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On the growth and form of cortical convolutions

Tuomas Tallinen'™, Jun Young Chung?37, Francois Rousseau®, Nadine Girard>®, Julien Lefévre’®

and L. Mahadevan?3°10*

The rapid growth of the human cortex during development is
accompanied by the folding of the brain into a highly convoluted
structure’. Recent studies have focused on the genetic and
cellular regulation of cortical growth*®, but understanding
the formation of the gyral and sulcal convolutions also
requires consideration of the geometry and physical shaping
of the growing brain®'. To study this, we use magnetic
resonance images to build a 3D-printed layered gel mimic
of the developing smooth fetal brain; when immersed in a
solvent, the outer layer swells relative to the core, mimicking
cortical growth. This relative growth puts the outer layer into
mechanical compression and leads to sulci and gyri similar to
those in fetal brains. Starting with the same initial geometry,
we also build numerical simulations of the brain modelled
as a soft tissue with a growing cortex, and show that this
also produces the characteristic patterns of convolutions over
a realistic developmental course. All together, our results
show that although many molecular determinants control the
tangential expansion of the cortex, the size, shape, placement
and orientation of the folds arise through iterations and
variations of an elementary mechanical instability modulated
by early fetal brain geometry.

The convoluted shape of the human cerebral cortex is the result
of gyrification that begins after mid-gestation* (Fig. 1a); before the
sixth month of fetal life, the cerebral surface is smooth. The first
sulci appear as short isolated lines or triple junctions during the
sixth month. These primary sulci soon elongate and branch, and
secondary and tertiary sulci form, resulting in a complex pattern
of gyri and sulci at birth. Some new sulci develop after birth,
further complicating the pattern. Although the course and patterns
of gyrification vary across individuals, the primary gyri and sulci
have characteristic locations and orientations'®.

Gyrification is, however, not unique to humans, and also exists
in a range of primates and other species''®. It has evolved as an
efficient way of packing a large cortex into a relatively small skull
with natural advantages for information processing'”"®. Thus,
although the functional rationale for gyrification is clear, the
physiological mechanism behind gyrification has been unclear.
Hypotheses include gyrogenetic theories®” proposing that
biochemical prepatterning of the cortex controls the rise of gyri,
and the axonal tension hypothesis* proposing that axons in white
matter beneath the cortex draw together densely interconnected
cortical regions to form gyri. There is, however, no evidence of
prepatterning that matches gyral patterns, nor is there evidence

of axonal tension driving gyrification'®. At present, the most
likely hypothesis is also the simplest one: tangential expansion
of the cortical layer relative to sublayers generates compressive
stress, leading to the mechanical folding of the cortex’'>**"**. This
mechanical folding model produces realistic sizes and shapes of
gyral and sulcal patterns™ that are presumably modulated by brain
geometry®, but the hypothesis has not been tested before with real
three-dimensional (3D) fetal brain geometries in a developmental
setting. Here we substantiate and quantify this notion using both
physical and numerical models of the brain, guided by the use of
3D magnetic resonance images (MRI) of a smooth fetal brain as a
starting point.

We construct a physical simulacrum of brain folding by
taking advantage of the observation that soft physical gels swell
superficially when immersed in solvents. This swelling relative to
the interior puts the outer layers of the gel into compression, yielding
surface folding patterns qualitatively similar to sulci and gyri". An
MRI image of a smooth fetal brain at gestational week (GW) 22
(Fig. 1b; see Supplementary Methods) serves as a template for a
3D-printed cast of the brain. A mould of this form allows us to
create a gel-brain (mimicking the white matter) that is then coated
with a thin layer of elastomer gel (mimicking the cortical grey
matter layer). When this composite gel is immersed in a solvent
(see Supplementary Methods) it swells starting at the surface; this
leads to superficial compression and the progressive formation
of cusped sulci and smooth gyri in the cortex similar in both
morphology and relative timing to those seen in real brains (Fig. 1c
and Supplementary Movie 1). We note that although the mechanical
creasing or sulcification instability is due to the swelling-induced
compression, the effect is convoluted by the complex curvature of
the initial shape.

To obtain a more quantitative assessment of this process, we carry
out a numerical simulation of the developing brain constructed
using the same 3D fetal brain MRI (Fig. 1d) as an initial condition
for the growth of a soft elastic tissue model of the brain. The model
assumes that a cortical layer of thickness / is perfectly adhered to a
white matter core and grows with a prescribed tangential expansion
ratio g, with both tissues assumed to be soft neo-Hookean elastic
solids with similar elastic moduli (see Supplementary Methods).
Combining these facts with the known overall isometric growth
of the brain’ yields a differential-strain-based elastic model of
brain growth that we solve numerically using custom finite-element
methods". For problem parameters, we note that from GW 22
to adulthood (Supplementary Fig. 1) there is an approximately
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Figure 1| Physical mimic and numerical simulation of tangential cortical expansion. a, Gyrification of the human brain during the latter half of gestation
(photographs from ref. 1, adapted with permission from Elsevier). b, A 3D-printed model of the brain is produced from a 3D MRI image of a smooth fetal
brain and then used to create a pair of negative silicone moulds for casting. To mimic the constrained growth of the cortex, a replicated gel-brain (white
matter) is coated with a thin layer of gel (cortex) that swells by absorbing a solvent (hexanes) over time t (t; &4 min, t; &9 min, t3 ~16 min). ¢, The layered
gel progressively evolves into a complex pattern of sulci and gyri during the swelling process. d, A simulation starting from a smooth fetal brain shows
gyrification as a result of uniform tangential expansion of the cortical layer. The brain is modelled as a soft elastic solid and a relative tangential expansion is
imposed on the cortical layer as shown at left, and the system allowed to relax to its elastic equilibrium.

20-fold increase in brain volume (approximately 60 ml to 1,200 ml),
and a 30-fold increase in cortical area (approximately 80 cm’ to
2,400 cm?), whereas the expanding cortical layer changes little, with
a typical thickness of 2.5mm in the undeformed reference state
(the deformed thickness is about 3 mm). In physiological terms,
we thus assume that tangential expansion during the fetal stage
extends through the cortical plate (which has a thickness of about
1-1.5mm at GW 22) and decays rapidly in the subplate (Fig. 1d,
left). The subplate diminishes during gyrification while the cortical
plate thickens and develops into the cerebral cortex'?, so that in
the simulated adult brain the expanding layer corresponds to the
cerebral cortex (which is about 3 mm thick in adults).

Our simple parametrization of brain growth leads to emergence
of gyrification in space and time along a course similar to real
brains (Fig. 1d and Supplementary Movie 2): gyrification is initiated
through the formation of isolated line-like sulci (GW 26), which
elongate and branch, establishing most of the patterns before birth
(GW 40). After birth, brain volume still increases nearly threefold,
and during this time our model shows that the gyral patterns are
modified mainly by the addition of some new bends to existing
gyri in agreement with longitudinal morphological analyses”. The
characteristic spatiotemporal appearance of these convolutions—
rounded gyri between sharply cusped sulci in a mixture of threefold
junctions and S-shaped bends®—is a direct consequence of the
mechanical instability induced by constrained cortical expansion.

2

Physically, the similar stiffness of the cortex and sublayers implies
that gyrification arises as a non-trivial combination of a smooth
linear instability”® and a nonlinear sulcification instability**~2.

Sections of the physically and numerically simulated brains
shown in Fig. 2a,b exhibit a bulging of gyri and deepening of sulci
in a sequence resembling the observations from MRI sections. Our
simulations of gyrification driven by constrained cortical expansion
allow us to also measure the gyrification index (GI, defined as
the ratio of the surface contour length to that of the convex hull,
determined here from coronal sections as described in ref. 3). We
see that there is a clear increase in the GI with developing brain
volume in agreement with observations (Fig. 2c). The GI arising
from our numerical simulation reaches 2.5, matching observations
of adult brains. A different measure of the GI based on the cortical
surface area rather than that of sections shows that the simulated
adult brain has a cortical area that is approximately four times the
exposed cortical area (Supplementary Fig. 1). For comparison, we
also section our physical gel simulacrum that swells from an initial
unpatterned state (GI=1.07, GW 22) and see that as a function
of swelling, the GI increases to about 1.55, a modest increase
associated with an approximately twofold increase in brain volume,
the latter state corresponding to roughly GW 30-34 (Fig. 2c and
Supplementary Fig. 2). The ultimate limiting factor in our physical
experiments is the inability for our gel to swell and increase its
volume 20-fold like in fetal brains.
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Figure 2 | Sectional views of model brains during convolutional development. a, Planform and cross-sectional images of a physical gel-brain showing
convolutional development during the swelling (folding) process that starts from an initially smooth shape (left panels) to a moderately convoluted shape

(right panels). b, The coronal sections of the simulated brain (top panels) with comparisons to corresponding MRI sections

3539 ¢, Gyrification index as a

function of brain size for real brains (data from refs 3,40), a numerically simulated brain, and a physical gel-brain. Gestational week is indicated for fetal
and children brains. The initial volume of the gel-brain (=34 ml) is scaled to match that of the simulated brain (=57 ml). Note that in the gel experiments
only the outer layer swells and therefore the volume grows less than in real brains.

Having seen that our physical and numerical experiments can
capture the overall qualitative picture of how gyri form, we now turn
to the question of the role of brain geometry and mechanical stresses
in controlling the placement and orientations of the major and
minor sulci and gyri. In Fig. 3a, we show the field of the simulated
compressive stress just before the primary sulci form. Although
cortical growth in our model is relatively uniform in space, the
curvature of the surface is not. This yields a non-uniform stress field
in the cortical layer. Thus, compressive stresses are reduced in the
vicinity of highly curved convex regions, so that the first sulci appear
at weakly curved or concave regions in our simulations, consistent
with observations in fetal brains“'®. Furthermore, compression-
induced sulci should favour their alignment perpendicular to the
largest compressive stress, and indeed directions of the largest
compressive stress in our model are perpendicular to the general
orientations of primary gyri and sulci (Fig. 3a). Figure 3b shows that
the first generations of sulci form perpendicular to the maximum
compressive stress in real and simulated model brains; this
correlation is particularly clear for the primary sulci in real brains.

Although the shape of the initially smooth fetal brain is
described by the curvature of its surface, cortical growth eventually
couples the curvature and mechanical stress in non-trivial ways.
In Supplementary Fig. 3 we compare the stress field and curvature
at the cortical surface just before the first sulci form, and see
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that in highly curved regions the maximum compressive stress is
perpendicular to the highest (convex) curvature. However, this does
not hold at the ellipsoidal surfaces of the frontal and temporal
lobes; these lobes elongate and bend towards each other as a result
of cortical growth (Supplementary Fig. 3; Supplementary Movie 1
shows the analogue in our gel experiments). This reduces the
compressive stress in the direction of elongation and bending, which
in turn is reflected in the dominant orientations of the frontal and
temporal gyri.

Although the global brain shape directs the orientations of
the primary gyri, the finer details of the gyrification patterns are
sensitive to variations in the initial geometry. In Fig. 3c we see
that the patterns of gyri and sulci on a physical gel-brain exhibit
some deviations from perfect bilateral symmetry. The hemispheres
are not identical in real brains either, but we note that in our
models artefacts from imaging, surface segmentation, and sample
preparation can cause the two hemispheres to differ more than in
reality. The sequential patterns emerging from the folding (swelling)
and unfolding (drying) process also show some degree of variations
(Supplementary Fig. 4), but this process is highly repeatable; indeed,
the resulting gyral patterns are found to be robust and reproducible
on multiple repetition of the experiment with the same gel-brain
sample (lower left of Fig. 3c). The folding patterns vary in detail
across samples (Supplementary Fig. 4), but they share general
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Figure 3 | Mechanical stress orients convolutions. a, A simulated stress field just before the onset of gyrification. Lines indicate the direction of maximum
compressive stress and colour indicates the magnitude of the stress (red, high). General directions of primary sulci are indicated using solid arrows.

A simplified scheme of the human brain'’ indicating the general orientations of sulci is shown at the top right. b, View of the first generations of sulciin a
numerical simulation, in real brains (MRI, different brains for GW 22, 29 and 34), and a physical gel-brain on both hemispheres, with the former two
showing the inner surfaces of cortical plates. The sulcal lines (blue, simulation; green, real brain; red, experiment) are superposed on the simulated vector
fields of maximum compressive stress at GW 25 and show that most sulci form perpendicular to the direction of maximum compressive stress (solid and
dotted lines are perpendicular (angle >45°) and parallel (angle <45°) to the stress vector field, respectively). The percentage of sulcal length perpendicular
to the stress vectors is indicated in each case. ¢, A folded gel-brain showing a certain lack of symmetry between the right and left hemispheres. The panel
on the lower left shows nearly overlapping sets of sulcal lines obtained from three repeated tests with the same gel-brain (see Supplementary Fig. 4).

similarities in terms of the alignment of sulci and gyri and the inter-
sulcal spacing. These experimentally derived findings corroborate
numerical results; in Supplementary Fig. 5 we see the extent of
variations associated with imperfections, by comparing the left and
right hemispheres of the simulated brain when the simulation has
been run forwards (folding) or backwards (unfolding) in time. In
Supplementary Fig. 6 we compare the simulated folding of two
different brains (starting from MRI images of different fetal brains)
and see that the patterns in both brains are consistent with the
scheme depicted in Fig. 3a.

We quantify our qualitative comparison of the similarities
between real and simulated brains in Fig. 4 using morphometric
techniques. Conformal mapping of the curvature vector fields (see
Supplementary Methods) allows for a visual (Fig. 4a) as well as
quantitative comparison (Fig. 4b), which indicates similar average
alignments of curvature fields, and thus folds, in both the simulated
and real brains. As a final comparison, in Fig. 4c,d we identify
visually many of the named primary gyri' from the simulated brains
and compare to a real fetal brain at a similar stage, and note that our
simulations can capture many of the trends quantitatively.

All together, by combining physical experiments and numerical
simulations originating with initially smooth 3D fetal brain
geometries, we have quantified a simple mechanical folding scenario
for the development of convolutions in the fetal brain. Our physical

4

gel model shows that we can capture the qualitative features of
the folding patterns that are driven by a combination of surface
swelling and surface geometry, setting the stage for how biology
can build on this simple physical pattern-forming instability. Our
numerical model is fully quantitative, based on parameters that
are known by simple measurements: cortical thickness, white and
grey matter tissue stiffness, brain growth and relative tangential
expansion of the cortex. Together, they show that gyrification
is an inevitable mechanical consequence of constrained cortical
expansion; patterned gyri and sulci that are consistent with
observations arise even in the absence of any patterning of cortical
growth. Furthermore, although cortical expansion and brain shape
couple to guide placement and orientation of gyri, the finer details
of the patterns, on scales comparable to the cortical thickness,
are sensitive to geometrical and mechanical perturbations. Real
brains are likely to have small inter-individual variations in shape,
tissue properties and growth rates, and the sensitivity of mechanical
folding to such small variations could explain the variability
of gyrification patterns, although the primary convolutions are
consistently reproducible in their location and timing.

Our organ-level approach complements the recent emphases on
the many molecular determinants underlying neuronal cell size
and shape, as well patterns in their proliferation and migration"*.
These variables are functions of time and space in the cortex
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Figure 4 | Comparison of real and simulated folding patterns. a, Conformal spherical mappings (see Supplementary Methods) of inner cortical surfaces of
real and simulated fetal brains. b, A map of angles between the vectors of the least absolute curvature of the real and simulated brain surfaces. The angle
field is computed in the spherical domain and mapped back on the real brain. In grey regions the curvature directions match and in green regions they are
mismatched. Average angles and Pearson correlations between real and simulated curvature fields at GW 29 and 34 are given in the table (details in
Supplementary Methods). ¢, All notable gyri have formed by GW 37 as identified on a real fetal brain (adapted from ref. 1 with permission from Elsevier).
d, Analogous regions shown in a simulated brain driven by constrained cortical expansion. In both cases, the colouring is based on visual identification of

the major gyri.

and the sub-ventricular zone, but ultimately feed into just two
physical parameters for a given initial brain shape: relative cortical
expansion and the ratio of cortical thickness/brain size'. By
grounding our study on observations of fetal brain development,
where these parameters are known, our work provides a quantitative
basis for the proximal biophysical cause of gyrification. Our
results can serve as a template for physically based morphometric
studies that characterize the developing geometry of the brain
surface™ in terms of variations in initial brain shape and cortical
expansion. Additionally, our study sets the biophysical basis for
an understanding of a range of functional neurological disorders
linked to structural cortical malformations** that are associated
with neurogenesis and brain size (for example, ASPM and CENP]
for microcephaly**’) and cell migration and cortex thickness (for
example, GPR56 for polymicrogyria® and RELN for lissencephaly?®).
With this information, a natural next step is to link the molecular
determinants to the macroscopic mechanics quantitatively, and ask
how brain shape and function are mutually co-regulated.
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SUPPLEMENTARY INFORMATION

On the growth and form of cortical convolutions

1. METHODS

1.1. Physical Model

The initial geometry of the physical gel brain is constructed using 3D printing and replica
molding techniques based on a T2-weighted motion corrected 3D MRI image of a smooth fetal
brain at GW 22 (Fig. 1b). A 3D brain model is first printed as a single piece of plastic using a
3D printer (Connex500, Stratasys Ltd.) and subsequently used to create a pair of negative molds
made of a supersoft silicone (Ecoflex, Smooth-On Co.). These master molds are then used to cast
the core of a gel brain (white matter) with a lightly cross-linked poly(dimethylsiloxane) (PDMS)
elastomer (Sylgard 184, Dow Chemical Co.). To accomplish this, the two-part PDMS prepolymer
is thoroughly mixed in a 45:1 mass ratio of base to cross-linker and poured into the molds. The
mixture is left at room temperature for a few hours to allow trapped air bubbles to escape and
then cured at 75 °C in a relatively short period of time (about 30 min) in order to produce a
partially cured contact surface. After cooling, a replicated PDMS core is carefully extracted from
the molds. The surface of the partially cured PDMS is sticky and thus is used to provide strong
bonding with the outer layer being applied.

The outer layer of a gel brain (cortical layer) is fabricated by a layer-by-layer drop-casting
method, in which the thickness of each layer is controlled by adjusting the amount and viscosity
of uncured PDMS mixture deposited on the pre-prepared brain core in a pre-heated oven. Briefly,
PDMS base is mixed homogeneously with cross-linker at a 35:1 mass ratio and the mixture is
vacuum degassed to eliminate air bubbles. Drops of the mixture are then deposited and uniformly
spread onto the entire surface of the brain core (except for a central portion of the bottom; see
Fig. S2), resulting in a layer thickness of the order of hundreds of micrometers. After deposition,
a layered brain core is partially cured at 75 °C for 20 min to ensure bonding with the subsequent
layer. This whole process is repeated several times until the desired thickness of the outer layer
(about 1 mm) is reached. Finally, the bottom portion of the uncovered brain core is coated with
a thin layer of PDMS with a mass ratio of 10:1 base to cross-linker, and the whole specimen is
completely cured at 75 °C overnight.

The dimensions of the fabricated layered gel brain are shown in Fig. S2, and the thickness of the
cortical layer is determined by the cross-sectional image. Colored pigments are used to enhance the
contrast between the cortical layer and the brain core because the cross-linked PDMS is optically
transparent. The shear moduli of the brain core, and the cortical and bottom layers in their fully
cured state are =15 kPa, ~40 kPa, and ~1 MPa, respectively, which are measured by a cone-and-
plate rheometer (Anton Paar Physica MCR 501, the cortical layer is made initially slightly stiffer
than the core to account for its softening during swelling, see below). All these parts of the gel
brain are shown as an elastic solid, as reported in ref. [1].

To mimic the constrained growth of the cortex as seen in normal fetal brain development, we
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consider the swelling of a layered gel brain immersed in a compatible organic solvent. Hexanes is
selected on the basis of its superior swelling ability for PDMS [2]. The prepared gel brain is placed
in a glass jar filled with hexanes (Sigma-Aldrich) at room temperature for a limited period of time
(typically 20-30 min), which is sufficient to cause differential swelling of the outer layer of the gel
brain with respect to its core, but short enough to prevent the solvent from penetrating into the
brain core. Consequently, the modulus of the outer layer in the swollen state becomes lower than
that in the initial dry state, while the modulus of the core remains unchanged. After exposure
to the solvent, the swollen gel brain is promptly withdrawn from the glass jar and subsequently
imaged with a digital camera equipped with a zoom lens (Fig. 1c). In some cases, the gel brain is
dissected along a coronal plane in order to obtain its internal parts (Fig. 2a and Fig. S2).

We consider the case where both cortical layer and core have similar elastic moduli, as established
in the previous study [3]. This is accomplished by making the cortical layer slightly stiffer than
the core (by utilizing a relatively high percentage of cross-linker for the outer layer as specified
above), so that when the layered brain gel is immersed in a solvent the modulus of the outer layer
is comparable to that of the core. In addition, a thin layer of a highly cross-linked PDMS (with a
greater percentage of cross-linker) is applied onto the bottom portion of the gel brain to minimize
its swelling during solvent exposure.

1.2. Computational Model

The simulation geometry is based on a T2-weighted motion corrected MRI of a fetal brain at
22 GW, with an isotropic resolution of about 0.5 x 0.5 x 0.5 mm?®. To create a tetrahedral
simulation mesh from the MRI, the cortical surface is first triangulated and the brain volume is
meshed uniformly with approximately 107 tetrahedrons, yielding at least five layers of tetrahedrons
across the cortical thickness. The brain is assumed to be of neo-Hookean hyperelastic material

with strain energy density

W= g Tr(FFT)J~%/3 — 3} + %(J —1)?, (1)
where p is a shear modulus, K is a bulk modulus, F is a deformation gradient, and J = det F.
We assume K = 5Hpu, corresponding to a modestly compressible material. To handle extreme
deformations of the growing brain matter we use constant strain tetrahedral finite elements with
inversion handling [4] and nodal pressure formulation [5]. Contacts at the brain surface are modeled
via penalty based vertex-triangle contact processing [6]. Deformation energy of the system is
minimized by quasistatic equilibration using an explicit solver. Growth is applied by expanding
the sizes of the elements while retaining the mesh topology.

To distinguish between the cortical layer and white matter zone, we apply an indicator function

1
0(y) = 11 el0(y/h—1) (2)

that steps smoothly from the cortical layer (§ = 1) to white matter zone (§ = 0). In eq. (2) y is
the distance from surface in material coordinates and h is the cortical thickness. The tangential
cortical expansion ratio is g(y) = 1+ (V8 — 1)0(y)t, where t € [0, 1] parametrizes time, and the
corresponding growth tensor is G = g(y)I + [1 — g(y)]n ® nn, where 7 is the surface normal of the
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reference state (Fig. 1d and Fig. S1). At ¢ = 1 (adult brain) the cortical layer thus has an areal
growth by a factor of g2 = 8 relative to the white matter zone in the victitious stress-free state
(area expansion in the deformed state is less since the layer is compressed). To account for the
observed volume growth during gyrification, the size of the reference state is scaled isotropically
such that its longitudinal length is L = 59/(1 — 0.55¢) mm (at ¢ = 0 L = 59 mm as measured from
the MRI). The thickness h of the cortical layer relative to L is h/L = 0.042 —0.021¢, corresponding
approximately to 2.5 mm undeformed thickness. The simulations are mapped to gestational age
based on brain size data from ref. [7] (Fig. 2c). Based on measurements [8], we assume that the
cortical layer is slightly softer than the white matter zone, with a modulus ratio p./p., = 0.86.
The modulus across the domain is p(y) = 0(y)pe + [1 — 0(y)] phow-

To capture the full course of gyrification in a single simulation run as shown in Movie S2, the
simulation is run backwards in time. To this end, the adult pattern is first produced by expanding
the cortex while its thickness relative to brain size is fixed to the adult value. The brain is then
unfolded (¢ : 1 — 0) with parameters depending on ¢ as described above. When the simulation
is run forwards in time (¢ : 0 — 1), the cortical thickness relative to brain size decreases during
simulation, which is problematic toward the end of simulation and leads to metastable states with
higher deformation energies in comparison to unfolding simulations. The simulated configurations
shown in the main paper are snapshots from the full backward simulation. However, up to modestly
gyrified states the folding and unfolding simulations provide similar results (Fig. S5).

1.3. Morphometric Analysis

To perform morphometric analyses of cortical folding patterns of real and simulated brains
(shown in Fig. 4), the inner cortical surfaces are modeled as triangular meshes with spherical
topologies. Folding patterns are described by curvature fields [9] and for our analysis it suffices to
consider only the vector fields corresponding to the minimal curvature in absolute value, since it
coincides with the orientation of sulci and gyri. We perform analyses separately for the left and
right hemispheres.

To compare quantitatively two cortical surfaces M and N, we use a spherical parameterization
approach which maps a sphere-like surface onto the sphere S? by means of the three first non-trivial
eigenfunctions of the Laplace-Beltrami operator of the surfaces [10]. This mapping m : M — S?
is diffeomorphic and the mappings are aligned by large scale features such as sylvian fissure or
internal face, without manually defined landmarks. A vector field V on M can be transported
onto the sphere by using the pushforward m* of V. It is classically defined at each point p € S? as

(m*V)(p) = (Dm)mfl(p)v[m_l(p)]- (3)

where Dm is the differential of m and m ™! is the inverse transformation of m. Vector fields on M
and N can thus be transformed onto the sphere so as to obtain at each point two vectors (m*V)(p)
and (n*V)(p), whose scalar product, and therefore angle, can be obtained via the canonical metric
on the sphere expressed in spherical coordinates: ds? = df? + sin? d¢?. The statistics on angle
distributions are complemented in Fig. 4b by the Pearson correlation coefficient computed between
all the components of the two vector fields.
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2. SUPPLEMENTARY FIGURES
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FIG. S1. Geometry, parametrization, and time evolution of the simulated brain. (a) Side, top
and bottom views and a horizontal section of the initial geometry which is also the reference state of the
simulation. Surface enclosed by the blue ellipsoid in the top and bottom views is excluded from the growing
cortical layer. The longitudinal length L and cortical thickness h are indicated in the horizontal section.
(b) Parametrization of the model. (c¢) Brain volume as a function of time ¢. Estimated correspondence
to gestational age is indicated. (d) Cortical area as a function of t. (e) Cortical area relative to exposed
area as a function ¢. Exposed area is defined as the area of a smooth initial geometry that is scaled to
(approximately) cover the gyrificated brain.
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FIG. S2. Geometry and time evolution of the physical gel brain. (a) Side, top, and bottom views
of the initial geometry, showing a layered gel brain with longitudinal length L of ~5 cm, lateral width W of
~4 cm, and height H of ~3 cm. The surface within the dotted box in the bottom view is excluded from the
swelling cortical layer. Note that a different colored pigment is used for the cortex to differentiate it from
the core white matter. (b) Representative coronal cross-sections of a gel brain at different points in time
t (top and middle panels). The rise of gyri and the deepening of sulci appear in a sequence starting from
the initial geometry (far left panels) with an outer cortical layer of thickness h. The estimated gyrification
index (GI) for the initial and gyrified states is shown in the bottom panels. GI is determined here as the
ratio of the length of the complete contour (solid blue line) to that of the superficially exposed surface
(dotted white line), as in ref. [11].
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FIG. S3. Comparison of curvature and stress fields before onset of gyrification. (a) A vector field
of maximum curvature in the initial geometry of the simulation. Lines indicate the direction of maximum
curvature and color indicates the magnitude of maximum curvature (red = high). (b) A vector field of
maximum compressive stress before the first sulci form. Lines indicate the direction of the maximum stress
and color indicates the magnitude of stress at the surface. Note that the maximum stress is perpendicular
to the maximum curvature only in highly curved regions. Arrows illustrate the elongation and bending of
the frontal and temporal lobes as a result of cortical expansion.
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FIG. S4. Gyrification patterns from physical experiment. (a) Folding and unfolding of a physical
gel brain. A comparison of brain morphologies is obtained by first swelling the gel brain in hexanes
(folding; top rows) and then drying it in an open environment (unfolding; bottom rows). (b) Left-side
images obtained from repeated tests with the same gel brain. Each test is conducted after complete drying
of the swollen gel (several days) to eliminate any possible memory effect. (c) Comparison of the left-side
images shown in (b) with the two other gel brains prepared with the same experimental protocol but with
different colored pigments.
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FIG. S5. Folding and unfolding of a numerical brain. A comparison of brain morphologies is
obtained by unfolding (two rows at top for right and left hemispheres) and folding (two rows at bottom
for left and right hemispheres) simulations.

FIG. S6. Gyrification patterns corresponding to GW 30 on two different simulated brains. The
simulations are performed starting from MR images of two different smooth fetal brains: (a) Simulation
mesh from a MRI of a GW 22 smooth fetal brain; (b) Simulation mesh from a MRI of a GW 23 smooth
fetal brain. These simulations were run forward in time.
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Movie S1: Growth and folding of a physical gel brain

Movie S2: Growth and folding of a numerical brain
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