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Abstract

Brain lateralization is a widespread phenomenon although its expression across primates is still controversial due to the
reduced number of species analyzed and the disparity of methods used. To gain insight into the diversification of neuroana-
tomical asymmetries in non-human primates we analyze the endocasts, as a proxy of external brain morphology, of a large
sample of New World monkeys and test the effect of brain size, home range and group sizes in the pattern and magnitude
of shape asymmetry. Digital endocasts from 26 species were obtained from MicroCT scans and a set of 3D coordinates was
digitized on endocast surfaces. Results indicate that Azeles, Brachyteles, Callicebus and Cacajao tend to have a rightward
frontal and a leftward occipital lobe asymmetry, whereas Aotus, Callitrichinae and Cebinae have either the opposite pattern
or no directional asymmetry. Such differences in the pattern of asymmetry were associated with group and home range sizes.
Conversely, its magnitude was significantly associated with brain size, with larger-brained species showing higher inter-
hemispheric differences. These findings support the hypothesis that reduction in inter-hemispheric connectivity in larger
brains favors the lateralization and increases the structural asymmetries, whereas the patterns of shape asymmetry might be
driven by socio-ecological differences among species.

Keywords Brain lateralization - Endocranial shape - Geometric morphometrics - Home range size - Group size - Primates

Introduction morphology, as well as the size, shape and cell composition

of specific regions. The evolutionary origin of the differ-

Brain asymmetry is thought to be a distinctive feature of
the human lineage (Falk 1980; Holloway and de la Coste-
Lareymondie 1982; Gémez-Robles et al. 2013, 2016).
Asymmetry is the propensity for structure and function to
be specialized to one brain hemisphere or the other (Ock-
lenburg and Giintiirkiin 2012). Inter-hemispheric differences
are expressed as different properties including the external
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ences between the left and right hemispheres in humans has
usually been related to the development of a hemispheric
dominance for specific traits, such as hand preference and
language (e.g., Vallortigara 2006). This led to explore more
intensively the asymmetry in areas such as the planum tem-
porale and Broca's area, which show a leftward asymmetry
in modern humans (i.e. Homo sapiens) in agreement with
their functional dominance. Recent studies based on neuro-
images indicate that inter-hemispheric differences, such as
the petalias, are widespread not only in humans but also in
apes and other non-human primates, although the similarity
in the patterns of asymmetry among these species is still a
matter of debate (e.g., Ocklenburg and Giintiirkiin 2012).
Whereas some authors indicate that the rightward frontal
and leftward occipital petalia is shared by modern humans
and great apes, others suggest that humans present a unique
pattern (Pilcher et al. 2001; Phillips and Sherwood 2007;
Neubauer et al. 2020; Xiang et al. 2020).

The analysis of neuroanatomical asymmetries in primates
other than hominids also showed mixed results (Phillips and
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Sherwood 2007; Pilcher et al. 2001). For instance, no direc-
tional asymmetries in frontal or occipital lobes had been
found either in Cebus or in Saimiri species (Hopkins and
Marino 2000; Pilcher et al. 2001) until more recent studies
of brain magnetic resonance images reported a left frontal
petalia for Cebus apella (Phillips and Sherwood 2007). Sim-
ilarly, the view that Old World monkeys are characterized
by a lack of asymmetry in the external morphology of the
brain (Hopkins and Marino 2000) contrasts with the finding
of a frontal rightward and posterior leftward petalia in a
large sample of endocasts of Papio (Atkinson et al. 2016).
The disparity in the type of data and variables used along
with the reduced number of species included in most studies
hinder the comparative analysis across primate species and it
could partially account for these contrasting results.

Despite these inconsistencies, the finding of brain asym-
metries in non-human primates, as well as in several species
of other vertebrate clades, supports the idea that having a
lateralized brain would have a fitness benefit (Rogers 2014;
Giljov et al. 2018). At the individual level, the lateraliza-
tion of functions is hypothesized to increase the efficiency
of information processing as one hemisphere assumes the
control without interfering with the other, which allows it to
perform several tasks simultaneously, resulting in more com-
plex cognitive processes (Mesulam 1985). The individual
cognitive performance also has an impact at the population
level, especially in social and foraging behaviors (Vallor-
tigara and Rogers 2005). Other factors, such as the expan-
sion of the brain could have further contributed to the hemi-
spheric specialization in primates as well as other mammals
(Phillips et al. 2015; Atkinson et al. 2016). Given that bigger
brains have a proportionally larger cerebral cortex, lateral-
ized tasks can be performed more efficiently via shorter and
faster intra-hemispheric circuits (Ringo et al. 1994; Olivares
et al. 2001; Stephan et al. 2003; Karolis et al. 2019). Under
this hypothesis, the anatomical and structural differences
between hemispheres are thought of as a by-product of
increasing brain size (Hopkins et al. 2015).

Additionally, several macroevolutionary studies in pri-
mates report significant associations between brain (or
endocranial) volume and socio-ecological variables. Positive
correlations have been found with group size (Dunbar 1998)
and home range size (Clutton-Brock and Harvey 1980; Pow-
ell et al. 2017), with results varying according to the spe-
cies sampled and the predictors included into the models.
Whether these factors also contribute directly to brain later-
alization, or indirectly via allometric changes related to brain
size increase, has not yet been evaluated. Such factors could
have played though a significant role, given that species
with a more social behavior tend to exhibit more lateralized
brains, and that hemispheric dominance for certain functions
has been associated with the propensity to explore unfamil-
iar environments (Cameron and Rogers 1999; Ghirlanda and
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Vallortigara 2004). If such factors influenced the selection
for hemispheric specialization, they would be expected to
be associated with brain asymmetry. Notwithstanding their
potential relevance, the contribution of brain size and socio-
ecological variables to the diversification in the degree and
pattern of asymmetry in the primate brain has been scarcely
studied.

To date, the study of brain asymmetry among primates
has mainly focused on a few species of hominids (Homo,
Pan and Gorilla) and other catarrhine monkeys (Macaca
and Papio). Conversely, the New World monkeys—which
experienced a notable process of diversification in brain size
and shape (Aristide et al. 2016)—remain largely unexplored.
This clade exhibits high inter-specific variation in body size,
degree of encephalization and diversity of social and ecolog-
ical characteristics (Aristide et al. 2015, 2016). Particularly,
because of their large variation in brain morphology and
characteristics such as home range and group sizes, the New
World monkeys represent an interesting reference system for
investigating the factors underlying the evolution of brain
asymmetry in primates. Here, we describe shape asymmetry
of endocasts, as a proxy of external brain morphology, in
representatives of the five main clades of Platyrrhini and
analyze the importance of endocranial size, home range and
group sizes in the diversification of the pattern and magni-
tude of endocranial asymmetry in shape.

The analysis of endocranial morphology using 3D digital
models generated from computer tomography (i.e., endo-
casts) allows us to include a larger number of species in
the comparative analysis. Even though the endocasts do
not provide detailed information about all gyri and sulci or
subcortical regions, the inner surface of the skull is a good
proxy for global asymmetry of the brain (Fournier et al.
2011; Dumoncel et al. 2021). Previous studies have shown
that the analysis of endocast shape allows the quantification
of external brain morphology because it represents a good
proxy for describing correlated changes in relative size and
position of brain lobes (Aristide et al. 2016; Neubauer et al.
2020). In this way, endocasts are a valuable source of infor-
mation being increasingly used for studying the evolution
of the brain in extinct and extant species (Neubauer et al.
2010; Watanabe et al. 2019; Dumoncel et al. 2021; Early
et al. 2020). Particularly for the latter, endocasts are used
because it is not always possible to collect specimens under
the conditions required to preserve the soft tissues, and in
some cases the capture of wild specimens and endangered
species is not allowed. Consequently, the endocasts repre-
sent a valid alternative to perform comparative studies that
require sampling a large number of species. Additionally, the
information gathered from the endocasts of living species
in comparative studies provides a framework to discuss the
findings in fossil specimens (Neubauer et al. 2010, 2020;
Aristide et al. 2019). Finally, as several studies have shown,
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the close interaction between brain tissues and the bones that
compose the neurocranium during individual ontogeny sup-
port their use as a valuable alternative for evolutionary stud-
ies (Bruner 2014; Aristide et al. 2016; Neubauer et al. 2020).

Methods

We analyzed a sample of 110 digital 3D endocasts of adult
individuals of both sexes from 26 species from the five fam-
ilies of New World monkeys (Supplementary Table S1),
deposited in Museu de Zoologia (Universidade de Sao
Paulo, Brazil), Museu Nacional (Rio do Janeiro, Brazil)
and DMM-KUPRI repository (Kyoto University, Japan). The
sample size of each species has a mode of four individuals,
with a few species having three or eight specimens. Almost
all samples have an approximately equal number of females
and males (Supplementary Table S1). The sampled species
span the platyrrhine diversity in terms of body and brain
size. The 3D images, in Polygon (.PLY) file format, were
compiled from previous works (Aristide et al. 2016). These
.PLY files were obtained from X-ray computed tomography
or micro-computed tomography scans using a threshold-
based 2D segmentation procedure (see details in Aristide
et al. 2016). From each endocast in .PLY format, a total
of 26 anatomical landmarks and 105 curve semilandmarks
were digitized, including paired and unpaired reference
points (Fig. 1; Aristide et al. 2016). Additionally, 200 paired
surface semilandmarks were digitized on one endocast as
equidistant points. Then, these surface semilandmarks were
automatically projected onto each endocast using the thin-
plate spline deformation and considering landmarks and

Fig.1 Cast of the internal neurocranium obtained from a CT scan of
Callicebus personatus and 3D coordinates digitized on each endocast.
Red, yellow, and gray points represent anatomical landmarks, and
curve and surface semilandmarks, respectively

curve semilandmarks as a reference frame. This projection
was obtained with the function placePatch in the Morpho
package for R (Schlager 2017).

We used geometric morphometrics to decompose
endocranial variation in size, and the symmetric and asym-
metric shape components (Dryden and Mardi 1998; Gunz
et al. 2005; Neubauer et al. 2020). We first reflected the con-
figurations of landmarks and semilandmarks of each speci-
men and relabeled the coordinates of mirrored configura-
tions, so the coordinates on their left side were compared
with the right side of the original configurations and vice
versa (Klingenberg et al. 2002). Then, the original and the
mirrored and relabeled configurations were superimposed
by a Generalized Procrustes Analysis (GPA; Rohlf and Slice
1990) to remove variation in location, orientation and scale.
The size of each endocast was estimated using the centroid
size (CS) of each point configuration. The average between
the original configuration and its superimposed relabeled
reflection represents the symmetric component of shape,
whereas the deviation of the original shape (or Procrustes
coordinates) from its symmetrized version represents the
asymmetric component (Schlager 2012; Neubauer et al.
2020). Because we also include semilandmarks in the anal-
yses, a further step was needed to remove the non-shape
variation along curves and surfaces. This was done by slid-
ing the semilandmarks of each configuration by minimizing
the bending energy toward the mean symmetric shape of
the sample (obtained as the average of the mean shape con-
figuration and its superimposed relabeled reflection). This
procedure ensures that the asymmetry of the template used
to project the surface semilandmarks is not transferred to all
specimens (Schlager 2012; Neubauer et al. 2020).

A principal component (PC) analysis was performed on
the coordinates of landmarks and semilandmarks represent-
ing the asymmetric component of shape of each specimen
to describe the pattern of shape asymmetry in the sample.
The zero score along this principal component represents
the symmetric shape, whereas negative and positive values
represent the shape differences between right and left sides,
which is the pattern of asymmetry. Consequently, the scores
of the first principal component summarize the main pat-
tern of asymmetry in a sample (Neubauer et al. 2020). This
pattern of shape asymmetry was illustrated using warps and
heatmaps.

The magnitude of shape asymmetry (D) in the endocasts
was estimated for each specimen as the difference between
the symmetric shape component and the original shape
coordinates (i.e., the square root of the sum of the square
differences between the symmetric shape component and
the superimposed Procrustes coordinates; Schlager 2012;
Neubauer et al. 2020). If a configuration of points is sym-
metrical, the distance D with its reflection will be zero. Oth-
erwise, D increases with the amount of shape differences
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between the left and right sides of the endocranial surface.
Evidently, the larger the distance D the greater the magni-
tude of shape asymmetry. The analyses of asymmetry were
performed with the functions slider3d, procSym and mesh-
Dist in Morpho package for R (Schlager 2017; R Core Team
2020).

Phylogenetic Generalized Least Squares model (PGLS;
Freckleton et al. 2002) was used to explore the association
between the pattern (PC) and magnitude (D) of endocranial
shape asymmetry among species with the potential explana-
tory variables (i.e., endocranial size, home range and group
sizes). Home range and group sizes were obtained from
Powell et al. (2017). Two estimations of endocranial size,
as a proxy to brain size, were used: the logarithm of the
centroid size of the coordinates of landmarks and semiland-
marks (log CS), and the logarithm of the endocranial volume
(log ECV). The PGLS model takes into account the lack of
independence among species due to phylogenetic structure.
We modeled the regression residual variation by relaxing
the Brownian motion assumption using the A parameter, as
implemented in the Caper package for R software (R Core
Team 2020). This parameter is estimated by maximum like-
lihood and measures the phylogenetic signal in the residu-
als. The chrono-phylogenetic tree for the sampled species
was obtained from Aristide et al. (2015). We also used this
phylogeny to map as continuous variables the pattern and
magnitude of endocranial shape asymmetry, and the poten-
tial explanatory variables with the contMap function based
on the least-square parsimony algorithm implemented in
phytools R package (R Core Team 2020).

Results

Principal components calculated from the asymmetric com-
ponent of shape variables show that most of the specimens
have negative scores along the first PC, which accounts for
13.65% of total variation (Fig. 2A; Supplementary Fig. S1).
The pattern of shape asymmetry of the endocasts at the
negative scores is characterized by the relative expansion
of the left frontal lobe and the right occipital lobe (Fig. 2B).
In contrast to the general trend, the specimens of Ateles,
Brachyteles, Callicebus and Cacajao show positive scores
along PC1 (Fig. 2A). The endocasts of these specimens at
the positive side of PC1 show a rightward frontal and a left-
ward occipital lobe asymmetry, which resembles the human
pattern of asymmetry. Along PC2, which accounts for 9.92%
of variation in endocranial shape asymmetry, the scores of
the specimens of each taxa are distributed between positive
and negative values with a lack of directionality (Supple-
mentary Fig. S1). This means that the taxa do not differ
in the mean shape asymmetry captured by this component.
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Fig.2 Pattern of asymmetric variation in endocranial shape. A Box
plot summarizing the distribution of scores along the first principal
component (PC1) of the asymmetric component of shape. The scores
of the specimens were grouped in 14 genera. B The pattern of asym-
metry towards the negative scores of the first principal component is
shown as deformations from the symmetrized shape. Red surfaces are
relatively larger than their counterparts, whereas blue surfaces are rel-
atively smaller compared to the opposite hemisphere. L left, R right

Alouatta is the only genus with a clear trend to be distributed
towards the negative scores of PC2.

The magnitude of endocranial shape asymmetry, repre-
sented as the Procrustes distance between symmetrized and
original configurations (D), differs among genera (Fig. 3).
The lowest values are found among Callitrichinae speci-
mens, intermediate values in Cebinae, Pithecidae and Aotus,
and the largest values in Atelidae. It is remarkable the great
variation found in Atelidae, which includes both the taxa
characterized by the largest variation in the magnitude of
asymmetry (Afeles, Brachyteles and Lagothrix) and the least
variable group (Alouatta; Fig. 3).

The pattern and magnitude of endocranial shape asymme-
try were mapped onto the phylogeny using as variables the
scores along PC1 and the distance D, respectively (Fig. 4).
Callitrichines show the lowest magnitude of asymmetry and
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Fig.3 Magnitude of asymmetric variation in endocranial shape. Box
plot summarizing the distribution of D distance of the specimens
grouped in 14 genera

the most negative values of PC1 scores, whereas atelines
and Brachyteles have the largest magnitude of asymmetry
and positive scores along PC1. More intermediate values for
both variables are found in cebines, Aotus and pitheciids,
with the exception of Cacajao that has a higher asymmetry
and positive values of PC1 scores (Fig. 4). This association
is reflected in the correlation between the scores of PC1 and
the magnitude of asymmetry (D) with an r=0.51 (p <0.01).
When the analysis is performed taking into account the
phylogeny, only 23% of the variation in endocranial shape

asymmetry summarized by the first PC is explained by the
magnitude of asymmetry (F: 8.49, p: 0.0076).

The values of endocranial centroid size, home range and
group sizes mapped onto the phylogeny show similar pat-
terns (Fig. 5). Taxa with small endocranial size, the cal-
litrichines and pitheciids, also have smaller home range
and group sizes, whereas atelines and cebines have larger
endocranial sizes, home range and group sizes. The results
of the PGLS model indicate that the pattern of asymmetry,
measured as the scores of the PC1, is not associated with
endocranial size whereas it has a significant association with
group and home range sizes (Table 1). The PGLS model
accounts for 33% of variation in the pattern of asymmetry.
Conversely, the magnitude of endocranial asymmetry has
a significant association only with endocast centroid size
(Table 1). Similar results were obtained when the analy-
sis was repeated using log ECV. Neither home range size
nor group size have additional effects on the magnitude of
endocranial asymmetry (Table 1).

Discussion

We provide here an extensive comparative analysis of the
pattern and magnitude of endocranial shape asymmetry in
New World monkeys. Results indicate that the majority of
the specimens of the 26 species analyzed show a relative
expansion of the left frontal and the right occipital lobes,
although there is great variability both among and within
species, with some specimens displaying the opposite
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Fig.4 Changes in the pattern (principal component, PC1) and magni-
tude (D) of endocranial asymmetry mapped onto the phylogeny. Val-
ues of terminal branches were estimated based on morphometric data.
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Values for PC1 and D at internal nodes and branches were recon-
structed using a maximum likelihood ancestral character estimation
method. The phylogenetic tree is from Aristide et al. (2015)
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Fig.5 Home range size (HRS) and group size (GS) by species
mapped onto the phylogeny. Values of terminal nodes were obtained
from Powell et al. (2017). Values for HRS and GS at internal nodes
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and branches were reconstructed using a maximum likelihood ances-
tral character estimation method. The phylogenetic tree is from Aris-
tide et al. (2015)

Table 1 Phylogenetic

. Data Independent variables R2 F (p) Estimate t p
generalized least-square model
(PGLS) for the pattern (PC1) PC1 Log-CS 0331  5.12(0.0077) 0.003 —0.7455  0.4639
and magnitude (D) of shape Log-HRS —0.0027 28286 0.0098
asymmetry versus endocranial
size and ecological variables Log-GS 0.0051 =2.7019 0.013
D Log-CS 0.496 9.20 (0.0389) 0.0042 4.3283 0.0003
Log-HRS —0.0014 — 1.9889 0.0593
Log-GS 0.0014 1.3675 0.1853

PGLS model parameters are shown

CS endocast centroid size as a measurement of endocranial size, HRS home range size, GS group size

pattern of asymmetry. In some species such variation results
from the inversion in some individuals of the pattern of
asymmetry commonly expressed in its species, whereas in
others is related to the lack of a consistent direction in the
pattern of shape asymmetry within the species. The most
frequent asymmetry in endocranial shape found here agrees
with the left frontal petalia described for the genus Cebus—
currently called Sapajus—(Phillips and Sherwood 2007),
although contrasts with other published studies that reported
no significant asymmetries in brain width of this species,
the same as in Saimiri sciureus (Hopkins and Marino 2000;
Pilcher et al. 2001). Our results also show that the left-occip-
ital protrusion previously found in some New World mon-
keys (LeMay 1976) is within the range of variation of this
clade. Particularly, two atelids genera (Ateles and Brachyte-
les) and two pitheciids (Cacajao and Callicebus) predomi-
nantly show a pattern of right frontal and left-occipital pro-
trusion, which is the most frequent pattern of petalia among
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great apes and humans (Balzeau and Gilissen 2010; Balzeau
et al. 2011; Atkinson et al. 2016). In these four genera the
left occipital is also projected more inferiorly and medially
than the right one, similarly to what was observed in extant
hominoid primates (Neubauer et al. 2020). It is remarkable
though, that Alouatta departs from the pattern of endocranial
shape asymmetry found in atelids, being similar to the more
generalized pattern of New World monkeys. The particular-
ity of this genus is also observed in other characteristics,
such as the smallest relative brain size, its relatively simpler
folding scheme, and an elongated and flat endocranial shape
with a less flexed cranial base that makes Alouatta the most
morphologically distinct among extant platyrrhine species
(Hartwig et al. 2011; Aristide et al. 2016).

Other anatomical asymmetries, especially in regions
associated with handedness and language, have also been
reported for New World monkeys, although with inconsist-
ent results. In this sense, the length of the lateral sulcus (or



Brain Structure and Function (2022) 227:469-477

475

Sylvian fissure) showed a leftward asymmetry in some spe-
cies (Sapajus sp., Callitrix jachus and Saguinus oedipus)
but not in others (Saimiri sciureus), and the asymmetry is
alternatively found in the medial or the lateral region of the
fissure depending on the study (Heilbreoner and Holloway
1988; Hopkins et al. 2000; Liu and Phillips 2009). A left-
ward length of the lateral sulcus has also been reported in
humans, and it has been associated with the occipital bend-
ing, such that the more leftward the anterior horizontal
ramus, the more rightward the bending (Hou et al. 2019).
Such relation between the asymmetries in particular brain
structures, such as sulci, and in the shape of the external
brain surface, such as petalias, has not been analyzed in New
World monkeys. The use of endocasts does not allow us
to perform comparable analyses, although this needs to be
explored to further contribute to the functional and anatomi-
cal origin of brain surface asymmetry across different clades.

The functional role of external brain shape changes char-
acterized as petalias is still a matter of debate. Previous stud-
ies have reported an association between handedness and
asymmetries in brain regions, such as the primary motor
cortex and the lateral sulcus, in Sapajus sp. and Callithrix
jacchus (Phillips and Sherwood 2005; Gorrie et al. 2008;
Liu and Phillips 2009), whereas no association with asym-
metries in the protrusion of frontal and occipital lobes was
detected (Phillips and Sherwood 2007). It has been hypoth-
esized that petalias may reflect a disproportionate growth of
certain brain regions resulting from a hemispheric speciali-
zation for various behavioral functions, such as extractive
foraging or social group complexity (Phillips and Sherwood
2007). Agreeing with these expectations, we found that dif-
ferences in endocranial shape asymmetry among the genera
of Platyrrhini were associated with socio-ecological vari-
ables. As much as 33% of variation in shape asymmetry was
accounted for by group and home range sizes. These findings
suggest that behaviors associated with socio-ecological fac-
tors might be involved in the evolution of brain asymmetry
in primates. However, far more data is needed to evaluate
whether this association with neuroanatomical asymmetries
is related to left-right differences in cognitive or emotional
processes. In contrast, no association of endocranial shape
asymmetry with brain size was detected. The lack of asso-
ciation between the pattern of asymmetry and size, along
with the significant association with the socio-ecological
variables, can partially account for the differences observed
between Alouatta and the other atelid species. Even though
they are similar in body size, Alouatta is characterized by
smaller home range and group sizes compared to the rest of
its clade (Aristide et al. 2016; Powell et al. 2017).

Our study also shows that, contrary to the pattern of
shape asymmetry, the total magnitude of endocranial shape
asymmetry is significantly and positively associated with
absolute brain size, with larger-brained species displaying

higher levels of asymmetry. Moreover, the asymmetric
changes were mainly localized in two regions, correspond-
ing to the frontal and occipital lobes, which are also strongly
associated to the relative enlargement of the neocortex with
brain size in this clade (Aristide et al. 2016). Our finding
agrees with the hypothesis that the reduction in connectiv-
ity in larger brains favors the functional lateralization and
the increase of inter-hemispheric differences (Karolis et al.
2019). The hypothesis is supported by studies showing that
the relative size of the corpus callosum decreases with the
increase in brain volume, both within and between species
(Rilling and Insel 1999). Assuming that the speed of neural
impulse is constant across species, the hemispheres became
increasingly isolated with the reduction in the ratio between
corpus callosum and brain surface areas, originating spe-
cialized functions within each hemisphere (Ringo et al.
1994). In line with these expectations, a negative correlation
between asymmetries in the surface area of common sulci
and the relative size of the corpus callosum has been found
in a variety of primate species, with humans having the high-
est levels of asymmetry and the largest brain volume (Hop-
kins et al. 2015). In contrast, a weak association between the
magnitude of asymmetry of brain surface and brain size was
found within and between hominoid species (Neubauer et al.
2020; Xiang et al. 2020). Particularly for modern humans,
Xiang et al. (2020) showed that the magnitude of protrusion
and bending of frontal and occipital lobes does not increase
with brain size. Using a similar morphometric approach as
our study, Neubaher et al. (2020) found that the amount of
asymmetry in the endocasts of great apes and humans was
not related to brain size. Whether such discrepancies reflect
actual differences in the process that underlies the evolu-
tion of brain asymmetry among clades or are the product of
differences in the methodological approaches requires the
analysis of a wider sample of primate species with the same
set of variables.

In sum, the differences in endocranial shape asymmetry
found here suggest that the patterns of brain asymmetry in
New World monkeys could be more variable than previously
thought. Moreover, we showed that some clades that had
not been studied before not only show a consistent direc-
tional asymmetry in shape but they display a right frontal
and left-occipital protrusion, which was thought to be char-
acteristic of great apes and humans. The analysis of several
species also contributed to test different hypotheses about
the diversification of endocranial asymmetries in a phyloge-
netic context. In particular, the diversification in the pattern
of endocranial shape asymmetry in the New World monkeys
was associated with socio-ecological factors, whereas the
variation in magnitude seems to be a by-product of selec-
tion for increasing brain size along some clades. Conse-
quently, our findings remark that the hypotheses tested are
not mutually exclusive but different factors might drive the
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diversification in the pattern and magnitude of morphologi-
cal asymmetry.
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