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Abstract

Compared to their putative insectivore-like ancestors, extant primates show an enlarged

brain relative to body weight, a larger neocortex and proportionally decreased olfactory

bulbs. Besides hypotheses based on the comparative neuroanatomy of extant taxa, the

only direct evidence documenting such long-term evolutionary history is provided by

fossil endocasts. However, due to the unpredictable yet unavoidable impact of taphonomic

processes, the reliability of data from the fossil record is complicated by the nature of the

investigated structures themselves. Nonetheless, palaeoneurology has recently enlarged its

traditional investigative toolkit by integrating descriptive morphology with advanced

methods of high-resolution 3D imaging and computing. In addition to the development

of digital restoration techniques, the introduction of analytical methods for investigating

topographic differences in morphostructural organization and quantitatively characterizing

intra- and interspecific variation patterns provides new possibilities for the study of the

primate fossil record, especially for assessing brain evolutionary tracks.
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4.1 A Review of Non-human Primate
Palaeoneurology

4.1.1 Evidence from Primate Palaeoneurology

One of the most fascinating unsolved problems in palaeo-

neurology centres on unravelling the selective pressures that

were responsible for both the increase in relative brain size

and the cerebral reorganization in primates (Radinsky 1975).

Investigating the evolutionary changes of the brain across

various species is critical to characterize phylogenetic spe-

cializations and provide insights into the interaction between

an organism and its environment (Barton and Harvey 2000;

de Winter and Oxnard 2001). As stated by Le Gros Clark

(1971: 227–228): “[Thus] the progressive elaboration and

differentiation of the cortex in the evolving Primates have

led to increasing powers of apprehending the nature of
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external stimuli, a greater capacity for a wider range of

adjustments to any environmental change, and an enhance-

ment of the neural mechanisms for effecting more delicately

co-ordinated reactions”.
The relative importance and the timing of two critical

processes in the evolution of the primate brain, i.e. cortical

reorganization and size increase, has been largely questioned

(Gonzales et al. 2015). Recent evidence that brain size and

level of gyrification are controlled by different genes in

extant catarrhine primates corroborates the often observed

lack of correlation between these two structural parameters

(Welker 1990) and suggests that encephalization and cere-

bral complexity could have evolved independently (Rogers

et al. 2010). Despite the relative scarcity of direct fossil

evidence, palaeontological studies provide valuable evi-

dence, notably by revealing that cerebral complexity pre-

ceded enlarged brain size in particular primate lineages

(Gonzales et al. 2015).

For a better understanding of primate brain evolution, it is

then crucial to integrate and combine different approaches as

well as various sources of data. However, this prerequisite

represents a critical challenge since the data based either

directly on the brain or indirectly on endocasts are by nature

very different (Neubauer 2014). Our knowledge of the evol-

ution of the primate brain primarily relies on the interpreta-

tion of palaeoneurological evidence and on comparative

information from extant species, in which the brain and

behaviour can be investigated directly (Armstrong and Falk

1982). Fossil endocasts are replicas of the internal table of

the bony braincase and provide the only direct evidence of

brain evolution. When the neurocranium is filled with sedi-

ment during fossilization, morphological information about

the external brain surface may be preserved as a natural

endocast, as remarkably illustrated by the South African

primate fossil records (e.g. the hominin specimens Taung,

Sts 60, SK 1585 or the cercopithecoid specimens MP3a, MP

36, STS 538, STS 564, STS 565; Brain 1981; Holloway et al.

2004). Endocasts thus constitute a proxy for investigating

and quantifying variations in brain size, global brain shape

and neocortical surface morphology (if the dura mater was

thin enough in the living animal), including imprints of

cerebral convolutions (i.e. gyri and sulci) (Holloway 1978;

Holloway et al. 2004; Falk 2014; Neubauer 2014). The

imprinted cerebral surface corresponds to much of the fore-

brain, especially the neocortex, which includes visual, audi-

tory, somatosensory, motor as well as association areas

(Radinsky 1975). However, the information the neocortical

surface provides is limited to the external morphology, and

little can be said about the evolution of subcortical elements.

In 1978, Holloway defined at least six levels of useful

evidence to be gleaned from endocasts, depending on their

completeness and the replicability of neocortical details:

(1) the gross brain size, which corresponds to the volume

of neural mass; (2) the areal determination, which is the

surface of the endocast divided into major lobar regions;

(3) the major sulcal and gyral identifications and blood

vessel patterns; (4) the identification of secondary and ter-

tiary sulcal and gyral convolutions and their functional cor-

respondence; and (5), to some extent, the subcortical

relationships of these parameters.

Two levels received particular interest in palaeo-

neurology. Firstly, brain size has been extensively explored

in the primate fossil record, even used as a criterion to define

taxa at some points (e.g. definition of the genus Homo by

Leakey et al. 1964). Secondly, the pattern of cerebral fissures

apparent on the endocasts can suggest the location of cortical

functional divisions (Kaas 2006). Based on cortical maps

determined by neurophysiologists, the coincidence between

architectonic and functional entities has been used to inter-

pret fossil endocast (Radinsky 1975; Falk 1981, 1982).

Moreover, sulcal variation has been demonstrated to be a

reasonable predictor of cytoarchitecture for primary and

secondary regions, such as visual, somatosensory and

motor areas (Fischl et al. 2008). However, it has been

shown that the cerebral areas delimitated by sulci on the

external cortical surface do not systematically coincide with

functional areas (Amunts et al. 1999).

4.1.2 General Evolutionary Trends
and Comparative Studies of Living
Mammals

Increase in size and development of the fissuration pattern

are two key processes in primate brain evolution. In 1971, Le

Gros Clark pointed out that “undoubtedly the most distinc-

tive trait of the Primates, wherein this order contrasts with all

other mammalian orders in its evolutionary history, is the

tendency towards the development of a brain which is large

in proportion to the total body weight, and which is parti-

cularly characterized by a relatively extensive and often richly

convoluted cerebral cortex” (Le Gros Clark 1971: 227). In

his review of primate brain evolution based on living mam-

mal and fossil endocasts, Radinsky (1975) added supple-

mentary fundamental neuronal changes: “To summarize,

evolutionary trends suggested by comparative studies of

the brains of living insectivores and primates include:

increase in size of brain relative to body weight, increase

in amount of neocortex (beyond what one would expect from

the increase in brain size); decrease in relative size of olfac-

tory bulbs; increase in amount of visual cortex and size of

lateral geniculate body (possibly accounted for by the over-

all increase in brain size); development of a central sulcus in

anthropoids rather than the coronal sulcus seen in prosi-

mians” (Radinsky 1975: 659).
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Several lines of evidence highlight various evolutionary

trends described by Le Gros Clark and Radinsky, which

could be summarized as follows: (1) relative increase in

brain size, (2) relative increase of the neocortical surface,

(3) reorganization of the sensory system and (4) fissuration

pattern reorganization. The four lines are briefly

detailed here.

4.1.2.1 Brain Size
On average, compared to other mammalian orders, living

primates have larger brains relative to body size. Based on

Radinsky’s estimations (1975), relative brain size in living

strepsirhines exceeds from 2.4 to 7.0 times what would be

expected in a basal insectivores (sensu Stephan et al., 1991)

of comparable weight. The interpretation of the increase

over time in primate brain size and the earliest evidence of

this evolutionary trend were largely debated in the literature

(for a review, see Radinsky 1982). Because several features

of brain morphology scale to absolute brain size

(e.g. volume of the frontal cortex, degree of gyrification),

variation in the primate brain size is critical for understand-

ing brain evolution and evolutionary process (Zilles et al.

1988; Semendeferi et al. 2002).

4.1.2.2 Neocortical Surface
Since its emergence in a mammalian ancestor, the neocortex

has expanded in both relative and absolute size, particularly

in anthropoid primates, in which the neocortex comprises up

to 80% of the brain mass (Rakic and Kornack 2001). Insec-

tivore brains are relatively small and have little neocortex

with few (if any) neocortical folds. Indeed, folds appeared on

the primate brain with the evolution of larger brains

containing more neocortex (Radinsky 1975). The causes

and mechanisms of cortical folding are largely debated in

terms of either selective pressure or developmental and

structural processes (Van Essen 1997; Hilgetag and Barbas

2005; Toro 2012; Zilles et al. 2013; Bayly et al. 2014; Ronan

and Fletcher 2015; Tallinen et al. 2016).

4.1.2.3 Sensory System
Visual areas represent about 50% of the entire primate

neocortex, and the neocortical expansion is associated with

variance in functionally specific parts of the visual system

(Barton 1998). Comparative studies between neural struc-

tures in extant primates demonstrate a greatly modified

visual system in comparison with their earliest relatives,

with an increased number of visual cortical areas enlarged

and specialized for detailed vision (Felleman and Van Essen

1991; Kaas 2006). Besides the development of the visual

cortex, the other remarkable change in early primate neo-

cortex was the reorganization of the motor and premotor cortex.

In contrast with their mammalian relatives, both strepsi-

rhines and haplorhines have a large and well-defined pri-

mary motor field (M1) (Kaas 2006).

4.1.2.4 Fissuration Pattern
As described by Radinsky (1975), a longitudinally oriented

fissure (i.e. the coronal sulcus) separates the representation

of the head from that of the forelimb in the primary motor

and somatosensory cortex in strepsirhines and in most

mammals with a comparable degree of neocortical folding.

On the contrary, in anthropoids, no major fissure exists in

that position, and the primary motor cortex is instead separ-

ated from the primary somatosensory cortex by a transverse

fissure (i.e. the central sulcus) (Radinsky 1975).

4.1.3 Reconstructing the Primate Brain
Evolution from Extant Diversity
and Fossil Endocasts

4.1.3.1 Evidence from Extant Diversity
All stages experienced in the course of primate brain evol-

ution, from the simple smooth hemisphere to a highly con-

voluted one, are suggested to be represented among living

primate taxa (Hill 1972). Based on previous work by

Le Gros Clark (1971), Hill (1972) proposed an evolutionary

model that included living mammals as representatives of

each evolutionary stage, from fundamental to a more com-

plex pattern. Accordingly, the elephant shrewMacroscelides,
now included in the order Afrotheria, represents the

basal brain morphology.

The diurnal tree shrew Tupaia was regarded as an exam-

ple of the early reduction of the olfactory lobe and the devel-

opment of visual areas in the primate lineage (Hill 1972).

However, it now seems that many of the primate-like

features observed in the visual system of tree shrews are

actually evolutionary convergences that arose independently

from those observed in primates (Kaas 2002). Such parallel

evolution appears to also have occurred during early primate

evolution: for instance, late Palaeocene to middle Eocene

microsyopids probably expanded their cerebral cortex and

evolved an improved visual sense independently from

euprimates (Silcox et al. 2010).

Changes in cortical regions are characterized by different

reorganizational tempos. Comparison of the myelo- and

cytoarchitecture of the granular frontal cortex in the strepsi-

rhine Galago and in the anthropoid Macaca suggests that

considerable changes occurred in this cortical region during

primate evolution, including the addition of new areas in

anthropoids (Preuss and Goldman-Rakic 1991a). In contrast,

many, although possibly not all, of the parietal and temporal

association areas present in Macaca appear to have evolved

early in primate history, prior to the divergence of the

lineages that led to strepsirhines and haplorhines (Preuss

and Goldman-Rakic 1991b).

The neopallium expansion in both strepsirhines and

haplorhines is accompanied by a complex cortical folding

and by a definite pattern of sulci (e.g. deep Sylvian fissure,
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calcarine complex, superior temporal sulcus, rectus sulcus,

intraparietal sulcus). In Cebidae, Cercopithecidae and Colo-

bidae, the hemispheres are enlarged, and the neocortical

surface is richly convoluted, with the occurrence of a well-

marked central sulcus and of various fissures on the occipital

lobe, including the lunate sulcus. The degree of neocortical

fissuration is particularly high in hominoids, where the

visual neocortex is shifted further back, around the occipital

pole on the mesial aspect of the cortex (von Bonin and

Bailey 1961).

4.1.3.2 Evidence from Fossil Endocasts
Despite the paucity of available hard evidence, Radinsky

pointed out that several of the known fossil specimens pro-

vide relevant information for understanding primate brain

evolution, notably the tempo of the emergence of the extant

primate condition, and published most of the earliest critical

descriptions (Radinsky 1967, 1970, 1973, 1974). The fossil

record suggests that the expansion of the visual cortex and

the reduction in size of the olfactory bulbs that distinguish

strepsirhines from basal insectivores had already appeared at

the beginning of the second major primate evolutionary

radiation, 55 million years ago. Indeed, from early Eocene

deposits of North America, the euprimate Tetonius homun-
culus shows a remarkably advanced brain compared to the

condition typical of basal insectivores, with enlarged occi-

pital and temporal lobes and reduced olfactory bulbs. How-

ever, brain morphology remains less derived than later

primates because of relatively small frontal lobes (Radinsky

1967, 1974). The features observed on the Tetonius’ endo-
cast surface corroborate the results of the cytoarchitectonic

studies published by Preuss and Goldman-Rakic (1991a, b).

In addition, with the unique exception of a visible Sylvian

fissure, in this fossil representative, the neocortical surface is

featureless (Radinsky 1967, 1970), which is a typical feature

of euprimates (Orliac et al. 2014), although also missing in

another early euprimate, Smilodectes gracilis, a middle

Eocene basal adapoid (Gazin 1965).

In early euprimates such as Tetonius, but also in Smilo-
dectes gracilis, the presence of enlarged occipital and tem-

poral cortical areas suggests that the expansion of these

regions involved in optic and auditory functions, respec-

tively, may have been one among the critical adaptations

responsible for the early Eocene primate radiation (Radinsky

1967, 1970, 1974).

According to Radinsky, the anthropoid record suggests

that, 25–30 million years ago, the visual cortex and the

olfactory bulb relative size had reached the condition

observed in extant taxa. The transversely oriented central

sulcus, distinguishing modern anthropoids from most

strepsirhines, was also present in at least some among the

earliest anthropoids, such as Aegyptopithecus from the

Oligocene deposits of Fayum, Egypt (Radinsky 1973, 1974).

4.2 Extracting, Reconstructing
and Characterizing Fossil Endocasts

4.2.1 Extracting and Reconstructing Fossil
Endocasts

When the neurocranium is filled with sediment during the

fossilization process, information about brain morphology

and organization may be recorded as a natural endocast. For

fossil specimens not preserving a natural endocast, it is

possible to generate an imprint of the endocranial surface

by filling the braincase with casting material (Holloway et al.

2004). However, thanks to recent developments in imaging

techniques, virtual endocasts may now be generated from

computed (micro)tomography (CT and μCT) data

(Zollikofer and Ponce de León 2005; Weber and Bookstein

2011; Neubauer 2014).

Dealing with the fossil record nearly invariably implies

facing the problem of fragmentation and distortion of the

remains. These factors can be partially balanced by using

advanced virtual imaging techniques (Zollikofer et al. 1998;

Zollikofer 2002; Gunz et al. 2009; Weber and Bookstein

2011). To illustrate the valuable contribution provided by

virtual imaging to primate palaeoneurology, here we present

three selected cases of fossil cercopithecoids from Plio-

Pleistocene South African deposits: (1) the female individual

MP 224 from the site of Makapansgat, attributed to

Parapapio broomi by Freedman (1976); (2) the specimen

STS 564 that corresponds to the holotype of Parapapio
broomi, from Sterkfontein Member 4 (Freedman 1957);

and (3) the female Parapapio antiquus TP 8 from Taung

(formerly Tvl. 639), originally described by Freedman

(1957, 1961). The specimens are currently housed at the

University of the Witwatersrand, Johannesburg, and at the

Ditsong National Museum of Natural History, Pretoria, and

have been detailed by microtomography at the South African

Nuclear Corporation (Necsa) of Pelindaba and at the Palaeo-

sciences Centre of the University of the Witwatersrand,

Johannesburg (spatial resolution ranging from 0.072 to

0.082 mm).

In principle, sediments can be removed digitally, and the

endocranial cavity can be virtually separated from the brain-

case using semi-automatic threshold-based segmentation

(Spoor et al. 1993; see also the region-based segmentation

approach that relies on topographic concepts and which is

known as the “watershed transform” in Meyer and Beucher

1990; Roerdink and Meijster 2001) (Fig. 4.1). Lately,
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additional methods were developed for the automatic extrac-

tion of endocasts. Among the most effective, the Endex

software (Subsol et al. 2010; http://liris.cnrs.fr/gilles.

gesquiere/wiki/doku.php?id¼endex) is particularly suitable

for specimens preserving an empty endocranial cavity. A

mesh represented by a sphere is positioned inside the

endocranial space and deformed along the three orthogonal

directions (Fig. 4.2). Through this deformation process, the

mesh moulds the inner cranial surface and produces a virtual

endocast. Both regularity and constrained smoothing con-

tribute to deform the mesh within the limits imposed by the

braincase (e.g. the virtual endocast could not spread out of

natural openings such as the foramen magnum).
The type of damage most commonly observed on fossil

specimens results from post-depositional taphonomic dyna-

mics and can be considered within three main categories:

(1) missing parts (e.g. MP 224, STS 564), (2) fragment

assembling (e.g. TP 8) and (3) plastic deformation (not spe-

cifically illustrated here, but see comments below).

4.2.1.1 Missing Parts
The fossil specimen may lack some endocranial areas, as in

MP 224, where part of the right temporal region is missing,

and in STS 564, lacking a significant portion of the left

hemisphere (Fig. 4.3). When topographically limited, the

missing parts can be estimated and reconstructed based on

the remaining bony parts by using classical landmark-based

geometric morphometric tools and algorithmic approaches

(i.e. statistical and geometric reconstructions; Gunz et al.

2004, 2009). These methods rely on the fact that information

captured by shape coordinates is typically redundant, espe-

cially when the measurement points are closely spaced

(Gunz et al. 2009). The non-preserved regions can now be

digitally and automatically closed by digitizing a curve net-

work around the margin of the missing area and by creating a

NURBS (non-uniform rational basis spline) surface that

matches the points along the curves through, for instance,

the Rhino v5.0 software (R. McNeel & Associates) (Benazzi

et al. 2011). Here, the result of the application of the auto-

matic closure process to the MP 224 Parapapio specimen

from Makapansgat is illustrated in Fig. 4.3. When the miss-

ing regions affect a larger endocranial area (e.g. part of the

cranium is not preserved), because of the bilateral symmetry

of the brain, bony portions that are preserved on one side can

be mirrored in order to reconstruct the missing side (Gunz

et al. 2009). Here, the right hemisphere of the specimen STS

564 was mirrored to reconstruct the left counterpart

(Fig. 4.3).

4.2.1.2 Fragment Assembling
Virtual reconstructions have also focused on assembling

fragments. In some cases, pieces of skulls physically

restored do not perfectly articulate, and this impacts on,

and biases, the endocast reconstruction. However, once

Fig. 4.1 Microtomography-based virtual reconstruction (a) and extraction (b) of the endocast from the fossil cercopithecoid specimen MP

224 (Parapapio broomi) from Makapansgat, South Africa. The braincase is rendered semi-transparent. Images not to scale

Fig. 4.2 Schematic rendering of the successive steps performed by the software Endex for the automatic extraction of the endocast in a specimen of the

extant Theropithecus gelada. The initial mesh inside the braincase (a) spatially grows (b) and finally fits the inner cranial surface (c)
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segmented out of volumetric images, virtual bones can be

readily reassembled manually on the computer. Natural

endocasts affected by breakages and separated into several

fragments, such as in the case of the Parapapio antiquus

endocast TP 8 from Taung divided in two halves because of

an anteroposterior fracture, can be corrected by virtually

reassembling the two parts (Fig. 4.3).

4.2.1.3 Crushing and Deformation
Plastic distortions affecting the bony remains or the natural

endocasts are difficult to identify and assess, especially when

the morphological inter- and intra-individual variability is

unknown, which is nearly always the case for extinct spe-

cies. The operation of reconstructing an ante-mortem shape

from a deformed specimen is called “retrodeformation”
(Tallman et al. 2014). Assuming a low degree of develop-

mentally related normal deviation from symmetry, one can

correct it by a symmetrization process (e.g. reflection and

averaging method in Gunz et al. 2009 or algorithmic sym-

metrization in Tallman et al. 2014). As stated by Gunz et al.

(2009), any reconstruction is based on assumptions about

functional constraints, integration, symmetry as well as sex

variation, species affinity and taphonomic distortion, regard-

less of whether it relies on plaster material handling or

computer processing.

4.2.2 Characterizing Fossil Endocasts

In 1978, Holloway noted that “Most of the research done in

primate (and other animal) paleoneurology is necessarily of

a qualitative nature which can, and often does, incorporate

each of the first five levels of description mentioned above-

that is, whether gyrus x or sulcus y can be seen, whether the

frontal lobe is relatively small or large (or smaller or larger

than z), whether the primary visual striate cortex is expanded

or not, or whether or not the olfactory bulbs are reduced”
(Holloway 1978: 187). However, palaeoneurology has

recently enlarged its traditional investigative toolkit by

integrating methods of high-resolution imaging, 3D

Fig. 4.3 Virtual rendering of the South African fossil cercopithecoid

specimens MP 224 (a Parapapio broomi from Makapansgat), STS

564 (b Parapapio broomi from Sterkfontein), and TP 8 (c from

Parapapio antiquus from Taung) (top row) and digital extraction and

reconstruction of the corresponding endocasts (middle and bottom
rows) (Beaudet 2015; Beaudet et al. 2016). Surfaces in red and green

represent the original and the corrected volumes, respectively. The

missing temporal area in MP 224 has been digitally filled. The left

hemisphere in STS 564 has been rendered by mirroring the right

counterpart. The fissure running through the TP 8 right hemisphere

has been corrected by digitally reassembling the two halves. Images not

to scale
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modelling and statistical analyses granting a higher degree

of reliability of the quantitative and qualitative estimates. In

addition to basic descriptions and traditional metrical

analyses, recent incorporation and validation of computer-

based techniques for reconstructing and comparing endo-

cranial casts have substantially improved the quality of

data delivered by endocasts (Zollikofer et al. 1998;

Zollikofer 2002; Gunz et al. 2009; Weber and Bookstein

2011). Accordingly, the advanced methods in virtual palaeo-

anthropology contribute to the characterization of the orga-

nization and morphology of lobes and to the identification of

gyral and sulcal pattern, corresponding, respectively, to

levels (ii) and (iii) in Holloway’s description (Holloway

1978).

4.2.2.1 Deformation-Based Models: Interspecific
Variation

Digital data make quantitative analysis of overall endo-

cranial shape possible, notably through the landmark-/

semilandmark-based geometric morphometrics (Bruner

et al. 2009; Bruner 2004; Neubauer et al. 2009, 2010;

Gunz 2015), or via the registration of surfaces from the

correspondence of anatomical landmarks (Specht et al.

2007). However, even if efficient in compartmentalizing

the endocranial cavity, the use of methodological toolkits

based on landmarks and semilandmarks positioned on

surfaces or extracted from curves captures little information

about the brain itself and its subdivisions (Neubauer 2014).

One potential alternative is to combine a detailed analysis of

the sulcal pattern together with the characterization of the

overall endocranial shape via the deformation-based models

(Durrleman et al. 2012a, b; Beaudet et al. 2016; Dumoncel

et al. 2014; Beaudet 2015).

The deformation-based model has been demonstrated to

be a relevant tool for the registration of morphoarchitectural

variations in primate endocranial ontogenetic trajectories,

depicting both global and local changes (Durrleman et al.

2012a), and also valuable for taxonomic and evolutionary

studies (Dumoncel et al. 2014; Beaudet 2015; Beaudet et al.

2016). Through the deformation computation process, both

global and local changes could be rendered, compared and

discussed. This mathematical approach relies on the con-

struction of group-average surface models (i.e. global mean

shape) and their deformation to the investigated surfaces

(i.e. specimens). Contrary to landmark-based geometric

morphometric analyses, comparison between surfaces does

not assume a point-to-point correspondence between

samples (Glaunès and Joshi 2006; Durrleman et al. 2012a,

b; Dumoncel et al. 2014). The magnitude of displacements

from the reference to specimens is rendered by colour maps

from, for instance, dark blue (lowest values) to red (highest

values) onto the surfaces. Figure 4.4 illustrates the displace-

ments from a global mean shape to the cercopithecoid fossil

specimens MP 224, STS 564 and TP 8 (see also Beaudet

et al. 2016). When compared to the mean shape, MP 224 is

antero-posteriorly elongated and the temporal lobes are con-

vergent, while in STS 564 the parietal area is elevated and

the volume of the temporal lobes is reduced. The large

vectors recorded inferiorly for STS 564 and TP 8 may indi-

cate taphonomic distortion and/or approximation in the seg-

mentation process. It is noteworthy that the reconstructed

temporal area in MP 224 does not affect the overall defor-

mation results.

4.2.2.2 Deformation-Based Models: Intraspecific
Variation

For an accurate evaluation of interspecific variation, intra-

specific variability should be considered and quantified.

Intraspecific studies could help one to elucidate whether

different regions of the brain are more or less prone to evolve

in a coordinated or independent way (Gómez-Robles et al.

2014). In the absence of large fossil assemblages, living

populations have to be considered as reliable proxies for

the assessment of reference variation patterns. Previous

landmark-based studies attempted to characterize the pri-

mate endocranial and brain morphological variation

(e.g. Gómez-Robles et al. 2013). The variability of primate

brains, including those of humans, has been also explored

and mapped using coarse spatial matching (e.g. Gilissen

2001; Zilles et al. 2001). In this respect, deformation-based

models are particularly suitable (Durrleman 2010). Intra-

group variability may be explored by performing a principal

component analysis using the deformation momenta from

the mean shape to specimens (Durrleman 2010).

Deformations along the axis illustrate how the mean shape

varies within the population from the mean to the standard

deviation (σ) (i.e. the square root of variance, the corre-

sponding eigenvalue). The extent of morphological variation

revealed by a sample of eight endocasts representing five

extant Papio taxa (anubis n ¼ 2, cynocephalus n ¼ 1,

cynocephalus kindae n ¼ 2, hamadryas n ¼ 1 and ursinus

n ¼ 2) is shown in Fig. 4.5. In this case, a mean shape was

computed from the Papio sample and deformed along the

two axes of the principal component analysis. Along both

PC1 and PC2, the observed variation mainly affects the

temporal lobes and the superior part of the parietal area

and, in some extent, the frontal pole, indicating that these

regions are relatively variable within this taxon.

4.2.2.3 Semi-automatic Sulci Detection
Because of variable degrees of preservation, individual vari-

ation and ambiguous homology, identification of cortical

convolutions from endocast may be problematic (Conolly

1950; Holloway et al. 2004; Falk 2009). However, sulcal

patterns reproduced on endocast provide important informa-

tion for studying the evolution of the primate cerebral cortex,
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and significant effort should be performed in order to extract

as much details from any available fossil specimen (Falk

2014). The sulcal pattern is usually identified and described

by visual inspection of the endocranial surface

(e.g. Holloway et al. 2004; Falk 2014). Based on previous

similar studies (Subsol 1995, 1998), an automatic method

for the detection of the neocortical reliefs based on the

algorithm introduced by Yoshizawa and co-workers (2007,

2008) in 3D meshes of topographical variation

(i.e. crest lines) has been recently developed (Beaudet

2015; Beaudet et al. 2016). Following the automatic detec-

tion process, manual corrections can be performed by

removing the non-anatomical features using references

from extant primates (e.g. Primate Brain Bank; Netherlands

Institute for Neuroscience; the Netherlands, www.primate

brainbank.org; Comparative Mammalian Brain Collections;

the University of Wisconsin; Michigan State University; and

the National Museum of Health and Medicine, http://

brainmuseum.org/).

Results of the automatic detection and manual correction

computed on the three fossil specimens used as examples in

this contribution are illustrated in Fig. 4.6, where they have

been compared to the condition of a living baboon individual

(Papio hamadryas) derived from the online database Pri-

mate Brain Bank (see also Beaudet et al. 2016). In STS

564, only the right hemisphere is represented. The three

specimens preserve the arcuate (arc) and principal

(p) sulci, as well as part of the Sylvian fissure(s). Imprints

of the lateral calcarine (lc) and inferior occipital sulcus (oci)

are visible in STS 564, while the central (c), intraparietal

(ip) and temporal superior (ts) sulci are detectable in MP

224 and STS 564. These results convincingly demonstrate

that, in the case of the fossil record, the variable degree of

preservation of the investigated specimens, the quality of the

imaging system and the efficiency of the semi-automatic

detection all influence the degree of reliability of the

sulcal pattern assessment based on fossil endocasts (Fig. 4.6).

Moreover, the correspondence of endocranial impressions to

cerebral sulci and gyri has been largely questioned in pri-

mate palaeoneurology (e.g. Le Gros Clark et al. 1936), and

further studies are needed to assess the reliability of cere-

bral cranial imprints for inferring fossil neuroanatomical evi-

dence (e.g. Kobayashi et al. 2014).

Fig. 4.4 Comparative maps of morphological deformations from the

global mean shape (a) to the South African fossil cercopithecoid

specimens MP 224 (b Parapapio broomi from Makapansgat), STS

564 (c Parapapio broomi from Sterkfontein) and TP 8 (d Parapapio
antiquus from Taung) (Modified from Beaudet et al. 2016). Cumulative

displacement variations (in mm) are rendered by a pseudo-colour scale

ranging from dark blue (lowest values) to red (highest values). Vectors
represent the magnitude and the orientation of the deformations from

the mean shape. Images not to scale
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4.3 Conclusions and Perspectives

Although the primate fossil record had steadily increased,

subtle aspects concerning the tempo and mode of some of

the most critical changes occurred during brain evolution –

i.e. increase in brain size and expansion of the neocortical

surface and reorganization of the sensory system and of the

fissuration pattern – remain to be elucidated. Endocasts, the

only direct evidence of extinct neuroanatomical conditions,

preserve two fundamental bodies of information: the gross

cerebral morphology and the sulcal pattern (Holloway

1978). Recent advances in the field of palaeoneurological

research convincingly demonstrate that, despite some

unavoidable limitations intimately related to fossilization

dynamics, such information can be virtually extracted

through automatic segmentation methods (e.g. Endex soft-

ware, watershed transform) and confidently reconstructed in

cases of missing data, fragment assembling or plastic

deformation via mirroring processes or automatic closure

applications. Combining the quantitative description of the

overall endocranial conformation and the sulcal pattern

through newly developed analytical approaches offers the

unique opportunity to track some of the finest cortical

changes that occurred in primate neuroanatomy evolution.

Also, because the deformation-based models do not assume

a point-to-point correspondence between samples, as it is the

case of classical landmark-based geometric morphometrics,

and concern the overall endocranial surface, this methodo-

logy represents a powerful tool for the comparative assess-

ment of most neuroanatomical features, especially given the

potential modular organization of the brain and the asso-

ciated mosaic evolutionary patterns described for some taxa

(Preuss and Goldman-Rakic 1991a, b; Gómez-Robles et al.

2014). Since sulcal variation has been accepted as a reason-

able predictor of cytoarchitecture for primary and secondary

regions such as the visual, somatosensory and motor areas

(Fischl et al. 2008), an accurate description of the

Fig. 4.5 Morphological variability of the taxon mean shape (in grey)
computed for the extant Papio endocasts along the first (PC1) and

second (PC2) axes of the principal component (Beaudet 2015).

Deformations illustrate how the mean shape varies within the sample

from the mean to the standard deviation (þ/�σ). Cumulative displace-

ment variations (in mm) are rendered by a pseudo-colour scale ranging

from dark blue (lowest values) to red (highest values). Images not to

scale
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neocortical sulci topographic distribution and arrangement is

necessary for detecting the functional determinants of cere-

bral changes and for challenging ongoing evolutionary

hypotheses. In this perspective, a further investigative step

will be represented by the development of analytical proto-

cols granting the automatic sulci recognition and labelling in

fossil endocasts, as already occurs for human brains

(e.g. BrainVISA, http://brainvisa.info/index_f.html).
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