations fail to provide
information about the evolution of the surface morphology in the highly nonlinear post-buckling regime. Thus, in the current study
we perform finite element simulations to investigate the influence of spatially varying stiffness and growth on the onset of primary
wrinkling and the evolution of secondary wrinkling phenomena. However, the identification of critical conditions for buckling
instabilities within a finite element setup is not trivial [32]. Possible approaches include an accompanying eigenvalue analysis [31]
or tracing the evolution of neighboring amplitudes with growth [7]. The former is a rather theoretical approach and not readily
comparable to experimental data such as Magnetic Resonance Images, while the latter requires well defined gyri and sulci which
are stable in time. Here, we evaluate geometrical data, the evolution of amplitudes and mean cortical thicknesses, to characterize
growth-induced primary and secondary instabilities in the inhomogeneous developing brain. With the rapid enhancement of in
utero imaging techniques, the presented approach could ultimately enable the analysis of growth-induced instabilities in the fetal
brain from imaging data.

Previous studies on cortical folding have indicated possible effects of non-uniform cortical growth on pattern selection [3,
39, 55], but only considered imposed patterns close to the characteristic pattern. They compared final folding patterns without
considering the effects on critical conditions for primary and secondary instabilities referring to the possible underlying mechanisms
on the cellular level. In this study, we assess the influence of inhomogeneous material properties based on the cellular processes
during brain development. We discuss critical conditions for primary and secondary instabilities as well as the evolution of the
surface morphology to provide a systematic understanding of the underlying instability. We evaluate to which extent local variations
in stiffness, cortical growth, and cortical thickness affect pattern selection in the developing brain. We show how those effects may
correlate with the highly consistent primary folds and much more variable secondary and tertiary folds in the human brain. The
current study is not only relevant for brain folding, but it applies to any biological system where local variations in properties control
growth-induced instabilities and affect pattern selection.

2. Growth model

To explore the effect of inhomogeneous stiffness and growth distributions on the folding evolution in the developing brain, we
perform finite element simulations using the non-linear field theories of mechanics supplemented by the theory of finite growth [11].
A set of only five equations defines the kinematics, the constitutive behavior, the mechanical equilibrium, the growth kinematics,
and the growth kinetics. We introduce the deformation map ¢, which maps points X from the undeformed configuration to their
new positions x = ¢ (X, 7) in the deformed configuration. We further multiplicatively decompose the defomation gradtient F' and
the Jacobian J into an elastic part and a growth part [26],

F =Vxp=F°-F¢ and J =det(F)=J°J&. €))

To define the kinematics of growth, the growth tensor F¢, we consider cellular mechanisms during brain development [12]. Cortical
folding occurs after neuronal migration has ceased and the vast majority of neurons has already reached its final destination in the
cortex, simultaneously with neuronal maturation: neurons form numerous intra- and intercortical connections [38] and establish a
dense network incorporating glial cells and capillaries, which leads to a significant volume expansion [12]. Based on these cellular
processes, we assume that growth is isotropic, parameterized in terms of a single scalar-valued growth multiplier ¥,

FE=9I1 and JE=det(F®)=1. 2

This implies that the grown volume J¢ is identical to the growth multiplier cubed 3. We characterize the constitutive behavior
of the cortex and the subcortex through the following Neo-Hookean free energy parameterized exclusively in terms of the elastic
tensor F¢ = F /¢ and its Jacobian J¢ = J / 93, as
1 1

w(Fe)zE/lln2(Je)+Ey[Fe:F°—3—21n(Je)], 3)
where A and u are the Lamé constants. This implies that only the elastic part of the deformation induces stress. Following standard
arguments of thermodynamics, the Piola stress P follows as energetically conjugate to the deformation gradient F,
_OY(F®)  Oy(F°) OF° 1 1

— =P F'=—P°=_uF+

P==F oFc ~ OF )

/lln(%)—,u]F_‘. @)
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The Piola stress enters the standard balance of linear momentum, the equation of mechanical equilibrium. In the absence of volume
forces, the balance of linear momentum reduces to the vanishing divergence of the Piola stress,

DivP =0. )

It remains to define the kinetics of growth, the equations that characterize the evolution of the growth multiplier in time. Since
the cortex consists primarily of cell nuclei whereas the subcortex consists primarily of axons, we assume different growth kinetics
for the cortex and subcortex. For the cortex, we assume that growth is purely morphogenetic [2], characterized exclusively by the
growth rate G,

3 =G.. (6)

We let the cortex grow linearly in time, G, = const. In the case of inhomogeneous cortical growth, G, varies in space dependent on
regional variations in cell proliferation. For the subcortex, we assume that growth is stretch-induced [8]. The buckling instability
of the cortex induces extreme deformations to cells in the subcortex, which lengthen gradually when subject to chronic stretch [6].
We make the following ansatz,

P=G (I =T Y=G(J] P -J"), @)

where G; is the subcortical growth rate. The term in the Macaulay brackets ( J¢ — J° ) activates growth only if the elastic volume
stretch J¢ exceeds its baseline value J°, i.e., when axons are stretched beyond their physiological limit [21].

3. Simulation results

3.1. A geometrical approach to assess critical conditions for primary and secondary instabilities

Figure 3 shows the evolution of a period-doubling pattern that emerges when the cortex grows morphogenetically on a stretch-
induced growing substrate for a two-dimensional rectangular simulation domain. We discretize the domain with 2.5 elements per
mm in x— and y—directions, respectively. This results in a minimum of 24 elements per wavelength, which was found to ensure
adequate results (agreeing with analytical predictions for uniform material properties [11]) when using linear finite elements. We
choose a domain size that is twice the characteristic wavelength - the critical wavelength for primary wrinkling A°"' - and impose
a small kinematic imperfection within a narrow band of two elements in the middle of the domain, small enough not to affect the
overall results. With this setting, we have previously shown that we could evoke a variety of secondary folding patterns including
period-tripling or period-quadrupling by careful choice of boundary conditions [7]. In this study, however, we only focus on
period-doubling as the favorable mode [7] to closely mimic the folding pattern in the human brain shown in Figure 1.
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Figure 3: Primary and secondary bifurcations of a morphogenetically growing cortex on a stretch-induced growing subcortex. a) Initially, the cortex is flat, the
amplitudes equal zero, and the mean cortical thickness scaled by its initial value increases linearly with growth . At a first instability point ¥y, amplitudes A;
and A; begin to grow simultaneously shown in blue and green and the evolution of the scaled mean cortical thickness 7 /7. in black shows a kink - the increase in
cortical thickness slows down. At the second instability point ¢4, a pitchfork bifurcation occurs regarding the amplitudes, where every second amplitude grows
and those in between decay. The cortical thickness briefly remains constant before it increases at its former rate. b) The derivatives of the evolution of amplitudes
and mean cortical thickness with respect to growth ¢ allow to distinctly identify the first and second critical growth values: 9y, is the first maximum of dA;, /d¢
and the first inflection of d7. /di3, while ﬂpd is the minimum or second maximum of dA{/d®¥ and dA,/d?, respectively, and the minimum of d7c/dd.

Figure 3a shows the evolution of the neighboring amplitudes A; and A, and the mean cortical thickness scaled by the initial
cortical thickness 7./fo with growth 9. At a first instability point ¥y, the initially flat cortex buckles into a wavy pattern and
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amplitudes grow uniformly. The mean cortical thickness shows a kink. At a second instability point 4, the wrinkled pattern
further bifurcates into a period-doubling mode, where only every second amplitude continues to grow, while those in between
flatten. During the secondary instability the mean thickness briefly remains constant before it further increases at the same rate as
before.

While the evolution of amplitudes immediately allows us to determine the critical growth for periodic wrinkling and period-
doubling [7], for the evolution of the mean cortical thickness, the instability points are less obvious. The latter, however, is an easily
accessable measure in highly inhomogeneous systems, where the folding pattern is highly irregular or unstable in time. Thus, to
identify the critical conditions from the mean cortical thickness, we additionally plot the rate of change of cortical thickness and
folding amplitudes with respect to the cortical growth multiplier 3, d7./d®¥ and dA;,»/d¥, in Figure 3b. This graph reveals several
characteristics of primary and secondary bifurcations. The first instability occurs at the first maximum of dA;/d®¥ and dA,/d¥.
This point corresponds to the first inflection of df./d¢ at which the curve changes from being convex to concave. We note that
we observe a certain rise of amplitudes in Figure 3a even before the instability point ¥y, is reached. This can be attributed to
the small kinematic imperfection, which is perceptible slightly before the system becomes unstable. While this perturbation is
required to ensure consistent initiation of folding on the otherwise perfectly regular simulation domain, it does not affect the critical
conditions for instabilities. At the second instability point, dA,/d¥ and df./d¢ reach a minimum, while dA,/d¢ reaches a second
maximum. Only the first instability, periodic wrinkling, permanently relaxes the compression in the cortex: dz./dd¥ decreases as the
compression in the cortex is partially released. At the second instability point, where the wrinkled surface further bifurcates into
a period-doubling mode, df./d¥ reduces to its minimum but immediately comes back to the rate during periodic wrinkling. This
suggests that the second instability is not associated with a permanent change in the energy of the layer. While periodic wrinkling
releases compression in the cortex, secondary period-doubling minimizes compression in the subcortex.

Geometric quantities as plotted in Figure 3 allow us to identify critical conditions for growth-induced instabilities and also
provide indication about their energetic causation. In simple homogeneous systems, the evolution of neighboring amplitudes is
a convenient to assess measure to characterize growth-induced primary and secondary instabilities. In highly inhomogeneous
systems, the thickness evolution, which we will further analyze in Section 3.4 represents a suitable alternative.

3.2. Inhomogeneous stiffness distribution in the subcortex

Regarding cellular processes during brain development [12] in combination with recent experimental evidence suggesting that
elastic properties of brain tissue correlate with capillary density, intercellular connections, and brain activity, we suppose that
the stiffness in the developing subcortical white matter is not uniform but increases from the cell-sparse intermediate layers just
beneath the developing cortex towards the deep proliferating zones with higher relative cell density [42] as indicated in Figure 2.
We approximate the stiffness contrast between cortex and subcortex, n(y) = u./us(y), by an exponential function,

He

T o
in terms of the stiffness contrast at the cortical-subcortical interface, 79 = (u./is)o, the stiffness contrast at infinite depth y — oo,
7w, and the scaling parameter y; that quantifies the stiffness decay in the substrate. We further assume that the cortical stiffness
remains constant g, = const. and that ., = 1. In what follows, we analyze two different geometries: the two-dimensional
rectangular domain from Section 3.1, which is easily comparable to the analytical solution for uniform material properties, and a
three-dimensional hollow ellipsoid, which represents an idealized brain with ventricular cavity.

Figure 4 illustrates the effects of an exponential stiffness distribution in the subcortex on the folding wavelength in Figure 4a and
the critical growth for primary and secondary instabilities in Figure 4b. The wavelength of folds increases when the stiffness of the
subcortex decreases relative to the stiffness of the cortex corresponding to increasing (uc/us)o and increasing yg, see Figure 4a and
c. The critical growth for primary wrinkling J,, denoted by dots in Figure 4b decreases asymptotically with increasing stiffness
contrast at the cortical-subcortical interface (u./us)o and increases with decreasing y,. The critical growth for period-doubling @pq
denoted by diamonds shows a slight increase with (i /)0 evoked by stretch-induced growth in the substrate [13] stabilizing the
post-wrinkling evolution. Similar to ¢y, ¥pq increases with decreasing y,. Stretch-induced growth in the substrate gains influence
with increasing folding amplitudes and thus ¥ particularly increases for high values of ys and (uc/us)o. This explains why the
curves corresponding to y; = 0.5 and y; = 2.0 in red and magenta intersect with y; = 8.0 in green for high stiffness contrasts.
Notably, for y; = 0.5, amplitudes remain too small to induce a relevant amount of growth in the subcortex and the second instability
point appears independent of (u./u)o, which coincides with the wrinkling behavior on a non-growing substrate [7].

We suppose that when the stiffness contrasts (u./us)o decrease below the value where primary and secondary critical growth in
Figure 4b intersect, periodic wrinkling is not necessarily the favorable mode of instability any more. We can still evoke periodic
wrinkles within the computational framework presented here and determine the corresponding critical growth. However, cusped
sulci form, which transition into folds with self-contact before period-doubling is induced. Thus, analytical solutions based on a
sinusoidal wrinkling pattern [11] are no longer valid. The actual surface pattern is not sinusoidal but alternative instability modes
become favorable and occur at lower growth values than wrinkling [28]. Highly localized instability modes such as creasing are

= oo + [0 — 1o | €Xp(=Y/¥5), (8)
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Figure 4: Sensitivity of surface morphology (c), critical wavelength (a) and critical growth (b) with respect to stiffness gradient in the substrate as a function of
the stiffness contrast (uc/us)o at the cortical-subcortical interface on a rectangular two-dimensional simulation domain. The critical wavelength increases with
increasing stiffness contrast and increasing parameter ys. The primary critical condition for periodic wrinkling illustrated by dots decreases asymptotically with
inreasing stiffness contrast; the secondary critical condition for period-doubling illustrated by diamonds marginally increases with increasing stiffness contrast. Both
primary and secondary critical conditions increase with decreasing ys.

challenging to capture within the presented computational framework because of a finite size of elements and locking effects. Thus,
in the current study we limited ourselves to periodic wrinkling, period-doubling, and the transition into folds.

Figure 4c illustrates the effects of an exponential stiffness distribution in the subcortex on the surface morphology for two
different stiffness ratios at the cortical-subcortical interface, (u./us)o = 5 and (ue/us)o = 10. With increasing ys from left to right
we observe a notable increase in the folding wavelength accompanied by slightly increasing folding amplitudes. With increasing
stiffness ratio at the cortical-subcortical interface from top to bottom, the cortical wavelength only shows a slight increase, but the
maximum folding amplitudes grow recognizably larger before transitioning into folds by forming self-contact.

Figure 5 illustrates the influence of an exponentially increasing substrate stiffness on the final folding morphology in Figure
S5a and the critical growth in Figure 5b of a three-dimensional ellipsoid. We assume axial symmetry and only simulate an eighth
of the hollow ellipsoid discretized by 12936 elements with 43539 degrees of freedom. Because of the heterogeneous curvature of
the ellipsoid, no additional perturbation is necessary to consistently initiate folding. We evaluate the d7./d evolution to reliably
determine the critical growth for the wrinkling instability. Similar to the results of the two-dimensional simulation domain, the
critical wavelength increases with increasing stiffness contrast at the cortical-subcortical interface (u./us)o and increasing ys, while
the critical growth decreases asymptotically with increasing stiffness contrast and increases with decreasing y;. However, critical
growth values are generally slightly higher than on a rectangular simulation domain, which agrees with previous studies showing
that the critical growth increases with increasing curvature [18, 10]. It also becomes apparent that, even for a comparably high
stiffness contrast of (u./us)o = 12, in the right column of Figure 5, we observe realistic folding patterns in the analyzed parameter
range. On a substrate with uniform stiffness, in contrast, a stiffness contrast of 12 would evoke unrealistic folding morphologies,
where folds grow significantly before forming self contact [11]. The final folding patterns for the parameter sets (u./us)o = 3 and
vs = 8 in the bottom row of the first column, and (i /us)o = 12 and ys = 2 in the middle row of the last column appear very similar,
which agrees with the theoretically predicted wavelengths in Figure 4a. However, for the latter, the cortex buckles at a lower growth
Dy
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Figure 5: Sensitivity of surface morphology (a) and critical growth (b) with respect to stiffness gradient in the substrate and stiffness contrast (uc /us)o at the cortical-
subcortical interface on an ellipsoidal simulation domain. The critical wavelength increases with increasing stiffness contrast and increasing ys. The critical growth
Jw decreases asymptotically with increasing stiffness contrast and increases with decreasing ys.
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3.3. Inhomogeneous stiffness in the cortex

The developing cortex has a thickness of only a few millimeters. Furthermore, the potential stiffness differences due to the
radial gradient in neuronal maturation from the inside to the outside might partially be cancelled out by the network of blood vessels
entering the brain from the outer surface to provide cells with nutrition and oxygen. Thus, we suppose that stiffness differences in
the radial direction are minor. However, the cortical stiffness may vary in the tangential direction, when functional demands lead
to variations in cell maturation and connectivity. This is supported by recent experimental evidence revealing that brain stiffness
correlates with the fractional anisotropy (FA) obtained from diffusion magnetic resonance imaging as a measure of morphological
complexity of brain cells and their connections. This observation has also opened new pathways to estimate stiffness distributions
in the living fetal brain. A recent study on the fetal rhesus macaque brain, for instance, has provided evidence for spatial variations
in cortical FA at the time when gyrification begins [50]. To investigate the influence of a non-uniform stiffness in the developing
fetal cortex on the emerging folding pattern, we impose a sinusoidal stiffness distribution along the x-direction of the cortex on a
two-dimensional rectangular simulation domain. We choose a periodicity of multiples of the characteristic folding wavelength for
uniform material properties A" which would occur if the stiffness was constant at its mean value. To emphasize the effects of
cortical stiffness, we assume the substrate stiffness to be homogeneous. We choose a domain width of 14 times the characteristic
wavelength Acibuni g maximum stiffness contrast of (ie/fts)max = 3, and a minimum value of (te /s )min = 1.

Figure 6 shows the influence of an inhomogeneous stiffness distribution along the cortical axis on the folding morphology.
For illustrative purposes, we only show half of the simulation domain. Interestingly, both critical wavelength and critical growth
appear independent of the tangential stiffness distribution in the cortex as long as the mean stiffness remains constant. However, the
non-uniform stiffness controls the location of sulci and gyri and evokes a slightly irregular folding morphology. For such irregular
patterns, the evolution of the mean cortical thickness provides a convenient tool to identify critical conditions for growth-induced
instabilities.

3.4. Inhomogeneous cortical growth

The deep proliferating zones in the developing brain, where migrating cells originate from, are thicker beneath gyri and thinner
beneath sulci as indicated in Figure 7 [33, 35]. We suppose that more cells migrate at sites of thicker proliferating zones associated
with higher growth rates G.. As morphological complexity of cortical neurons correlates with brain function, areas with higher
functional demands most likely grow faster than less involved areas. These assumptions are supported by the fact that the developing
cortex is thicker in the crowns of gyri and thinner in sulci [55]. To investigate to which extent regional variations in the growth rate
a priori determine the location of gyri and sulci, we systematiclly study the influence of non-uniform cortical growth rates on the
emerging folding pattern. Similar to the setup in Section 3.3, we impose a sinusoidal distribution of the growth rates G.(x) with
wavelengths of 18 =0.25, 0.50, 1.00, 1.50, 2.00, and 3.00 times the characteristic wavelength A" and compare the emerging
pattern with uniform cortex growth as assumed in most previous studies [11, 47]. The minimum growth rate is 0.5 G¢_ uni and the
maximum rate 1.5 G,y with the uniform growth rate G . To solely focus on the effects of nonuniform cortical growth, we
assume homogeneous stiffness in the cortex and subcortex, respectively, with a stiffness contrast (uc/ts)max = 5.

7



)\u/)\crit,uni growth

>

1/4 "=, .1U..'O.Q'O.Q'Q.Q'..‘U.Q'O.Q‘

o o o e e o e e o o e P W WL W W w @ MU

— ——— — iy, TR A, TS ey,

1.5

Figure 6: Influence of locally varying cortical stiffness on the evolution of the folding pattern. The contrast between the wavelength of the imposed stiffness pattern
and the characteristic wavelength A#/11% U increases from top to bottom. The inhomogeneous cortical stiffness controls the location of sulci and gyri, but not the
wavelength of folds.
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Figure 7: Cellular processes during brain development. Neurons and glial cell migrate outward from deep proliferating zones, the ventricular zone (VZ) and the
subventricular zone (SVZ), to form the cortex. The SVZ is thicker beneath developing gyri and thinner beneath developing sulci. Also the cortex is thicker in gyri
than in sulci.

Figure 8 shows the evolution of the folding pattern for sinusoidally distributed growth rates in the cortex. As the cortex
grows isotropically, regionally varying cortical growth does not only result in an inhomogeneous cortical pressure but also in
an inhomogeneous cortical thickness. As a result, the surface morphology appears as a wavy pattern even prior to the onset
of wrinkling, which later bifurcates into the pattern associated with the instability. When AS is within a certain band around
the characteristic wavelength A" the imposed pattern prevails as shown in rows 3 to 5 in Figure 8. The deepening of the
mechanically weakest, thinnest locations is sufficient to release the growth-induced compression in the cortex. This observation
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can be associated with a well known phenomenon in convection: according to the Eckhaus instability, patterns can be stable within
a certain band around the characteristic wavelength [1]. When the imposed pattern is significantly different from the characteristic
pattern, however, the cortex bifurcates into wrinkles with the characteristic wavelength. The surface pattern initially established
from local differences in cortical growth and thickness would not sufficiently release cortical compression. This becomes apparent
in rows 1, 2, 6, and 7 in Figure 8, where the coloring does not coincide with the emerging folding pattern. For A% /At = 3 0
shown in the 6th row of Figure 8, for instance, all gyri in the middle column have transformed into sulci in the right column. Not
surprisingly, the local variations in cortical growth control the location of sulci and induce irregular folding patterns. The deepest
sulci will form where the cortex is thinnest. When we impose the characteristic wavelength A9/t = 1.0, we simply cause
a horizontal shift of gyri and sulci according to the local thickness differences. Interestingly, though, the secondary instability
changes: wrinkles transition into folds before the onset of period-doubling. We further note that while both A% /A%t = 2 0
and A0 /At = oo reveal a period-doubling pattern in the right column of Figure 8, only the latter originates from a secondary
instability.
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Figure 8: Influence of locally varying cortical growth rates on the evolution of the folding pattern. The ratio between the wavelength of the imposed growth pattern
and the characteristic wavelength increases from top to bottom with AGactit uni = 250,50, 1.00, 1.50, 2.00, 3.00, and co.
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Figure 9: Evolution of the rate of change of the mean cortical thickness d7. /di as a function of growth # for imposed growth patterns of 0.25,0.50, 1.00, 1.50, 2.00,
and 3.00 times the characteristic wavelength A" UM a5 well as uniform growth. A drop in d7./di initiates the primary instability, where the surface buckles into
sinusoidal wrinkles.

Figure 9 shows the evolution of the rate of change of mean cortical thickness d7./dd with growth. Before initiation of the
primary instability, the cortex thickens faster than after the first instability point associated with a higher rate d¢f./a¢?. When the
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imposed growth pattern is significantly different from the characteristic pattern and the characteristic wavelength will prevail, we
can uniquely determine the critical growth for the onset of wrinkling ,,. For, AG /et wi — 1 00, 1.50 and 2.00, in contrast, we
observe a smooth transition from the unbuckled to the buckled configuration. The closer A% and A" the earlier the instability
will set in. Notably, while sinusoidally varying growth rates affect the location or even wavelength of folds, the primary critical
growth value remains almost constant. Non-uniform growth patterns lead to a slight increase of ,,. The d7./d? evolutions further
indicate that the secondary instability is even more sensitive to non-uniform growth patterns than the primary instability. Imposing
a sinusoidal growth distribution clearly delays the onset of period-doubling or even completely suppresses the emergence of the
secondary instability. It will only occur when the imposed pattern is significantly different from the characteristic pattern, for
instance for A9/ = (.25 or 3.0. Though, the secondary instability point is shifted towards higher growth compared to
uniform growth.
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Figure 10: Influence of locally varying cortical growth rates on the evolution of the folding pattern on a three-dimensional ellipsoidal simulation domain.

Figure 10 illustrates the effects of non-uniform cortical growth on the evolving patterns on a three-dimensional ellipsoidal
simulation domain. Similar to the results on the two-dimensional domain, in the top row, a growth pattern with a slightly lower
wavelength than the characteristic pattern A < A“tuni j5 adopted, whereas in the bottom row, the imposed wavelength is not
sufficient to release cortical compression and the initial gyri at the edges of the domain fold inwards to become sulci after the
instability point. Again, we see a smooth transition from the unbuckled to the buckled state. For uniform growth, the dz./dd
evolution indicates a secondary instability, but for inhomogeneous growth patterns, neighboring folds form self-contact before a
secondary instability would set in.

4. Discussion

Despite their importance for proper brain functioning, the underlying mechanisms of cortical folding during brain development
have long remained understudied and not well understood [4]. After the phenomenon of brain folding has attracted the attention of
physicists and engineers, more and more evidence suggests that mechanical instabilities play a major role in pattern selection. The
outer cortex grows tremendeously when cortical neurons mature and form connections; the constraint of the slower growing inner
subcortex leads to compression in the cortex and surface buckling [40, 3, 11, 46, 39, 47]. Previous studies on the mechanical factors
during brain development have mostly assumed homogeneous material and growth properties within the two different layers. In this
study, we have shown that not only cortical thickness, the stiffness contrast between cortex and subcortex, and geometry, but also the
inhomogeneous character of properties generally known for biological tissues affects growth-induced instabilities. Such inhomo-
geneities represent an additional factor which needs to be taken into account when aiming to predict and understand cortical folding
during brain development. We have approximated stiffness and growth distributions based on mechanisms on the cellular level and
studied their influence on the evolving pattern. The current study emphasizes the importance of the characteristic wavelength - a
quantity well known from linear perturbation analyses. Mechanically weak spots in the developing brain control the location of
sulci and gyri and lead to irregular folding patterns but the cortical wavelength is remarkably stable against inhomogeneities.

4.1. Geometrical quantities reveal the characteristics of growth-induced instabilities at the onset of wrinkling and beyond
The computational framework presented in the current study allows us to determine the critical wavelength and growth for
primary wrinkling and to investigate growth-induced instabilities in the post-buckling regime or for highly perturbed systems,
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where we observe a smooth transition from the unwrinkled to the wrinkled state. We have demonstrated that geometrical quantities,
the evolution of amplitudes and mean cortical thickness as well as their derivatives with respect to growth, enable us to reliably
determine the critical growth for primary and secondary instabilities. In contrast to the folding amplitude, the mean cortical
thickness is a quantity accessible in highly inhomogeneous systems, where sulci and gyri are not stable with growth as illustrated
in the 6th row of Figure 8. It allows us to detect the point of the instability on irregular three-dimensional geometries in Figures
5 and 10. Furthermore, the derivative of mean cortical thickness with respect to growth reveals that the increase in thickness
slows down after the primary instability, but not after the secondary instability. This indicates that primary periodic wrinkling
minimizes compression in the cortex, while secondary period-doubling minimizes compression in the subcortex. This agrees well
with theoretical considerations suggesting that secondary instabilities are highly associated with substrate non-linearity [30]. It
also explains why the secondary critical growth is independent of the stiffness contrast at the cortical-subcortical interface for a
non-growing substrate or for (u./us)o — 1. In contrast, the stiffness distribution in the substrate, which we parameterize by ys, does
affect the secondary critical condition as shown in Figure 4 and discussed in the next paragraph. The characterization of mechanical
instabilities through geometrical quantities is not only relevant for biological tissues, which are naturally highly heterogeneous, but
also for advanced technical structures such as functionally graded materials [15, 53, 54].

4.2. Radial stiffness gradient in the developing subcortex

While it is possible to obtain analytical estimates for the critical wavelength and growth at the onset of buckling for graded
substrate stiffnesses following a simple exponential function converging towards zero for y — oo [15], the distribution we deduce
from the microstructure in the developing brain, equation (8), requires numerical treatment [36]. When the subcortex stiffens with
depth, critical wavelengths for primary wrinkling are shorter compared to the homogeneous case and the critical growth increases.
With continuing growth, periodic wrinkles bifurcate into period-doubles as the favorable secondary mode. For a homogeneous,
non-growing substrate it has been shown that the secondary critical growth ¢4 is independent of the stiffness contrast p./us [7].
For an inhomogeneous, non-growing substrate, 1,4 does not depend on the stiffness contrast at the cortical-subcortical interface
(e /1s)o but on the stiffness distribution in the substrate quantified by the parameter y;. The critical growth for period-doubling @4
increases as y, decreases as illustrated in Figure 4; the faster the subcortical white matter stiffens with depth, the higher ¥p4. In
addition, the stretch-induced growth response of the subcortex [11] leads to an increase in 9,4 for longer wavelength and higher
folding amplitudes as (i /us)o and ys increase [13]. Simulating on a three-dimensional ellipsoidal simulation domain reveals that
even for relatively high stiffness contrasts at the cortical-subcortical interface (u./us)o, the surface morphology quite well resembles
the one of mammalian brains. For a homogeneous substate, in contrast, high stiffness contrasts lead to unrealistic morphologies,
where gyri grow significantly without forming self-contact [11]. This can be attributed to the fact that the morphology of folds tends
towards a more crease-like shape with cusped sulci when the stiffness contrast approaches one [46]. Of all simulated parameters,
we expect a stiffness decay of ys ~ 2 and a stiffness contrast (u./us)o between 3 and 6 to be most realistic for the human brain in its
early stage of development.

4.3. Tangentially varying stiffness distribution in the developing cortex

Motivated by spatial variations in cell migration and maturation of the cortex, we have investigated the influence of periodically
varying cortical stiffness on the critical growth for growth-induced instabilities and the emerging folding pattern. We have shown
that the critical wavelength and growth values conform to the mean stiffness. When we altered the period length of the stiffness
distribution but kept the mean stiffness constant, critical wavelength and growth remained unchanged. Interestingly, a recent study
on inhomogeneous film-on-substrate systems revealed that a ramp-like variation in substrate stiffness narrows the band of stable
wavelengths compared to a step-like change in stiffness [1]. Thus, although unexpected in the developing brain, step-like changes
in tissue stiffness could more likely affect the folding wavelength as a wider range of patterns would be stable. Our numerical
investigations have further revealed that inhomogeneous cortical stiffness controls the location of sulci and gyri and evokes irregular
surface patterns. Our findings agree well with a recent computational study showing that locally stiffened areas in the developing
cortex always lead to sulci formation [55]. Interestingly, also a longitudinal study on fractional anisotropy (FA) in the fetal rhesus
macaque cortex [50] as a measure of morphological complexity of brain cells and their connections - and thus an indicator for tissue
stiffness [9] - confirms that deepest sulci form at locations of lowest FA corresponding to highest stiffness. The FA distributions
seem to determine the locations of deep sulci but seem not to have a marked effect on the cortical wavelength as predicted by our
simulations in Section 3.3. The irregularity of the simulated surface patterns in Figure 6 is also consistent with recent experimental
studies showing that a periodic stiffness distribution of a hardened skin layer on a soft material can create various micropatterns
[49] with non-uniform undulating surface features [53].

4.4. Tangentially varying growth distribution in the developing cortex

Motivated by the observation that proliferating zones, where cortical neurons originate from, are thinner beneath sulci and
thicker beneath gyri [44], we suppose that cortical growth shows spatial variations. Thus, we have investigated the influence of
periodically varying growth rates on the evolving folding pattern. When the period length of the growth pattern lies within a certain
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range around the characteristic wavelength, the imposed pattern can be stable and prevail as shown in row three and four of Figure
8. We observe a smooth transition from the unbuckled to the buckled state. This can be pulled together with the fact that a central
property of nonlinear periodic patterns is that at a given set of parameters not only a single wavelength may be stable, but all
wavelengths within the so-called Eckhaus stability bands [22, 34, 1]. In contrast, when the period length of the growth pattern is
significantly different from the characteristic wavelength, the surface bifurcates into the characteristic pattern at the well defined
critical growth value. We conclude that the final wavelength of folds will always be within a small band around the characteristic
wavelength predicted from theoretical or numerical analyses.

Interestingly, inhomogeneous cortical growth rates evoke irregular patterns with non-uniform amplitudes that might also re-
semble secondary folding patterns such as period-doubling as shown in the fifth row of Figure 8. This emphasizes that besides
secondary bifurcations [13], and irregular geometries [47], inhomogeneities in cortical growth represent an additional source of
irregular surface patterns. This agrees with studies showing that controlled thickness gradients create irregular wrinkling patterns in
metal films on soft substrates [53, 54]. During secondary wrinkling instabilities the location and number of sulci and gyri stays con-
stant. But for inhomogeneous growth rates, the initially evolving morphology might be superimposed by the characteristic pattern
after the onset of wrinkling (compare the left column with the middle and right column in Figure 8): additional sulci fold inwards.
This is an interesting difference between those two phenomena, which is indeed observed in the developing human brain: First
well identified primary gyri evolve separated by shallow sulci; this is then followed by further infolding of the brain surface during
secondary and tertiary folding [42]. We thus presume that the well preserved primary folds occur at locations of locally thinned
cortices or slow growth rates similar to the left column of Figure 8, while highly variable secondary folds are not only associated
with secondary bifurcations but also with primary bifurcations of an inhomogeneously growing system. This theory could also
explain why the sulcal pattern becomes more consistent at increasing depths below the surface [37]. Our results are consistent with
a recent computational study showing that a gyrus will form in areas of higher growth rates [55]. We conclude that an interplay
of the infolding of mechanically weak spots and growth-induced instabilities shape the developing brain with primary folds that
are consistent between individuals and highly variable secondary and tertiary folds. We note that the effect of tangentially varying
growth rates would have been slightly less pronounced if we had assumed area growth instead of isotropic growth in the cortex
[3, 47], where inhomogeneous growth does not result in inhomogeneous cortical thickness. However, according to a recent study
combining experimental and computational data, isotropic growth seems to more realistically resemble growth in the developing
human brain [55].

4.5. How to classify growth-induced instabilities in the developing fetal brain

Although different mechanisms could lead to final secondary morphologies, the underlying mechanisms become apparent when
detecting the evolution of cortical thickness and folding amplitudes with growth. Modern magnetic resonance technologies have
opened new paths in tracking the surface morphology of the fetal brain in vivo [27]. With further enhancement of such imaging
techniques, it might be possible to accurately record the thickness of the developing cortical layer over time. Then, the presented
approach will enable us to finally answer the question whether it is indeed growth-induced mechanical instabilities underlying
cortical folding.

4.6. Limitations

In this study, we have assumed that growth and stiffness distributions are constant in time. However, this is not necessarily the
case in the highly dynamic developing brain. A recent longitudinal study on the fractional anisotropy in the fetal macaque cortex, for
instance, indicates that the tangential stiffness distribution changes over time [50, 9]. Furthermore, fetal brain tissue in general has
been shown to be softer than mature brain tissue [51]. Regarding cellular processes during brain development, we suppose that gray
matter stiffens earlier than white matter which might lead to a slight increase in the stiffness ratio throughout the folding process.
However, the primary pattern only depends on the conditions at the onset of folding which we tried to imitate based on cellular
mechanisms in the current study. Once established, neither a tangential shift in the cortical stiffness distribution nor a moderate
increase in the stiffness ratio will affect the location of sulci and gyri. On the one hand, wavelengths can be stable within a certain
band around the characteristic wavelength, when growth has exceeded the primary instability point ¥, as discussed in Section 4.4
[1]. On the other hand, the characteristic wavelength for tangentially varying cortical stiffness is determined by its mean value,
which is not affected by a mere redistribution. Still, temporal variations in properties could affect the post-buckling evolution of the
folding morphology and the irregularity of the surface pattern [23]. With post-critically increasing stiffness ratio, sulci become more
shallow and folding amplitudes grow significantly before they form self-contact. This effect, however, only becomes noticeable for
a significant increase in cortical stiffness, which seems unphysiological for brain tissue. In the current study we further focused on
stiffness contrasts at the cortical-subcortical interface (i /s)o in the range of 3 and 12. When u./us <1.14 [45], cusped sulci will
form instead of sinusoidal wrinkles which immediately tranform into folds, also referred to as creases [46, 45]. In this case, there
is not necessarily a single wavelength favored for folding [29]. While the stiffness difference between gray and white matter in the
developing brain is still under debate [19, 48], recent experiments indicate that (u./us)o > 1 at very slow loading rates (relevant
for growth processes). Elastic properties seem to correlate with connectivity and capillary density [9]. As the cortex maturates
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well before the white matter, we expect that the stiffness contrast between cortex and subcortex in early stages of development is
generally even larger than in the fully developed brain with pu./us = 2.15 [9]. Locally, however, a similar stiffness in cortex and
subcortex could lead to the formation of creases rather than folds, especially in later stages of cortical folding (tertiary folding). For
a detailed study on the transition from supercritical smooth wrinkling to subcritical cusped folding, we refer to [45]. Lastly, we use
linear finite elements which have been shown to lead to slight deviations when computing the critical growth to initiate instabilities
[31]. While such numerical inaccuracies are irrelevant in the context of brain folding, in technical systems where slight differences
could decide about failure, quadratic finite elements should be used.

5. Conclusion

Through computational analyses, we have shown how inhomogeneities in stiffness and growth arising from the highly dynamic
cellular processes during brain development control emerging surface patterns. We have demonstrated that geometrical quantities
including the evolution of amplitudes and mean cortical thickness imply important characteristics of growth-induced primary and
secondary instabilities. Characteristic wavelength and critical growth depend on the stiffness distribution in the subcortex but are
remarkably stable towards heterogeneous cortical growth. The latter, however, can evoke highly irregular surface morphologies
mistakable with secondary wrinkling patterns. Our results suggest that well preserved primary folds occur at locations of locally
thinned cortices or slow growth rates, while highly variable secondary and tertiary folds evolve from primary and secondary growth-
induced instabilities. This study paves the way towards analyzing growth-induced instabilities from geometrical data of the living
fetal brain obtained with the rapidly advancing imaging techniques.
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