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Improved understanding of the factors that govern folding of the cerebral cortex is desirable for many reasons. The existence of consistent
patterns in folding within and between species suggests a fundamental role in brain function. Abnormal folding patterns found in
individuals affected by a diverse array of neurodevelopmental disorders underline the clinical relevance of understanding the folding
process. Recent experimental and computational efforts to elucidate the biomechanical forces involved in cerebral cortical folding have
converged on a consistent approach. Brain growth is modeled with two components: an expanding outer zone, destined to become the cerebral
cortex, is mechanically coupled to an inner zone, destined to become white matter, that grows at a slower rate, perhaps in response to stress
induced by expansion from the outer layer. This framework is consistent with experimentally observed internal forces in developing
brains, and with observations of the folding process in physical models. In addition, computational simulations based on this foundation
can produce folding patterns that recapitulate the characteristics of folding patterns found in gyroencephalic brains. This perspective
establishes the importance of mechanical forces in our current understanding of how brains fold, and identifies realistic ranges for
specific parameters in biophysical models of developing brain tissue. However, further refinement of this approach is needed. An
understanding of mechanical forces that arise during brain development and their cellular-level origins is necessary to interpret the
consequences of abnormal brain folding and its role in functional deficits as well as neurodevelopmental disease.
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What is to be gained from understanding how the cerebral
cortex folds
Understanding the relationships between structure and function
in biology is critical to the development of desirable interven-
tions. For example, on the molecular scale, impaired enzymatic
catalysis can be explained in terms of an aberrant protein folding
pattern. On the scale of human epidemiology, descriptions of
disease rely on structural models of the affected populations. A
structure–function conundrum that has challenged neuroanato-
mists for more than a century is how (or if) the folding pattern of
the cerebral cortex of gyrencephalic mammals reflects brain func-
tion (Welker, 1990).

The association of aberrant cerebral cortical folding patterns
in humans with a diverse array of neurodevelopmental disorders
demonstrates a clear clinical need to more completely under-
stand the underlying mechanics of folding. Congenital brain
abnormalities, such as lissencephaly, polymicrogyria, and pachygyria,
are associated with severe mental deficits (Richman et al., 1974,

1975; Barkovich et al., 2005; Barkovich and Raybaud, 2012;
Manzini and Walsh, 2015); these gross pathologies of folding
represent extreme examples of linkages between structural char-
acteristics and brain function. More subtle folding differences from
age-matched, typically developing control groups have been de-
scribed for individuals with autism spectrum disorder (Nordahl et
al., 2007; Blanken et al., 2015; Dierker et al., 2015; Ecker et al., 2015),
Williams syndrome (Van Essen et al., 2006), and schizophrenia
(White et al., 2003; Csernansky et al., 2008). The presence of
folding abnormalities in these disorders of poorly understood
etiology highlights the importance of a more complete understand-
ing of the folding process. In addition, developmental impairments
arising from environmental insults, such as premature birth (Zhang
et al., 2015), intrauterine growth restriction (Dubois et al., 2008),
and fetal alcohol exposure (Hendrickson et al., 2017), also result in
abnormal folding patterns associated with functional deficits. Un-
derstanding the biomechanics that govern cerebral cortical folding
during development may illuminate the developmental processes
responsible for an abnormally folded cerebral cortex at maturity,
and provide insight into the mechanism of specific disorders.

Consistent relationships between the location of primary sulci
and cytoarchitectural as well as functional boundaries (Welker,
1990; Fischl et al., 2008) suggest that folding is involved in the
process of regional differentiation of the cortex. Consistent fold-
ing patterns are found within a given gyroencephalic species, and
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between closely related species (Zilles et
al., 2013). Furthermore, evidence that the
gyral and sulcal pattern observed in hu-
man brains is heritable (Bartley et al.,
1997; Rogers et al., 2010) suggests that
molecular and cellular processes influence
the shape of the folded brain at maturity.

This review focuses on recent develop-
ments in the approach to characterizing
the mechanical forces that arise from and
give rise to cerebral cortical folding. The
three main objectives in this review are as
follows: (1) to provide an overview of cur-
rent state of the art in biomechanical stud-
ies of cortical folding, (2) to describe the
progress made to date in our understand-
ing of the involvement of mechanical forces
in this process, and (3) to identify shortcom-
ings of currently used approaches, as these
represent opportunities for significant ad-
vances in this field. Recently described
mechanical models have the ability to reca-
pitulate many developmental and structural
characteristics of cerebral cortical gyri and
sulci found across species. As described
below, this approach has illuminated the
interaction between mechanical forces and
brain tissue material properties to produce
folds. Fundamental physics and mathemat-
ics provide important constraints for the de-
velopment of hypotheses related to how
cellular processes influence folding. How-
ever, although several recent advances have
been made in the biophysical characteriza-
tion of cerebral cortical folding, a current
shortcoming is the need to further refine
mechanical models in terms of recently
identified cellular developmental processes
demonstrated to be influential in cortical
folding.

A common framework for simulating cerebral
cortical folding
Computational and experimental approaches for studying the
biomechanical forces that govern folding have converged in re-
cent years on a common framework (Fig. 1). In gyroencephalic
mammals, the process of folding begins approximately at the
conclusion of pyramidal cell neurogenesis. At this time, the im-
mature cortex, termed the cortical plate, is a cell-dense zone near
the pial surface (Bystron et al., 2008). The cell-sparse subplate
zone borders the cortical plate on the ventricular side, and spans
the space separating the cortical plate and fibrous tissue termed
the intermediate zone (Kostović et al., 2002; Bystron et al., 2008;
Huang et al., 2009), the outer fibrous layer (Smart et al., 2002), or
other (Altman and Bayer, 2002; Bayer and Altman, 2005; Bark-
ovich and Raybaud, 2012) as reviewed by Wang et al. (2015, their
Table 1). In computational modeling of cerebral cortical folding,
the brain before the appearance of sulci and gyri is represented as
a structure consisting of two zones (Fig. 1b) (Richman et al., 1975;
Bayly et al., 2013; Budday et al., 2014a; Tallinen et al., 2014; Zhang
et al., 2016; Ben Amar and Bordner, 2017). The outer zone rep-
resents the cortical plate, and the inner zone represents the tissue
between the cortical plate and ventricular surface.

Within this simplified two-zone framework, one question that
has drawn attention concerns whether the governing forces arise
from tissue within the outer layer or inner layer. Two contrasting
theories propose different answers to this question. According to
the cortical “buckling due to differential expansion” theory (Rich-
man et al., 1975), compressive forces arise in the outer layer as a
consequence of its tangential expansion relative to the inner zone,
and these forces lead to buckling of the cortex. Alternately, the
“axon tension” theory (Van Essen, 1997) posited that tension
derived from axons in the inner zone acts to fold the cortex by
pulling gyral walls toward one another.

Two sets of experimental findings provide support for the
view that forces within the outer zone are dominant in the folding
process. The first line of evidence counters the white matter ten-
sion hypothesis. Direct measurements of tension mediated by
axons were made by introducing incisions in the developing
white matter of slices of immature ferret brains (Xu et al., 2010).
In such studies, when tension exists perpendicular to the incision
direction, the cut will open, allowing the tension to relax. Tissue
deformations in these brain slices following incision indicated
that (1) axons do exhibit tension, but (2) the directions of forces
exerted by axons will not pull the walls of gyri together. These

Figure 1. Cerebral cortical folding, as approximated in physical models, and in relation to developmental changes in tissue
zones identified by light microscopy. a, Lateral views of models of the rhesus macaque cerebral cortex obtained from fetal MRI
measurements at gestation ages G85, G110, and G135. Gestation term is 168 d for rhesus macaques. The mean normalized
curvature, a measure of folding, increases from 23% to 87% of the adult value from G85 to G135 (Wang et al., 2017). b, Average
coronal T2-weighted fetal MRI from 17 G85 brains, 8 G110 brains, and 16 G135 brains (manuscript in preparation). Scale bar, 1 cm.
Illustrations of the outer (blue) and inner (yellow) zones for one hemisphere are overlaid on the hemisphere portrayed on the right
at each age. c, Nissl-stained images spanning from the ventricular zone to the pial surface in the inferior temporal lobe of a G90,
G110, and G135 brain. For the G135 brain, cerebral tissue is shown for a sulcal and gyral region. Lamina are labeled according to
Smart et al. (2002). Notable changes in thickness for several layers, including the cortical plate, occur over this period. MZ, Marginal
zone; CP, cortical plate; SP, subplate; OFL, outer fibrous layer; OSVZ, outer subventricular zone; IFL, inner fibrous layer; ISVZ, inner
subventricular zone; VZ, ventricular zone. Scale bar, 1 mm.
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observations are inconsistent with a prominent role for axon
tension in forming gyri (Bayly et al., 2014). The second line of
evidence affirms that forces derived from simple tangential
expansion of the outer layer can cause intricate folding of the
surface. In elegant polymer preparations, a gel structure can be
induced to undergo surface area expansion by exposing the sur-
face to a catalyst that penetrates a controlled distance into the gel
(Dervaux et al., 2011; Tallinen et al., 2014, 2016). This experi-
mental system has been used to demonstrate that, when the
physical size and material properties of the gel are made similar
to developing brain, a fast-expanding outer shell bounded to a
slower expanding inner shell forms folds that resemble the sizes
and shapes of human cerebral cortical sulci and gyri (Tallinen et
al., 2016).

It should be noted that, whereas a dominant role for tangential
outer-zone forces is now commonly assumed in biomechanical
simulations, several other potential scenarios have been suggested
that remain to be quantitatively assessed. Among these, a long-
recognized possibility (for review, see Welker, 1990) is that gyri
arise from localized radial growth within the inner zone that
occurs at a greater rate than in sulcal regions. As examples, (Smart
and McSherry, 1986a, b) note, in the developing ferret brain, that
“during the folding of the surface of the hemisphere, the floors of
the sulci remain relatively fixed both in relation to the deep sur-
face of the cortex and to each other and . . . a gyrus is produced by
the expansion of the intersulcal tissue.” Kostović and Rakic
(1990) suggest a potential role of the subplate zone by noting that
“regional differences in subplate thickness occur in register with
the emergence of sulci and gyri and the peak in the size of the
subplate zone coincides with the establishment of gyral pattern.”
Elegant morphometric analyses of detailed, in utero whole-brain
fetal MRI studies of the developing human brain have also char-
acterized growth in subcortical as well as cortical tissue (Rajago-
palan et al., 2011). However, the difficulty encountered with
inferring mechanistic information from observational studies is
that a region can undergo an increase in its volume both as a
result of its growth (in which case it exerts force on the surround-
ing tissue) or as a result of the growth of neighboring tissue (and
the deformation is a consequence of forces imposed on it). In-
deed, localized radial growth is difficult to reconcile with biome-
chanical force measurements in the developing ferret brain.
Specifically, if gyri are to form from the inner zone “pushing” the
outer zone outward, compressive radial force would be antici-
pated in the center of developing gyri. In direct opposition to this
prediction, tensile forces in this region of the inner zone are ac-
tually observed (Xu et al., 2010). Another factor that has war-
ranted consideration is the potential influence of the surrounding
meninges and skull on cortical folding. However, a majority of
experimental evidence does not favor this hypothesis (Welker,
1990). Thus, although current biomechanical approaches may be
well motivated by the available experimental biomechanical data,
there are several proposed mechanisms of folding that remain to
be rigorously evaluated.

Computational simulations of cerebral cortical folding
Mathematical models of the two-zone framework enable precise
and quantitative investigation of the hypothesis that tangential
growth-related forces play a role in shaping the cerebral cortex.
Brain growth is modeled using an approach developed by Rodri-
guez et al. (1994) to compactly describe changes in preferred
tissue size or shape, with some modification as detailed below. In
these simulations, parameters specified as input include the ini-
tial geometry of the system, the material properties of the two

zones, and characteristics of growth within the tissue components. It
should be noted that each of these parameters can be explicitly set in
folding simulations and thus adjusted to replicate folding patterns
observed in brains. As will be discussed in subsequent sections, an
important remaining need is to develop understanding of the cellu-
lar processes responsible for the phenomena reflected in these com-
putational parameters.

Initial geometry
Finite element simulations of cerebral cortical folding have been
performed on 2D and 3D systems. In 2D simulations and approx-
imate equations, the effects of various physical parameters on
folding size and shape have been substantiated. The thickness of
the outer zone as well as its rate of tangential expansion relative to
the inner zone both influence the wavelength of the folds formed
(Bayly et al., 2013; Budday et al., 2014a). Initial curvature of the
surface also plays an important role in subsequent folding. Standard
idealized initial geometries for 2D simulations are rectangular do-
mains or curved surfaces, such as sections of concentric circles (rep-
resenting the boundaries of the inner and outer zones), or ellipses. In
3D simulations, the initial geometry can also be an idealized struc-
ture, such as a sphere or ellipsoid (Bayly et al., 2013), or it can be
defined to more closely resemble biological conditions. For example,
Tallinen et al. (2016) used in utero MRI data to define the initial
surface mesh of the outer zone to simulate folding of the human
cerebral cortex.

Material properties
Developing brain tissue has been modeled as a growing, soft,
nonlinear, elastic (“hyperelastic”) material (Bayly et al., 2014). In
a finite element simulation, a given area (2D) or volume (3D)
element may undergo growth, governed by specific equations
describing material behavior and expansion. If growth is con-
strained, or nonuniform, it will induce mechanical stresses in
affected area or volume elements and on their neighboring ele-
ments, causing the tissue to deform. This, in turn, can induce
additional stress on neighboring area or volume elements. It is
quite likely that these stresses can affect the processes that cause
growth itself, closing a very consequential feedback loop. In the
context of this tissue model, critical parameters that determine
how the tissue responds to mechanical stress are the tissue inner
and outer zone stiffnesses, or the ratio between the two stiffnesses.
Stiffness (more precisely: elastic modulus) quantifies the consti-
tutive relationship that links forces (stress) in tissue to its defor-
mation (strain). Early theoretical analysis of a two-layered, static,
elastic model of the brain (Richman et al., 1975) concluded that
compression in the outer layer, due to cortical growth, would
cause buckling and the formation of folds resembling gyri and
sulci. In this model, the wavelengths of folds are realistic only if
the outer zone is considerably stiffer than the inner zone. Several
measurements of brain tissue stiffness have since been reported
(e.g., for review, see Chatelin et al., 2010); and although there is
some discrepancy between studies on whether gray matter (the
outer zone) or white matter (the ultimate identity of the inner
zone) is stiffer (Weickenmeier et al., 2016), it is generally held that
these two tissue subtypes are not as distinctly different as postu-
lated by Richman et al. (1975). In more recent dynamic simula-
tions of growth using the formalism of Rodriguez et al. (1994),
performed since the studies of Richman et al. (1975), conditions
have been found in which realistic folding patterns occur in the
absence of significant differences in stiffness between tissue sub-
types, as described below.
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One shortcoming in our current knowl-
edge of material properties for the inner
zone is the potential effects of changes with
development. Weickenmeier et al. (2016)
have noted regional variation in white
matter stiffness throughout the brain, and
comparisons with histological measure-
ments have identified myelin content as
an important factor. Considering that,
over the period in which cortical folding
occurs, the inner zone corresponds to the
developmentally transient tissue zones,
such as the subplate (Kostović and Rakic,
1990; Hoerder-Suabedissen and Molnár,
2015), rather than(myelinated)whitematter,
stiffness measurements performed on imma-
ture brains would be of value. Develop-
mental studies have revealed differences
in brain tissue stiffness between the new-
born and mature porcine and rat brain
(Thibault and Margulies, 1998; Prange
and Margulies, 2002; Gefen et al., 2003).
Even these, however, have focused on
white matter subsequent to myelin devel-
opment. Stiffness measurements of the
subplate remain to be reported.

Characteristics of growth
A common assumption is that growth in
the outer layer is purely tangential, such
that, if unconstrained, the surface area of
the cortex would increase with time but
the cortical thickness would remain con-
stant (Bayly et al., 2014). This tangential
growth is termed “morphogenic” by Kuhl
and coworkers (Budday et al., 2014a, b),
as it is the primary force-generating process that causes the outer
zone to buckle. In reality, thickness as well as surface area are
known to increase over the period of time in which folding oc-
curs; but as recognized by Tallinen et al. (2016), the approxi-
mately twofold increase in thickness is very small compared with
the 30-fold increase in surface area in human brain development.
We note that constrained tangential cortical growth could lead to
increased thickness by the “Poisson effect”; external compression
of most materials in one direction leads to passive expansion in
the perpendicular directions. As described below, the structural
characteristics of folds are predicted by simulations to be very
sensitive to the thickness of the outer zone; therefore, the poten-
tial influence of changes in thickness with development remains
to be further characterized. Surface area expansion of the cerebral
cortex over the period of cortical folding has been documented in
longitudinal MRI studies of some species: ferret (Knutsen et al.,
2013), rhesus macaque (Wang et al., 2017), baboon (Kochunov et
al., 2010), and human (Dubois et al., 2008; Clouchoux et al., 2012;
Habas et al., 2012). And in these cases, surface area increases as an
approximately linear function of age throughout the formation of
primary gyri and sulci. Interestingly, linear surface area expansion
continues beyond the period in which folding occurs (Wang et al.,
2017) (Fig. 2), indicating that surface area expansion and folding are
distinct attributes of cortical development.

An important advance in the conceptualization of brain
growth was the recognition that, although tangential growth of
the outer zone may be the primary generator of forces that drive

folding, the formation of folds also induces stress on the inner
zone, which in turn can cause stress-dependent growth (Bayly et
al., 2013). Mechanical stress-induced growth of nerve cell pro-
cesses is a well-characterized phenomenon (Chada et al., 1997;
Franze et al., 2013). Stress-induced inner-zone growth has been
made explicit by treating the inner zone as a “Maxwell fluid” in
recent simulations (Bayly et al., 2013). A Maxwell fluid acts like
an elastic solid when resisting rapidly applied forces but flows like
a viscous liquid in response to gradual changes in force. Through
the addition of this stress-induced growth term in the inner zone,
dynamic simulations were observed to generate buckling-induced
folds using realistic inner and outer zone stiffness parameters, and
produced stress fields qualitatively consistent with mechanical
measurements (Bayly et al., 2013). Tallinen et al. (2014), also
using a dynamic model of folding, similarly found that reason-
able wavelengths could be obtained, with realistic stiffnesses in
each layer, by controlling relative growth rates in the outer and
inner layer.

Evaluating simulation results
The extent and structure of folds
A first question in the evaluation of simulation results is whether
a biologically plausible folding pattern was formed. A second,
perhaps more important question, is whether perturbations in
the simulation lead to changes in model behavior (output) that
match corresponding responses to perturbation in the biological
system.

Figure 2. In gyroencephalic species, gyrogenesis is temporally coincident with rapid linear surface area expansion and mor-
phological differentiation, subsequent to cortical pyramidal cell neurogenesis and migration. Workman et al. (2013) have defined
a species-independent CNS event time, shown on the abscissa. Lower axes represent corresponding postnatal ages (days) for
ferret, gestational ages (days) for rhesus macaques, and gestation weeks for humans. Common trajectories of folding (red curve),
surface area expansion (solid line), and reduction in cerebral cortical diffusion anisotropy (hyphenated line) (Wang et al., 2017),
relative to event time, have been observed for these three species.
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A useful answer to either question requires quantitative char-
acterization of folded shapes in 2D and 3D. The most widely used
folding metric for the brain is the gyrification index: the ratio of
the surface area of the folded cortex to the area of its convex hull
(Zilles et al., 1988; Sallet et al., 2003; Hardan et al., 2004). In 3D
simulations, the ratio of the exposed to total surface area has been
reported (Tallinen et al., 2014). Mean curvature, sulcal depth,
and other measures of shape have also been used to quantify the
degree of folding (Van Essen, 2005; Wright et al., 2014; Shimony
et al., 2016). Among the sets of parameters for quantifying fold-
ing, nondimensional ones have the advantage that they can be
used to compare brains of different sizes. Nondimensional mean
curvature and nondimensional sulcal depth, which are normal-
ized by characteristic radius of the surface Lc � �Area/4�, were
proposed and used by Knutsen et al. (2013).

In simulations, the folding wavelength can be used (Bayly et
al., 2013; Shimony et al., 2016) as a metric to distinguish folding
scale (polymicrogyria vs normal vs pachygyria). Mathematical
models show consistently that greater mean thickness of the
outer zone increases folding wavelength (Goriely and Ben Amar,
2005; Dervaux et al., 2011; Bayly et al., 2013; Budday et al., 2014a;
Tallinen et al., 2014). Some models show that wavelength also
increases when growth rate of the outer zone is slower relative to
the growth of the inner zone (Bayly et al., 2013; Tallinen et al.,
2016). These predictions are consistent with general observations
of thin cortex in polymicrogyria and thicker cortex in pachygyria,
and with the effects of increased (Chenn and Walsh, 2002) or
impaired neurogenesis (Johnston et al., 1982; Poluch and Ju-
liano, 2015) on folding in animal brains. Although systematic
comparison is lacking between the effects of corresponding pertur-
bations in simulation and experiment, existing evidence clearly
establishes that the outer-zone growth-dependent buckling mecha-
nism, as conceptualized in dynamic simulations of growth, is con-
sistent with the biological process of gyrogenesis.

Specifying the locations of folds: the effects of initial geometry and
heterogeneous growth
Each gyroencephalic species exhibits consistencies in the folding
pattern among individuals, and similarities are also found be-
tween closely related species (Zilles et al., 2013). For the view-
point that expansion-based buckling drives cortical folding, the
source of regularity in folding patterns is a challenging question.
Two potential sources of reproducible patterns have been explored
with computational simulations. The first is the specification of ini-
tial geometry for the cortical plate. The second possibility is that a
regionally specific growth process occurs, which confers consistency
in folding.

Simulations (Bayly et al., 2013; Tallinen et al., 2016) have
confirmed that small variations in the shape of the brain at the
start of rapid tangential expansion are amplified by the folding
process. The most elaborate investigation of the influence of
initial geometry on ultimate folding pattern in simulations was
performed by Tallinen et al. (2016), in which initial shapes were
derived from in utero MRI data collected from human fetuses.
Complementary experiments were performed using simulations
and the layered expanding gel system, with a 3D printed former
being used to specify the initial geometry for the expanding gel.
Both the simulations and expanding gel system produced gyral
and sulcal structures comparable in size with each other and with
those found in human brain. Further, simulations and expanding
gel experiments that were initiated using the same initial geome-
try produced consistent folds. However, differences were ob-
served between the simulations and experimentally observed

folding patterns, and both of these differed from the folding pat-
tern observed in humans. Nevertheless, this work demonstrates
that initial geometry can influence the ultimate locations of folds,
but additional information is needed to produce the folding pat-
tern observed in vivo.

In addition to the initial geometry of the brain at the onset of
folding, multiple researchers have suggested that regional heter-
ogeneity in growth could act as a source of reproducible folding.
One characteristic of species with gyroencephalic brains is the
presence of enlarged subplate and subventricular zones relative to
those observed in lissencephalic species (Kostović and Rakic,
1990; Smart et al., 2002; Kriegstein et al., 2006). Recognition of
the importance of the subventricular zone in neurogenesis
(Kriegstein et al., 2006; Lui et al., 2011), combined with the ob-
servation of regional patterns in subventricular zone thickness
that correlate with subsequent locations of sulci and gyri (Smart
et al., 2002; Kriegstein et al., 2006; Reillo et al., 2011), has led to
the suggestion that subventricular zone neurogenesis determines
the locations of cortical folds. Reillo et al. (2011) have character-
ized the nonuniform distribution of specific populations of radial
glial progenitor cells in the developing ferret brain, which reside
in the subventricular zone. In addition to their role as neural
progenitors (Lui et al., 2011), these cells support the tangential
dispersion of neurons originating from a given ventricular or
subventricular location over a region of the cortex. Notably, inter-
ference with the number of these radial progenitor cells through
experimental manipulation, such as the elimination of input from
the retina (Reillo et al., 2011), has been shown to reduce the extent of
folding of the cerebral cortex at maturity.

Although multiple lines of experimental evidence support
that regional patterns in neurogenesis can determine folding pat-
terns of the mature brain, it is notable that most cell division is
complete by the time that folding takes place. From the biome-
chanical perspective, subsequently occurring biological processes
must mediate the forces that are simultaneous with fold forma-
tion. As originally noted by Richman et al. (1975), the timing of
morphological development of axonal and dendritic arbors is
more closely coupled to the formation of folds than is neurogen-
esis. As further acknowledged by Ronan and Fletcher (2015),
axons could influence cortical folding, not through introducing
direct axonal tension, but by “controlling regional maturation”
(Dehay et al., 1991; O’Leary et al., 2007) rather than “exerting
mechanical forces” (Van Essen, 1997). Thus, one possibility is
that the locations of gyri and sulci are determined by regional
patterns of neurogenesis by populating the cortical plate with
regionally varying density of cells, and subsequent differentiation
of these cells generates regionally varying forces that produce
folds.

In addition to the issue of the biological source of regional
folding patterns, consensus remains to be reached on the relative
magnitude of the effects of local versus global surface expansion
in the formation of folds. Ronan and coworkers (Ronan et al.,
2014; Ronan and Fletcher, 2015) offer a view representing one
extreme: that tangential surface area expansion is highly regional
and intrinsically linked to cytoarchitectural development and the
formation of folds. A contrasting viewpoint is that only small,
localized, and transient perturbations to a development process
can be sufficient to establish a consistent folding pattern in the
presence of rapid tangential expansion. Bayly et al. (2013)
showed in simulations of folding that minor deformations can
produce regularly arranged folds. MRI studies of cortical devel-
opment have documented regional patterns in surface area ex-
pansion (Rajagopalan et al., 2011; Knutsen et al., 2013; Wang et
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al., 2017), and these have shown that the regional pattern does
not sharply vary with cortical location, suggesting a more subtle
relationship between folding and differential cortical expansion.
Improved understanding of the biological process(es) that po-
tentially contribute to reproducible regional variation, as well as
their magnitude relative to overall surface area expansion, will
require future experimental work to inform and refine how sim-
ulations are executed and interpreted.

Future directions: characterizing the cellular bases of forces
that control cortical folding
A large body of recent experimental and computational work has
advanced the postulate that tangential, growth-dependent insta-
bility is the primary factor generating forces that fold the cerebral
cortex. Nevertheless, much work remains before it is possible to
infer biological mechanisms of a neurodevelopmental disorder
based on an altered pattern of folding in the mature brain. To
move toward more complete understanding, (1) refinements to
the modeling strategy and implementation are likely needed, and
(2) the cell-biological processes represented by simulation input
parameters must be identified.

Refinements to the two-zone framework
Comparison of the two-zone model with diagrams of laminar
organization in brains of gyroencephalic species (Fig. 1b vs Fig.
1c) illustrates that the two-zone model is highly simplified. The
outer zone corresponds to the marginal zone and the cortical
plate, and laminar heterogeneity is notable within the cell-dense
region destined to become the cerebral cortex. The inner zone
contains an even more diverse array of tissue zones, including the
subplate, the outer fibrous layer of the intermediate zone, the
outer subventricular zone, the inner fibrous layer, inner subven-
tricular zone, and ventricular zone (Smart et al., 2002; Bystron et
al., 2008). Material properties have not been measured for these
specific subregions of the inner zone. Potential effects of variabil-
ity in stiffness between them has not been simulated. Moreover,
stiffness values for the inner and outer zones should be deter-
mined over the entire range of developmental stages in which
folding occurs. Last, the effects of changes in outer zone (cortical)
thickness, both global and regional, over the course of the folding
process have yet to be theoretically investigated.

Hypothesized cell-biological processes responsible for intracortical
forces that cause buckling
If tangential growth of the cortex is the source of the forces that
produce folds, then the biological processes that underlie tangen-
tial growth are implicated in the neurodevelopmental disorders
associated with abnormal folding. Recently, Striedter et al. (2015)
proposed the “radial intercalation” hypothesis, which attributes
folding to forces generated by newly migrated neuronal cell bodies
intercalating between existing neurons within the densely populated
cortical plate. This hypothesis is attractive because it puts forth an
explanation for tangential growth, as well as force within the cortex,
that is consistent with buckling. However, quantitative estimates of
the forces and growth rates produced by intercalation have not yet
been made. Such biomechanical information is ultimately necessary
to rigorously assess this hypothesis.

One problem with the radial intercalation hypothesis con-
cerns the timing of neuron integration into the cortical plate
relative to cortical folding. Figure 2 provides a timeline of brain
development over the period in which folding takes place. As
documented previously (Knutsen et al., 2013; Wang et al., 2017),
folding largely occurs over the interval from postnatal day (P)10
to P30 in ferrets, gestation days (G)90 to G135 in rhesus ma-

caques, and in humans from the 25th week of gestation to a
postnatal age of 4 months. Immediately before folding, surface
area expansion is approximately threefold slower than it is during
the period in which folding occurs (Knutsen et al., 2013; Wang et
al., 2017). The slow phase of surface area expansion is associated
with neurogenesis and migration of neurons to the cortical plate.
Thus, as acknowledged by Striedter et al. (2015), neuronal inter-
calation is almost complete before folding begins. The transition
from slow to fast surface area expansion is associated with the
onset of folding and is coincident with the initiation of neuronal
morphological expansion of dendritic and axonal arbors (Rich-
man et al., 1975). The strong associations between neuronal mor-
phological development and folding favors, as an alternative to
the radial intercalation hypothesis, that cellular morphological
maturation produces the intracortical forces that drive cortical
folding.

To examine this possibility, an experimental method that can
quantify morphological complexity of developing cells in the ce-
rebral cortex is needed. Morphological complexity of large pop-
ulations of cells can be difficult to quantify using traditional light
microscopy because the standard method involves manually
tracing neuronal processes. However, MRI measurement of ce-
rebral cortical water diffusion anisotropy provides a quantitative
aggregate measure of cellular complexity in the developing cere-
bral cortex (Kroenke et al., 2009), and can be performed on ani-
mal and human subjects in vivo, and even in utero (Jiang et al.,
2007; Studholme, 2011). In early stages of cortical development,
apical dendrites are radially oriented, and have simple morphol-
ogy that generally lacks collaterals, and water diffusion is highly
directionally dependent, or “anisotropic.” This is because mem-
branes of radially oriented structures impede water diffusion par-
allel to the cortical surface tangent plane, but in the direction
perpendicular to the surface, water diffusion is relatively unim-
peded. As development proceeds, axonal, and apical and basal
dendritic arbors grow in directions that provide pathways for
water to diffuse parallel to the local tangent plane, and diffusion
anisotropy decreases. In a diffusion MRI study of the cortex of
prematurely born human infants, McKinstry et al. (2002) sug-
gested that anisotropy decreases with cortical maturation as a
consequence of the growth of axonal and dendritic collaterals. In
support of this, the distributions of orientations in neural (and
glial) processes have been measured with 3D confocal micros-
copy techniques, and have demonstrated that the addition cellu-
lar elements oriented at varying directions relative to the cortical
surface accompanies maturation of the cortex (Jespersen et al.,
2012; Wang et al., 2017). Direct comparisons between diffusion
MRI and histological measurements of cellular complexity have
demonstrated strong correlations between anisotropy in water
diffusion and anisotropy in the orientation distribution of cellu-
lar processes within an MRI voxel (Bock et al., 2010; Jespersen et
al., 2012; Wang et al., 2017).

Figure 2 summarizes changes in cortical surface area, folding,
and diffusion anisotropy as a function of age for ferrets, rhesus
macaques, and humans, three species in which longitudinal im-
aging data are available. Ages for the three species are registered to
each other through calculation of the interspecies developmental
“event time” defined by Workman et al. (2013). As indicated by
the red curve, cortical folding attains a mature pattern at an event
time of �0.7. Similarly, water diffusion anisotropy decreases to
the value observed at maturity over the same developmental pe-
riod. Moreover, it has also been demonstrated that regional pat-
terns of diffusion anisotropy follow regional patterns of folding
in longitudinal studies of newborn ferrets (Knutsen et al., 2013)
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and rhesus macaque fetuses (Wang et al., 2017). This neuroim-
aging data demonstrate a close connection between morpholog-
ical development of cells within the cerebral cortex and the
appearance of folds. An important next step for evaluating the
role of morphological development of elements of the neuropil
will be to relate these cellular changes to forces and growth rates at
both cell and tissue levels.

In conclusion, the folding of the cerebral cortex is simultane-
ously a complex physical phenomenon, an important clinical
issue, and a fundamental question in neurobiology, basic to our
understanding of brain development and evolution. In recent
years, the mechanical factors that underlie cortical folding have
been studied by mathematical modeling and simulation, ad-
vanced imaging, and elegant experimental studies. Thus, cortical
folding research exemplifies a new paradigm in which interac-
tions between modelers, imagers, and experimental scientists en-
able advances within disparate scientific disciplines to contribute
new insight into a complex problem. This approach has provided
evidence for the prominent role of tangential cortical expansion,
and the possible effects of initial (prefolding) geometry and re-
gional growth patterns. This review highlights the importance of
further study to understand the underlying relationships of mac-
roscopic, mechanical parameters, such as force and growth, to
cell-biological processes, such as neuronal proliferation, mi-
gration, differentiation, and morphological development. As a
result, a phase of rapid expansion in knowledge is anticipated,
which promises deeper understanding of brain folding in normal
development and disease.

Response from Dual Perspectives Companion
Author–Victor Borrell

Christopher D. Kroenke and Philip V. Bayly provide a thor-
ough review of research, models, and hypotheses on the
biomechanical aspects of cerebral cortex folding. They ac-
knowledge the value of our work and that from others dem-
onstrating that cortical folding can be manipulated by
altering radial glia cell proliferation, neurogenesis, and
neuronal migration (Nonaka-Kinoshita et al., 2013; Stahl et
al., 2013; Del Toro et al., 2017). Importantly, however,
Kroenke and Bayly highlight that the actual buckling of the
cortex does not overlap in time with these early events of
cortical development, but it begins only once these are
largely over. Based on this, they argue that the biomechani-
cal forces driving cortical folding do not derive from these
early events, but to others occurring later, namely, neuron
differentiation (dendrite and axon arborization) and neu-
ropile expansion.

Kroenke and Bayly review experimental and modeling data
from their laboratory and others to make a compelling case
that the biomechanics of cortical folding is based on different
expansion speeds between an outer cortical layer (faster) and
an inner core (slower), which also have different deforma-
tion properties, as proposed first by Richman et al. (1975).
These outer and inner layers correspond to the cortical
plate (where neurons differentiate) and the subjacent tran-
sition and germinal layers, respectively. Together, they pro-
pose here that the elaboration of dendritic arbors within the
cortical plate drives its faster expansion compared with the

deeper layers; thus, it is the source of laterally pushing
forces that drive cortical plate buckling late in development.
Although this is a very appealing idea, it is not well sup-
ported by detailed analyses of neuronal differentiation in
the developing ferret cortex (Borrell and Callaway, 2002;
Callaway and Borrell, 2011). These show that dendritic ar-
borization of neurons in layers 2/3 and 4 is still very poor at
P14, a stage of exponential increase in folding, whereas it
increases exponentially between P21 and P30, when folding
reaches its plateau (Kroenke and Bayly, their Fig. 2). More-
over, our experimentally induced reduction of cortical fold
size in ferret by early enucleation is not related to compact-
ing of cortical neurons in the tangential axis, as should oc-
cur according to the model of Kroenke and Bayly, but to
neuronal compacting in the radial axis (Reillo et al., 2011).
Rather, this is in agreement with the notion that tangential
dispersion of radially migrating neurons mediated by basal
radial glia cells (referred to as “radial intercalation” by
Striedter et al., 2015), although occurring at an early time in
development, is central in setting up the appropriate condi-
tions for the eventual folding.

An unresolved question of the model by Kroenke and Bayly
is how the folding patterns are defined. Cortical folds form
in a highly stereotypical and hierarchical fashion during
embryogenesis, with primary folds forming the earliest,
then secondary folds elaborating on top of those, etc. These
patterns do not form randomly but are very well conserved.
Transcriptional analyses in developing ferret, before corti-
cal folding, demonstrate temporal and spatial patterns of
gene expression consistent with protomaps of primary cor-
tex folding (de Juan Romero et al., 2015; Fernandez et al.,
2016; Martinez-Martinez et al., 2016). Understanding the
role of these transcriptional protomaps in sculpting cortical
development should illuminate on the cell-biological pro-
cesses involved in folding, maybe including patterned vari-
ations in the physical and mechanical properties of cortical
tissue. Although early events, such as neurogenesis and ra-
dial migration, clearly do not exert biomechanical forces to
fold the developing cortex, they do seem to set up the re-
gional variations in cell density that will later on translate
into regionally varying forces to produce folds. In sum-
mary, it takes two to fold the cortex: cells and forces.
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A role for intermediate radial glia in the tangential expansion of
the mammalian cerebral cortex. Cereb Cortex 21:1674–1694. CrossRef
Medline
Richman DP, Stewart RM, Caviness VS Jr (1974) Cerebral micro-
gyria in a 27-week fetus: an architectonic and topographic analysis.
J Neuropathol Exp Neurol 33:374–384. CrossRef Medline
Stahl R, Walcher T, De Juan Romero C, Pilz GA, Cappello S,
Irmler M, Sanz-Aquela JM, Beckers J, Blum R, Borrell V, Götz M
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