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The  evolution  of  the  frontal  lobes  represents  a major  issue  in  paleoneurology.  In this survey,
we  used  a surface  analysis  to describe  the  frontal  morphology  of  three  relevant  East  African
specimens  from  early  and  middle  Pleistocene:  OH  9,  UA  31,  and  Bodo.  When  compared  with
a modern  human  endocast,  UA  31 and  Bodo  display  a flatter  dorso-lateral  surface,  while  OH
9 shows  a general  flattening  of the  whole  dorsal  morphology.  OH  9 is the  specimen  with
older  chronology  and with  orbits  more  separated  from  the  prefrontal  cortex  than  in UA 31
and Bodo.  The  morphology  of these  three  specimens  is in agreement  with  the  hypothesis
that  increase  of  the  frontal  curvature  is  due  to  the  shifting  of  the  facial  block  under  the
anterior  cranial  fossa.  Apart  from  variations  in  size  and  general  proportions,  surface  analysis
can be useful  in  analyzing  morphological  changes  localized  in  specific  cortical  areas.  The
three  fossils  are  used  as case  study  to  discuss  and  review  some  relevant  issues  concerning
frontal  lobe  evolution  and  paleoneurology.

© 2016  Académie  des  sciences.  Published  by  Elsevier  Masson  SAS.  All  rights  reserved.
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r  é  s  u  m  é

L’évolution  des  lobes  frontaux  représente  un  problème  central  en  paléoneurologie.  Dans
cette  étude,  nous  utilisons  une  analyse  de  surface  pour  décrire  la  morphologie  frontale
de trois  spécimens  est-africains  clés  du  Pléistocène  inférieur  et  moyen  : OH  9, UA  31,  et
Bodo. Comparés  à  un  endocrâne  humain  moderne,  UA  31  et  Bodo  présentent  une  surface
dorso-latérale  plus  aplatie,  alors  qu’OH  9 montre  un  aplatissement  sur  l’ensemble  de  la  mor-
phologie  dorsale.  OH  9 est  le spécimen  le  plus ancien,  avec  des  orbites  davantage  séparées
du cortex  préfrontal  par  rapport  à UA  31  et  Bodo.  La  morphologie  de  ces  trois  spécimens
est en  accord  avec  l’hypothèse  d’une  augmentation  de  la courbure  frontale  causée  par  la
position du  bloc  facial  sous  la  fosse  crânienne  antérieure.  Au-delà  des  variations  de  taille

et des  proportions  générales,  l’analyse  de surface  peut  être utile  pour  analyser  les  change-
ments morphologiques  lo
utilisés  comme  des  cas  d
sur l’évolution  des  lobes  f
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1. Introduction

Frontal lobes are considered key cerebral areas in
human brain evolution, particularly because of the role of
the prefrontal cortex in executive functions and language
(e.g., Kringelbach and Rolls, 2004; Petrides and Pandya,
1999; Rajkowska and Goldman-Rakic, 1995; Schenker
et al., 2010). Nonetheless, there are still uncertainties on the
scaling rules between frontal lobes and the rest of the brain
in humans when compared with other primates (Barton
and Venditti, 2013; Smaers, 2013). Although it is acknowl-
edged that extant human frontal lobes are absolutely larger
as compared to those of other primate taxa, critical stud-
ies report that the relative size of the frontal lobe is similar
across hominoids, and that humans do not have the larger
frontal lobe that would be expected from a primate brain of
the human size (Semendeferi et al., 1997, 2002). Further-
more, investigations of the evolutionary rate of changes
in the frontal lobes suggest that the frontal cortex did not
evolve especially fast relative to other brain regions in the
human lineage (Barton and Venditti, 2013). However, it has
been claimed that the volume of human prefrontal white
matter exceeds the volume predicted from primate trends
based on the size of non-prefrontal cerebral white matter
(Rilling, 2006; Schoenemann et al., 2005, but see Barton and
Venditti, 2013). Moreover, the human prefrontal cortex is
more convoluted than expected for a primate of our brain
size and is among the most gyrified cerebral areas (Rilling
and Insel, 1999; Zilles et al., 1988).

Endocranial casts (endocasts) constitute a proxy for
investigating and quantifying variations in brain size,
brain shape and neocortical surface morphology in extinct
species (Falk, 2014; Holloway, 1978; Holloway et al., 2004;
Neubauer, 2014). Paleoneurological surveys have provided
a general perspective on the morphological evolution of the
frontal lobes in our genus. The derived Homo-like features
of the frontal lobes, notably a prominent bossing in left
inferior frontal convolution (Broca’s area), a specific sulcal
organization (horizontal and ascending branches of the lat-
eral fissure) and cortical asymmetries (larger right frontal
volume) have been present in the earliest human repre-
sentatives for 2 million years (Falk, 1983; Schoenemann,
2013; Tobias, 1987). Also the general curvature of the
frontal lobe profile has not displayed major changes at least
in the last half-million years, especially when compared
with the marked variations of the outer cranial districts
(Bookstein et al., 1999). Modern humans tend to show
more bulging frontal squama, but such increased curva-
ture is likely to be a structural consequence due to the
reduction of the facial block, which is furthermore pos-
itioned under the anterior cranial fossa (Bruner et al., 2013,
2014). Such spatial position between face and braincase
requires an increased frontal curve, which, in this case,
must be interpreted as a secondary structural consequence
of the cranial architecture and not as a primary func-
tional variation of the brain. Interestingly, both modern
humans and Neanderthals display relatively wider frontal

lobes when compared with less derived hominids (Bruner
and Holloway, 2010). Nonetheless, these two species are
also the only ones in which the frontal lobes are pos-
itioned almost entirely onto the orbital roof. Therefore,
vol 16 (2017) 499–507

during morphogenesis, vertical development of the pre-
frontal cortex is constrained by the upper face, and lateral
redistribution of the brain mass can simply be a secondary
structural adjustment. Nonetheless, the interpretation of
the frontal widening in modern humans and Neanderthals
as a structural consequence is challenged by specimens like
Maba, in which a derived face-braincase position is associ-
ated with narrow frontal lobes (Wu and Bruner, 2016).

In this study, we  evaluate the morphology of the frontal
lobes in three archaic human specimens from East Africa,
as to evidence and quantify their frontal lobe differences
in terms of spatial variations. The three fossils span from
early to middle Pleistocene, covering a time span of about
0.8 Ma:  the Early Pleistocene (c. 1.4 Ma)  H. erectus spec-
imen OH 9 from Olduvai Gorge, Tanzania (Antón, 2003;
Deino, 2012; Leakey, 1961, 1966; Rightmire, 1979; Tamrat
et al., 1995); the H. erectus-ergaster specimen UA 31 from
the late early Pleistocene (1 Ma)  assemblage of Uadi Aalad,
Eritrea (Abbate et al., 1998; Albianelli and Napoleone, 2004;
Bigazzi et al., 2004; Bruner et al., 2016; Ghinassi et al., 2015;
Macchiarelli et al., 2004); and the H. heidelbergensis speci-
men  Bodo 1 from the early middle Pleistocene (c. 0.6 Ma)
deposits of the Middle Awash, Ethiopia (Clark et al., 1994;
Conroy et al., 1978, 2000; Rightmire, 1996).

Unfortunately, quantitative analyses in paleoneurology
are limited by different methodological restrictions. First,
fossil samples are generally scarce, hampering adequate
statistical inferences and robust quantitative tests. The
morphology of the upper areas of the frontal lobes can be
frequently reconstructed, because the thick frontal squama
can more easily resist taphonomic and diagenetic pro-
cesses. In contrast, the orbital side is generally fragmented
and lost in the fossil record, because it is associated with
the thin and fragile floor of the anterior cranial fossa. A sec-
ond limit concerns the completeness of the sulcal imprints.
During morphogenesis, the physical interaction between
the frontal areas (housed in the anterior cranial fossa) and
the facial block generates some spatial conflicts, and the
intermediate bone layers are forced to mold between two
different developmental systems (the brain and the face).
As a result, the bone is particularly rich in imprints, most
of all on the orbital surface (digital impressions). Despite
the good correspondence between brain circumvolutions
and their imprints in this district, the traces are, however,
partial and incomplete, with some areas void of morpho-
logical information. Le Gros Clark and colleagues (1936)
compared six chimpanzee crania and corresponding brains
and, despite the conclusion that “very little information can
be extracted in regard to sulcal pattern from the major-
ity of our endocranial casts of the chimpanzee” (p. 267),
they reported the identification of crucial sulci, such as the
fronto-orbital sulcus. More recently, similar investigations
were performed on a Macaca sample using virtual extrac-
tion of the endocasts and revealed that locations of most
of the cerebral sulci could be inferred from the inner sur-
face of the cranium (Kobayashi et al., 2014). Imprints are
more pronounced for small brains, while they are more

smoothed in larger endocasts. Humans, having the largest
brain among primates, generally show less clear sulcal pat-
terns than apes or cercopithecoids do. A third problem
deals with the lack of a strict correspondence between
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orphological traits and functional brain areas, also for
rontal areas involved in language like Brodmann’s areas
4 and 45 (Amunts et al., 1999). These same areas display

 noticeable individual variability and caution is needed in
aking inferences about morphological trends or distribu-

ions (Keller et al., 2009). Needless to say that a fourth limit
s the lack of any biological information that goes beyond
he gross superficial morphology, and endocasts cannot
rovide reliable information on tissues, cells, or molecular

evels.
Despite these limitations, the availability of recently

eveloped computer-based analytical tools allowing high-
esolution digital imaging and modeling of the endocranial
asts disclosed new perspectives in comparative paleoneu-
ology (Gunz et al., 2009; Weber and Bookstein, 2011;
ollikofer, 2002; Zollikofer et al., 1998). Digital data pro-
ote new methods in quantitative analysis of endocranial

hape, notably through geometric morphometric meth-
ds (e.g., Bruner, 2004; Gunz, 2015; Bruner et al., 2003;
eubauer et al., 2010) and registration of surfaces from

he correspondence of anatomical landmarks (e.g., Specht
t al., 2007). However, methodological approaches based
n landmarks and semi-landmarks are limited by the
aucity of anatomical references on the brain surface.
n this context, landmark-free methods that characterize
hape via deformation-based models may  represent an
dditional tool for registration and quantitative compari-
on of endocranial variations (Beaudet, 2015; Beaudet et al.,

Fig. 1. Virtual rendering of the cranium and endocast in OH 9, UA 31, B

Fig. 1. Rendu virtuel du crâne et de l’endocrâne d’OH 9, d’UA 31, de Bodo et
vol 16 (2017) 499–507 501

2016; Durrleman et al., 2012a). Accordingly, in this study,
we present a deformation-based surface analysis of the
frontal lobes in OH9, UA 31 and Bodo in comparison to the
extant human condition, after digital reconstruction of the
endocasts (Fig. 1). The aim of the study was to show the
application of surface analysis to specific paleoneurologi-
cal cases, and to evaluate whether these three specimens
present a chronological pattern of variation in the morphol-
ogy of their frontal lobes.

2. Material and methods

2.1. Material

The OH 9 specimen yielded by Bed II at Olduvai Gorge
consists of a partially preserved braincase, including the
supraorbital structures and much of the basicranium, lack-
ing the face as well as the top and right side of the vault
(Leakey, 1961; Rightmire, 1979). Leakey (1961) reported
similarities between the OH 9 braincase and specimens
from Steinheim, Broken Hill, and Saldanha, considered
early Homo.  When discussing the diagnosis and phylo-
genetic position of the new species Homo habilis and
paleobiodiversity at Olduvai Gorge, Leakey (1966) classi-

fied OH 9 as Homo erectus.  Holloway et al. (2004) identified
on the endocast a strong left occipital petalia and asymme-
try in cerebellar lobes. The cranial capacity was  estimated
at 1067 cm3 (Holloway, 1973; Schoenemann, 2013).

odo, and one extant human subject (EH 1). Images not to scale.

 d’un sujet humain actuel (EH 1). Les images ne sont pas à l’échelle.
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The Bodo specimen was discovered in the Awash River
Valley at the Bodo d’Ar site, and it consisted of an almost
complete face and partial neurocranium (Conroy et al.,
1978). Initial description reported affinities in overall
appearance with archaic middle Pleistocene Homo crania
(e.g., Kabwe, Petralona, Arago 21). However, Bodo has been
suggested to be “intermediate” in its anatomy between
Homo erectus and later Pleistocene humans (Conroy et al.,
1978, 2000; Rightmire, 1996) and was included in the
Homo heidelbergensis hypodigm. Regarding the external
endocranial aspect, Holloway et al. (2005) described a
“striking 30 mm long frontal torus just anterior to the left
pars triangularis region of Broca’s cap” shared with Kabwe
and potentially specific to Homo heidelbergensis (Holloway
et al., 2004, 2005). However, the overall shape of the pre-
frontal and orbital regions is similar to both Neanderthal
and modern human and asymmetries in the Broca’s caps
are consistent with the extant human condition (Holloway
et al., 2004, 2005). The encephalization quotient estimates
in Bodo fall below the values found in samples of early late
Pleistocene to extant H. sapiens (both fossil and recent)
and Neanderthals despite an extant human-sized brain
(1250 cc) (Conroy et al., 2000; Schoenemann, 2013).

OH 9 and Bodo were CT-scanned by X-ray tomogra-
phy at Innsbruck (Austria) with a spatial resolution of
0.47 × 0.47 × 1 mm and of 0.49 × 0.49 × 1 mm,  respectively.
The digital data were provided by the Institute of Anthro-
pology, University of Vienna, Austria (Digital Archive of
Fossil Hominoids). The digital extraction and reconstruc-
tion of OH 9 and Bodo endocrania were performed through
the Endex

®
software, which is particularly suitable for cra-

nia that preserve an empty endocranial cavity (Subsol et al.,
2010) (Fig. 1).

The cranium UA 31 is part of the assemblage from Uadi
Alad, Danakil depression of Eritrea, and includes a well-
preserved braincase, a large part of the facial skeleton, and
the base (Abbate et al., 1998; Macchiarelli et al., 2004). The
cranium of UA 31 presents a combination of Homo erectus-
like and derived morphoarchitectural features shared with
middle Pleistocene specimens (rev. in Bruner et al., 2016).
The consensual terminology of H. erectus-like representa-
tive is mostly used (e.g., Bruner et al., 2016; Macchiarelli
et al., 2004). The metric comparisons of the UA 31 endocast
performed in Bruner et al. (2016) suggest a general archaic
morphology shared with Homo erectus specimen, although
the endocast displays pronounced dolichocephalic propor-
tions and a narrow cranial base, constraining the temporal
lobes and increasing the parietal curvature. The UA 31
endocranial volume is 995 cc (Bruner et al., 2016). In the
present study we used the digital replica of the high-
quality resin mold of the UA 31 endocast obtained after
synchrotron X-ray radiation microtomography (SR-�CT)
performed at the European Synchrotron Radiation Facility
of Grenoble, France (isometric voxel size: 0.35 mm)  in 2003
(Bruner et al., 2016).

No evidence of significant plastic deforma-
tion/distortion of the frontal lobes was reported in

early and subsequent descriptions of these three fossil
specimens (Bruner et al., 2016; Holloway et al., 2004;
Leakey, 1961; Rightmire, 1979). We  compared these
specimens with the endocast of an extant human adult
vol 16 (2017) 499–507

individual (EH 1) selected from the anonymized human
clinical records of the Pasteur Hospital in Toulouse, France
(El Khoury et al., 2014). The patient was  scanned by med-
ical computed-tomography (CT) with a spatial resolution
of 0.48 × 0.48 × 0.8 mm.  For a descriptive purpose, we also
used in this study the cranium and endocast of an adult
chimpanzee from the “Royal Museum for Central Africa”
(Tervuren, Belgium) scanned with a spatial resolution of
0.38 × 0.36 × 0.8 mm (El Khoury et al., 2014).

2.2. Deformation-based models

The morphology of the frontal lobes in the three fossil
specimens was  compared to the extant human condi-
tion through a landmark-free deformation-based model
(Durrleman et al., 2012a). This approach differs substan-
tially from landmark-based methods because it is not based
on prior definition of homologous points, but on geomet-
rical correspondences between continuous surfaces (see
Durrleman et al., 2012a for further details). This method
is particularly appropriate for comparing overall shapes
and local orientation in the field of computational anatomy
(Durrleman et al., 2014; Glaunès and Joshi, 2006), and more
particularly to describe accurately complex 3D surface
changes (Durrleman et al., 2012a). The deformation-based
models have been demonstrated to be a useful tool for
the registration of surface variation in primate endocranial
ontogenetic trajectories, revealing both global and local
changes (Durrleman et al., 2012a). These models also sup-
ply a valuable contribution to taxonomic and evolutionary
studies (Beaudet, 2015; Beaudet et al., 2016; Dumoncel
et al., 2014).

The comparison between surfaces is computed via
the software Deformetrica (http://www.deformetrica.org/)
dedicated to the statistical analysis of the 2-3D shape data,
which includes registration process (deformation between
two  sets) and atlas construction (computation of an aver-
age object from a set of objects, e.g., Beaudet, 2015; Beaudet
et al., 2016; Durrleman et al., 2012b). In our study, we
specifically focused on the application dealing with the
registration process.

As a pre-processing step, the frontal lobes were vir-
tually separated from the rest of the endocranial surface
according to a geometric criterion, along a plane defined
by three landmarks placed at the junction between the
temporal and frontal lobes corresponding to the ante-
rior extremity of the Sylvian fissure (one landmark per
hemisphere) and at the maximum anterior extension
of the left temporal pole (Fig. 2). The fossils’ surfaces
were firstly rigidly aligned in position, orientation, and
scale with respect to the extant human specimen, using
the iterative closest point (ICP) algorithm. The deforma-
tions from the fossil specimens to the extant human
individual were mathematically modeled as a diffeomor-
phism; i.e. a one-to-one deformation of the 3D space
that is smooth, invertible and with a smooth inverse
(Durrleman et al., 2012a, b, 2014; Glaunès and Joshi,

2006). The deformation is computed using an iterative opti-
mization algorithm described in Durrleman (2010). The
algorithm yields deformation fields, which are the param-
eters of non-linear deformations registering one surface to

http://www.deformetrica.org/
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Fig. 2. Virtually rendered surfaces of the Bodo (dark green) and extant human (EH 1, light grey) endocasts. Cut plane corresponds to the best-fit plane
passing through three landmarks positioned at the junction between the temporal and frontal lobes corresponding to the anterior extremity of the Sylvian
fissure (one landmark per hemisphere) and at the maximum anterior extension of the left temporal pole (A) and isolates the frontal region from the rest
of  the endocast (B). The isolated frontal surface of Bodo is aligned onto the extant human surface (C). Colour map shows areas of more bulging (red) and
flatter (blue) surfaces in the extant human endocast, when compared with the fossil one (D).
Fig. 2. Rendu virtuel des surfaces des endocrânes de Bodo (vert foncé) et d’un humain actuel (EH 1, gris clair). Le plan de coupe correspond au plan avec le
meilleur ajustement passant par les trois points repères placés à la jonction entre les lobes temporaux et frontaux correspondant à l’extrémité antérieure
de  la fissure sylvienne (un point repère par hémisphère) et l’extension antérieure maximale du pôle temporal gauche (A) et isole la région frontale du reste
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The magnitude and orientation of the surface differ-
nces according to the deformation process were signed
nd rendered by color maps from dark blue (negative val-
es: flatter surface in the extant endocast) to red (positive
alues: more bulged surface in the extant endocast).

. Results

Fig. 3 shows the surface differences between the three
ossil specimens and the extant human endocast. In all
hree specimens, the frontal surface was generally flatter
nd longer than in the modern human endocast. Although
he pattern was similar in the three extinct fossils, some

inor specific differences can be detected. UA 31 and Bodo
isplayed flatter dorso-lateral surfaces, with the modern
pecimen showing bulging areas roughly centered on the
osterior regions of the second frontal circumvolution. In
eneral, in all cases the modern morphology was  associ-
ted with increased bulging along the second frontal gyrus,
ore prominent on the left hemisphere. In addition, in OH9

rontal flattening was more pronounced and involved the
hole posterior surface, including the central region. The

hree fossils also showed flatter orbital surfaces. In gen-
ral, this registration does not reveal wider Broca’s cap in
he modern endocast, except when compared with UA 31
eft side. Minor asymmetries in the surface mapping can-
ot be properly considered here, being possibly influenced
y issues associated with the degree of completeness of the

ossil or with idiosyncratic local variations.

In synthesis, this surface comparison suggests that our
odern human endocast has wider dorso-lateral frontal

obes and taller orbital areas when compared with UA 31
e l’Homme actuel. La cartographie en couleur montre les aires avec les
actuel comparées au fossile (D).

and Bodo. The dorsal bulging of the frontal lobes is more
pronounced and extended when compared with the oldest
specimen, OH 9 (Fig. 3).

4. Discussion

The phylogenetic history of the human genus spans
2 million years and three continents. Taking into con-
sideration the noticeable geographical and chronological
variability in primates, at both inter- and intra-specific
level, caution is recommended when dealing with single
specimens. A further caution is necessary when analyzing
endocasts of fossil taxa; information on the relationships
between endocranial anatomy and brain functions is elu-
sive and scanty, hampering strict associations between
endocranial morphology and cerebral capacities. Within
the limits inherent to the paleoneurological studies, endo-
casts represent the only direct evidence of brain evolution,
and morphometric analyses of the external endocranial
surface may  reveal gross anatomical changes along the
evolutionary lineages. In this study, we  compared the sur-
face of the anterior cranial fossa, a morphological proxy
for the prefrontal cortical areas, in three early to middle
Pleistocene East African Homo specimens, using a modern
human endocast as reference.

Our modern human endocast shows a relative bulging of
the dorso-lateral surfaces, of the middle longitudinal curva-
ture (second frontal gyrus) and of some orbital areas (Fig. 4).
When compared with the oldest specimen, OH 9, the whole
posterior surface is more bulging. These three specimens
are generally assigned to archaic human species, namely

H. erectus/ergaster (OH9 and UA 31) and H. heidelbergensis
(Bodo). These two  archaic taxa display allometric differ-
ences due to a larger brain size in the latter (both in absolute
and relative terms–Rightmire, 2004, 2008) but, at present,



504 A. Beaudet, E. Bruner / C. R. Pale

Fig. 3. Comparative maps of morphological deformations in frontal lobes
from OH 9 (H. erectus) (A), UA 31 (H. erectus-ergaster) (B) and Bodo (H. hei-
delbergensis)  (C) to EH1 (extant human), in anterior (left column) and
inferior (right column) views. Cumulative displacement variations are
signed and rendered by a pseudo-color scale ranging from dark blue (high-
est negative values) to red (highest positive values) on the extant human
surface. Images not to scale.
Fig. 3. Cartographies comparatives des déformations morphologiques
des lobes frontaux de OH 9 (H. erectus) (A), UA 31 (H. erectus-ergaster)
(B)  et Bodo (H. heidelbergensis) (C) vers EH1 (humain actuel), en vues
antérieure (colonne de gauche) et inférieure (colonne de droite). Les vari-
ations cumulées des déplacements sont signées et représentées selon une
échelle en fausses couleurs variant du bleu foncé (valeurs négatives les

frontal widening could represent a primary change of brain
plus hautes) au rouge (valeurs positives les plus hautes) sur la surface
humaine actuelle. Les images ne sont pas à l’échelle.

no group-specific differences have been described in their
endocranial morphology and proportions (Bruner, 2004;
Bruner et al., 2003, 2015). The OH 9 endocast is similar
to the endocasts from Zhoukoudian in terms of gross mor-
phology, although in general the frontal proportions do not
show marked differences between early and middle Pleis-
tocene samples (Bruner et al., 2015, 2016). Nonetheless, if
these three specimens are representative of their respec-
tive phylogenetic groups, we can tentatively hypothesize
that frontal bulging has involved both an early change of the
whole dorsal surface and a second change more localized
on the dorso-lateral surfaces. Further specimens are neces-
sary to evaluate whether such change might be associated
with human evolution from early to middle Pleistocene,
or from more archaic morphotypes (H. erectus/ergaster) to
more derived ones (H. heidelbergensis). UA 31 is currently
interpreted as H. erectus/ergaster, but this analysis suggests
that its frontal morphology is more similar to Bodo’s than
to OH 9’s.
As already mentioned, the anterior cranial fossa is
involved in complex morphogenetic processes in which
the braincase and the facial block (the orbits and the
vol 16 (2017) 499–507

ethmomaxillary system) are involved in spatial com-
petition and reciprocal structural influences. Such a
multifactorial process is necessarily constrained by func-
tional and structural limits and, in general, it may be
difficult to properly recognize primary causes and sec-
ondary consequences of a given evolutionary change. In
paleoneurology, a primary brain variation can be recog-
nized if secondary adjustments due to cranial constraints
can be ruled out (Bruner, 2015). Frontal lobe lateral widen-
ing has been hypothesized to be the result of vertical
constraints associated with decreasing distance between
frontal lobes and orbits (Bruner and Holloway, 2010), and
frontal bulging has been hypothesized to be the secondary
results of the curvature necessary to integrate the brain-
case with the face, positioned under the anterior fossa in
more encephalized human species (Bruner et al., 2013).
In chimps, orbits are positioned in front of the frontal
lobes while in modern humans orbits are below the frontal
lobes, therefore having shifted in a posterior and inferior
position (Fig. 5). Apparently, OH 9 and Bodo display an
intermediate morphology, with the former showing a less
derived morphotype (i.e. larger distance between orbits
and lobes; Fig. 5). Although this area is less complete in
Buia, in this specimen the orbits also stood out in a more
anterior position (see fig. 3 in Bruner et al., 2016). Hence,
frontal curvature of these fossils fits the structural hypothe-
sis: OH 9 has the most anterior orbits, and the flatter frontal
lobes, as opposite to the modern morphotype. Ectocra-
nially, these spatial changes also influence the expression
of the browridge (Lieberman, 2000), which is more pro-
nounced in those species with larger separation between
orbits and frontal lobes.

The lateral expansion of the frontal lobes (in this case,
the absence of) is more difficult to interpret. Considering
that a proportional volumetric increase of the frontal
lobes in apes and humans has not been patently rec-
ognized (Rilling, 2006; Semendeferi et al., 1997), most
shape variations should be assumed to be a matter of
geometry and mass redistribution and not of specific
cortical expansion. As mentioned, the hypothesis of frontal
widening due to facial constraints in large-brained human
species is challenged by fossils like Maba, which has a
derived facial morphology and position, but a plesiomorph
brain form with narrow prefrontal areas (Wu and Bruner,
2016). Interestingly, the endocast of Maba has generalized
human proportions, and it is very similar to the endocast
of Bodo (Wu and Bruner, 2016), but their frontal bulging
is very different: frontal curvature is derived in Maba, but
plesiomorph in Bodo, which resembles the phenotype
observed in Kabwe or Ceprano (Bruner et al., 2013). This
result seems to suggest that facial position may  influence
the degree of frontal bulging but not necessarily the degree
of frontal widening. In this case frontal bulging and widen-
ing may  be two  independent characters and a structural
effect can be more easily hypothesized for the former. If
frontal widening is not a secondary consequence of struc-
tural constraints, the question should be asked whether
morphology due to either change in specific local cortical
organization (some areas become larger, some other
smaller) or to changes to the system of connections. In fact,
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Fig. 4. A synthetic view (manual sketch) of the differences between the three fossil specimens and the modern human reference. When compared with
the  oldest specimen, OH 9, the modern human endocast displays a general bulging of the whole dorsal surface, while compared with UA 31 and Bodo it
shows  most of all a relative enlargement of the dorso-lateral areas. Changes are summarized by green (lateral), brown (dorso-lateral) and yellow (dorsal)
arrows.
Fig. 4. Vue synthétique (représentation schématique) des différences entre les trois fossiles et l’humain actuel de référence. Comparé au plus ancien
spécimen, OH 9, l’endocrâne humain moderne présente un bombement général de la surface dorsale complète, alors que comparé à ceux d’UA 31 et de
Bodo,  il montre un élargissement des aires dorso-latérales. Les changements sont résumés par des flèches vertes (latéral), marron (dorso-latéral) et jaunes
(dorsal).

Fig. 5. Digital reconstruction of cranium (light grey), endocast (blue), and orbits (purple) in a chimpanzee (A), OH 9 (B), Bodo (C), and the recent human
s
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ubject (D). Images not to scale.
ig. 5. Reconstruction digitale du crâne (gris clair), de l’endocrâne (bleu)
umain actuel (D). Les images ne sont pas à l’échelle.

he morphology of the cortical surface has been hypothe-
ized to be sensitive to mechanical forces associated with
hysical properties of neurons and of their fibers (Tallinen
t al., 2016; Toro and Burnod, 2005; Van Essen, 1997).
ll these interpretations are speculative and it has to be
onsidered that all these characters exhibit a noticeable
ntraspecific variation and that few specimens are not
ufficient for validating specific evolutionary hypotheses.

Also the fact that this model does not reveal changes
t the third frontal gyrus and Broca’s cap should be inter-
reted with caution. Apart from individual variation and

diosyncratic traits, we must take into account that surface
nalyses do not include anatomical information such as
erebral boundaries, homology, or specific anatomical ele-
ents. Therefore, these procedures compare surfaces but

o not consider specific anatomical correspondence, apart

rom a general geometrical one. Moreover, our definition
f the frontal lobes is strictly geometrical and follows nei-
her anatomical nor structural references. In the specific
ase of Broca’s cap, the recognition of its morphological
rbites (violet) d’un chimpanzé (A), de OH 9 (B), de Bodo (C) et d’un sujet

features can be problematic even in brain samples (Keller
et al., 2009), which suggests that there are still some
general aspects of the brain gross morphology that remain
unresolved.

This study suggests that the evolution of the frontal
lobes in the human genus should be considered not only in
terms of curvature or lateral proportions. Specific morpho-
logical analysis of their surface may  reveal some localized
cortical variations (for example the dorso-lateral expan-
sion). Current brain mapping is integrating information
on cytoarchitecture, functions, connections, biochemistry
and genetics to provide a comprehensive view of the brain
parcellation (Glasser et al., 2016). In this sense, future per-
spectives in paleoneurology deal with two major targets.
First, more specimens are needed to provide reliable and
consistent quantification of patterns and variation. Second,

improving morphometric tools would allow the identi-
fication of specific and localized cortical areas in terms
of cytoarchitectonic organization involved in phylogenetic
changes.
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As a final remark it must be stressed that, even if a
primary brain change can be identified, and even if the
area involved is crucial for some specific cognitive per-
formance, a traditional interpretation of this change as
consequence of a direct selective pressure can be mis-
leading. Our brain morphology is more susceptible to
non-genetic factors, when compared with the brain mor-
phology of apes (Gómez-Robles et al., 2015). The brain is a
plastic organ, extremely sensitive to environmental influ-
ence, and our species is responsible for a very special kind
of environment: culture. Brain changes can be the result
of a genetic selection for some neural aspects, but also the
result of environmental influences and behavioral training.
Intermediate situations, like genetic selection for plastic-
ity or epigenetic effects between culture and genes, are
also possible (Bruner and Iriki, 2016). In all cases, cogni-
tive changes may  leave no traces on brain anatomy but, in
contrast, marked variations in brain anatomy are likely to
be associated with behavioral differences. That’s why  pale-
oneurological studies on the frontal lobes are necessary for
ruling out cranial constraints, eventually revealing actual
cortical modifications.
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