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The study of hominin brain evolution relies mostly on evaluation of the
endocranial morphology of fossil skulls. However, only some general
features of external brain morphology are evident from endocasts, and
many anatomical details can be difficult or impossible to examine. In this
study, we use geometric morphometric techniques to evaluate inter- and
intraspecific differences in cerebral morphology in a sample of in vivo mag-
netic resonance imaging scans of chimpanzees and humans, with special
emphasis on the study of asymmetric variation. Our study reveals that
chimpanzee—human differences in cerebral morphology are mainly sym-
metric; by contrast, there is continuity in asymmetric variation between
species, with humans showing an increased range of variation. Moreover,
asymmetric variation does not appear to be the result of allometric scaling
at intraspecific levels, whereas symmetric changes exhibit very slight allo-
metric effects within each species. Our results emphasize two key
properties of brain evolution in the hominine clade: first, evolution of chim-
panzee and human brains (and probably their last common ancestor and
related species) is not strongly morphologically constrained, thus making
their brains highly evolvable and responsive to selective pressures; second,
chimpanzee and, especially, human brains show high levels of fluctuating
asymmetry indicative of pronounced developmental plasticity. We infer
that these two characteristics can have a role in human cognitive evolution.

1. Introduction

Current understanding of hominin brain evolution is based on morphology
that can be ascertained in the fossil record represented either by cranial fossil
remains or by endocranial casts. Some traits considered to be related to the evol-
ution of modern human behaviour can be traced in fossils. These traits include
endocranial volume [1], petalial patterns [2], morphology of the frontal lobes
[3/4], asymmetry of Broca’s cap region [5], neurocranial globularity [6,7] and
lunate sulcus position [8], among others (reviewed in [9]). However, even this
constellation of traits cannot be unequivocally evaluated in hominin fossil
species owing to the incomplete correspondence between endocranial and
brain morphology. The study of those traits that do not leave an imprint in
the endocranial surface can only be examined by means of comparative studies
of humans with other primates.

Geometric morphometrics (GM) is the statistical analysis of morphology
based on Cartesian landmark coordinates, and it constitutes a powerful
methodological set of tools that is widely used in palaeontological and
palaeoanthropological research. Nevertheless, with a few notable exceptions
[10,11], these methodologies have rarely been used in neuroscience. However,
the application of these techniques in comparative neuroscience holds tremen-
dous potential for several reasons. First and most importantly, the use of a
common methodological framework can help to bridge the gap that sometimes
exists between palaeoanthropological and neuroanatomical observations.
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Second, GM techniques provide appropriate tools to analyse
morphological variation between and within populations,
which constitutes the substrate upon which natural selection
can act. Quantifying and understanding this variation is fun-
damental to studies of brain evolution. Finally, the classic
formulation of GM methods is based on the analysis of hom-
ologous structures represented by means of reference points
or landmarks. Such use of anatomically homologous points
make these techniques especially suitable for evolutionary
studies, as the variation of those structures can be traced
across the fossil record or across closely related species.

Although brain asymmetry and behavioural lateralization
were once considered to be exclusively human traits [12],
owing to the pronounced cerebral hemisphere specialization
for some complex cognitive capabilities [13], increasing evi-
dence demonstrates that macrostructural, microstructural and
behavioural asymmetries are widespread not only in other pri-
mates [14—20], but also in other mammals, vertebrates and even
invertebrates [21]. Three distinctive patterns of population-level
asymmetries are theoretically possible in organisms’ brains, and
each type may differ in anatomical localization and functional
significance: (i) directional asymmetry occurs when the two
sides of the brain are systematically different across a population
in some respects; (ii) anti-symmetry is the consistent difference
between sides, but the direction of this difference varies in the
population; and (iii) fluctuating asymmetry is an estimate
of non-directional departures from the expected bilateral sym-
metry (or from the norm of average directional asymmetry
[22]). Directional asymmetry and anti-symmetry are considered
to be at least partially genetically determined, whereas fluctuat-
ing asymmetry is usually considered a signal of developmental
instability [23]. Indirect evidence of developmental processes
shaping brain phenotypes gained from studies of symmetric
and asymmetric variation can help to better understand the
interaction between brain development and the evolution of
human cognitive capabilities.

Functional inferences based on morphological variations
are however far from unambiguous. It has been demonstrated
that there is a variable relationship between sulcal organization
and cytoarchitectural boundaries [24]. This relationship seems
to be more constant for primary and secondary sensorimotor
areas, whereas higher order cortical areas exhibit more varia-
bility [25]. This has led to the use of probabilistic mapping
techniques to characterize the location of cortical areas in
humans and, more recently, in chimpanzees [18,19]. At a
more functional level, it has been proposed that cognitive evol-
ution can rely on redeployment of existing neural components,
such that specific cortical areas may become increasingly multi-
functional, and the most recent cognitive functions will involve
more distributed network processing among disparate corti-
cal areas [26]. Changes in brain morphology across hominin
evolution are clear and probably related to other macrostructu-
ral, microstructural, behavioural and cognitive modifications,
but the indirect relationship between endocast morphology,
sulcal organization, cytoarchitecture and function requires
inferences about cognitive evolution drawn solely from
morphological analyses to be cautious.

In this study, we explore inter- and intraspecific patterns
of variation in cortical morphology in common chimpanzees
(Pan troglodytes) and modern humans (Homo sapiens), which
are, together with bonobos, the only extant representatives of
the hominine clade that includes a larger number of panin
and hominin fossil species. We also evaluate the existence of

intraspecific allometric variation in both species. In addition,
we quantify the different components of symmetric and asym-
metric (including directional and fluctuating) variation in an
attempt to clearly describe human brain morphology with
respect to asymmetry. We use these patterns of variation to
infer the impact that developmental events may have had on
brain evolution of hominins.

2. Material and methods

A sample of 72 chimpanzee (23 males and 49 females) and 73
human (27 males and 46 females) in vivo magnetic resonance ima-
ging (MRI) scans was used for this study. Chimpanzees housed at
the Yerkes National Primate Research Center of Emory University
were scanned using a 3 T scanner (Siemens Trio, Siemens Medical
Solutions, Malvern, PA, USA), and they ranged from 6 to 50 years
old. Human scans were obtained from the OASIS database [27],
selecting only healthy (non-demented) individuals with ages ran-
ging from 18 to 60 years old. All the scans stored in this database
belong to right-handed individuals and were acquired with a
15T Vision scanner (Siemens, Erlangen, Germany). Technical
details of human MRI acquisition, as well as population infor-
mation, is provided in [27], whereas the equivalent information
for chimpanzee MRI scans is provided in [17]. Three-dimensional
surface models of brain hemispheres were reconstructed using
BrRAINVISA software [28], and they were later imported into IDAV
LANDMARK EDITOR software [29] for landmark digitation.
Thirty-eight homologous landmarks (19 landmarks per hemi-
sphere) were selected in order to obtain a uniform representation
of the cerebral cortical surface (see the electronic supplementary
material, figure S1 and table S1). Landmarks were located at the
initial and endpoints, as well as at some intersections, of the most
constant sulci observed in chimpanzees [20], which are those that
demarcate major lobar subdivisions and that are associated with
some cognitively relevant areas (i.e. Broca’s area, Wernicke’s area
and insular cortex). The conformation of landmarks used for chim-
panzee brain analysis was later used for the analysis of human
brains (see the electronic supplementary material for discussion
on landmark homology). Landmarks were digitized twice in both
samples to assess measurement error (see below).
Three-dimensional configurations of landmarks were subjected
to a Procrustes superimposition [30] to remove the non-shape
variation corresponding to position, size and orientation. The sym-
metric and asymmetric components of morphological variance
were studied separately by analysing the symmetric averages of
the original and mirrored configurations of landmarks for each
brain (symmetric variation), and the deviations of the original
conformations of landmarks from the symmetric averages (asym-
metric variation, [22,31]). Principal components analyses (PCAs)
of superimposed Procrustes symmetric coordinates and asym-
metric residuals were carried out to extract the main patterns of
variation in the chimpanzee and in the human samples. Main
axes of intra- and interspecific variation were compared by measur-
ing the angle fbetween chimpanzee and human vectors [32], which
is close to 0 when two vectors have parallel trajectories, and close
to 90° when trajectories diverge significantly. Analyses were carried
out using MorrHOJ software [33]. Thin plate spline-based surface
warping was used for visual representations of morphological vari-
ations using IDAV Lanpmark EDITOR software [29]. Allometric
effects were evaluated by means of a multivariate regression of
shape variables (Procrustes coordinates) on centroid size, a measure
of size defined as the squared root of the summed squared distances
between individual landmarks and the centroid of the configuration
of landmarks. Allometric trajectories observed in chimpanzees and
humans were also compared by measuring the angle between them.
Evaluations of the different components of variance with
respect to asymmetry used the classic formulation of Procrustes
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Figure 1. Evolution of brain morphology. (a) Principal components analysis of (i) symmetric and (i) asymmetric variation with 95% confidence ellipses (humans are
represented in blue, and chimpanzees are represented in red). The green circle in the plot to the right represents the hypothetical location of a perfectly symmetric
brain. (b) Scree plots showing the distribution of variance across the first 20 principal components (PCs) (lower rank PCs are not represented) for the complete
sample (green), human sample (blue) and chimpanzee sample (red), for (i) symmetric and (i) asymmetric variation. (c) Theoretical model of evolution across an
adaptive landscape with an optimum value (global optimum, red) and a suboptimum value (local optimum, orange). The population ‘a" has a well-defined line of
least resistance that takes it to the suboptimum value, even if the selective optimum is closer to the initial value of the population. Populations without well-defined
lines of least resistance as ‘b’ can evolve directly to optimal values, thus being highly evolvable in landscapes with moving optima. Part (c) of the figure has been

modified after Steppan et al. [34].

ANOVA as laid out by Klingenberg & McIntyre [22] and
Klingenberg et al. [31], where the factor ‘individual” reflect sym-
metric variations in both hemispheres, the factor ‘side’ reflects
consistent variations in one direction (directional asymmetric
variations), and the interaction term reflects non-directional asym-
metric changes in individuals (fluctuating asymmetric variations).
Repeated measurements of individuals allowed us to quantify
measurement error as the residual variation obtained in the
Procrustes ANOVA. The localization of these different types of
effects was quantified by decomposing the Procrustes mean
squares for each effect according to landmarks [22]. As it has
been discussed elsewhere, this is a conservative but valid pro-
cedure to identify localized variation in configurations of
landmarks [22]. The obtained values were graphically represented
on brain surface models using an inverse distance weighting
interpolation implemented in MatHEmATICA V. 8.0 (Wolfram
Research Inc., Champaign, IL, USA).

3. Results

PCAs were used to reduce the original dataset to a few dimen-
sions that represent most morphological variation. PCAs of
combined data from humans and chimpanzees revealed
that shape differences between both species are mainly
owing to symmetric variation (figure 1a). Morphological differ-
ences between both species are clear, and include some well-
described traits such as frontal enlargement and parietal
expansion in humans, as well as a general alteration of brain
proportions, that vary from relatively short and broad in

chimpanzees to rostro-caudally elongated in humans. In
terms of asymmetry, the PCA plot does not show a separation
of both species, but the range of intraspecific variation in
humans is considerably larger and encompasses the chimpan-
zee range of variation (figure 1a).

As the brain phenotype of the chimpanzee—human last
common ancestor (LCA) is generally assumed to be more
similar to chimpanzees, the first principal component (PC)
of interspecific comparisons may be interpreted to be similar
to the direction of evolution in the hominin clade. The angle 6
between the vector separating chimpanzees and humans, and
the main axes of variation within each species estimates the
extent to which intraspecific variation and evolutionary
change follow similar patterns. For symmetric variation, evol-
utionary change is not significantly associated with the
direction of maximum intraspecific variation in chimpanzees
(6 =82.2°, which is statistically indistinguishable from the
angle between random vectors: p=0.328), and it is only
weakly associated with the axis of maximum variation in
humans (6 =70.6°, p=0.014). The first axis of asymmetric
variation in humans is significantly aligned to the first inter-
specific axis (#=16.6°, p <0.001), whereas evolutionary
change is not significantly aligned to the first axis of variation
in chimpanzees (6 = 76.4°, p = 0.084), but to the second axis
(6 =56.3°, p < 0.001).

Analyses within each species demonstrate that both
humans and, especially, chimpanzees show smooth intraspe-
cific distributions of variance without clearly predominant
PCs (figure 1b). This means that no single factor accounts
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Figure 2. Intraspecific morphological variation in chimpanzee and human brains. Wireframe models showing the transformation from the consensus shape (grey) to
the target shape (black) are provided under warped surface models. Morphological extremes corresponding to positive and negative scores for PC1 are provided for
symmetric variation. As for asymmetric variation, the range of observed asymmetry is visualized by providing the population symmetric consensus shape (Sym) and
the most extreme asymmetric shape (Asym). Red spheres represent anatomical landmarks used in the study. Top and right lateral views are provided for symmetric
variation, and right and left lateral views are represented for asymmetric variation. Chimpanzee and human brains are not to scale.

for most morphological variance within these samples.
Morphological comparisons of the configuration of land-
marks on the cerebral cortex of chimpanzees and humans
show that they share similar patterns of symmetric variation
(6=59.2°, p<0.001). As for asymmetry, the first axes of
variation observed in chimpanzees and humans are only
moderately associated (6 =73.1°, p = 0.030), but association
is stronger between the human first axis and the chimpanzee
second axis (6 = 58.6°, p < 0.001).

The first PC obtained in the analysis of symmetric vari-
ation explains 14.12 per cent of variance in chimpanzees
and 18.09 per cent in humans (see the electronic supplemen-
tary material, table S2), and it corresponds in both samples
with a general alteration of brain proportions that change

from a brachycephalic shape (a laterally broad shape with
respect to the rostro-caudal axis) to a dolichocephalic shape
(laterally narrow and rostro-caudally elongated; figure 2,
upper quadrants). Other symmetric morphological patterns
recovered in the first axis of variation in both samples include
parietal expansion and a relative lengthening of the Sylvian
fissure and superior temporal sulcus, regions that are associ-
ated with Wernicke’s area (figure 2, upper quadrants).
Regarding asymmetric variation, both samples share a unilat-
eral lengthening of the Sylvian fissure and the superior
temporal sulcus that is more frequently observed in the left
hemisphere (figure 2, lower quadrants). However, while
petalial variation is also included in the first axis of variation
in the human sample, which explains 19.01 per cent of
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Table 1. Intraspecific Procrustes ANOVAs of chimpanzee and human samples. (SS, sum of squares; MS, mean squares (multiplied by 1000); d.f., degrees of “

freedom; f, F-ratio; p, p-value; %var, percentage of variance explained by each effect; S, symmetry; DA, directional asymmetry; FA, fluctuating asymmetry;

measurement, measurement error.)

species effect SS
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df. F p Y%var
3763 3.92 <0.0001 73.53

54 6.83 <0.0001 1.86
3834 6.96 <0.0001 19.12
7704 5.49

54 22.06 <0.0001 8.15
3888 6.02 <0.0001 26.56
7811 8.87

variance, the left-occipital right-frontal (LORF) petalia is
barely visible in the first PC corresponding to chimpanzees,
which accounts for 11.56 per cent of shape variance (see the
electronic supplementary material, table S2). The chimpanzee
PC1 recovers a frontal projection of Broca’s area homologue
(more frequently observed in the left hemisphere) relative to
the lateral orientation of this region in the other hemisphere
(figure 2, lower-left quadrant).

Both the chimpanzee and the human sample exhibit signifi-
cant, although quantitatively very small, allometric effects
when evaluating the symmetry component of variation. The
percentage of variance predicted by overall brain size is 3.08
per cent in chimpanzees (p =0.006) and 3.13 per cent in
humans (p = 0.009). These allometric trajectories are divergent,
forming an angle of 83.1°, which is not significantly different
from the angle between random vectors (p = 0.191). Larger
chimpanzee brains tend to show laterally expanded frontal
and parietal lobes (see the electronic supplementary material,
figure S2). Larger human brains, by contrast, tend to have a
more elongated shape relative to smaller brains, which tend to
be bilaterally broader (see the electronic supplementary material,
figure S2). For the asymmetry component of variance, there is
not a significant association with allometry in either sample
(p=0.480 for chimpanzees and p = 0.744 for humans). Sex,
age and handedness have non-significant or quantitatively
very small effects on the evaluated morphological patterns (see
the electronic supplementary material, figures S3 and S4).

The proportion of symmetric and asymmetric variation dif-
fers substantially between chimpanzees and humans. Whereas
in chimpanzees almost 75 per cent of variance corresponds to
symmetric changes, this value is only slightly higher than 50
per cent in humans (table 1). Directional asymmetry is highly
significant in both samples, although it explains less than 2
per cent of the total variance in chimpanzees versus more
than 8 per cent in humans. Fluctuating asymmetry is the most
predominant component of asymmetric variation in both
species (and it is highly significant with respect to measurement
error), with a value close to 20 per cent in chimpanzees and
close to 27 per cent in humans. The possibility that the inter-
action term individual x side corresponds to anti-symmetric
variation is ruled out because there is no evidence of

clustering of two groups in PCA plots of asymmetric variation
(see figure 1 and electronic supplementary material, figures S3
and S4). Directional asymmetric differences between hemi-
spheres are mainly localized at the posterior perisylvian
region (posterior extreme of the Sylvian fissure and of the
superior temporal sulcus) in both humans and chimpanzees.
Interestingly, the main fluctuating asymmetric variations are
localized in the same posterior perisylvian regions in human
brains, where these areas are hypervariable. In chimpanzees,
fluctuating asymmetric variation is mainly found in the inferior
frontal region (see figure 3 and electronic supplementary
material, tables S3 and S4).

4. Discussion

Our GM analysis has revealed that, although chimpanzee
and human brain morphology are clearly differentiated
in symmetric features, asymmetric variation in humans
appears to be a maximization of the trend observed in chim-
panzees and, probably, in the chimpanzee—human LCA. In
addition, our results demonstrate that brain morphological
variation in both species is not strongly determined by one
single factor (represented by the first PC), and therefore
might be highly evolvable. Although allometric factors
are often invoked to explain hominin brain evolution, they
are not observed to exert a strong effect on cortical morphology
within each species. Finally, our decomposition of asymmetric
variation into both directional and fluctuating asymme-
tric changes has demonstrated that both types of asymmetry
are significant in chimpanzees and humans, but substantially
larger in humans.

Morphological variation in the chimpanzee and human
cortex showed several quasi-equivalent trajectories represen-
ted by various PCs (figure 1b,c). This lack of generalized
and strong covariances may be indicative of the high evolva-
bility (the ability of a population to respond to selection) of
hominine brains, because the phenotypic line of least evol-
utionary resistance [35] along which evolutionary changes
are facilitated [36] can change rapidly in response to selective
pressures. This can be the reason why the chimpanzee second
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Figure 3. Localization of levels of variation for chimpanzees and humans.
(a) Symmetric variation is mainly localized in the posterior perisylvian area
in humans, whereas it is more diffusely localized in chimpanzees. (b) Stron-
gest directional asymmetries are localized in both species at the posterior
termination of the Sylvian fissure and of the superior temporal sulcus.
() Fluctuating asymmetric variation is also localized in the postsylvian
area in humans, but it is strongest in the inferior frontal region in chimpan-
zees. Chimpanzee and human brains are not to scale.

axis of variation has stronger association with the human first
axis and with evolutionary change than the chimpanzee
first axis. The line of least resistance is represented by the
first PC obtained in intraspecific analyses, and it is considered
to be well defined when that PC explains a large proportion
of morphological variance, a very different scenario from the
one observed in our analyses. Modular organization is one
of the mechanisms that can favour evolvability by allowing
one module to change without interfering with others, but
it has been suggested that the most evolvable architectures
may be those with intermediate levels of integration [37].
An evaluation of morphological integration between different
cerebral areas is currently in progress and will help to clarify
this association, adding new information to the existing
literature on these topics, which is mainly based on cranial
morphology [38,39].

In regard to asymmetry, the human range of variation is
larger than and includes the total range of variation for chim-
panzees. Analyses of fossil endocasts similarly seem to reflect
a gradual increase in the degree of expression of asymme-
tric traits from earlier to later hominins [9], so the H. sapiens
range of asymmetric variation is likely to include that of
other hominin species as well. If this were the case, the
direction of maximum phenotypic variance identified in
the analysis of asymmetric variation in humans would be
roughly parallel to the corresponding interspecific vector,
so the evolution of asymmetry would be expanding the
range of variation along the first several lines of least resist-
ance, which have been collectively defined as a subspace of
least resistance [40].

Several features of modern human brains, such as cere- n

bral (or neurocranial) globularity [6,7] and widening of the
frontal lobes [41] appear to be evolutionary specializations
as compared with apes, whereas increased asymmetries
are an extension of the trend observed in other primates
[16,17,20,42,43]. Our study reveals that one of the most pro-
minent directional asymmetries maximized during hominin
evolution is in the posterior part of the perisylvian region,
an anatomical asymmetry that is also accompanied by micro-
structural asymmetries in both humans [44] and chimpanzees
[19,45]. In addition, our results reveal that the LORF petalia is
not independent of other cortical asymmetric variations [46],
and that sulci related to Broca’s area are not markedly asym-
metric when compared with other sulci [47]. However, other
studies have demonstrated that surface asymmetry in the
inferior frontal region is prominent and reaches similar degrees
as the surface asymmetry of the posterior perisylvian region
in humans [47]. Different measures of asymmetry in the
inferior frontal region in chimpanzees have reported varying
results, ranging from similarities in the degree of volumetric
asymmetries to that observed in modern humans [42,43], to
non-significant asymmetry based on cytoarchitectural analysis
[18]. These observations reveal that inferior frontal region
asymmetry is a complex and multi-dimensional trait that
does not provide unequivocal results when explored in its
different dimensions [48]. Taken together, our results reveal
that directional asymmetric variations in sulcal folding show
similar patterns in chimpanzees and humans, consisting of a
conspicuous asymmetry in the postsylvian area that is quanti-
tatively more marked than any other brain asymmetry.

Our study also shows that increased brain asymmetry is not
the necessary outcome of increased brain size, as predicted by
theoretical models based on interhemispheric conduction
delay [49]. Our sample of chimpanzees encompasses a range
of cranial capacities of approximately 350-500cc, and the
human sample includes a range of 1100—1900 cc. The range of
endocranial volumes observed in chimpanzees includes the
volumes measured in most Australopithecus and Paranthropus
species [9]. Similarly, the range of cranial capacities measured
in our human sample ranges from values similar to those
found in some Homo erectus [50] to values exceeding by more
than 3 s.d. the mean endocranial volume of Neanderthals and
fossil H. sapiens [50]. In spite of these large ranges of cranial
capacities (and corresponding brain volumes), we did not
find a significant association between brain size and brain
asymmetry at an intraspecific level. This suggests that, despite
the efforts to control for phylogenetic effects, the findings
of broad comparative interspecific analyses [51] may reflect
differences in species-typical brain bauplans only secondarily
associated with size, instead of a consistent allometric trend
that is governed solely by biophysical demands that vary
with brain size. Our results also reveal a quantitatively small
allometric effect in the symmetric component of variation of
both humans and chimpanzees that are nonetheless divergent
in their directions. Taken together, our results indicate that
the most evolutionarily distinctive morphological features
observed in the human cerebral cortex are not simply the
result of allometric scaling [41].

Previous research on cranial shape (including facial and
basicranial shape) in different hominoid species (orangutans,
gorillas, chimpanzees, bonobos and humans) show approxi-
mately 90 per cent of symmetric variation, 10 per cent of
fluctuating asymmetric variation and 1 per cent of directional
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asymmetric variation (percentages have been calculated using
values in table 2 in [52]). These percentages are very similar
across species, but human skulls show the lowest percentage
of symmetric variation among the five species, and the highest
percentages of directional asymmetry and fluctuating asym-
metry. Although our study only includes chimpanzees and
humans, our results are fully compatible with these values
showing a relative increase of directional and fluctuating asym-
metric variation in humans, and may reflect the interaction of
brain and skull development [53].

Elevated degrees of fluctuating asymmetry have been
argued to arise from high developmental instability or devel-
opmental noise [22]. Biological systems that express high
levels of fluctuating asymmetry might signal relatively
weak canalization [54], which refers to the property of organ-
isms to buffer development against environmental and
genetic perturbations [55]. In such cases, fluctuating asymme-
try is often thought to be a maladaptive trait that results from
the inability of the system to compensate for developmental
perturbations. We suggest, however, that evidence of fluctu-
ating asymmetry may also be indicative of developmental
plasticity in the context of brain evolution and development,
where different forms of plasticity have a key role in learning
and, consequently, in behaviour and cognition [56]. In our
view, cerebral fluctuating asymmetry might be the outcome
of developmental plasticity, a highly adaptive property that
can be identified at very different levels of brain organization
(anatomical, cellular and molecular). Developmental plas-
ticity is prominent in human brains as evident by an
extended period of maturation of connectivity, and a greater
dynamic range of gene expression in childhood as compared
with adulthood [57,58]. Furthermore, comparative studies of
gene expression and microstructure indicate that the human
neocortex is distinguished by prolonged postnatal develop-
ment as compared with chimpanzees and other primates
[59]. Our current findings demonstrate that anatomical fluc-
tuating asymmetry in the brain is also elevated in humans
as compared with chimpanzees, which is consistent with
the interpretation that it might represent an adult pheno-
type that reflects the outcome of amplified developmental
plasticity earlier in life.

Some of the models explaining gyrification link the ten-
sion produced by neuronal connections with morphological
variation in gyral and sulcal patterns, thus establishing an
association between brain surface morphology and neuronal
connectivity within a developmental framework [60-62].
Studies of monozygotic twins have demonstrated the high
degree of environmental influence on cortical morphology
[63], in spite of the unquestionable genetic influences on brain
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