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Abstract

Folding of the cerebral cortical surface is a critical process in human brain development, yet
despite decades of indirect study and speculation the mechanics of the process remain
incompletely understood. Leading hypotheses have focused on the roles of circumferential
expansion of the cortex, radial growth, and internal tension in neuronal fibers (axons). In this
article, we review advances in the mathematical modeling of growth and morphogenesis and new
experimental data, which together promise to clarify the mechanical basis of cortical folding.
Recent experimental studies have illuminated not only the fundamental cellular and molecular
processes underlying cortical development, but also the stress state and mechanical behavior of the
developing brain. The combination of mathematical modeling and biomechanical data provides a
means to evaluate hypothesized mechanisms objectively and quantitatively, and to ensure that they
are consistent with physical law, given plausible assumptions and reasonable parameter values.

1. Introduction

The folded shape of the human brain allows the cerebral cortex, the thin (2-4 mm) outer
layer of neurons and their associated processes, to attain a very large surface area (~1600
cm?) relative to brain volume (~1400 cm3). Cortical folding, or gyrification, is critical to
human brain development and function. Abnormal cortical folding has been associated with
cognitive or emotional problems, including severe retardation, epilepsy (Pang et al., 2008),
autism (Hardan et al., 2004; Nordahl et al., 2007) and schizophrenia (Csernansky et al.,
2008a; Harris et al., 2004; Sallet et al., 2003). In humans, cortical folding normally occurs in
utero, during the third trimester (Fig. 1).

Large mammals (cows, sheep, whales, dogs) and small carnivorous mammals (cats,
raccoons, and ferrets) also have folded brains (Welker, 1990); although rats and mice do not.
The ferret is a particularly convenient model in which to study folding because cortical
folding occurs postnatally (Fig. 1), roughly between the 5th and 30th days after birth. The
development of folds in the ferret brain was described in two seminal papers by Smart and
McSherry (1986a, 1986b) who studied the evolution of gross anatomical features of the
brain, as well as basic histological changes during this period. The developing ferret brain
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has also been studied more recently using MR imaging (Barnette et al., 2009; Knutsen et al.,
2012; Neal et al., 2007) and more advanced histological methods (Jespersen et al., 2012;
Reillo et al., 2011).

Disturbances of cortical folding in humans are clinically important and offer clues to the
underlying mechanisms of normal development (Manzini and Walsh, 2011; Pang et al.,
2008; Pavone et al., 1993; Richman et al., 1973; Stewart et al., 1975). Outward, or convex,
folds are known as gyr7and inward folds are called su/lci. Lissencephaly refers to the
complete absence of folds, and is associated with greatly reduced numbers of cells in the
cortex. Polymicrogyria involves numerous small, shallow cortical folds. Pachygyriais
characterized by a relatively coarse folding pattern, with fewer and larger gyri.

Despite decades of intense study (Barron, 1950; Hofman, 1989; Le Gros Clark, 1945;
Welker, 1990) and speculation, the mechanical basis of folding remains controversial. In
subsequent sections of this review we briefly describe the basic neurobiology of cortical
development, summarize pertinent experimental observations, and discuss the leading
theories of folding mechanics.

2. Neurobiology of development

Brain tissue consists of two cell types. Neurons are responsible for conducting electrical
impulses and participating in synaptic connections with other neurons, thereby determining
the circuitry of the brain. Three primary morphological components of neurons are: the cell
body, which contains the cell nucleus; dendrites, which are processes that receive and
integrate information from other neurons; and the axon, which conducts electrical impulses
from the cell body to other neurons. Glial cells are responsible for other brain functions,
including structural roles in directing neuron migration during brain development, and
ensheathing axons with myelin to facilitate neural impulse conduction. On the macroscopic
scale, brain tissue can be divided into gray matter and white matter. Gray matter, which
includes cerebral cortex, primarily consists of neuron cell bodies, dendrites, and synapses.
White matter primarily consists of axons and myelin.

Although the timing of onset of cerebral cortical folding relative to the end of gestation
varies considerably between species, this variance can primarily be attributed to interspecies
differences in the lengths of gestation. With respect to other milestones of central nervous
system development, the onset of cerebral cortical folding is consistent between species, and
takes place after the majority of cerebral cortical neurons have been born and have
completed migration from their sites of origin (cell layers at or near the surface of the lateral
ventricle (Rakic, 1995)) to the nascent cerebral cortex, which is termed the cortical plate at
its earliest stages of development.

Three notable events that occur simultaneously with cerebral cortical folding are: (i)
dramatic expansion of the surface area of the cortex, (ii) morphological differentiation of
neurons, which involves extension and branching of axonal and dendritic structures (Fig. 2),
and (iii) growth of axon termini from the subplate (a developmentally-transient tissue zone
that borders the cortex) into the cortical plate. After the conclusion of these three events,
only subtle changes to the shape of the cerebral cortex take place.

Evidence that the process of cerebral cortical folding is linked to brain function underscores
the importance of understanding its underlying biomechanics. Congenital brain defects such
as lissencephaly, polymicrogyria, and pachygyria are associated with severe mental
retardation (Manzini and Walsh, 2011; Pang et al., 2008; Pavone et al., 1993; Richman et
al., 1973; Stewart et al., 1975). More subtle abnormalities in cortical folding observed in less
severe neurological conditions provide further evidence that the mechanism that drives
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cortical folding may be linked to the biological source of some neurodevelopmental
disorders. In prematurely delivered human infants, cerebral cortical folding abnormalities
have been observed, and premature birth is associated with subsequent behavioral and
cognitive deficits that become apparent later in childhood (Dubois et al., 2008). Cortical
folding abnormalities have also been identified in individuals with Williams syndrome (Van
Essen et al., 2006b) and schizophrenia (Csernansky et al., 2008b; Harris et al., 2004; Sallet
et al., 2003). In autistic individuals, anomalous cortical folding is observed when compared
to age-matched controls (Hardan et al., 2004; Nordahl et al., 2007), and the effect on folding
is related to the severity of the behavioral deficit (Nordahl et al., 2007). Collectively, these
findings indicate that abnormalities in folding of the cerebral cortex may relate to alterations
in brain function.

3. Experimental measurements and observations

The basic question concerning the mechanics of cortical folding is: what forces cause
deformation? Is deformation driven by tensile stresses in the interior of gyri (Van Essen,
1997), by growth-driven, tangential compressive stresses in the outer layers of the cortex
(Bayly et al., 2013; Richman et al., 1975; Xu et al., 2010), by heterogeneous outward radial
growth (Smart and McSherry, 1986a, 1986b), or a combination of these mechanisms? In this
section we discuss key measurements and observations that must be considered in
developing models of folding.

3.1. Anatomical observations

Neuroanatomists have studied for decades the shape and size of the brain and its
substructures in search of clues to the mechanics of folding. Anatomical findings are
summarized in comprehensive reviews by Hofman (1989) and Welker (1990), as well as in
landmark papers by Le Gros Clark (1945), Smart and McSherry (1986a, 1986b), Rakic
(1988), and Van Essen (1997). Key observations include the following:

A. The thickness of the cortex is relatively consistent between species (Hofman,
1989). The mean thickness of the ferret cortex is approximately 1 mm while the
mean thickness of the human cortex is approximately 3 mm (ratio of 1:3). The
cortex is slightly thinner under the bases of sulci and thicker at the crests of gyri
(Le Gros Clark, 1945). Inter-species variations in cortical surface area are
disproportionately larger: the cortical surface area of the ferret is about 24 cm? and
the human is 1600 cm? (a ratio of 1:70). Extensive comparisons between cortical
parameters in different species are presented by Hofman (1989).

B. Some surgical interventions can affect folding patterns. Removing sub-cortical
brain structures did not prevent cortical folding in the raccoon (Welker, 1990) and
sheep (Barron, 1950) brain, though it influenced the shape of the folds (Barron,
1950; Welker, 1990). Lesions of the cortex itself affect folding locally, but also
lead to anomalies at distant sites (Goldman and Galkin, 1978). Deprivation of
visual input led to extra folds in the occipital lobes (visual cortex) of monkeys
(Rakic, 1988).

C. Radial growth is heterogeneous—some sub-cortical layers expand outward to form
the bases of gyri, while very little outward growth occurs under sulci (Smart and
McSherry, 1986a) (Fig. 3). However, these anatomical observations do not clarify
whether this heterogeneity in sub-cortical radial growth is the cause or the result of
tangential expansion of the cortex.
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3.2. Observations from cell biology and genetics

The generation of neurons, and their proper migration to the cortex can have a strong
influence on its growth and ultimately, its final shape. Thus perturbations to the normal
process of neuron proliferation in development can affect folding of the cerebral cortex. The
ferret brain can be made lissencephalic by disrupting cell division, for example, by prenatal
injection of the mitotic inhibitor methylazoxymethanol acetate (MAM). Further, folding can
be induced in the typically lissencephalic mouse brain by genetic manipulations that disturb
the regulation of the cell cycle in neural precursor cells (Chenn and Walsh, 2002) leading to
excessive growth. Radially aligned glial cells provide a fibrous scaffold for migration. Reillo
et al. (2011) have proposed that the existence of intermediate radial glial cells creates a fan-
shaped, expanding network of radial glial fibers that enables rapid tangential expansion of
the cortex in folded brains. In animals with smooth brains, these intermediate glia do not
exist and the radial glial lattice does not expand at the cortex (Reillo et al., 2011).

3.3. Measurements from magnetic resonance imaging studies

Magnetic resonance imaging (MRI) allows noninvasive measurement of brain development.
MRI can detect both macroscopic geometric changes and changes in cellular-level
morphology, which can be inferred from diffusion tensor imaging (DTI) measurements.
MRI studies of folding in the ferret brain performed by Neal et al. (2007), Barnette et al.
(2009), Kroenke et al. (2009), and Knutsen et al. (2012) have characterized the temporal and
spatial patterns of growth. These studies have established that folding of the ferret cerebral
cortex occurs roughly between the 10th and 30th postnatal days (P10-P30), which precedes
myelination of white matter (Knutsen et al., 2012; Neal et al., 2007).

Comparisons between DTI and MRI-derived measurements of surface area expansion in the
ferret have shown a link between neuronal morphological differentiation and macroscopic
changes. In the immature cerebral cortex, the simple radial organization of cellular processes
gives rise to anisotropy in water diffusion; motion of water molecules is less restricted
perpendicular to the cortical surface than it is in other directions. Such diffusion anisotropy
can be measured by DTI (see Leigland and Kroenke, 2011 for a review), and quantified in
terms of fractional anisotropy (FA) (Basser and Pierpaoli, 1996), a parameter that ranges
from O (purely isotropic diffusion) to 1 (the limiting case of extreme diffusion anisotropy).
In the ferret, cortical FA decreases exponentially from P10 through P30 due to cellular
morphological differentiation (Fig. 4) (Kroenke et al., 2009; Leigland and Kroenke, 2011)).
At the same time, the ferret cerebral cortex undergoes rapid expansion in surface area and
accelerated folding (Knutsen et al., 2012). The rate of expansion of the isocortex is
approximately 17 mm2/day per hemisphere before P13 and 37 mm?2/day per hemisphere
after P13 (Knutsen et al., 2012). Non-dimensional measures of average curvature (K") and
sulcal depth (4") increase concurrently with morphological differentiation (as revealed
through the loss of cortical FA ) (Fig. 4). The local curvature parameter K'=KL ., where
K=1/2(k1+K>) is the local mean principal curvature, and L is a characteristic length equal to

the radius of the sphere with the same surface area, L=/ A/47. Sulcal depth, 4, is the
distance from a point on the cortical surface to a point on the convex hull; the non-
dimensional value is normalized by the characteristic length: 4™ = 4/L,. The global
measures K and 4are calculated by averaging local non-dimensional curvature (K*) and
sulcal depth (4”) over the cortical surface. For a sphere these parameters take the values K~
=1and 4" = 0 (Knutsen et al., 2012).

Importantly, both the expansion of the cerebral cortical surface (Fig. 5a), as well as the loss
of cortical FA due to morphological differentiation (Fig. 5b) occur non-uniformly with
development. Spatial maps of areal expansion were estimated from measurements of
AA=(Ay-A1)l A for each small surface patch (initial area A, final area Ay; Fig. 5a). The
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regional pattern of morphological development is highly similar to the pattern of local
surface area expansion, which suggests a direct relationship between these processes. Thus it
is plausible that morphological differentiation plays a key role in the mechanical processes
that drive folding of the cerebral cortex.

3.4. Measurements of mechanical stress

4. Models

Van Essen (1997) has proposed that axonal tension produces folding by drawing sides of
gyri together. This hypothesis suggests three questions that can be answered by direct
experimentation. (i) Can axons in vitro sustain mechanical tension? (ii) Are axons in the
intact brain under tension? (iii) Does axonal tension act to draw the walls of gyri together?

Several studies by Heidemann and Buxbaum (1990, 1994) Chada et al. (1997), Dennerll et
al. (1989) have addressed the first question. Dennerll et al. (1989) showed that neural fibers
from embryonic chick peripheral neurons (dorsal root ganglia) in vitro can maintain tension.
These sensory neurites demonstrated viscoelastic lengthening and towed growth during the
application of tension, and active contraction to re-establish tension after the fiber was
allowed to slacken. Neurites maintained levels of steady tension of 100-200 u dynes (10-20
pN), and transient peak tension levels >500 py dynes (>50 pN). Neural fibers from the brain
itself also grew in vitro in response to applied tension, but maintained much lower levels of
tension and did not re-establish tension after slackening (Chada et al., 1997).

Dissection experiments (Xu et al., 2009, 2010) convincingly showed that white matter in
mammalian brains is under tension, including the white matter in the adult mouse brain (Xu
et al., 2009) (Fig. 6) and in both mature and developing ferret brains (Xu et al., 2010) (Fig.
7). Incisions through cortical gray matter did not open, but cuts through white matter normal
to the fiber direction opened, indicating stress along the fiber axis. The majority of axonal
fibers in gyri project radially, and so the stress field within each gyrus appears to be
dominated by tension in these radially-oriented fibers.

In the following sections we describe recent or well-known models and evaluate them in
terms of the experimental observations described above. Some of these models are based
explicitly on mathematical equations that relate stresses to deformation. Other models are
currently based on descriptive or intuitive arguments, or on scaling or geometrical
relationships.

4.1. Axonal tension-driven folding

The axonal tension hypothesis (Van Essen, 1997) is illustrated schematically in Fig. 8a. This
hypothesis, that axonal tension creates gyri, is attractive because it is consistent with
efficient wiring—axons that connect related areas will draw them together, thus decreasing
the total length of axonal connections. Disturbances in folding accompany alterations in
axonal connectivity, as observed by Van Essen et al. (2006a) who analyzed cortical folding
in subjects with a genetic disorder known as Williams syndrome. Rakic (1988) noted similar
effects in the brains of monkeys with disrupted visual systems. However, in both cases the
causality and mechanism are not clear. The axonal tension hypothesis is particularly
interesting because tension can be measured in individual axons (Chada et al., 1997;
Heidemann and Buxbaum, 1990, 1994; Joshi et al., 1985) as well as in tissue (Xu et al.,
2009, 2010), as described above. However the hypothesis that the walls of gyri are drawn
together by axonal tension is not consistent with observed patterns of stress in the ferret
brain, which reflect tension along, not across, gyri (Xu et al., 2010) (Fig. 8b; see also Figs. 6
and 7).
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4.2. Growth-driven folding

4.2.1. Buckling of stiff surface layers on elastic foundations—An influential
study by Richman et al. (1975) points to differential tangential growth, in which outer layers
grow tangentially at faster rates than inner layers of the brain, as the driving mechanism of
cortical folding. In this study, the authors developed mathematically a hypothesis that had
been discussed for many decades prior (see Le Gros Clark, 1945; Richman et al., 1975, and
references therein). In the Richman model (Fig. 8c and d), tangential growth of the
outermost cortical layer occurs at a greater rate than a second cortical layer, which overlies
an elastic core. This differential growth produces compressive stress that leads to buckling
of the cortical layers, modulated by the stiffness of the foundation. In terms of
developmental neuroanatomy (see Bystron et al., 2008) the outer layers in this model
comprise the cortical plate, and the foundation, or core, captures the aggregate mechanical
behavior of subplate, intermediate zone, subventricular zone, ventricular zone, and all
deeper internal brain structures. In the Richman model (Richman et al., 1975), increasing the
material stiffness, or elastic modulus, of the foundation leads to shorter wavelengths of the
buckled layer (cortex). The details of the analysis are not included in the paper (Richman et
al., 1975), but the predictions correspond to the classic theory of the elastic buckling of a
plate on an elastic foundation (Biot, 1965). However, the Richman model (Richman et al.,
1975) relies on a large mismatch in the elastic moduli between the stiff outer layer and softer
core to produce buckling patterns that approximate observed folds. In fact, experiments have
indicated that the elastic modulus of the outer layer of cortex is not significantly different
from that of inner regions of the brain (Chatelin et al., 2010; Prange and Margulies, 2002;
van Dommelen et al., 2010).

More recent modeling work has extended the set of results for buckling of stiff elastic layers
on softer continua. Hohlfeld and Mahadevan (2011) analyzed the surface instability in a
strip of soft, hyperelastic, incompressible material with a thin, stiff, skin as it undergoes
bending. This instability leads to furrows, or “sulci” that resemble cortical folds. Buckling of
an elastic shell on an elastic foundation has also been used to explain the formation of ridges
and whorls during fingerprint formation (Kucken and Newell, 2005) and the ridged or
wrinkled skins of vegetables and fruits (Yin et al., 2008) (Fig. 9).

Some buckling models have been proposed which do not attempt to explicitly represent the
physics of brain deformation, but instead rely on analogies to simpler behavior. A highly
simplified, large-amplitude buckling model of cortical folding was presented by Raghavan
et al. (1997). They represented the cortex as a thin elastic beam and predicted the buckled
shape by minimizing an energy density function that consisted of the bending and stretching
strain energy of the beam, skull constraints, and additional interaction terms that
discouraged self-contact and looping. Nie et al. (2010 built a 3D model of cortical surface
growth that mathematically describes the process of cortical expansion and bending.
However their equations were not based on a physical model of the brain and were not
intended to represent the true mechanics of deformation. Like Raghavan et al. (1997), Nie et
al. (2010) used penalty terms to enforce constraints such as specific cranial volume and non-
intersection of the cortical surface. Such terms are not required in the physically-based
mechanical models described in the next section.

4.2.2. Elastic instability in growing continuua—Rigorous models of growth in
mechanical continua have been developed in the last two decades and applied to the
understanding of development and morphogenesis. In particular the theory of multiplicative
growth due to Rodriguez et al. (1994) has been widely used to model the development and
growth of biological tissues including cardiovascular tissue (Alford and Taber, 2008;
Goktepe et al., 2010; Lin and Taber, 1995; Ramasubramanian et al., 2006; Taber and
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Chabert, 2002), brain (Filas et al., 2013; Xu et al., 2009, 2010; Varner et al., 2010), and skin
(Zollner et al., 2012a, 2012b). This theory underlies several recent mathematical models of
the generation of folds and creases, although few of these models directly address the
question of cortical folding.

The basic equations are summarized in the following paragraphs, more details can be found
in (Rodriguez et al., 1994) and subsequent references. Using standard continuum mechanics
terminology, the location of a material element in the reference configuration is denoted as
X and the corresponding location of the same element in the deformed configuration as x.
The deformation gradient tensor F=0x/dX is expressed as the product of a growth tensor, G,
and an elastic deformation gradient tensor, F™:

F=F*-G. (

Biological tissue is often modeled as a hyperelastic material, so the Cauchy stress tensor, o,
depends directly on the elastic deformation according to the constitutive relationship

ow

_ px—1 gpx

@

where Wis the strain energy density function for the material and J* = gef~™ is the volume
ratio of the elastic deformation. Typically, incompressible or nearly-incompressible,
isotropic constitutive behavior is assumed. The strain energy depends only on the elastic
deformation, so that for example in a nearly-incompressible, neo-Hookean material model
the material behavior is defined by

K
W:%(ITJ**2/3—3)+§(J*—1)2 @

The strain energy depends on J* and on the first invariant (trace) of the elastic right Cauchy—
Green deformation tensor, It =tr C*, where C'=F" 7. F". The shear modulus, 1, and the
bulk modulus kK (k 1)) are the key material parameters. The growth tensor G may be
specified as a function of time or location, or it may be assumed to depend on stress,
providing a mechanism for mechanical coupling through growth.

Models of growth in elastic continua exhibit folding. Ben Amar and Goriely (2005) used this
basic approach to analyze the incremental deformations of a growing, incompressible,
hyperelastic, spherical shell. They showed that growth leads to elastic instability with
buckling modes of different wavelengths depending on growth parameters, as well as on the
thickness of the shell. In this analysis, growth is specified (i.e., it does not depend on the
stress in the material). Both uniform (Ben Amar and Goriely, 2005) and differential
(radially-varying (Goriely and Ben Amar, 2005)) circumferential growth affect buckling of
hyperelastic shells in the presence of positive external pressure.

Dervaux and Ben Amar (2011) analyzed a continuum model of a growing, elastic ring
surrounding a circular elastic core with different elastic modulus. From a linear stability
analysis of the incremental equations they predict buckling with relatively short wavelength
when the outer ring is softer than the core, and relatively long wavelength when the ring is
stiffer than the core. Dervaux and Ben Amar (2008) have also used this approach to model
the growth-induced deformations of thin shells. Dervaux et al. (2011) have developed an
elegant experimental system that uses differentially-swelling gels to produce smooth
buckled patterns and creases in rings (Fig. 10). Jin et al. (2011) have also demonstrated the
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development of folds and creases in growing, soft hyperelastic rings and tubes subject to
either an internal or external rigid constraint.

These continuum models of growth-induced elastic stability provide a plausible explanation
for the occurrence of folds. The main questions surrounding these models are the selection
of elastic parameters, and their effects on folding wavelength. As noted above, the modulus
of the outer layer of the cortex is very similar to the modulus of underlying gray matter and
white matter, so that variations in the wavelength of folding are not fully explained by
elastic instability.

4.2.3. Viscoelastic instability in a model of stress-induced growth—The time
scale of folding is long enough for the brain to grow significantly in response to stress;
growth in interior layers could lead to relaxation of the stresses induced by growth of the
outer cortical layer. Such behavior of the deeper layers would resemble the response of a
viscoelastic material, specifically a Maxwell fluid. Theoretical predictions for compressive
folding instabilities in viscoelastic media were developed by Biot (1957). Bayly et al. (2013)
extended Biot’s analysis to the situation in which compressive stress is due to tangential
growth of a thin elastic plate with thickness / (the cortex), and the embedding medium
grows in response to stress. According to this analysis, Bayly et al. (2013) predicted that the
wavelength of folds, A, (normalized by thickness /) will depend on the ratio /¢ = Gy/ R¢(the
ratio of cortical growth rate Gy to the rate constant of sub-cortical stress inducted growth,
Ry, and =l iy, the ratio of the short-term elastic modulus of the outer layer of cortex (&) to
the average modulus of deeper layers (U . Specifically they predicted that,

1/3
Lo (H00)
h 3T

where /”is the largest positive real root of the polynomial equation,

4
r5—%52rc3(rz+2r+1):0 ©)

The stress-driven growth model not only produces reasonable predictions of folding patterns
and stress distributions, but reflects the behavior of living brain tissue on these time scales.
With similar stiffnesses in the cortex and interior regions of the brain, this model can explain
both (i) variations in wavelength of folds and (ii) the stress fields observed in the developing
brain. In this model, the cortical growth rate, relative to how quickly the core grows in
response to stress, largely determines the wavelength of cortical folds. Two-dimensional
simulations confirmed that more rapid cortical expansion generally leads to shorter
wavelengths (Fig. 11). Simulated wavelengths also scale directly with cortical thickness, as
predicted by Eq. (4). The initial shape before tangential cortical expansion, as well as spatial
variations in tangential expansion itself, may also affect the final shape (Fig. 12).

4.2.4. Heterogeneities in radial expansion and circumferential growth—While
growth-induced instability may underlie the formation of folds, it does not explain the
consistent location of some large gyri and sulci. Two candidate mechanisms are identified
for the formation of these consistent primary gyri. (i) Heterogeneous radial growth before
the period of folding may set up small variations in initial conditions (shape, stiffness, or
stress) that are amplified by tangential expansion of the cortex. We note that axonal tension,
while not actively producing folds, may be an important feature of such an initial state. (ii)
Tangential cortical expansion itself may be heterogeneous in both time and space, as
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suggested in (Xu et al., 2010) (Fig. 13). Current experimental data do not disprove either of
these possibilities. It is clear that the shape of the brain before folding is not perfectly
smooth (Barnette et al., 2009; Neal et al., 2007; Smart and McSherry, 1986a, 1986b); we
have also observed that on a coarse scale, cortical expansion is non-uniform (Knutsen et al.,
2012).

4.3. Models based on geometry and scaling

Several investigators have made predictions regarding cortical folding without directly
addressing the mechanical forces involved. Todd (1982) suggested that initial curvature
determines the folding pattern, with sulci evolving from lines of minimal curvature. Though
not based on a specific mechanical model, Todd’s (1982) prediction is consistent with the
effect of initial conditions in growth-driven folding models. Prothero and Sundsten (1984)
use scaling arguments to predict cortical shape based strictly on the requirement for a “gyral
window” large enough for white matter tracts to communicate with the neurons in each
gyrus. Chklovskii et al. (2002) analyzed the volume of axonal white matter that would be
optimal to connect all the neurons in cortical gray matter. More recently Herculano-Houzel
et al. (2010), Mota and Herculano-Houzel (2012) have found consistent relationships
between the volume and surface area of white matter and the number of cortical neurons.
While these scaling models do not attempt to explain the mechanical forces that drive
gyrogenesis, they provide valuable information on the neurobiological functions that must
be achieved by the brain in its final form.

5. Discussion

Advances in the modeling and simulation of growing tissue, combined with new methods in
biology, imaging, and mechanical measurement, have illuminated the mechanical forces that
cause cortical folding. In particular, it is clear that a unique explanation cannot be
determined from the kinematics of folding alone. More than one mechanical process can
produce the changes in shape that occur during gyrogenesis. While axonal tension-driven
models (Van Essen, 1997), and models in which the cortex is pushed outward by sub-
cortical growth (Mota and Herculano-Houzel, 2012), may produce realistic shapes similar to
the folded brain, geometric similarity is not sufficient evidence of the underlying
hypotheses. For example, the predictions of tension-driven models are not consistent with
the experimental observations of stress state described in Xu et al. (2010).

Tangential cortical expansion is clearly a key process in cortical folding, but it must be
coupled with radial growth. Models based on elastic buckling, such as the model of an
expanding plate on an elastic foundation, seem to rely on unrealistic differences in elastic
moduli to produce observed folding patterns. The predictions of a stress-driven growth
model (Bayly et al., 2013), using reasonable estimates of parameters from experimental
studies (Chada et al., 1997; Knutsen et al., 2012) seem generally consistent with both
observed folding patterns and observed stress distributions (Xu et al., 2010). If stress-
dependent growth is the basic mechanism of folding, it is quite likely that the folding
patterns produced are modulated by heterogeneities in radial growth, tangential growth, and
the stress state before rapid cortical expansion begins.

5.1. Limitations and future work

Several of the theoretical studies use linear theory, or for other reasons focus on the
mechanisms that govern only the initial formation and wavelengths of gyri. Closed-form
solutions are likely to be obtained only in the small-deformation regime, but further
numerical studies should explore the large-deformation, post-buckled behavior of these
models. Such studies will need to exploit more advanced simulation techniques to achieve
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convergence and accuracy under these conditions. The domains of current physically-based
simulations are simple; the extension of modeling and simulation to the full 3D case with
realistic initial shapes (as in Nie et al. (2010)) is clearly warranted.

The experimental studies described here should also be interpreted cautiously. Experimental
measurements of stress in the developing brain have been performed in brain slices, so the
stress field has been changed by the release of any stresses on the plane of the cut. MR
imaging measurements of spatial variations of growth would be improved by following a
dense set of markers or landmarks. For example, surface strain in the embryonic chick brain
has been measured by tracking displacements of beads attached to the surface (Filas et al.,
2008). Reliable measurements of the mechanical properties of brain tissue as it develops
remain difficult to obtain; estimates of properties obtained via indentation (Xu et al., 2010)
are subject to the limitations and assumptions inherent in the technique.

6. Conclusions

The combination of quantitative, physically-meaningful, mathematical models and direct
measurements of growth kinematics, tissue stresses, and brain material properties has
provided new insight into the mechanics of cortical folding. The evidence suggests that the
cortical folding process is driven by tangential expansion of the cortex and stress-induced
growth of sub-cortical regions, modulated by initial shape and stress before the period of
gyrogenesis.
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Fig. 1.

Surface representations obtained from MR images of (A) ferret brains at postnatal day 4, 10,
17, and at maturity, and (B) human brains at 25, 30, 33, and 39 weeks gestation and in the
adult. Reproduced with permission from Barnette et al. (2009).
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Fig. 2.

Neuronal differentiation and arborization coincide with the period of cerebral cortical
folding. In the ferret, both morphological differentiation and folding occurs during the first
five weeks of life. Neural traces are from Zervas and Walkley (1999) and are reproduced
with permission.
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Fig. 3.

(a) Coronal sections of ferret brains fixed at 2, 6, and 10 days after birth (P2, P6, and P10).
Reproduced with permission from Smart and McSherry (1986a). (b) Line drawings of tissue
deformations during folding, from Smart and McSherry (1986b). Lines show radial tissue
lines and layers in the tangentially expanding cortex; stippling shows neurons in the subplate
(the layer immediately below the cortical plate). Reproduced with permission from Smart
and McSherry,(1986b).
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Fig. 4.

Fractional anisotropy of the diffusion tensor (measured by diffusion-weighted MR imaging)
decreases during folding, as normalized mean curvature (K") and normalized sulcal depth
(A") increase. FA, K" and A* are all dimensionless. Adapted with permission from Knutsen
etal. (2012).
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Fig. 5.

(a) Maps of local relative cortical growth, AA = (A2A1)/ A1 from P14 to P21 (left) and P21
to P28 (right) in the left hemisphere of one ferret. While the isocortex expands at a roughly
constant rate after about P13, relative cortical growth is larger from P14 to P21 because
cortical growth represents the change in local surface area relative to the initial local surface
area. Growth was not calculated on the medial wall, which is shown in gray. Reproduced
with permission from Knutsen et al. (2012). (b) Regional variations of cortical fractional
anisotropy (FA) in the developing ferret brain. FA decreases with age over the first postnatal
month (Kroenke et al., 2009). Here, cortical FA is projected onto P13b and P20b ferret brain
cortical surface models, respectively. Boundaries between important cortical regions are
marked by color-coded spheres on each surface: the isocortical/allocortical boundary (light
blue); primary visual cortex (green); auditory cortex (red) and somatosensory area (yellow).
Adapted with permission from Kroenke et al. (2009). (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 6.

Micro-dissection study of stress in a coronal slice of an adult mouse brain. (al, b1) Brain
section before dissection (1 mm thick, obtained by vibratome immediately after sacrifice).
(a2, b2) One radial cut (solid arrowheads) was made only through the cortical gray matter,
and did not open. (a3, b3) A second radial cut (open arrowheads) was made through the
underlying white matter (a3) or into the interior gray matter (b3). The cut opened at the site
of the white matter tract. (a4, b4). (c1-c4) Normalized circumferential stress ( o)

distribution in finite element models of the dissection experiments (4/=0.5, A;=1.3).
Following imposed growth, gray matter is in compression and white matter is in tension.
Simulated radial cuts were made into cortical gray matter (c2), white matter (c3), or deep
gray matter (c4), respectively. Reproduced with permission from Xu et al. (2009).
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Fig. 7.

Microdissection study of the ferret brain before, during, and after the period of folding. (al—
c1) Coronal brain sections at postnatal day (P) 6, 18, and adult. Dashed curves outline the
boundaries between cortex, subplate, subcortical white matter (WM), and deep grey matter
(dGM). Scale bars represent 1 mm. Color-coded rectangles indicate the regions shown in the
close-ups to the right of each section. Cuts of various depths (indicated by pairs of
arrowheads) are made either radially (a2—a4, b2—b4, and c2—c4) or circumferentially (a5-a6,
b5-b6, and c5—c6) on developing gyri and sulci as marked. Asterisks indicate significant
openings. Reproduced with permission from Xu et al. (2010).
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Fig. 8.

() A schematic representation of the axonal tension hypothesis of cortical folding (Van
Essen, 1997). Tension (black arrows) in axons that connect two cortical regions is
hypothesized to pull them closer to each other, forming an outward fold. Inward folds are
hypothesized to form between weakly interconnected cortical regions (grey arrows).
Adapted with permission from Xu et al. (2010) following Van Essen (1997). (b) Actual
distributions of axon tension based on dissection and histology data (Xu et al., 2010). Axons
are under tension (black arrows). Tension is manifested circumferentially in the subcortical
white matter tract and radially in the subplate or the cores of outward folds (apparent after
P18). Circumferential tension (grey arrows) was not detected between the walls of outward
folds. Adapted with permission from Xu et al. (2010). (c) Intracortical differential tangential
growth model due to Richman et al. (1975). Brain cortex is roughly divided into two layers
with the outer layer growing faster (indicated by “++”) than the inner layer (“+”). All other
underlying tissue is treated as a softer elastic foundation without any growth. Adapted with
permission from Richman et al. (1975) and Xu et al. (2010). (d) This differential growth
model predicts elastic buckling of the outer layer. Reproduced with permission from
Richman et al. (1975). (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
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Fig. 9.

Buckling deformation maps of stiff-shelled spheroids with equatorial radius a, polar radius
b, and shell thickness ¢ from Yin et al. (2008). The radius of curvature at the pole is R=2%/b
and the shape factor A=a/b. Deformations of the outer shell are shown as shape factor Aand
ratio of stress in the film (shell) to critical buckling stress (g4 g,) are varied. The radius/
thickness ratio //¢=20 and the modulus ratio between film and substrate £4 £, = 30 are both
held constant. The amplitude of the mode in each image is arbitrary; the color red indicates
relatively concave regions. Reproduced with permission from Yin et al. (2008). (For
interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)
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Fig. 10.

(A) A cusped structure representative of folding instability in a differentially swelling gel
specimen (Dervaux et al., 2011). The outer ring (width A) swells while the inner disk (radius
A) does not. (B)—(E) Experimental samples with ratios of ring width/internal disk radius
ratio A/ A~0.13. The ratio of shear modulus in the disk to shear modulus in the ring
increases from left to right: 0.25, 0.5, 1, 6). (F)—(I) Corresponding theoretical predictions.
Reproduced with permission from Dervaux et al. (2011).
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Fig. 11.

Effects of cortical growth rate on wavelength, subcortical growth, and stress in a 2-D model
of cortical folding. In this model folding is driven by tangential growth of a single outer
layer, accompanied by stress-driven radial and tangential growth in the foundation (Bayly et
al., 2013). The elastic shear modulus is the same in both regions. Each column contains
spatial maps of a different variable superimposed on the deformed geometry: radial growth
Gy, tangential growth G radial stress g; tangential stress g Each row corresponds to a
different scaled cortical growth rate. (Row 1)Relative growth rate [ ;= 2.5 x 1072, at scaled
time 1=0.060; (Row 2) ' = 2.5 x 1073, at 1=0.035; (Row 3) 5= 2.5 x 1074, at 1=0.014;
(Row 4) T=2.5x 1075, at T =0.08. Reproduced with permission from Bayly et al. (2013).
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Fig. 12.

The effects of cortical growth rate and initial shape in an axisymmetric model of folding
caused by tangential growth of the outer layer and stress-induced growth in internal regions.
The initial shape (column 1) is determined by imposing a specific pattern of radial growth
Gp before the period of rapid tangential expansion. The next three columns show maps of
radial growth Gg; tangential growth G and radial stress g, superimposed on the deformed
domain. Two different relative growth rates lead to qualitatively different final shapes. Row
1: relative growth rate I' = 0.50, at time T =0.90. Row 2: 5= 0.20, at time 1=1.25.

Reproduced with permission from Bayly et al. (2013).
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Fig. 13.

Two-dimensional finite element model of cortical folding caused by phased differential
growth. In this model folding at specific locations is produced by spatial variations in the
time of local expansion. (a)—(c) Model geometry and stress distribution (a) after contraction
of a sub-cortical band of white matter, and before expansion of the outer cortical layer; and
(b)—(c) after each of two local tangential expansions leading to the formation of two gyri.
(d)—(g) A section of the model shown in (c) was used to simulate the effects of subsequent
radial cuts within a gyrus (d and €) and a sulcus (f and g). Simulated cuts through the
subcortical white matter tract (pairs of arrowheads) lead to openings (indicated by asterisks).
Panels (e) and (g) are magnified images of the outlined regions in (d) and (f), respectively.
Colors indicate circumferential stress (") normalized by the material shear modulus.
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Reproduced with permission from Xu et al., (2010). (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)
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