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a b s t r a c t

The study of brain structural asymmetries as anatomical substrates of functional asymmetries in extant
humans, great apes, and fossil hominins is of major importance in understanding the structural basis of
modern human cognition. We propose methods to quantify the variation in size, shape and bilateral
asymmetries of the third frontal convolution (or posterior inferior frontal gyrus) among recent modern
humans, bonobos and chimpanzees, and fossil hominins using actual and virtual endocasts. These
methodological improvements are necessary to extend previous qualitative studies of these features. We
demonstrate both an absolute and relative bilateral increase in the size of the third frontal convolution in
width and length between Pan species, as well as in hominins. We also observed a global bilateral in-
crease in the size of the third frontal convolution across all species during hominin evolution, but also
non-allometric intra-group variations independent of brain size within the fossil samples. Finally, our
results show that the commonly accepted leftward asymmetry of Broca's cap is biased by qualitative
observation of individual specimens. The trend during hominin evolution seems to be a reduction in size
on the left compared with the right side, and also a clearer definition of the area. The third frontal
convolution considered as a whole projects more laterally and antero-posteriorly in the right hemi-
sphere. As a result, the left ‘Broca's cap’ looks more globular and better defined. Our results also suggest
that the pattern of brain asymmetries is similar between Pan paniscus and hominins, leaving the gradient
of the degree of asymmetry as the only relevant structural parameter. As the anatomical substrate related
to brain asymmetry has been present since the appearance of the hominin lineage, it is not possible to
prove a direct relationship between the extent of variations in the size, shape, and asymmetries of the
third frontal convolution and the origin of language in hominins.

© 2014 Elsevier Ltd. All rights reserved.

r�esum�e

La pal�eoneurologie est un champ de recherche important dans le cadre des �etudes sur l'�evolution
humaine. En particulier, les asym�etries anatomiques du cerveau humain sont un sujet d'int�erêt majeur en
raison de leur relation avec les fonctions cognitives. Nous proposons ici des m�ethodologies originales
pour quantifier pour la premi�ere fois les variations en taille, forme et asym�etries bilat�erales de la
troisi�eme circonvolution frontale entre des �echantillons d'Hommes anatomiquement modernes r�ecents,
de bonobos et de chimpanz�es et au cours de l'�evolution des hominin�es, et ce sur des endocrânes phy-
siques et obtenus grâce aux m�ethodes d'imagerie. Ces d�eveloppements m�ethodologiques sont cruciaux
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pour d�epasser un certain nombre de limites rencontr�ees auparavant dans l'�etude de ces caract�eres. Nous
montrons un accroissement absolu et relatif de la taille de cette zone anatomique, �a la fois pour sa largeur
et sa longueur, entre Pan paniscus et Pan troglodytes, d'une part, et les hominin�es, d'autre part. Par ail-
leurs, nous avons observ�e un accroissement global de la taille de la troisi�eme circonvolution frontale
durant l'�evolution humaine, mais des variations non-allom�etriques sont aussi observ�ees
ind�ependamment de l'augmentation du volume c�er�ebral au sein des diff�erents �echantillons d'hominin�es
fossiles �etudi�es. Enfin, nos r�esultats montrent que l'asym�etrie g�en�eralement accept�ee pour l'aire de Broca
est biais�ee par une �evaluation qualitative. La tendance au cours de l'�evolution correspond �a une r�eduction
de la taille du côt�e gauche compar�e au droit, mais �a une meilleure d�efinition de cette zone. En effet, la
troisi�eme circonvolution frontale est plus projet�ee lat�eralement et plus �etendue ant�ero-post�erieurement
�a droite. En cons�equence, le « cap de Broca », �a gauche, est plus compact et parait plus d�efini. Nos
r�esultats sugg�erent aussi que le sch�ema d'asym�etrie c�er�ebrale est le même chez Homo sapiens et
P. paniscus, laissant le gradient dans le degr�e d'asym�etrie comme le seul param�etre structurel pertinent.
Si le substrat anatomique est pr�esent depuis probablement au moins l'apparence de la lign�ee des
hominin�es, il est d�es lors impossible de proposer des hypoth�eses sur une �eventuelle relation entre
l'�etendue des variations en taille, forme, asym�etries de la troisi�eme circonvolution frontale et l'apparition
de capacit�e de langage chez les hominin�es.

© 2014 Elsevier Ltd. All rights reserved.
Introduction

Human brain asymmetries have been documented since the
time of Broca (1861, 1865) and Dax (1863, 1865), and the emergence
and occurrence of brain anatomical asymmetries have been
extensively explored in the human fossil record and among pri-
mates to document the evolution of brain capacities and behaviour
(e.g., Lemay, 1976, 1999; Holloway and De La Coste-Lareymondie,
1982; Tobias, 1987; Balzeau et al., 2012a, b; Hopkins, 2013).
Indeed, paleoneurology is an important field in the study of hom-
inin evolution and hominid diversity; variations in size and shape
of the endocast help differentiate among fossil hominin species,
and anatomical traits including asymmetries of the endocast are
also related to behaviour and cognitive functions. Endocast shape
has frequently been analysed in paleoanthropology through linear
metrics or geometric morphometrics (e.g., Holloway, 1981;
Grimaud-Herv�e, 1997; Falk et al., 2000; Bruner et al., 2003;
Balzeau, 2005, 2007a; Bruner and Holloway, 2010; Wu et al.,
2010, 2011; Bienvenu et al., 2011; Wu and Pan, 2011). A trend to-
ward brain size increase during hominin evolution is well docu-
mented and established (e.g., Leakey et al., 1964; Holloway, 1972;
Rightmire, 2004; Tobias, 2006; Sousa and Wood, 2007), with
some exceptions such as Homo floresiensis (e.g., Falk et al., 2005,
2009; Kubo et al., 2013) or size reduction in Homo sapiens since
the Upper Palaeolithic (Henneberg, 1998; Balzeau et al., 2013).
Paleoneurological studies have identified reorganisational changes
during hominin evolution (e.g., Dart, 1956; Holloway et al., 2004),
involving sulcal patterning and gyral extension (e.g., Holloway,
2008; Balzeau et al., 2012a, b), as well as variations in meningeal
patterns (e.g., Weidenreich, 1938; Falk and Conroy,1983; Falk, 1983,
1993; Saban, 1984, 1995; Grimaud-Herv�e, 1997).

Broca's area has received particular attention because it was the
first anatomical area in the brain to be recognised as functionally
important for language capability. The literature records consider-
able differences in its definition and anatomical location (see Keller
et al., 2009 for a review). Broca's area is nowagreed to be located on
the inferior and lateral part of the frontal lobes, or third frontal
convolution, and includes Brodmann's cytoarchitectonic areas 44
and 45 (Amunts et al., 1999; Keller et al., 2009). However, there are
variations in the sulcal contours that define the pars triangularis
and opercularis, which correspond anatomically to the limits of
Broca's area for many scientists. These variations are important
both in modern humans and between hominid species. A homo-
logue of Broca's area has been identified in great apes (e.g.,
Sherwood et al., 2003; Schenker et al., 2010) but it is well known
A., et al., Variations in size, s
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that there is important individual variability in the location of areas
44 and 45 in both humans and chimpanzees (Amunts et al., 1999,
2004; Sherwood et al., 2003; Keller et al., 2012).

Asymmetries of Broca's area have also been a matter of interest
(e.g., Holloway et al., 2004; Uylings et al., 2006; Schenker et al.,
2010; Keller et al., 2012), although variations in methods and in
the features analysed make the results difficult to compare.
Recently, Keller and co-authors (2009) questioned the validity of
previous identification of asymmetric traits across large samples of
modern humans for Broca's area. More importantly, they concluded
that “it is unreasonable to maintain that gross morphological
asymmetry of Broca's area is determinant of … language laterali-
sation based on current data” (Keller et al., 2009:45). Relationships
between restricted anatomical structures and functions are
debated (e.g., concerning language in modern humans; Keller et al.,
2009; Dick and Tremblay, 2012; G�omez-Robles et al., 2013). In this
context, researchers need to remain cautious when relating sup-
posed brain variations between extinct species and cognitive ca-
pacities of hominins. One real problem in such a ‘paleophrenologic’
approach is that deductions are not only based on anatomical data
that are at best only small indications of a possible relationship, but
on supposed capacities of fossil hominins. The problem is illus-
trated by the longstanding circular relationship between the pro-
posed appearance of the genus Homo, the invention of lithic tools,
the origin and development of language, manual laterality and
capabilities, and the anatomical traits of the brain argued to relate
to all of these events.

Applying findings about the asymmetries of Broca's area to the
study of fossil hominins is complex. In modern humans, Broca's
area is supposedly ‘larger’ on the left side than the right, a pattern
generally accepted to have appeared with the emergence of the
genus Homo (e.g., Holloway, 1983, 1995, 1996; Tobias, 1987, 1995;
Holloway et al., 2003; Sousa and Cunha, 2012). However, there is
a lack of information about the features analysed. Most studies have
been only descriptive and concerned the inferior and lateral
extension of Broca's cap, i.e., the marked relief in the centre of the
third frontal convolution. No quantitative description has been
undertaken, and interpretations based on visual description have
been influenced by global shape and asymmetries of the brain,
particularly of the frontal lobes. Indeed, studies of brain surface
asymmetries and of related endocranial traits are complex because
of the difficulty in defining surface structural parameters and their
homologues. It is also possible that gross anatomical asymmetries
reflect combined asymmetries in brain subregions. Quantification
of location, size and shape of discrete anatomical areas (e.g., the
hape and asymmetries of the third frontal convolution in hominids:
f language, Journal of Human Evolution (2014), http://dx.doi.org/
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third frontal convolution) may therefore be biased if their pattern
of asymmetry is defined in reference to gross anatomical brain
parts.

The difficulties of paleoneurology reside in the complexity of the
material to be analysed (e.g., Grimaud-Herv�e, 1997; Holloway et al.,
2004). Details about sulci and gyri are not always well defined or
distinctly visible. Moreover, landmarks on the internal surface of
the skull, such as endobregma, endolambda or various foramina,
are relatively easier to identify and are often used rather than
landmarks pertaining to brain anatomy. Robust and reproducible
methods dealing with direct indicators of brain anatomy need to be
developed because these provide important information about
brain variations between species (e.g., Balzeau et al., 2012a,b; 2013).
The number of brain anatomical traits, including structural asym-
metries, observable on endocasts is limited. In addition, sulci on the
endocranial surface do not correlate precisely with the borders of
functional or cytoarchitectonic areas. Nevertheless, physical or
virtual endocranial casts are the only available evidence for brain
evolution in fossil specimens.

In this study, we develop different complementary methods for
quantifying different aspects of the third frontal convolution or
'Broca's area', independent of global asymmetries of the brain. In
particular, we are interested in size and shape variation, and its
bilateral asymmetry in samples of recent modern humans, bonobos
and chimpanzees, as well as during the course of hominin evolu-
tion. To these ends, we use physical and virtual endocasts, applying
techniques to minimise the influence of taphonomic distortion in
the fossil specimens. Our complementary analyses allow us to test
the variation in patterns of absolute and relative width at different
points of the third frontal convolution. Indeed, a possible enlarge-
ment of the frontal lobes during hominin evolution is a debated
question (e.g., Bruner and Holloway, 2010; Vannuci et al., 2013; but
see; Barton and Venditti, 2013a, b). In addition, we analyse varia-
tions in bilateral disposition, i.e., shape of the third frontal convo-
lution and its location relative to the rest of the brain, searching for
bilateral asymmetries in size and shape of this anatomical area
independent of any external reference. Our objective is to identify
the possible patterns of asymmetry of the third frontal convolution
among hominids, to quantify whether modern humans differ from
great apes, and to examine whether the presence of an asymmetric
pattern is restricted to hominins.

Material and methods

A sample of 256 specimens was analysed, including 139 recent
H. sapiens, 35 Pan paniscus, 36 Pan troglodytes and 46 fossil hominin
specimens using physical and virtual endocasts (Table 1). The in-
dividuals of recentH. sapienswere non-pathological adults. Sexwas
not always known and the geographic origin of the specimens is
diverse. Most specimens were from recent historical times, with
many from the last two centuries. Computed tomographic (CT) scan
data for the extant great ape samples were obtained from Central
African specimens wild-caught during the twentieth century,
housed in the Royal Museum for Central Africa, Tervuren, Belgium.
These specimens were collected in the wild during the twentieth
century in Central Africa and were recently CT-scanned (Balzeau
et al., 2009; Balzeau and Gilissen, 2010). Physical endocasts of
fossil hominins were analysed at Colombia University, USA, in the
collection of the Mus�eum national d'Histoire naturelle at the
Institut de Pal�eontologie Humaine and at the Mus�ee de l'Homme,
Paris, France. Virtual data obtained from X-ray imaging method-
ologies were also used, and references for the corresponding
specimens and details about the parameters are provided in
Balzeau et al. (2011, 2013) and Table 1. Fossil specimens were all
adult, except KNM-WT 15000, Sinanthropus III, Sambungmacan 3
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and Teshik Tash, which nevertheless certainly had achieved most of
their normal brain growth (e.g., Balzeau, 2007a), and Taung and
Mojokerto, which are young individuals. None of the endocasts
from fossil hominins included in analysis showed marked distor-
tion of the third frontal convolution (Grimaud-Herv�e, 1997;
Holloway et al., 2004). Different analyses were performed
depending on the degree of preservation of the specimens and
possible distortion, from size estimation of the third frontal
convolution on one side to bilateral analyses of the shape, dispo-
sition and bilateral variation of this anatomical area (Fig. 1).

Two main methodological limitations are apparent: the diffi-
culty in identifying Broca's area in three dimensions and the
possible taphonomic distortion of fossil specimens. We determined
variations in location and disposition of three anatomical points
selected to delimit the third frontal convolution (Fig. 1), allowing
antero-posterior extension of the third frontal convolution as well
as its lateral extension relative to this length (antero-posterior
extension) to be determined. These points could be easily recog-
nised on specimens of the different hominid species. The first point
is the centre of the relief corresponding to the orbital part of the
third frontal convolution (hereinafter referred to as HF3). It was
located on the relief between the lateral orbital sulcus anteriorly
and the horizontal ramus of the Sylvian fissure posteriorly. This
point is not the antero-medial limit of the third frontal convolution
but its most anterior extension. Moreover, using this point avoids
difficulties in the definition and location of the sulcus that antero-
medially borders the third frontal convolution (Zollikofer and
Ponce de Le�on, 2013). The second point occurs in the maximal
curvature of the triangular part of the third frontal convolution that
characterises the lateral extension and bulging of ‘Broca's cap’ (BC),
with the triangular part being delimited by the horizontal and
anterior rami of the Sylvian fissure. Finally, the third point was the
upper aspect of the Sylvian valley between the opercular part of the
third frontal convolution and the temporal lobe. It therefore cor-
responds to the posterior extension of the third frontal convolution
(FF3). Because of variation in sulcal patterning within and between
species (e.g., Sherwood et al., 2003; Keller et al., 2012) it would not
have been possible to quantify the surface or volume of Broca's
area, whatever its anatomical definition (Keller et al., 2009), as the
internal boundaries are unavailable.

The position of the points of the third frontal convolution rela-
tive to the mid-sagittal plane of the endocast were estimated
bilaterally (Method 1), and used alongside calculation of frontal
lobe widths at different locations (Fig. 1B) to provide data about the
lateral extension of the brain. An external referential was defined
based on three endocranial anatomical points (Fig. 1A): the base of
encephalic rostrum between left and right first frontal convolutions
in the midsagittal plane (referred to as ER below, Fig. 1A), the
intersection between the central sulci and the interhemispheric
fissure (CI, Fig. 1A) and the intersection between the perpendicular
sulci and the interhemispheric fissure (PI, Fig. 1A). Next, we quan-
tified the difference in location relative to the plane defined by
these three landmarks between pairs of relevant points, i.e., the
three points on the third frontal convolution. Moreover, we disso-
ciated the different components (antero-posterior, vertical and
lateral) of the spatial location of the three points on the third frontal
convolution relative to the referential defined above (two vectors
and a plane) by determining which one of the right or left point was
located more anteriorly or posteriorly than the other, which one
was located above the other, and which one had a more lateral
position. A positive value indicated a right point that was more
anterior, lateral or inferior to the left point (Fig. 1B; Balzeau et al.,
2012b) relative to the referential plane. In other words, antero-
posterior, vertical and lateral asymmetries reflected anatomical
and biological variations of one side relative to the other. The
hape and asymmetries of the third frontal convolution in hominids:
f language, Journal of Human Evolution (2014), http://dx.doi.org/



Table 1
Inventory of the studied material with methods (Methods 1 and 2) used for each specimens (R or L indicates a unilateral quantification on the right or left side, x indicates a
bilateral quantification) and origin of the endocast (physical endocasts by default, CT data when indicated in the corresponding column, several datasets are available at http://
www.virtual-anthropology.com/3d_data).

Taxon Specimens Method 1 Method 2 CT

recent Homo sapiens 139 from the MNHN and Museo Nacional
de Ciencias Naturales, Madrid, Spain

x x 40

Pan paniscus 35 from the RMCA, Tervuren, Belgium x x Balzeau et al., 2009; Balzeau and
Gilissen, 2010

Pan troglodytes 36 from the RMCA, Tervuren, Belgium x x Balzeau et al., 2009; Balzeau and
Gilissen, 2010

Australopithecus africanus Taung L
Sts 5 x x
Sts 71 R
Stw 505 L

Paranthropus aethiopicus KNM-WT 17000 x x
Homo rudolfensis KNM-ER 1470 x x
Homo habilis KNM-ER 1813 x x
Homo ergaster/African Homo erectus KNM-ER 3733 x x

KNM-ER 3883 x x
KNM-WT 15000 x x

Homo ergaster/African Homo erectus OH 9 x L
Asian Homo erectus Dmanisi D9002 x x

Trinil 2 x x
Sangiran 2 x x
Sangiran 17 x x
Mojokerto L Balzeau et al., 2005
Ngandong 7 x x
Ngandong 12 x x
Sambungmacan 3 x x
Ckn.E 1.PA.16 x x
Ckn.L 3.PA.100 x x

Homo floresiensis Liang Bua 1 x x Falk et al., 2005
Neandertals La Chapelle-aux-Saints 1 x x

La Ferrassie 1 x x
Guattari x x X
Gibraltar R X
Krapina 3 R Balzeau, 2007b
La Quina H5 x x
Saccopastore x x Bruner and Manzi, 2008
Tabun C1 R X
Teshik Tash x x

Homo rhodesiensis/Homo heidelbergensis Arago x x
Bodo x
Broken Hill x x
Jebel Irhoud 1 x x
Petralona x x Seidler et al., 1997
Sal�e x x

fossil anatomically modern humans Cro-Magnon 1 and 3 x x Balzeau et al., 2013
Predmostí 3, 4, 10 x x
Abri Pataud 1 x x Balzeau et al., 2013
Cioclovina x x Harvati et al., 2007; Kranioti et al., 2011
Qafzeh 6 L
Skhul V R

A. Balzeau et al. / Journal of Human Evolution xxx (2014) 1e134
advantage of the dissociation of the quantified data in three com-
ponents was that it revealed the bilateral variation in spatial
disposition of the third frontal convolution (F3). Widths at the level
of these points were also quantified to analyse variations in frontal
widths between the samples. The widths were measured at HF3
(HF3 width), at the level of Broca's cap (BC width) and at FF3 (FF3
width) (Fig. 1B).

Method 1 documents the relative position of anatomical fea-
tures, (i.e., the bilateral distribution of pairs of anatomical points)
but not the bilateral variation in their size and shape because
overall shape of the other areas of the brain also influences these
parameters. Therefore, a second protocol (Method 2) was devel-
oped to quantify the actual bilateral variation in size and shape of
the third frontal convolution (Fig. 1C). This protocol was restricted
to the third frontal convolution and does not use any parameter
related to the overall shape of the brain. As a result, the possible
influence of taphonomic distortion on this analysis was negligible
Please cite this article in press as: Balzeau, A., et al., Variations in size, s
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in fossil specimens, as the third frontal convolution was the only
area quantified, and we included only specimens in which it was
undistorted.

Method 2 was used to analyse variations in size and shape of the
third frontal convolution independent of any referential based on
the global shape of the brain and therefore potentially subject to
external bilateral variations and taphonomic distortion. Based on
the 3D coordinates of the three points used to delimit the third
frontal convolution, we quantified the antero-posterior extension
(length) of the third frontal convolution (F3L), The width of the
third frontal convolution (F3W) and the size of the triangle defined
by the three points (Fig. 1C), i.e., the surface of the triangle between
HF3, BC and FF3. Length of the third frontal convolution (F3L) is the
linear distance between HF3 and FF3, and F3W is the height of BC
on the line between HF3 and FF3. As a result, our shape and size
estimation of F3 did not directly quantify the volume of pars tri-
angularis and opercularis, which correspond anatomically to the
hape and asymmetries of the third frontal convolution in hominids:
f language, Journal of Human Evolution (2014), http://dx.doi.org/
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Figure 1. Illustration of the methodologies used to calculate variations in shape,
spatial location and bilateral asymmetries of the third frontal convolution. A-P: antero-
posterior; V: ventral; L: lateral. A: position of the landmarks used to delimitate the
third frontal convolution, namely the orbital part of the third frontal convolution that
corresponds to the anterior extension of the convolution (HF3), the point of maximal
curvature of triangular part of the third frontal convolution that characterises the
lateral extension and bulging of Broca's cap (BC), and the upper point of the Sylvian
valley between the opercular part of the third frontal convolution and the temporal
lobe and therefore corresponds to the posterior extension of the third frontal convo-
lution (FF3); position of the three points used to define a plane used to characterise
bilateral asymmetries, namely the base of encephalic rostrum between left and right
first frontal convolution in the midsagittal plane (ER), the intersection between the
central sulci and the interhemispheric fissure (CI) and the intersection between the left
and right perpendicular sulci and the interhemispheric fissure (PI). The referential on
the top right shows the orientation of the different components of the asymmetries as
quantified in this study (Method 1), i.e., antero-posterior (noted AP), vertical (V) and
lateral (L). B: illustration of the widths of the frontal lobes from the most anteriorly to
posteriorly located measured at HF3 (HF3 width), at the level of Broca's cap (BC width)
and at FF3 (FF3 width). C: illustration of the antero-posterior extension of the third
frontal convolution (F3L), its width (F3W) and of the size (F3S) of the triangle defined
by the three points delimitating the third frontal convolution (Fig. 1C).
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limits of Broca's area, because such quantification is impossible on
endocasts. However, our estimation reflected the length and width
of F3 and when combining these two parameters, it gave an esti-
mation of the antero-posterior and lateral extensions of this
anatomical area.

In analysis, we used the mean value of bilateral data when
possible and the value available for one side if the preservation of
the specimens did not allow bilateral quantification. For this reason
we were able to include more specimens for the analysis of the
evolution of the shape of the third frontal convolution than for the
analysis of bilateral asymmetries. We also compared bilateral data
to detect possible asymmetries of the size and shape of the third
frontal convolutions.

The analytical protocol and the anatomical framework of the
study were defined by AB and DGH to facilitate the registration of
information on complementary sources of materials. The co-
ordinates of 3D landmarks were registered with a microscribe on
physical endocasts by DGH. Data on virtual endocasts were
collected with Avizo 6.1 by AB in collaboration with DGH for cross-
validation of the position of the anatomical landmarks. We have
previously tested different potential sources of error at the different
steps of a similar analytical process, which was proved to be valid
and reproducible (Balzeau and Gilissen, 2010).
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Different classical terms and indices have been used to describe
and identify departures from symmetry within a given population
(Van Valen, 1962; Leary et al., 1985; Palmer, 1994, 2004; Palmer and
Strobeck, 2003; Balzeau and Gilissen, 2010) for the bilateral traits
quantified in this study. Subtle departures from symmetry were
described by frequency distributions of Right-Left (R-L). Signed
asymmetry is the difference between the right and left side for each
feature in an individual (Rxi-Lxi). It retains information about the
direction of the asymmetry. Absolute asymmetry is the absolute
value of the difference between the right and left side for each trait
in an individual (jRxi-Lxij). It corresponds to FA1 for fluctuating
asymmetry index 1 (Palmer and Strobeck, 2003). Fluctuating
asymmetry (FA) is a pattern of bilateral variation in a sample where
themean of (R-L) is zero and variation is normally distributed about
that mean (Palmer, 1994). Fluctuating asymmetry index 4a (FA4a)
(0.798√var(Rxi-Lxi)) estimates the variability of one trait within a
given sample. Fluctuating asymmetry index 1 (FA1) and FA4a are
biased when directional asymmetry or antisymmetry are present
(Palmer, 1994; Graham et al., 1998). Fluctuating asymmetry index
11, FA11, (S(SjRxi-Lxij)/N) quantifies the asymmetries for all in-
dividuals and for all traits (Leary et al., 1985; Palmer, 1994; Balzeau
and Gilissen, 2010). This parameter is cumulative and is useful for
comparisons of the total amount of asymmetry between samples.
Directional asymmetry (DA) is a pattern of bilateral variation in a
sample that occurs when one side is statistically larger than the
other one. Directional asymmetry is detected by statistical tests for
departures of the mean (R-L) from zero (Van Valen, 1962). Anti-
symmetry is a pattern of bilateral variation in a sample that occurs
when a significant difference exists between sides of an individual,
but when the larger side varies randomly among individuals
(Palmer, 1994). Antisymmetry is detected by statistical tests for
departures of frequency distributions of (R-L) from normality in the
direction of platykurtosis (Palmer, 1994). Previous work has shown
that “tests for skewness and kurtosis when taken together are
probably the most useful way to detect departures from normality
for metrical traits” (Palmer and Strobeck, 1992:67). The values for
kurtosis and skewness were calculated using Excel. Kurtosis was
compared to separate critical values for platy- and leptokurtosis
(values for equation (7), Table 5 in Palmer and Strobeck, 2003). The
statistical procedure to test for skewness and tables for critical
values are detailed in Sokal and Rohlf (1995). Fluctuating asym-
metry, DA and antisymmetry are the three main patterns of subtle
departures from symmetry exhibited in any sample of individuals
(Van Valen, 1962; Palmer, 2004).

All morphometric data were scaled relative to the endocranial
volume of each individual specimen to limit bias in total brain size
variation between samples. Thus, the cube-root of the endocranial
volume (EV) for each individual was used for size-correction of data
quantification ((xi)/(3√EVi)*100). We have selected this dimension
for scaling because the volume is related to the global size of the
endocast, contrary to linear dimensions such as a particular length,
width or height of the endocast. This procedure allows a true
characterisation of a dimension relative to the global size of the
endocast instead of the analysis of its correlation with another
anatomical parameter that would be influenced by anatomical
variations in other areas of the endocast, and which would be more
difficult to interpret anatomical variation of the third frontal
convolutions.

Different morphometric and statistical procedures were used to
analyse the recorded data and were conducted with PAST 2.17
software (Hammer et al., 2001). Linear regressions were calculated
with the reduced major axis algorithm (Miller and Kahn, 1962),
which minimises the errors in both variables (Smith, 2009). The
coefficient of variation (CV ¼ SD/mean) was corrected for small
sample size using the parameter V*, which is calculated as [(1 þ 1/
hape and asymmetries of the third frontal convolution in hominids:
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Table 2
Absolute (mm) and relative data for the width of the frontal lobes measured at HF3, BC and FF3, respectively.

Width head F3 Width Broca's cap Width foot F3

Absolute Relative Absolute Relative Absolute Relative

Homo sapiens N 139
Min 53.1 47.5 78.8 68.4 79.9 69.4
Mean-SD 63.8 56.1 86.1 75.9 89.0 78.1
Mean 70.4 62.1 92.3 81.4 97.2 85.8
Mean þ SD 77.0 68.1 98.4 86.9 105.4 93.4
Max 90.6 81.5 109.8 98.8 118.6 106.8
V* 9.4 9.7 6.7 6.8 8.5 9.0

Pan paniscus N 35
Min 39.2 58.6 55.9 81.7 58.4 86.6
Mean-SD 46.2 66.8 60.2 87.2 63.4 91.6
Mean 50.7 72.1 63.8 90.8 67.8 96.4
Mean þ SD 55.1 77.4 67.3 94.3 72.2 101.3
Max 59.4 80.6 69.9 98.1 73.9 105.4
V* 8.9 7.4 5.6 4.0 6.5 5.1

Pan troglodytes N 36
Min 45.8 64.2 62.7 89.2 59.2 87.6
Mean-SD 52.8 73.3 65.9 91.3 65.1 90.6
mean 56.5 77.6 68.8 94.4 68.3 93.7
Mean þ SD 60.3 81.8 71.7 97.5 71.4 96.8
Max 63.5 86.7 75.0 101.7 73.7 100.4
V* 6.7 5.5 4.2 3.3 4.6 3.3
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4N) � CV] and expressed in percentages (Sokal and Braumann,
1980; Wood and Lieberman, 2001). The permutation t-test was
preferred to the classical t-test to compare means. This test uses the
t-statistic but is non-parametric. A sequential Bonferroni procedure
was used for correction for multiple tests (Rice,1989; Palmer,1994).
Figure 2. Bivariate plots of the relative widths of the frontal lobes, HF3 width and FF3
width (Y axis) relative to BC width (X axis) in Pan paniscus (triangles), Pan troglodytes
(inverted triangles), Homo sapiens (circles), fossil Homo sapiens (black circles) and fossil
hominins (black diamonds: Sts 5, 17k: KNM-WT 17000, 1470: KNM-ER 1470, 1813:
KNM-ER 1813, 3733: KNM-ER 3733, 3883: KNM-ER 3883, OH 9, S2: Sangiran 2, S17:
Sangiran 17, Ng7: Ngandong 7, Ng12: Ngandong 12, Sm3: Sambungmacan 3, S12: Ckn.L
3.PA.100, Liang Bua 1: LB 1, LC: La Chapelle-aux-Saints 1, LF1: La Ferrassie 1, Gu:
Guattari, Q5: La Quina H5, Sa: Saccopastore, TT: Teshik Tash, Ar: Arago, K: Broken Hill,
JB1: Jebel Irhoud 1, P: Petralona, S: Sal�e).
Results

Width, size and shape of the third frontal convolution

Among the extant samples, the three measurements of width
are significantly larger (p < 0.001) in H. sapiens compared with
P. paniscus and P. troglodytes (Table 2). When relative data are
considered (data scaled to the cube-root of the endocranial vol-
ume), the three widths are significantly larger (p < 0.001) in
P. paniscus and P. troglodytes compared with H. sapiens. In
P. troglodytes, the greatest width is located at the level of Broca's cap
(BC), followed by the posterior width (FF3 width); the anterior
width is far smaller (HF3 width). In P. paniscus and H. sapiens, HF3
width has the lower mean value, BC width has an intermediate
mean value and the mean of FF3 width is the largest.

These widths are significantly correlated with each other except
for FF3 and HF3 widths in P. troglodytes. Moreover, the P. troglodytes
sample is characterised by a particular shape of the frontal lobes,
with a larger mean value for BC width than for FF3 width. This
anatomical pattern was visible individually in 53% of the
P. troglodytes sample, 3% of the P. paniscus sample and 22% of the
H. sapiens sample. Individual values for the relative endocranial
widths among the fossil hominins illustrate that the fossils are
within the range of normal variations observed for the modern
humans and for the great apes samples (Fig. 2). There is no clear
relationship between the distribution of the fossil specimens and
their taxonomic attribution for these analyses. Moreover, speci-
mens from nearly all of the analysed fossil hominin species exhibit
the pattern with a larger width at BC compared with the width at
FF3. As a result P. paniscus andH. sapiens share a similar shape of the
third frontal convolution when the endocast is observed from
abovewith frontal lobes becoming larger posteriorly, but P. paniscus
has significantly relatively wider frontal lobes when scaled to
endocranial volume.
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The size of the third frontal convolution (F3S), i.e., the surface of
the triangle defined by the points HF3, BC and FF3 (Fig. 1C), is
absolutely smaller in P. paniscus and P. troglodytes compared with
H. sapiens (Fig. 3). When scaled relative to the endocranial volume,
hape and asymmetries of the third frontal convolution in hominids:
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Figure 3. Bivariate plot of the size of the third frontal convolution (square root, noted
F3S) and of the endocranial volume (cube root, noted Endo V) in Pan paniscus (tri-
angles), Pan troglodytes (inverted triangles), Homo sapiens (circles), fossil Homo sapiens
(black circles) and fossil hominins (black diamonds: T: Taung, Sts 5, Sts 71, Stw 505,
17k: KNM-WT 17000, 1470: KNM-ER 1470, 1813: KNM-ER 1813, 3733: KNM-ER 3733,
3883: KNM-ER 3883, 15k: KNM-WT 15000, OH 9, D: Dmanisi 9002, T2: Trinil 2, S2:
Sangiran 2, S17: Sangiran 17, M: Mojokerto, Ng7: Ngandong 7, Ng12: Ngandong 12,
Sm3: Sambungmacan 3, S3: Ckn.E 1.PA.16, S12: Ckn.L 3.PA.100, Liang Bua 1: LB 1, LC: La
Chapelle-aux-Saints 1, LF1: La Ferrassie 1, Gu: Guattari, Gi: Gibraltar, K3: Krapina 3, Q5:
La Quina H5, Sa: Saccopastore, SV: Skhul V, TC1: Tabun C1, TT: Teshik Tash, Ar: Arago,
B: Bodo, K: Broken Hill, JB1: Jebel Irhoud 1, P: Petralona, S: Sal�e).
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the relative mean values for P. paniscus (58.9) and P. troglodytes
(61.1) are still significantly smaller (p < 0.001) than the mean value
for H. sapiens (82.5). We observe a significant correlation between
the square root of F3S and the cube root of the endocranial volume
in fossil hominins considered as a whole (R2 ¼ 0.36, p < 0.001) but
not in the modern humans sample. Interestingly, KNM-ER 1470,
1813 and LB1 group together with the various australopiths ana-
lysed here because of a small size of the third frontal convolution,
also in relation to their small endocranial size. Indeed, individual
values for absolute size of the third frontal convolution for fossil
hominins are well above the range of variation observed in the two
Pan samples. Another observation concerns the different groups of
fossil hominins. Among australopiths, Homo erectus sensu lato (s.l.)
Figure 4. Bivariate plot of the antero-posterior relative extension of the third frontal
convolution (F3L) and of its relative width (F3W) in Pan paniscus (triangles), Pan
troglodytes (inverted triangles), Homo sapiens (circles), fossil Homo sapiens (black cir-
cles) and fossil hominins (black diamonds: T: Taung, Sts 5, Sts 71, Stw 505, 17k: KNM-
WT 17000, 1470: KNM-ER 1470, 1813: KNM-ER 1813, 3733: KNM-ER 3733, 3883: KNM-
ER 3883, 15k: KNM-WT 15000, OH 9, D: Dmanisi 9002, T2: Trinil 2, S2: Sangiran 2, S17:
Sangiran 17, M: Mojokerto, Ng7: Ngandong 7, Ng12: Ngandong 12, Sm3: Sambung-
macan 3, S3: Ckn.E 1.PA.16, S12: Ckn.L 3.PA.100, Liang Bua 1: LB 1, LC: La Chapelle-aux-
Saints 1, LF1: La Ferrassie 1, Gu: Guattari, Gi: Gibraltar, K3: Krapina 3, Q: La Quina H5,
Sa: Saccopastore, SV: Skhul V, TC1: Tabun C1, TT: Teshik Tash, Ar: Arago, B: Bodo, K:
Broken Hill, JB1: Jebel Irhoud 1, P: Petralona, S: Sal�e).
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and Neandertals, the variation in the size of the third frontal
convolution is not correlated with endocranial size (Fig. 3),
approaching the pattern observed for modern humans.

Parameters that define the size of the third frontal convolution
may be separately analysed as area, length and width (relative data,
Fig. 4). Mean values for the length and width are respectively 33.60
and 3.49 in P. paniscus, 30.20 and 4.00 in P. troglodytes, and 32.43
and 4.97 in H. sapiens. The relative mean for the length appears to
be significantly larger (p < 0.01) and the width smaller (p < 0.05) in
P. paniscus compared with P. troglodytes. Relative mean values for
modern humans are both significantly larger than those observed
for great apes. Concerning fossil hominins, there is no clear rela-
tionship between the distribution of the specimens for these fea-
tures and their taxonomic attribution (Fig. 4). However, the fossil
hominin specimens are mostly located in the upper part of the
distribution of modern humans or even above because of their
relatively large size (here for both F3Lr and F3Wr as visible on
Fig. 4) of the third frontal convolution compared with other
hominids.

Asymmetries of the third frontal convolution

The bilateral variation in the position of HF3, BC and FF3 illus-
trates variation of the disposition of the frontal lobes between the
two hemispheres. Table 3 summarises values and significance for
different indicators of asymmetries.

In H. sapiens, we observed significant directional asymmetry in
favour of the right side for the lateral extension of HF3, in favour of
the left side for the antero-posterior extension of BC but toward the
right for its vertical and lateral extension. The sample distribution
for the vertical extension of BC is also significantly negatively
skewed and its distribution for the lateral extension of BC is
significantly leptokurtic and positively skewed. Finally, FF3 shows
significant directional asymmetry toward the left side for its
antero-posterior extension and toward the right side for its lateral
extension, associated with a significant positive skew for the
sample distribution of this feature. Fluctuating asymmetry index 1
and FA4a have very close values for each of the analysed features.
These results may not be considered as direct evidence of asym-
metric shape of the third frontal convolutions on the two hemi-
spheres. Indeed, the three points show a related pattern of
asymmetry relative to the whole endocast. The observed results
appear to be the integration of bilateral variations in global shape of
the frontal lobes. Therefore, the right third frontal convolution
appears to be as a whole more laterally and posteriorly projected
than on the contra-lateral side. This global pattern may reflect
anatomical variations in the underlying brain areas or in the shape
of the entire brain. In P. paniscus, a similar pattern is observed with
significant DA with similar values and orientation as in H. sapiens
for the antero-posterior extension of BC and FF3 and for the lateral
extension of FF3. Results tend to the same direction for the mean
value but are not significantly asymmetric for the lateral extension
of HF3 and BC. Values for FA11 in H. sapiens and P. paniscus are very
close (25.8 and 28.4). The pattern observed in P. troglodytes is quite
different and guided by one anatomical particularity. Significant
directional asymmetry is detected for the vertical extension of HF3,
associated with significant leptokurtosis and negative skew; the
lateral extension of this point is significantly leptokurtic and posi-
tively skewed. Broca's cap is asymmetric toward the left for its
vertical extension, with a very high value for FA1. Indeed, all of the
analysed specimens show a left BC that is located below the cor-
responding point on the right hemisphere. Concerning FF3, the left
point is significantly more anteriorly projected compared with the
right side, and the sample distribution shows also significant lep-
tokurtosis and positive skew. The left point is also significantly
hape and asymmetries of the third frontal convolution in hominids:
f language, Journal of Human Evolution (2014), http://dx.doi.org/



Table 3
Indices of asymmetry and tests for directional asymmetry and for departure from normality (kurtosis, skewness) for the antero-component (noted AP), the vertical (VERT) and
lateral (LAT) component of the bilateral variation in the position of HF3, BC and FF3 in Homo sapiens, Pan paniscus and Pan troglodytes.

HF3 BC FF3

AP VERT LAT AP VERT LAT AP VERT LAT

Homo sapiens FA1 2.2 2.2 3.3 2.5 2.9 2.9 2.8 3.4 3.5
DA 0.2 0.3 1.2*** ¡0.9*** 0.7* 1.8*** ¡1.1*** �0.5 2.3***
FA4a 2.2 2.4 3.1 2.3 2.9 2.8 2.5 3.5 3.3
Kurtosis �0.3 0.7 �0.5 0.0 0.5 1.4** 0.0 0.7 0.6
Skew 0.1 �0.1 0.1 0.3 ¡0.6** 0.5* 0.2 �0.4 0.6**

Pan paniscus FA1 2.2 3.2 3.0 3.3 3.6 2.4 3.6 3.8 3.2
DA �1.0 �1.3 1.0 ¡1.9** �0.8 1.6 ¡2.9*** �0.3 2.4***
FA4a 2.1 3.0 2.9 3.0 3.4 2.3 3.2 3.6 2.7
Kurtosis �0.5 0.3 �0.6 �0.3 �0.8 0.1 1.6* �0.6 �0.2
Skew 0.2 0.5 0.3 �0.1 �0.1 0.9* ¡0.9* 0.0 0.4

Pan troglodytes FA1 1.5 3.4 1.8 2.0 29.9 2.4 2.5 6.1 1.9
DA �0.5 ¡1.9* 0.3 �0.4 ¡29.8*** �0.4 ¡1.9*** ¡6.1*** 0.3
FA4a 1.5 3.9 2.1 1.9 3.8 2.3 2.1 2.7 1.9
Kurtosis �0.2 6.6*** 6.1*** 0.3 0.6 0.4 6.6*** 0.1 0.5
Skew �0.4 ¡2.0*** 1.6*** 0.2 �0.2 �0.4 1.5*** �0.3 0.3

* indicates a p value <0.05, **<0.01, ***<0.001 after sequential Bonferroni procedure for correction for multiple tests.
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below the right point. As a result, the value for FA11 is very high
(51.5). These results highlight that all of the P. troglodytes specimens
in our sample show a third frontal convolution that has a lower
position on the left side compared with the right side. Finally, in-
dividual results for these features in fossil hominins are impossible
to interpret because of the small sample size available for each
taxon. The particular disposition of the third frontal convolution
observed in P. troglodytes was not visible in the fossil hominin
sample.

We then analysed bilateral variations in size, length and width
of the third frontal convolution (Table 4). The size of the third
frontal convolution is significantly asymmetric toward the right
side in H. sapiens. This trend is not related to the variation in the
width of the area, but to its length, that also shows significant
directional asymmetry in favour of the right side. F3S is not
significantly asymmetric in P. paniscus and P. troglodytes, but the
pattern is the same as in modern humans for the other features
with an insignificant DA for F3W and a significant F3L in the di-
rection of the right side. The results concerning quantification of
asymmetries at the population level indicate that H. sapiens and
P. troglodytes display similar trends for the lateral distribution of
F3W and F3L (Fig. 5). The most represented combination is a right
Table 4
Indices of asymmetry and tests for directional asymmetry and for departure from
normality (kurtosis, skewness) for the size (F3Sr), the width (F3Wr) and length
(F3Lr) of the third frontal convolution in Homo sapiens, Pan paniscus and Pan
troglodytes.

F3Sr F3Wr F3Lr

Homo sapiens FA1 0.3 1.3 4.1
DA 0.1* 0.2 1.2**
FA4a 0.3 1.2 3.9
Kurtosis 1.1 0.4 0.2
Skew 0.1 0.1 �0.3

Pan paniscus FA1 0.2 1.2 4.7
DA 0.0 �0.1 2.4*
FA4a 0.2 1.2 4.2
Kurtosis �0.5 �0.6 �0.6
Skew 0.6 0.6 0.8

Pan troglodytes FA1 0.2 0.9 3.2
DA 0.0 �0.4 1.8**
FA4a 0.2 1.0 2.7
Kurtosis �0.4 0.1 �0.3
Skew 0.6 1.1 0.5

*indicates a p value <0.05, **<0.01, after sequential Bonferroni procedure for
correction for multiple tests.
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asymmetry for both features with a proportion of 42% and 40%,
respectively, followed by the left F3W left F3L combination, the left
F3W right F3L combination, and the right F3W left F3L combina-
tion. The pattern in P. paniscus is slightly different, while reflecting
the significant directional asymmetry toward the right side for F3L.
Finally, fossil hominin specimens are distributed along the com-
plete variation observed for other hominids with no apparent trend
in relation to their taxonomic attribution. The proportion of the
different combinations of F3W and F3L lateral distribution in fossil
hominins results in a pattern very similar to the one observed for
H. sapiens and P. paniscus.
Figure 5. Bivariate plot of bilateral variation (right minus left) for the relative width
(F3Wr) and length (F3Lr) of the third frontal convolution in Pan paniscus (triangles),
Pan troglodytes (inverted triangles), Homo sapiens (circles), fossil Homo sapiens (black
circles) and fossil hominins (black diamonds: Sts 5, 17k: KNM-WT 17000, 1470: KNM-
ER 1470, 1813: KNM-ER 1813, 3733: KNM-ER 3733, 3883: KNM-ER 3883, 15k: KNM-WT
15000, OH 9, D: Dmanisi 9002, T2: Trinil 2, S2: Sangiran 2, S17: Sangiran 17, Ng7:
Ngandong 7, Ng12: Ngandong 12, Sm3: Sambungmacan 3, S3: Ckn.E 1.PA.16, S12: Ckn.L
3.PA.100, Liang Bua 1: LB 1, LC: La Chapelle-aux-Saints 1, LF1: La Ferrassie 1, Gu:
Guattari, Q: La Quina H5, Sa: Saccopastore, TT: Teshik Tash, Ar: Arago, K: Broken Hill,
JB1: Jebel Irhoud 1, P: Petralona, S: Sal�e). Percentages of the different combination of F3
asymmetries (noted LW/RL, RW/RL, LW/LL and RW/LL for right and left and for F3Wr
and F3Lr) for each sample.
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The results obtained with the second methodology, which al-
lows direct and independent determination of bilateral variation in
the size and shape of the third frontal convolution, illustrate a
pattern that is globally similar in H. sapiens and P. troglodytes. This is
probably also the same in fossil hominins, whereas P. paniscus
shows some discrete particularities. The more important aspect is
that we were able to identify differences between the left and right
side for the size and shape of the third frontal convolutions at the
population level in these samples. This anatomical area appears to
be significantly asymmetric due to an antero-posterior extension
on the right hemisphere.

Discussion

The definition of Broca's area has been debated in the literature
(e.g., Keller et al., 2009 for a review). Moreover, previous analyses of
the variation of the feature in fossil hominins (e.g., Tobias, 1987,
1995; Holloway et al., 2004) have been qualitative and did not
permit a direct and robust comparison among hominids and with
results obtained for living humans. Area 47 also shows some
promise for investigation in fossil hominins because its asymmetry
seems to be visible in several hominin specimens and because it has
some language functions. In this context, we developed different
complementary methodologies to quantify for the first time
different aspects of shape variation, including asymmetries, of the
third frontal convolution independent of global shape variations
and asymmetries of the brain and minimising the influence of
possible taphonomic distortion on the analyses. The landmarks we
used to delimit the third frontal convolution do not border the
limits of the cytoarchitectonic areas that correspond to Broca's area
(but again see Keller et al., 2009), but are suitable for the analyses
reported here and for future comparative studies.

Evolution and variation of the size and shape of the frontal lobes in
hominids

We observed significantly larger absolute values for the widths
at different locations of the frontal lobes in modern humans and in
fossil hominins compared with P. paniscus and P. troglodytes.
However, the pattern is different when values are scaled relative to
endocranial volume; chimpanzees and bonobos have significant
relative larger widths compared with hominins. Moreover, the
distribution of the widths illustrates shape differences between
H. sapiens and P. paniscus, on the one hand, and of P. troglodytes, on
the other hand.

These results further illuminate discussions about the evolution
of the shape of the frontal lobes in hominids. Bruner and Holloway
(2010) investigated the widening of the frontal lobes in the genus
Homo. This study quantified three distances to analyse bivariate
variations of this feature among hominin species. The authors
concluded that there was a non-allometric widening of the frontal
lobes in large brained hominins (modern humans and Neander-
tals). Their study is interesting in producing quantitative data
instead of qualitative information. However, the bivariate approach
suggests that the widening was relative to another feature. This
relationship has to be kept in mind when interpreting the data. In
this context, some of the interpretations about LB1, the type spec-
imen of H. floresiensis, proposed by Vannuci and collaborators
(2013), partly deduced from the results of Bruner and Holloway
(2010), are biased. The comparison of frontal and maximal width
and endocranial length between micro- and normocephalic mod-
ern humans and fossil hominins is problematic because the dis-
tances that are quantified are not the same between samples.
Previous studies have shown that the shapes of the LB1 parietal and
temporal lobes are clearly different from the morphology observed
Please cite this article in press as: Balzeau, A., et al., Variations in size, s
Paleoneurological implications for hominin evolution and the origin o
10.1016/j.jhevol.2014.06.006
in modern humans (e.g., Falk et al., 2005, 2009; Kubo et al., 2013)
and in this study we showed that the shape of the frontal lobes of
LB1 does not resemble what would be expected for a modern hu-
man with such a reduced endocranial size.

More generally, studies of few and non-homologous distances
are difficult to interpret when comparing the complex variations in
brain shape that exist in hominin species (Balzeau et al., 2012a).
Concerning the global shape of the frontal lobes, Bookstein et al.
(1999: 217) proposed an “unexpected stability in anterior brain
morphology over the period during which modern human cogni-
tive capacity emerged”. However, the features they analysed con-
cerned the mid-sagittal curvature of the internal surface of the
frontal bone, which is certainly not representative of all possible
morphological changes and variations in the anterior part of the
brain in the genus Homo. Previous results (e.g., Grimaud-Herv�e,
1994, 1997; Balzeau et al., 2005, 2013; Balzeau, 2007a) have
demonstrated that the frontal lobes show obvious and discrimi-
nating variations during hominin evolution, especially in their
vertical extension. Our results here also show that P. paniscus and
P. troglodytes have relatively larger frontal widths compared with
hominins. In fact, hominin evolution is associated with complex
variation in brain shape, including a global increase in volume and
expansion in brain height (Grimaud-Herv�e, 1997), whereas relative
widths of the frontal lobes decrease, together with the fact that
some variation in the size and shape of the lobes exist between
hominin species (Balzeau et al., 2012a). Moreover, analyses of
several complementary parameters suggest that human frontal
lobes are not relatively large (Semendeferi et al., 2002; Barton and
Venditti, 2013a; but see ; Barton and Venditti 2013b; Sherwood and
Smaers, 2013; Smaers, 2013). Regardless, linear distance between
two points encompasses multiple anatomical structures and the
variation cannot be easily interpreted as modifications of the po-
sition of the two extremities of the line. As a result, no information
can be deduced about the shape of the third frontal convolution by
a uni- or bivariate analysis of the width of the frontal lobes.

Fortunately, we were able to bypass this difficulty. The size of
the third frontal convolution (F3S) as defined in this study (i.e., a
combination of the antero-posterior and lateral extension of F3) is
absolutely and relatively smaller in P. paniscus and P. troglodytes
compared with H. sapiens. Although there is a significant correla-
tion between F3S and the endocranial volume in fossil hominins
considered as a whole, it is not the case in the modern human
sample. Moreover, the size of the third frontal convolution is not
correlated with endocranial size among the relatively small avail-
able samples of australopiths, H. erectus s.l. and Neandertals,
respectively. It appears that in these hominin samples there is a
non-allometric trend for the size of the third frontal convolution.
This size increases during hominin evolution, but intra-group
variation is also observed independently of brain size variation. In
addition, both the width and the length of the third frontal
convolution discriminate hominins, including modern humans,
from P. paniscus and P. troglodytes (Fig. 4). Thus, the increase in size
of the third frontal convolution (F3S) reflects increases in length of
the third frontal convolution (F3L) and its width (F3W). Our results
therefore explainwhy the external relief visible on endocasts in the
region of Broca's area appears visually to be more and more
developed during hominin evolution.

Evolution and variation of frontal lobe asymmetries in hominids

Choice of method can be a limitation in studies of brain asym-
metries. Awide range of methods has been developed based on the
quantification of various bilateral anatomical features relative to
different reference systems. It is well known that the brain is
globally asymmetric, including the interhemispheric fissure. In this
hape and asymmetries of the third frontal convolution in hominids:
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context, methodologies that use a reference related to the ‘middle’
of the brain, but also bilateral comparisons with geometric mor-
phometrics, are biased particularly when they quantify partial
anatomical data such as linear distance between two supposedly
homologous points relative to the centre of the brain, surface
measures on a single 2D image, or partial volumes. This limitation is
also true for analyses of endocranial casts, where we also have
fewer internal structures that allow one to define and quantify
bilateral homologous surface areas. The problem resides in the
definition and anatomical meaning of the feature that is quantified.

Recent developments in imaging methodologies and in
computing power have permitted important developments. The
most recent studies of the brain quantifying 3D volume or number
of anatomical structures (neurons, white and grey matters) are
indeed strong contributions to our knowledge of brain asymme-
tries as they are not biased by the methodological limitations
described above and because they quantify real bilateral variations.
In this context, researchers have to remain cautious when inter-
preting bilateral data obtained on brain or endocranial structures,
and must not to over-interpret the data they were able to quantify.

In this study, we observed that P. troglodytes is distinctive in
having, among all of the specimens in our sample, a third frontal
convolution that has a lower position on the left side relative to the
right side. This pattern is perhaps partly related to the relatively
small sample size for this species. Further analyses of this sample
should be made to see if this trend in the third frontal convolution
is related to a shift of the adjacent anatomical areas and to try to
investigate how this pattern is correlated with global asymmetries
of the complete endocast. A larger sample would also be useful,
including complementary datasets obtained with MRI to analyse
bilateral variations of the internal structures of the frontal lobes. A
recent study (G�omez-Robles et al., 2013) identified landmarks
defining major sulci on the brain using geometric morphometric
techniques. The authors found consistently concordant results with
ours, with “a frontal projection of Broca's area homologue (more
frequently observed on the left hemisphere) relative to the lateral
orientation of this region in the other hemisphere” (G�omez-Robles
et al., 2013:5). No information is available about the vertical vari-
ation of the anatomical area. This may be due to the fact that the
anatomical variation of the third frontal convolution only consti-
tutes a small component of the global asymmetry of the brain as
quantified in their study. Bogart et al. (2012), studying the surface
and depth of sulci, observed that the fronto-orbital sulcus and the
precentral inferior sulcus are asymmetric toward the left in chim-
panzees. These results also agree with ours. Nevertheless, based on
the available data, we have no explanation for the particular
morphology (the consistently low third frontal convolution on the
left hemisphere) of P. troglodytes compared with P. paniscus and
H. sapiens.

The observed patterns may conform to a neutral model of
evolution, where a major part of the interspecific variation is
selectively neutral or nearly neutral and likely to be of little or no
functional significance (Sherwood and Duka, 2012) as already
illustrated for gene expression (Khaitovich et al., 2004, 2005). On
the other hand, Lockwood et al. (2004) suggest that the genus Pan is
probably autapomorphic in many respects. Genetic analyses simi-
larly suggest that chimpanzees diverged about as much from the
common human-chimpanzee ancestor as humans did (Wildman
et al., 2003) and even that substantially more genes underwent
positive selection in the chimpanzee lineage than in the human
lineage, suggesting more adaptive genetic changes during chim-
panzee evolution than during human evolution. This means that
more unidentified phenotypic adaptations occurred in chimpan-
zees than in humans (Bakewell et al., 2007). For instance, chim-
panzees exhibit a more distinct frontal cortex interneuron
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phenotype than humans (Sherwood et al., 2010). Such findings
show how little is currently known about which traits are adaptive
and their functional significance. Similar analyses of the third
frontal convolution on other samples of extant primates will be
necessary to understand the particularities of the chimpanzees, but
also to know the polarity of the conditions observed here for
P. troglodytes compared with P. paniscus and H. sapiens samples.
Identifying the derived condition for hominids will also have im-
plications for the interpretations of the features observed among
hominins.

Concerning the overall shape of the third frontal convolution,
we observed similar significant indicators of asymmetries in
H. sapiens and P. paniscus (Table 3). However, these results appear to
be the expression of bilateral variations in frontal lobe shape.
Indeed, antero-posterior, vertical and lateral asymmetries as
quantified here reflect anatomical and biological variations of one
side relative to the other and the bilateral variation in spatial
disposition of F3. Therefore, the right third frontal convolution
appears to be as a whole more laterally and posteriorly projected
than on the contra-lateral side. This pattern may reflect anatomical
variations in the underlying brain areas or in the shape of the entire
brain. However, these results complement our knowledge of
bilateral shape variations of endocasts in H. sapiens. When all of the
available information about global asymmetries of the frontal lobes
in modern humans are considered, the right frontal lobe has a
significantly larger volume (Geschwind et al., 2002), a non-
significantly larger surface (Balzeau et al., 2012a), a non signifi-
cantly larger anterior extension of its pole (Balzeau et al., 2012b)
and a more lateral extension (Holloway and De La Coste-
Lareymondie, 1982; This study). Variations in morphology and
size of the anterior part of the frontal lobe are related to variations
in surface area, particularly of the anterior extension, and probably
to a lesser degree to variations in the volume of the whole lobe.

In our analysis of bilateral variations in size, length and width of
the third frontal convolution, we found that the size of the third
frontal convolution is significantly asymmetric toward the right
side in H. sapiens, which is larger than on the left side. This trend is
not related to a variation in the width of the area, but to its length,
which also shows significant directional asymmetry in favour of the
right side. Our results illustrate a common pattern shared by
H. sapiens and P. paniscus, and probably also by fossil hominins,
whereas P. troglodytes shows some discrete particularities. The
more important and shared aspect is that we were able to identify
differences between the left and right side for the size and shape of
the third frontal convolutions at the population level in these
samples. Our results cannot of course be directly compared with
neuroanatomical asymmetries of the cytoarchitectonic areas 44
and 45 that correspond to Broca's area. However, they are useful
when considering and discussing the variations in shape observed
for the third frontal convolution in hominins.

Implications for our understanding of hominin evolution and
capacities

A key feature that has been analysed during hominin evolution
is the shape of Broca's cap. It is proposed that a larger relief in this
area is related to a reorganisation of the frontal cortex and the
evolution of language capabilities (e.g., Holloway and De La Coste-
Lareymondie, 1982; Tobias, 1987; Holloway, 2008; Zollikofer and
Ponce de Le�on, 2013). We propose here the first quantification of
the size, shape and asymmetries of the third frontal convolution
among hominids. Our results show an absolute and relative in-
crease in the size of Broca's cap, both in terms of width and length
of the structure between Pan species and hominins. Moreover, we
observed an increase in size during hominin evolution, but non-
hape and asymmetries of the third frontal convolution in hominids:
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allometric intra-group variation was also observed independently
of brain size variation.

Finally, we showed a common pattern in H. sapiens and
P. paniscus, and probably also in fossil hominins, for asymmetries of
the third frontal convolution. This area is larger at the population
level because of a greater length on the right side. In addition, we
observed insignificant directional asymmetry for its width. In sum,
the third frontal convolution is shorter but with a similar width,
and therefore more ‘compact’ in the left hemisphere, resulting in
the visual impression of a ‘larger’ left Broca's cap. These results
therefore suggest that the pattern of brain asymmetries is similar
between P. paniscus and hominins, leaving the gradient in the de-
gree of asymmetry as the only relevant structural parameter.
Moreover, our results show that the commonly accepted leftward
asymmetry of Broca's cap is biased by qualitative observation of
individual specimens. The trend during hominid evolution seems
to be a reduction in size on the left side compared with the right
side, but a clearer definition of the area. Indeed, the third frontal
convolution considered as a whole in the right hemisphere is more
projected laterally and extended antero-posteriorly. As a result, the
left ‘Broca's cap’ looks more globular and better defined. Further
work is still needed to understand in greater detail the relationship
between the shape of the third frontal convolution and language
capacities in modern humans using in vivo anatomical and func-
tional imaging methodologies.

Conclusion

The results that we obtained show that the pattern of asym-
metries of the third frontal convolution present in hominins,
probably since their appearance, is the same as that observed in
P. paniscus. Moreover, we observed a variation in shape and size of
the third frontal convolution during hominin evolution and
compared with great apes that show a reorganisation of the area. It
is very difficult to hypothesize a relationship between the variation
in size, shape, and bilateral asymmetries of the third frontal
convolution and the origin of language capabilities in hominins.
Our study shows, however, that the lateralisation of the brain that is
often presented as an essential feature related to the onset of the
human language (Chance and Crow, 2007) is probably shared by all
hominins.
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