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Abstract The human brain is unique among primates in
its complexity and variability. Here I argue that this vari-
ability is, however, strongly constrained by developmental
processes common to all mammals. Comparative analyses
of grey and white matter volume, cortical surface area and
cortical folding show that the rostro—caudal axis of the
central nervous system is a main direction along which
mammalian neuroanatomical diversity is organised. Phy-
logenetically, rostral structures are often disproportionately
larger and more differentiated in large mammals compared
with small ones. Ontogenetically, caudal structures differ-
entiate earlier but show less variation among species than
rostral structures, which differentiate later and for a longer
period. Theoretical considerations suggest that growth
oriented along the rostro—caudal axis should produce non-
linear differences in white matter volume and cortical
folding. Growth appears then as a fundamental parameter
to understand mammalian neuroanatomical variability,
whose effects should be common to all species. This seems
to be indeed the case for humans: the volume of different
brain structures as well as changes in the extension and
folding of the cerebral cortex resemble the trends observed
across mammals. A strong global pattern of coordinated
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variability emerges, where differences in total brain vol-
ume are non-linearly related to local neuroanatomical
changes. Finally, I review evidence suggesting that the
changes related to this global pattern of variability may
have an influence on the organisation of behaviour, mod-
ulating the development of certain cognitive traits or even
affecting the susceptibility to psychiatric disorders.

Keywords Brain development - Brain evolution -
Cortical folding - Mathematical modelling - Neuroanatomy

The great central dome of St Mark’s Cathedral in Venice presents in its
mosaic design a detailed iconography expressing the mainstays of
Christian faith. Three circles of figures radiate out from a central image of
Christ: angels, disciples, and virtues. Each circle is divided into
quadrants, even though the dome itself is radially symmetrical in
structure. Each quadrant meets one of the four spandrels in the arches
below the dome. Spandrels — the tapering triangular spaces formed by the
intersection of two rounded arches at right angles — are necessary
architectural by-products of mounting a dome on rounded arches.

SJ Gould and RC Lewontin (1979)

The production of complex shapes is ubiquitous in nature.
Physical interactions alone are already able to produce
shapes with intricate symmetries, such as in snowflakes,
where the form recapitulates the changes in temperature
and humidity that affected crystallisation during their fall.
In biology, these morphogenetic mechanisms are con-
trolled in a way such that the shape of the individual
organism becomes an instance of a developmental pattern
sculpted and stabilised during millions of years of
evolution.

The study of the evolution of organic shape has been
mostly approached from the perspective of the functions
that a successfully adapted organism is supposed to fulfil.
However, the role played by physical and developmental
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constraints on the determination and evolution of organic
shape has been a matter of interest for a long time
(Thompson 1917; Gould and Lewontin 1979; Finlay et al.
2001), and more recently the focus of intense research in
the field of evolutionary developmental biology (Miiller
2007). In the same way as the organisation of the story told
by the paintings in the central dome of St Mark’s Cathedral
was certainly influenced by the architectural constraints of
the building, biological organisation cannot be isolated
from the influence of physical and developmental
constraints.

I will consider the role that these constraints may play in
the organisation and evolution of the human brain. After
briefly discussing some aspects of the diversity of mam-
malian brain shape, especially concerning the variability of
cortical folding, I will describe a computational model that
provides an explanation for some of this variability by
taking into account the mechanical constraints of brain
growth. Next, I will review some recent neuroimaging
studies dealing with human neuroanatomical diversity. The
human brain is unique among primates in its complexity
and variability. Unlike other primates, even deep primary
folds such as the calcarine can have a markedly different
course in the left and right hemispheres of a single indi-
vidual (Ono et al. 1990). I will argue, however, that an
important part of this variability may be a consequence of
changes concomitant with the increase in total brain vol-
ume, resulting from mechanisms common to all mammals.

The formation of a brain is that of a unique kind of
shape. Here we not only deal with the development and
evolution of a complex and precise spatial arrangement of
billions of cells and their connections, but also with the
genesis of behaviour and cognition. In the last part of this
review, I will look at the correlations between genetics,
neuroanatomy and cognition, and consider the constraints
that the possible shapes of the human brain may impose on
cognition.

Diversity of the Mammalian Brain Shape

The basic organisation of the brain of placental mammals
has remained unchanged for more than 60 million years. Its
most distinctive traits, the development of a layered neo-
cortex and the presence of a corpus callosum can be
observed in shrews as well as in whales. The size and
degree of specialisation of the different brain regions
shows, however, a large variability. Rostral structures are
disproportionately larger in large mammals compared with
small ones (Finlay et al. 2001). In the neocortex, this
expansion is associated with an increased segregation into
different, more specialised regions. For example, whereas
in rats it is possible to identify some 4-6 visual areas, we

can identify 12-17 in cats, 25 in macaques and maybe
more than 50 in humans (Bourgeois 1997).

The rostro—caudal axis of variability among species is
related to a similar gradient of brain development: caudal
structures are the first to start differentiating, and acquire
their adult organisation at an early stage, whereas the more
rostral structures have a late, but longer differentiation.
Consequently, the most rostral part of the mammalian
brain, the neocortex, is the one that displays the largest
diversity. Figure 1 illustrates the shape of the brain (mostly
neocortex) of several mammalian species. In general, the
neocortex of small mammals, such as shrews, mice or
squirrels, is smooth (lissencephalic), whereas that of large
mammals, such as humans, dolphins or elephants, is pro-
fusely folded (gyrencephalic). There are, however, notable
exceptions to this rule. The manatee, for example, a marine
mammal with a body size comparable to that of a dolphin
and a brain volume comparable to that of a chimpanzee,
has a completely lissencephalic neocortex.

Despite the large variability in brain shape among
mammals, their geometry reveals a surprising regularity,
suggestive of a common developmental process (Prothero
and Sundsten 1984; Zhang and Sejnowski 2000). Figure 2
shows in log—log plots the relationship between grey and
white matter volume (Fig. 2a) and the relationship between
cortical surface and total brain volume for different species
(Fig. 2b). We see in Fig. 2a that white matter volume, i.e.,
the volume occupied by axonal connections, is strongly
related to grey matter volume. The relationship is nonlinear
(allometric formula WM ~ GM"?): there is a dispropor-
tionately larger volume of white matter in large-brain
mammals compared with small-brain mammals. Using
dimensional analysis, Zhang and Sejnowski (2000) showed
that the relationship between grey and white matter vol-
umes can be deduced from two basic assumptions: that the
density of axonal fibres entering and leaving a unit of
neocortex is constant, and that the length of connections is
optimal. As these two assumptions hold for individual
organisms, we should then expect differences in grey/white
matter ratio not only across different species, but also for
individuals within a single species.

Figure 2b shows that the surface area of the neocortex
increases almost proportionally to total brain volume
(allometric formula S ~ V*?!). If different brains were
geometrically similar (i.e., scaled-up or scaled-down ver-
sions one of another) the slope of this regression line
should be 2/3. The fact that this slope is closer to one
means that mammals with large brains have a dispropor-
tionately larger neocortex compared with those of small
brains. This is due to cortical folding, which makes pos-
sible to have more cortical surface inside the same volume.
In humans, for example, only 1/3 of the cortical surface is
visible, the remaining 2/3 being hidden into folds.
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Fig. 1 Diversity of the mammalian brain shape. Lateral aspect of various mammalian brains, drawn at the same scale. Based on images from

http://brainmuseum.org

If we observe in more detail the increase in folding with
brain size, we see that the differences are not homogeneous
throughout the neocortex, but follow a rostro—caudal gra-
dient (Zilles et al. 1988, 1989; Rilling and Insel 1999). This
rostro—caudal folding gradient can be studied using the
gyrification index first proposed by Zilles et al. (1988,
1989), defined as the ratio between the actual length of the
cortical contour in a coronal slice and the length it would
have were the brain lissencephalic (similar to the length of
the convex envelope of the slice). Figure 3 shows the result
of this analysis: on average the degree of folding in humans
and great apes is higher towards the more caudal regions of
the neocortex, but there is no statistically significant dif-
ference. However, in the more rostral, later developing
prefrontal cortex, the degree of folding is significantly
higher in human brains (Zilles et al. 1988; Rilling and Insel
1999).

Apart from the differences in degree of folding, the
pattern of these folds is very characteristic of the differ-
ent species, and intriguingly related to the organisation
of the neocortex (Welker 1990, Toro and Burnod 2003).
The position of deep, early developing, primary folds
corresponds frequently with that of cytoarchitectonic,
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connective or functional boundaries—a correspondence
that becomes progressively less clear for the less deep, later
developing, secondary and tertiary folds (Brodmann 1909;
Fischl et al. 2008). Neocortical folding has been often
considered as an epiphenomenon of brain development, a
reflection of the underlying organisation. I will argue, on
the contrary, that folding is a direct outcome of neocortical
growth, and then, that the mechanical and geometric an-
isotropies that folding induces may influence and constrain
neocortical organisation.

Mechanisms of Cortical Folding

Until the second trimester of gestation, the neocortex of the
human brain is smooth and fairly undifferentiated. Then,
processes such as the elaboration of axonal and dendritic
arbors and neuroglia, produce a rapid increase in neocor-
tical volume, especially in surface area (Rakic 1988). This
is also the time of the emergence of cortical cytoarchitec-
tonic regionalisation and the development of primary folds.
In the adult cortex, different cytoarchitectonic regions can
be distinguished based on the cellular composition and
relative thickness of its layers (Brodmann 1909). For
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Fig. 2 Regularities in the shape of the mammalian brain. a White
matter volume versus grey matter volume across mammals (log—log
plot). If the proportion of white matter and grey matter were constant,
data should follow the segmented line with slope 1. However, white
matter volume increases disproportionately to total brain volume,
with a slope = 1.23. Adapted from Zhang and Sejnowski (2000).

example, in the primary motor cortex the layers containing
neurones whose axons project to the motor neurones in the
spinal cord will be greatly expanded and strongly myelin-
ated, whereas the layers receiving afferent fibres will be
almost absent. On the contrary, the primary somatosensory
cortex will exhibit thinner efferent layers and thicker
afferent layers. In primates, the border between the primary
motor and somatosensory neocortex corresponds with the
bottom of one of the deepest primary folds, the central
sulcus. Another deep primary fold, the calcarine sulcus of

humans

Gyrification Index

1.0 1 I 1 l 1
25 50 75

Rostro-caudal level (%)

Fig. 3 Rostrocaudal gradient of cortical folding in humans and other
great apes. The degree of folding decreases from the caudal part of the
brain to the rostral part. When the degree of folding is compared
between humans and other great apes, statistically significant
differences are found mainly towards the prefrontal cortex. Degree
of folding estimated using the gyrification index (Zilles et al. 1988) in
serial coronal slices. Adapted from Zilles et al. (1989)

Brain volume (cm?®)

b Cortical surface area versus brain volume across mammals (log—log
plot). If mammalian brains were geometrically similar, the relation-
ship between their cortical surface and volume should follow the
segmented line with slope 2/3. However, cortical surface area
increases disproportionately with brain volume, with a slope = 0.91.
Adapted from Prothero and Sundsten (1984)

the occipital lobe, corresponds in many primates with the
border between the superior and inferior half-spaces of the
primary visual cortex.

In addition, there appears to exist a correspondence
between folding patterns and neuronal function, even in
cytoarchitectonically homogeneous regions. In the racoon,
for example, stimulation of different parts of the forepaws
elicit electrical activity in specific regions of the somato-
sensory neocortex in a topographic manner: neighbouring
regions in a forepaw correspond with neighbouring regions
in the neocortex. Welker and Campos (1963) have shown
that the sensitive regions in the forepaw map into gyri,
whereas the limit between palm and fingers, as well as the
spaces between fingers, map into sulci. Interestingly, Welker
and Campos (1963) observed that even if folding patterns
varied among different animals, the relationship between
folding and function was conserved in each individual.

The first theories of neocortical folding considered it as
a mechanical consequence of the growth of the soft brain
tissue inside the rigid cranial vault (for example, Le Gros
Clark 1945 or Nie et al. 2010 more recently). That this is
not the case was first shown by Barron (1950), who studied
the role of intra-cranial volume on brain folding by
resecting a complete hemisphere in sheep foetuses before
the onset of cortical folding. As in many herbivores, the
adult sheep brain is profusely folded. If limited intracranial
volume were the cause of cortical folding, the operated
foetuses should have a lissencephalic brain, as the
remaining tissue would have enough space to grow without
folding. However, at the end of gestation the sheep
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exhibited a relatively normally folded cortex, conserving
most of the characteristic pattern of the sheep brain. This
clearly showed that the cause of cortical folding is intrinsic
to the brain. A similar, more recent example, was reported
by Muckli et al. (2009), who described the case of a girl
with agenesis of a complete brain hemisphere. As in the
experiments of Barron, the remaining hemisphere appeared
to be normally folded (and able to support normal cognitive
abilities!).

Richmann et al. (1975) proposed the first, intrinsically
neocortical, mechanical model of folding. They observed
that the external pial contour in brain slices was longer than
the internal contour of the grey/white matter interface, and
hypothesised that the superior cortical layers (I-III) grow
faster than the inferior ones (IV-VI). They hypothesised
that this differential growth rate was the cause of folding.
Whereas this model should be able to produce folds [even
if the plausibility of the mechanism has been questioned
(Van Essen 1997)], it did not address the way in which a
purely mechanical model could explain the correspondence
between folding patterns and neocortical organisation.

To explain this correspondence, various researchers
have suggested that cortical folding is under direct genetic
control. Genetic mechanisms have been shown to play an
important role in the early specification of the cortical
regionalisation—maybe as early as the beginning of neu-
rogenesis as suggested by Rakic’s protomap hypothesis
(1988). It would be then possible that this same mechanism
could somehow determine the developmental dynamics,
position and depth of cortical folds. For example, Welker
(1990), and more recently Striegel and Hurdal (2009) and
Lefévre and Mangin (2010), have suggested that cortical
growth and differentiation are restricted to the future gyral
regions. A similar, complementary idea, has been sug-
gested by Smart and McSherry (1986) and more recently
by Régis et al. (2005), who proposed that during cortical
growth the future sulcal regions are genetically pro-
grammed to be anchored to the inner structures of the
brain, and that only the gyral regions are allowed to
expand. Finally, Van Essen (1997), Hilgetag and Barbas
(2006) and Geng et al. (2009) have proposed that cortical
folding is the effect of mechanical tension along cortico—
cortical connections. In this latter case, genetic mecha-
nisms should first specify the pattern of cortico—cortical
connections, which would then determine the observed
folding pattern.

In all these cases, folds are conceived as an epiphe-
nomenon of the processes that specify neocortical organi-
sation. These hypotheses provide a simple answer to the
question about the correspondence between cortical folds
and cortical regionalisation: folds are genetically pro-
grammed to appear where they do. However, many
experimental results suggest that neocortical folding can be
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produced just by globally increasing cortical growth during
neurogenesis, either by increasing symmetric divisions
(Haydar et al. 1999) or decreasing natural cell death
(Chenn and Walsh 2002; Kingsbury et al. 2003), and
without requiring specific, local, gyrogenetic processes.
Interestingly then, if neocortical folding were a natural
consequence of its growth, and given the correspondence
between folding and neocortical organisation, we should
expect a causal role of folding on this organisation.

In what follows, I will describe a simple computational
model of a growing cortex (Toro and Burnod 2005). We
will see how, given the basic geometry and mechanical
properties of the cortex, growth alone may be indeed suf-
ficient to produce folding, as well as various other aspects
of the dynamics of neocortical folding.

Morphogenetic Model of Cortical Folding

Our model tried to mimic a brain at a stage previous to the
formation of cortico—cortical connectivity, right after the
end of neuronal migration, when the neocortex is still
smooth and undifferentiated. We considered, in a very
simplified manner, the geometry of the cerebral cortex, its
mechanical properties, and its growth:

1. The developing brain was modelled as a cortical layer
attached to an inner core of white matter composed of
radial fibres, representing radial glia or early cortical-
subcortical connections (there were no cortico—cortical
connections).

2. Cortex and radial fibres had both elastic (rubber-like)
and plastic (clay-like) properties. If an instantaneous
force is applied to this type of material it will tend to
recover its original form. When released, however,
were the force too strong or applied for a long period
of time, the material would stay permanently
deformed.

3. Cortical growth was modelled by a logistic growth
equation: the cortex grew until it reached asymptoti-
cally its final size.

We studied the influence of changes in the initial
geometry, mechanical properties or regional growth
dynamics on cortical folding (A demonstration program
and source code can be downloaded at http://brain
folding.sourceforge.net).

In the computer simulations, the model reproduced the
main stages of cortical folding observed in real brains
(Fig. 4a). During Stage I, the model expanded without
folding, while elastic tension in the white matter core
increased exponentially. At a certain point, it became
energetically less expensive to bend the cortical layer than
to keep increasing the tension in the white matter. This is
the beginning of Stage II, marked by the quick
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Fig. 4 Morphogenetic model of cortical folding in two dimensions.
a Formation of folds in the morphogenetic model due to cortical
growth follows three stages, resembling the development of gyren-
cephalic brains. Stage I, symmetric growth: the model grows without
folding. Stage 11, development: folds start to develop rapidly. Stage
111, accommodation: folds slowly accommodate, eventually fusing.
b Position of gyri and sulci in the model. After the formation of folds,
the position of the sulcal fundi is similar to their position at the
beginning. ¢ Dynamics of folding formation following a perturbation
of the model. The first fold to develop (curve a) is the deepest fold at
the end of the simulation. Further folds (b—e) will be progressively
less deep, resembling the formation of primary, secondary and tertiary
folds in gyrencephalic brains. d Relationship between the perimeter of

development of folds all of similar width, and a rapid
release of white matter tension. Stage III is a period of slow
accommodation of the folding pattern, with some folds
eventually fusing. Due to the mechanical plasticity com-
ponent, the model finally reaches a stable state.

The formation of folds in the model did not require any
of the specific folding mechanisms that we mentioned
earlier, such as resistance opposed by the cranium, differ-
ential growth of the inner and outer cortical layers, cortical

Log(area) of the model

the cortical layer and the total area of the model for models with
different cortical layer thicknesses. Before the formation of folds, all
models are geometrically similar, following a regression line with
slope = 1/2, the value for isometric scaling of area and perimeter.
After the formation of folds, perimeter and area increase almost
proportionally. The thickest models require higher levels of growth to
start folding and develop, on average, less folds. White dots show the
thickest models, black dots the thinner models, and grey dots are
intermediate. For the same initial external perimeter, white models
developed 9.5 folds on average, grey models 11.5 folds on average
and black models 13.1 folds on average. Adapted from Toro and
Burnod (2005)

development genetically circumscribed to pro-gyral or pro-
sulcal cortex, or specific cortico—cortical connections.
Additionally, the model suggested that some of the features
previously regarded as causes of gyrification, could be in
fact an effect of growth-driven cortical folding. For
example, the apparent anchoring of sulcal fundi, as repor-
ted by Smart and McSherry (1986), could be observed in
our simulations: in Fig. 4a, the position of sulcal fundi at
the beginning of the simulation for the smooth model is

@ Springer



606

Evol Biol (2012) 39:600-612

almost the same as at the end, when folds have fully
developed (Fig. 4b).

In our model, increasing growth produces brain shapes
where the perimeter of the cortical layer follows linearly
the total area of the model (Fig. 4d), similar to the almost
linear increase of cortical surface with brain volume across
mammalian species (Fig. 2b). But large brains are not
always gyrencephalic and small brains are not always lis-
sencephalic. As we saw previously, the manatee brain
(Fig. 1) is a well-known example of the former case.
Interestingly, the manatee cortex is also particularly thick:
4 mm on average, whereas the human cortex is 2.5 mm
thick on average. This should make the manatee brain
especially difficult to bend. Our simulations showed indeed
that the width of folds—their wavelength—depends
directly on cortical thickness, and that a thick cortex will
require more growth than a thin cortex to fold (Fig. 4d).

But if folding were purely mechanical, how to explain
the regularities in mammalian folding patterns and their
correspondence with the architectonic, functional and
connective organisation of the brain? In our simulations,
both the timing and the shape of cortical folds were mod-
ulated by the initial geometry of the model. When we used
a slightly elliptic model instead of a circular one, folds
started to develop at the minor axis, and from there to the
sides, resembling again the dynamics of primary, second-
ary and tertiary folds. This rises the possibility that some
cortical folds could be induced by the original, bean-like,
shape of the brain. Todd (1982) had already observed that
the folding pattern of many brains seemed to be related to
their global shape. For example, elongated brains will often
have folds oriented along the anterior—posterior direction.
In the case of the folding pattern of humans, we and others
have observed that most primary and secondary folds are
also related to the global shape of the brain, being either
concentric or perpendicular to the system formed by the
corpus callosum and the circular sulci of the insula (Toro
and Burnod 2003; Clouchoux et al. 2004; Régis et al.
2005). To better study the effects of the initial geometry of
the cortex on its folding pattern, we are currently devel-
oping a tridimensional version of the morphogenetic
model. Figure 5a shows an example of folding pattern
produced by growth in a model with a slightly ellipsoidal
initial geometry. Even if the growth and mechanical
parameters are the same everywhere, the model develops
folds which follow the shape of the original ellipsoid, being
preferentially parallel or perpendicular to its major axis
(Fig. 5b).

If the formation and location of a primary fold were
determined by the growth and initial geometry of the cor-
tex, then we should consider the possibility that geometric
and mechanical developmental constrains may influence
the organisation of the brain, and not exclusively the other
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way around. For example, growth-driven folding produces
changes in intrinsic curvature which could act as large-
scale anisotropies for the diffusion of morphogens. These
anisotropies could then modulate the patterning of the
cerebral cortex, or even favour regional differentiation.
Early cortical folding could also, by bringing some regions
closer, make it easier for axonal connections to develop
between them. The experimental evidence for a causal role
of folding in the organisation of the brain is, however,
currently missing.

Diversity of the Human Brain Shape

The theoretical arguments we have discussed suggest that
many aspects of brain folding may result from global
cortical growth. The model we have proposed is not spe-
cies-specific, and it is reasonable to suppose that the
mechanical properties of brain tissue are relatively similar
across species. Cortical growth can be decomposed along
two main directions: tangential increases in cortical surface
extension (related to the early symmetric division of neu-
ronal progenitors) and radial increases in cortical thickness
(related to the later asymmetric divisions of neuronal pro-
genitors—source of most cortical neurones). Whereas
cortical thickness is relatively constant among mammals,
there are up to 1,000-fold differences in the extension of
the cortical surface (Rakic 2009). Differences in the
extension of the cortical surface should be then the major
cause of the observed diversity in folding among mammals.
If this were the case, and given the variability in cortical
surface extension within single species, we should observe
differences in cortical folding among individuals of the
same species similar to those observed across species.

An alternative is what has been named the “mosaic”
hypothesis of brain evolution (Barton and Harvey 2000). It
states that changes in brain anatomy reflect species-specific
modular selection of particular behavioural abilities or
cognitive functions. The mosaic hypothesis implies that
different brain structures should be similar among indi-
viduals of the same species, and that there should be a
relative independence in the variation of different brain
structures.

In this respect, human brain neuroanatomy is especially
interesting. Even if human genetic diversity is up to four
times smaller than that of other great apes (Kaessmann et al.
2001), there exists among humans a very large diversity in
brain volume and shape (Ono et al. 1990; Toro et al. 2008). In
previous studies, we have investigated the anatomy of the
human cerebral cortex in a large population of typically
developing adolescents of French ancestry (Toro et al. 2008,
2009) recruited from a relatively geographically isolated
population of the Saguenay Lac-Saint-Jean region in Quebec
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Fig. 5 Morphogenetic model of a
cortical folding in three
dimensions. a Development of
folds in a model with an
ellipsoidal initial shape. As in
the two-dimensional case, the
model started by growing
without folding, then folds start
to develop suddenly, followed
by a long stage of
accommodation. b Different
views of the folded model. The
orientation of folds at the end of
the simulation tends to follow
the global shape of the model,
resembling the folding patterns
of gyrencephalic mammals

iteration 0

y

(Pausova et al. 2007). We obtained cortical surface
reconstructions and lobar grey and white matter volume
measurements from magnetic resonance images (MRI) of
more than 300 adolescents. We observed a substantial
1.7-fold variability in brain volume. This allowed us to
test whether different brain structures occupied the same
proportions among humans despite brain volume vari-
ability, or if there were among humans variations in
regional folding and volume similar to those observed
across mammalian species.

Brain Size and Cortical Folding

Figure 6 shows the relationship between cortical surface
area and brain volume in a log—log plot, similar to the inter-
species plot in Fig. 2b. If human brains were geometrically
similar, the data points should follow a regression line with
slope of 2/3. We observed, however, a regression slope of
0.85, significantly larger than 2/3. This means that large
human brains had a disproportionately larger cortical sur-
face area. Indeed, if the volume of the smallest brain in our
sample were scaled-up to match the volume of the largest
brain in our sample, it would have 20 % less cortical sur-
face. The relationship is extremely strong, the correlation
between hemispheric volume and cortical surface is of
r = 0.93, explaining 87 % of the variance.

Next we looked at the average degree of folding, as well as
the changes in folding related to brain size. We developed a
local, tridimensional, estimate of the degree of folding by
extending the gyrification index of Zilles et al. (1988): at
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Fig. 6 Diversity of cortical surface area versus brain volume among
humans. If human brains were geometrically similar, the relationship
between their cortical surface and volume should follow the
segmented line with slope 2/3. However, as across mammalian
species, cortical surface area increases disproportionately with brain
volume with a slope = 0.85. Adapted from Toro et al. (2008)

every point of the cortex we computed the amount of surface
area contained in a small sphere (typically, 20 mm radius); if
the cortex were completely smooth, the surface area inside
the small sphere should not be too different from that of a disc
with the same radius; thus, for every point in the cortex, we
estimated folding as a “surface ratio” between the cortical
surface area inside the sphere, and the area of its disc (Toro
et al. 2008). Figure 7a shows the average degree of folding
in our population, which increases with a rostro—caudal
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Fig. 7 Rostrocaudal gradient of cortical folding in humans. Left: the
average degree of folding decreases from the caudal (occipital) part of
the brain to the rostral (frontal) part. Right: when the local degree of
folding is correlated with brain size among humans, the most

gradient, similar to the gradient observed in inter-species
comparisons (Fig. 3).

The increased cortical folding in subjects with large
brains was not homogeneous throughout the cortex, but
especially significant towards the prefrontal cortex. We
used multiple regression to determine how the variations in
the degree of folding changed relative to brain size. We
observed a gradient, opposite to that of the average degree
of folding. Like in the comparison between humans and
great apes (Fig. 3), the differences in degree of folding
relative to brain size among our subjects were especially
significant towards the prefrontal cortex, and less signifi-
cant towards the occipital pole (Fig. 7b).

Brain Size and Regional Volumes

Figure 8 shows the variability in grey and white matter volumes
in the frontal, parietal, occipital and temporal lobes. Instead of a
bivariate comparison between grey and white matter volumes
only (as in Fig. 2a), we used a multivariate allometric analysis
to examine the relationship between all eight regional volumes
at the same time (Toro et al. 2009). There was a strong pattern of
covariation between the volume of the different regions: the
average correlation was r = 0.92 among white matter regions,
r = 0.82 among grey matter regions, and r = 0.36 between
grey and white matter regions (Fig. 8b).

This covariation pattern produced a strong multivariate
allometric relationship (obtained from the first principal
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significant differences are found in the prefrontal cortex, gradually
decreasing towards the occipital lobe. Local degree of folding
estimated using the surface ratio index. Adapted from Toro et al.
(2008)

component of the covariance matrix of log-transformed
volumes, after Jolicoeur 1963), which accounted for 72 %
of the total variance. The covariation pattern is summarised
in Fig. 8c; it shows the way in which the proportions of
grey and white matter volume in all four lobes change in
subjects with total cerebral volume from 850 to 1,250 cm®.
We observed that the proportion occupied by white matter
increased with brain volume (positive allometry), similar to
the inter-species comparison (Fig. 2a). The general positive
allometry of the white matter volume is likely related to the
global increase in cortical surface area with brain volume,
and regional differences are likely related to the rostro—
caudal gradient in cortical expansion. Furthermore, we
observed that the volume of specific brain regions cannot
change independently of the rest of the brain, which is
likely due to their profuse interconnections: the variability
in regional volumes appears to follow a very constrained
pattern, instead of being a mosaic of independent modules.

Possible Shapes, Possible Behaviours

We have seen that growth, geometry and the mechanical
properties of nervous tissue seem to define a non-linear,
global pattern of brain variability that strongly constrains
the possible shapes of the brain across species, but also
within a single species. These mechanical developmental
constraints should influence and modulate the architectonic
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Fig. 8 Diversity of grey and white matter volumes in the frontal,
parietal, occipital and temporal lobes among humans. The proportion
of different regional volumes changes with total brain size. a Illus-
tration of the regions measured, top: frontal, parietal, occipital and
temporal lobes, bottom: grey and white matter (subcortical structures
were not included in the measurements). b Pattern of correlated
change in regional brain volumes. The figure shows strong correla-
tions in white matter volumes (r = 0.92 on average) and grey matter
volumes (r = 0.82 on average), as well as substantial grey-white
matter correlations (r = 0.36 on average). ¢ The pattern of variation
in the proportion of regional volumes with respect to brain volume,
based on the first principal component of the covariance matrix
(explaining 72 % of the variance) shows a non-linear relationship

and connective organisation of the brain, but should also
affect its function, behaviour and cognition. We could
argue, however, that the mammalian brain, and especially
the neocortex, is capable of prodigious plasticity and
resilience, which insulate its functional organisation from
material vicissitudes. Huffman et al. (1999) have shown,
for example, that the normal number and topography of
neocortical cytoarchitectonic areas develop in short-tailed

between regional volumes and the total brain volume. In particular,
the proportion occupied by the white matter increases with brain
volume, resembling the trend observed across species. The vertical
lines indicate the average brain volume of Met and Val subjects.
d The regional differences observed between Val homozygotes and
Met carriers seem to be due only to the global difference in brain
volume, and not to local effects of BDNF genotype on volume. The
table shows that the differences predicted from the difference in total
brain volume fall within the 95 % confidence interval of the observed
difference. Fw, Frontal white; Pw, Parietal white; Ow, Occipital
white; 7w, Temporal white; Fg, Frontal grey; Pg, Parietal grey; Og,
Occipital grey; Tg, Temporal grey. Adapted from Toro et al. (2009)

opossums even after resecting 3/4 of their cortical surface.
Von Melchner et al. (2000) have shown that ferrets are able
to use their auditory cortex for seeing, after visual afferents
had been surgically rewired to auditory cortex. And even in
humans, subjects with extreme cases of hydrocephaly
(Feuillet et al. 2007) or hemispheric agenesis (Muckli et al.
2009) are able to develop a normal cognition. With this in
mind, I will present some examples suggesting that the
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neuroanatomical changes related to the global pattern of
brain variability can have a causal influence in the orga-
nisation of behaviour, affecting the development of certain
cognitive traits or even biasing the susceptibility to psy-
chiatric disorders.

A first example is given by the architectonic and
behavioural differences associated with the presence in
some subjects of an extra cortical fold. The medial surface
of the human frontal lobe is a major structure of the net-
work supporting executive function (Fornito et al. 2004). In
this region, and likely related to differences in brain vol-
ume, some subjects develop a single sulcus parallel to the
corpus callosum, the cingulate sulcus, whereas some others
(30-60 %) have a supplementary one, the paracingulate
sulcus. The presence or absence of the paracingulate sulcus
has been associated with differences in the cytoarchitecture
of the region (Vogt et al. 1995), but also with significant
differences in the performance of verbal and non-verbal
executive tasks (Fornito et al. 2004).

Another example is provided by the neuroanatomical
and behavioural correlates of a widely studied single-
nucleotide polymorphism (SNP) of the pro-BDNF gene,
the Val66Met variation. BDNF, the brain-derived neuro-
trophic factor, plays an important role in synaptic plasticity
and neuronal survival. Most subjects of European ancestry
are homozygotes for the allele encoding a Valine amino
acid at codon 66, but in about 35 % of the cases, at least
one allele is replaced by a Metionin amino acid. Several
studies have reported that Val/Val homozygotes appear to
have moderately higher density of prefrontal grey matter
and larger hippocampal volume (Pezawas et al. 2004;
Bueller et al. 2006; Frodl et al. 2007). We genotyped this
polymorphism in our cohort, and whereas we did find the
previously reported regional differences, we also observed
that the covariation pattern was not different between
groups (P = 0.81). In fact, the regional differences were all
the consequence of a small, but statistically significant,
difference in total brain volume, ~ 30 cm’® larger in the
Val/Val homozygotes (Fig. 8d). Interestingly, these dif-
ferences—likely resulting from a moderate difference in
brain volume—had been previously associated with vari-
ous behavioural differences: in episodic memory, in the
score of neuroticism (a fundamental personality trait), but
also in the susceptibility to psychiatric disorders such as
bipolar disorder or major depression (Neves-Pereira et al.
2002; Sklar et al. 2002; Sen et al. 2003; Egan et al. 2003;
Hariri et al. 2003; Frodl et al. 2007).

Would it be possible that large and small brains are dif-
ferently able to compensate for a pathogenic event, and then,
differently susceptible to develop a psychiatric condition? It
has been observed that patients with autism spectrum dis-
orders (ASD) have, on average, a larger brain volume and a
higher incidence of macrocephaly (20 %) compared with
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control populations (4 %). It has been often assumed that this
“overgrowth” is an effect of the pathology. But non-affected
mothers and fathers of ASD patients also exhibit a high
incidence of macrocephaly, similar to that of their affected
offspring (Lainhart et al. 2006), suggesting that the large
brain volume may not be an effect of the pathology, but an
inherited risk factor. Neuroimaging studies have shown that
ASD patients present in addition with an increased frontal
white matter volume (Herbert et al. 2004; Carper et al. 2002),
a larger frontal grey matter volume (Amaral et al. 2008) and
higher degree of prefrontal folding (Herbert et al. 2004;
Courchesne and Pierce 2005). As we have seen, all these
local differences are the expected outcomes of a larger total
brain volume.

The increase in brain size is one of the most evident
features of human brain evolution. Among mammals, pri-
mates have particularly large brains in relation to body
size, and humans have the largest brains among all pri-
mates (Jerison 1973; Passingham 1973). The cranial vol-
ume of the genus Homo has more than doubled during the
two million years that separate us from Homo habilis, and
the cortical surface may have expanded at least in the same
proportion. Our results suggest that this growth should lead
to a coordinated change in brain anatomy, and in particular
to a natural expansion of the prefrontal cortex. The pre-
frontal cortex is involved in various high-level cognitive
functions, and its expansion has been regarded as a major
evolutionary modification leading to the emergence of
human intelligence. Badre and D’Esposito (2009) have
proposed that the frontal cortex is hierarchically organised
along the rostro—caudal axis, with the more frontal regions
adding progressively more abstract levels of cognitive
control. For example, activity in the primary motor cortex
will directly translate into concrete movements, which are
then composed into movement patterns, and then into
progressively more complex behaviours as we advance
towards the frontal pole. As the neocortex expands, its
cytoarchitectonic regions not only become larger, but seem
also to segregate into different, more specialised regions
(Bourgeois 1997; Krubitzer 2007; O’Leary and Sahara
2008). Increasing the extent and then the elaboration of the
prefrontal regions in humans may have permitted the
development of new levels of abstraction, and allowed us
to develop richer cognitive functions such as language,
planning and creative thinking (Goldman-Rakic 1996;
Wood and Grafman 2003; Petrides 2005).
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