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Abstract: We are interested here in the central organ of our thoughts: the brain. Advances in
neuroscience have made it possible to obtain increasing information on the anatomy of this organ,
at ever-higher resolutions, with different imaging techniques, on ever-larger samples. At the same
time, paleoanthropology has to deal with partial reflections on the shape of the brain, on fragmentary
specimens and small samples in an attempt to approach the morphology of the brain of past human
species. It undeniably emerges from the perspective we propose here that paleoanthropology has
much to gain from interacting more with the field of neuroimaging. Improving our understanding
of the morphology of the endocast necessarily involves studying the external surface of the brain
and the link it maintains with the internal surface of the skull. The contribution of neuroimaging
will allow us to better define the relationship between brain and endocast. Models of intra- and
inter-species variability in brain morphology inferred from large neuroimaging databases will help
make the most of the rare endocasts of extinct species. We also conclude that exchanges between
these two disciplines will also be beneficial to our knowledge of the Homo sapiens brain. Documenting
the anatomy among other human species and including the variation over time within our own
species are approaches that offer us a new perspective through which to appreciate what really
characterizes the brain of humanity today.

Keywords: brain-endocast correspondence; paleontology; interdisciplinarity; artificial intelligence

1. Introduction

The brain is important to us as humans beings. Its anatomy contributes to the biologi-
cal definition of our species, Homo sapiens, but is also important to discuss evolutionary
patterns along the last 7 millions years of human prehistory. It is also the center of all
our thoughts, the tool we even use to study it. It has long been considered unique in its
functioning and in its morphology compared to all other living beings. Technical progress
and the multiplication of diverse approaches means that we are learning more about the
biology and the functioning of our brain. However, an approach combining neuroimaging
and paleoanthropology opens up new perspectives, as it could help us to better understand
the characteristics of the Homo sapiens brain by integrating its variability over time. Study-
ing related human fossil species closely will also allow us to better characterize what makes
our brain unique and the evolutionary development of these specificities. This perspective,
in light of our knowledge of past human behavior, will also allow us to better appreciate
the mysterious functioning of our brain.

Paleoanthropology seeks to understand the evolution of the human brain by studying
the shape of skull fossils [1]. For this reason, the first historical milestone of interest for
this paper is phrenology, a nineteenth century endeavor to link personality traits with the
morphometry of the bumps of the scalp, building upon the hypothesis that the extent of
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these bumps is related to the extent of underlying brain convolutions [2]. Phrenology was
fiercely criticized but very influential in its time. It was, however, rapidly considered as
a pseudo-science and is not difficult to invalidate with modern imaging methods. For
instance, it was shown recently that scalp curvature is not related to brain gyrification [3].
However, very few such studies have been carried out on the links between cortical
morphology and the internal interface of the skull, which gives rise to the endocasts of
paleoanthropology [4]. This is an important topic addressed in this study. It should be
noted that despite the lack of scientific methodology behind the work of phrenologists, they
were among the first to hypothesize the idea of “functional specialization” or “segregation”,
which is central to our current understanding of the brain’s organization [5].

Towards the late 19th century, functional specialization was made more concrete
thanks to the advent of clinical neuropsychology, based on the observation of the con-
sequences of brain damage. For instance, this strategy was used by Paul Broca to show
that different areas of the brain are responsible for articulation and the understanding of
speech [6]. Clinical neuropsychology and paleoanthropology share a weakness, however:
they have to make do with the samples that nature offers them and extrapolate the rest,
even if the sample distribution is not optimal. In this paper, we discuss the possibility
of improving the extrapolation performed in paleoanthropology by taking into account
the models established in the world of modern neuroimaging regarding the intra-species
variability of brain morphology.

At the beginning of the 20th century, the spatial heterogeneity of the microscopic orga-
nization of the cortex was highlighted in 2D brain sections observed under the microscope,
giving rise to several major maps partitioning the cortex according to the distribution of
cell types (cytoarchitectony [7]) or the myelination of cortical layers (myeloarchitectony [8]).
Despite their importance for modeling the organization of the human cortex, these map-
pings are currently still inaccessible in vivo. They have only been achieved in 3D for about
ten postmortem brains, each with its own idiosyncrasies [9]. In this sense, this particular
field of neuroimaging shares with paleoanthropology the scarcity of samples from which a
representative model of the brain of a species and its variability must be inferred.

During the last forty years, functional imaging has revolutionized brain research,
allowing major advances in the understanding of brain regionalization and its anatomical
characterization. Moreover, it is now possible to access huge databases of Homo sapiens
brains combining morphological and functional imaging, but also maps of large axonal
bundles whose evolution is probably key to the acquisition of certain abilities [10]. The
study of the relationships between the inter-individual variability of morphological features
and that of fiber bundles or functional areas could probably contribute to the interpretation
of the differences observed between the endocasts of ancient species. The largest current
database, UKbiobank, which will soon include 100,000 brain images but also an exhaustive
map of the genome for each subject [11], and the progress of paleogenomics [12], now
make it possible to study the impact of genes inherited from our ancestors on our brain
structures [13,14]. There are now also very large databases on brain development [15,16],
which will allow studies associating ontogeny and phylogeny. Finally, there is a major
interest in the neuroimaging of non-human primates, which should also create synergies
between neuroimaging and paleoanthropology [17-19].

Paleoanthropology and the Evolution of the Brain

In prehistoric sciences, the archaeological and paleontological record is scrutinized to
explore directly several facets of past human populations. The available biological informa-
tion obtained on fossil specimens is crucial to explore human variation and evolution but
also to try to trace some relationships with past behaviors. Indeed, the anatomy of humans
may provide some clues about this last aspect, though it is difficult to interpret [20-23].
The question of the available evidence related to brain anatomy for ancient humans is
necessarily the first restriction and a crucial challenge for such studies. The debate about the
potential interpretation of anatomical traits in terms of past functions is also important. In
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this context, the rich anatomo-functional correlations observed with modern neuroimaging
can be inspiring.

There is a huge body of research, spanning over a century, about the anatomical
asymmetries of the extant human brain and those traits are still widely studied for their
functional, physiological and behavioral implications [24]. However, the comparison with
fossil hominins is complex for various reasons. Moreover, the question of the date of
appearance of particular anatomical traits, including brain asymmetries, in the hominid
lineage is still widely debated [25-29]. Among the aspects considered at this interface,
the combination of right frontal/left occipital protrusions, usually associated with the
‘torque’ pattern, has been studied on brain endocasts (the imprints left by the brain on
the internal surface of the skull), from both recent humans and fossil hominins. The
larger anterior/frontal and posterior/occipital projection (petalia) is coupled with another
component, a larger lateral extension of the more projected hemisphere (Iobar asymmetries).
Globally, the most common pattern in humans is the combination of right frontal /left
occipital protrusions, which is also associated with the well-known Yaklovian “torque”
pattern of the human brain. Several other aspects of hominin brain evolution have been
also investigated, such as the shape of the third frontal convolution, the development
of the parietal lobes in fossil H. sapiens, or particular areas with supposed functional
implications. The field of paleoneurology is now very active and more and more actors
are concerned. Nevertheless, an important constraint on these approaches is that the link
between the structure of the brain and the information available on the endocast is not yet
fully understood, whereas the possible peculiarities of the different human species must be
addressed by this proxy.

In addition to this pronounced interest for the brain anatomy of our predecessors,
there has been a new focus on our own particularities. This is why the study of the
observed specific anatomical traits and structural asymmetries of the brains of living
humans is of major importance as they are considered as an anatomical substrate of
functional asymmetries in H. sapiens. Indeed, a new field of research is emerging in which
these data are considered in comparison with those of great apes and fossil hominins, to
understand the structural basis of modern human cognition and to investigate potential
interpretations of the brain anatomy of fossil hominins.

In this paper, we contextualize the most recent improvements in neuroanatomy in the
context of past studies of the human brain and of the brain endocast of our predecessors.
In addition to detailing the current knowledge in “paleoneurology”, we explore how up-to-
date methodologies from different fields may help in the future to explore in more details
the anatomy of the brain of other human species and to improve our deductions about
their past behaviors.

2. A Synthesis on Past and Living Brains
Evolving Methodologies in the Study of Human Brain Morphology

The rise of computational neuroanatomy over the past 30 years has had a tremendous
impact on the study of brain morphology. Previous methods were often cumbersome
to implement, due to the manual delineation of structures they involved, not very re-
producible, and often biased, due to a two-dimensional approach to quantification. For
example, a gyrification index calculated in 2D was biased by the orientation of the slices
used or by the large thickness of these slices at the early stages of MRI. Furthermore, as in
paleoanthropology, each study led to the design of a specific ad hoc methodology, leading
to huge difficulties when trying to synthesize research results, as can be observed, for
instance, in the study of the asymmetry of the planum temporale [30].

The substantial requirements of neuroimaging research have led to the design of robust
and automatic methodologies for brain morphology analysis. In spite of an abundance of
proposed methodologies, Darwinian-style pressure has selected a small number of software
packages (SPM, Freesurfer, FSL) that are sufficiently simple to be used by more than a
thousand research teams using MRI in one way or another. This de facto standardization
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of the analysis of brain anatomy has largely contributed to the success of the field and is
linked to the emergence of a paradigm a la Kuhn that is difficult to escape without loss of
credibility. The software is based on a powerful idea: “let’s align brains with a template
brain before comparing them”.

Voxel-Based-Morphometry (SPM, FSL), born in the 1990s, encompasses methods that
practice this alignment in 3D (“non-linear warping”) [31]. They include approaches that
work point-by-point but also ROI-by-ROI, with the ROI also being defined in the template
space. VBM is a versatile technique that can be used for the cortex and for subcortical
structures. The feature to be compared across subjects is a kind of grey or white matter
density supposed to be a proxy for local tissue volume. A specific branch is dedicated
to asymmetry studies, which usually involve the use of a specific symmetric template.
The tools used in this area have generated much discussion [32,33]. The main issue lies
in the fact that there is no clear ideal alignment across brains with varying morphologies
(Figure 1), particularly with respect to the cortical folding that is supposed to be partially
printed in endocasts [34].
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Figure 1. A nomenclature of cortical sulci applied to 16 different brains to illustrate the variability of
the folding pattern.

The template used is usually an average brain in order to overcome the bias induced
by the idiosyncrasies of specific brains. At the onset of VBM, this template was fuzzy
because of the poor alignment of the folding patterns across the brains to be averaged;
however, thanks to methodological advances, average brains are now very similar to actual
brains but with regularized folding patterns (see Figure 2). The choice of the template,
however, still raises questions: should it be adapted to the study population, should it be
blurred to reflect variability, or should it resemble a real brain? Should it be symmetrical or
asymmetrical? Should it be age-specific?

Surprisingly, geometric morphometrics, which is the mainstream strategy in paleoan-
thropology [35] has not been successful in neuroimaging. One could look for a technical
explanation but this lack of interest is probably mainly linked to sociological phenomena.
The rare use of geometric morphometrics in neuroimaging can be explained by the “winner
takes all” phenomenon. The usual computational neuroanatomy methods are based on the
concept of spatial normalization forged for functional imaging, the modality at the origin of
the neuroimaging boom. There was probably no room for a radically different vision based
on landmarks, all the more given that landmarks are difficult to define unambiguously in
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the human brain. The fate of geometric morphometrics in the world of neuroimaging is
that of all methods that have sought to deviate from the paradigm of their field.

Figure 2. The ICBM 152 realistic template of the MNI (McGill University, Montreal), resulting from the averaging of 152
different brains, and its regularized sulci, with the nomenclature of Figure 1.

Surface-based morphometry (Freesurfer, CIVET) is very similar to VBM in spirit, but
is dedicated to the cortical surface, which is inflated and mapped to a sphere before being
aligned across subjects [36]. It was designed to simplify the alignment of large sulci and
to quantify parameters with real anatomical meaning: the thickness of the cortex or the
surface area of a convolution. Because this approach is more computationally complex,
there are far fewer tools available than for VBM. It would be interesting to compare this
surface-based strategy with methods that seek to align endocasts, i.e., surfaces with the
trace of certain furrows. The major difference is that the neuroimaging approach unfolds
the cortex, whereas the endocast approach can only manipulate the external part of the
cortical surface. Morphometry of the shape of the cortical sulci (length, depth, etc.) can
also be performed using brainVISA, whose output is illustrated in Figures 1 and 2 [37].

3. Virtual Anthropology and Paleoneurology

The use of imaging methodologies in paleoanthropological studies appeared to be
of great benefit as early as the mid-1980s [38,39]. Among their first applications, the
determination of endocranial volume aroused wide interest. Indeed, the resolution of
the tomographic data was of the order of a millimeter, thus complicating the detailed
study of fine character, but being well suited to overall quantifications of large structures.
Fortunately, the technique has largely progressed, as has its application to the human
fossil record. The term “virtual anthropology” has been proposed to name this emerging
field [40]. Imaging facilities are now considered one of the classic techniques in the toolbox
of paleoanthropologists (Figure 3). However, although they are very important, providing
important possibilities, they also feature limitations.

Imaging data allows more robust studies. Fossils, of course, can only be studied by
methodologies based on X-rays. MRI approaches are not applicable to our dry specimens,
which are composed of highly mineralized and fossilized bones. It has recently been
demonstrated that X-ray methodologies, when used at adapted settings for the classic study
of fossils, have no influence on the preservation of the structure of the fossil and that they
do not cause damage to the preservation of ancient DNA [41]. However, they have some
effect on ESR dating [42]. These aspects have to be considered. Imaging methodologies
play a crucial role in the preservation of our heritage. Moreover, thanks to this approach,
the samples to be analyzed in the context of the study of human evolution may be much
larger. From a methodological point of view, it is much easier to improve and test any
protocol and methodologies may be more easily repeated. These aspects are particularly
important as the original fossils are housed all over the (ancient) world. Nevertheless,
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progress is still expected in the way we share the imaging datasets. Among technical
limitations are those related to the size of the datasets and the necessary informatics
environment to manage the analyses. The resolution is now potentially very high, allowing
very precise analyses. Fortunately, computers and software have also progressed. In
addition, paleoanthropologists could rely on the massive computational infrastructures that
are currently emerging to support neuroscience research. For example, the virtual models
of endocasts scattered all over the world could be gathered on Ebrains (https://ebrains.eu/,
accessed on 11 October 2021), the platform resulting from the European flagship Human
Brain Project, and give rise to synergies with other communities.

Figure 3. The original skull of Cro Magnon 1: 3D reconstruction of the endocranial cast (in orange)
of the paranasal pneumatization and of the right half of the skull, on which are shown variations in
bone thickness (thinner areas are in white and blue, intermediate areas in purple, and thicker areas
are in red and yellow).

In fact, the main concern in “virtual anthropology” is probably an unexpected aspect.
Virtual models may be reconstructed with mirror images, from templates obtained on
comparative samples, or by estimation of the missing areas. As such, the new “virtual”
fossils are not real reflections of the original specimens. It is, of course, particularly
important to remove distortions related to post-mortem alterations, but it is crucial to
keep a detailed record of all the modifications made to a model. For example, none of the
H. neanderthalensis specimens analysed in a study of the evolution of the brain [43] preserve
this anatomical area. The study is by itself interesting and important in a comparative
perspective but raises some questions about the interpretation of the results that could
be obtained beyond this particular context. The extreme and tautological case is when a
reconstructed model is used as an essential milestone in a systematic approach.

3.1. Does the Endocast Reflects the Brain?

Paleoneurology is a fascinating topic, dealing with anatomical and biological aspects
of past humans and, in addition, potential behavioral implications. The field is, of course,
highly debated, for multiple reasons.
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The main reason relates to the complex nature of the material that researchers analyze.
Indeed, the soft tissues that constitute the brain never fossilize. Scientists only have to deal
with the shallow imprints of the convolutions that the brain forms on the internal surface
of the skull. This incomplete reflection of the brain is named the (brain) endocast. The
brain presses on and leaves marks on the inner surface of the skull throughout a person’s
life. This was true for the humans who lived a few million years ago, but also for all of
us. The phenomenon is particularly intense during the period of accelerated growth of
the brain, and therefore of the cranial box which surrounds it, during the first years of
life. The whole process is intertwined, so that the shape of the adult skull is reminiscent
of the moment of peak brain development. The behavior of the skull can be described
as that of a morphological black box, retaining information that later makes it possible
to reconstitute its original contents. Therefore, when a fossil skull is discovered, its inner
surface is molded, either physically or virtually, using imaging methods, to reconstruct its
endocast. This model represents the preserved imprints of the external surface of the brain.
However, the correspondence between these limited records of convolutional patterns and
details of the surface of the brain remains to be demonstrated in modern humans. A few
pioneer studies have considered this problem [4,44]. Moreover, it is necessary to develop
new tools for the automatic and reliable determination of the endocranial sulci [45].

In the context of the PaleoBRAIN project, financed by the ANR, we are conducting
a direct investigation of the correlation between the shape of the brain and that of the
intracranial cast within a sample of modern humans using MRI (for Magnetic Resonance
Imaging) acquisitions, including some with a specific sequence that allows the charac-
terization of bone tissues. The comparison of morphometric data and anatomical traits
between the brain and the endocast will be performed using state-of-the-art quantification
methodologies. But our large dataset could probably also be used to refine the methodology
dedicated to the sulcus detection in the endocast. Current methodologies use differential
geometry to detect sulci as ravine or crest lines [4,44]. A key component in the design of
such robust detectors is the amount of local smoothing performed before detection, which
is usually tuned to the scale of the features to be detected. The T1-weighted MRI of our
dataset can be used to define the ground truth using the sulci detected by the Brain VISA
software. Subsequently, the optimal smoothing can be estimated using an inverse problem
framework. Thanks to the large dataset, we can probably afford to include the estimation
of regularized spatial variations of the optimal amount of smoothing, which may help to
achieve a more consistent sulcus detection throughout the endocast. This could help to
overcome some of the weaknesses observed in the superior part of the brain [4]. Once we
have acquired a better understanding of the reliability of the endocast-based definition of
the folding pattern within our own species, we will be able to use this model to address the
shape of the brain/endocast in well-preserved fossil hominin specimens.

This project will also contribute to answering a key question about the evolution of
the human brain. In many studies, the endocast is analyzed with distances characterized
at maximal points of extension, maximal length or maximal width, or that correspond
to intracranial points, such as endobregma or endolambda, for example [27,46], or with
3D methodologies that consider the surface as a whole [47,48]. These methodological
approaches are justified by the complex nature of the material. Indeed, gyri and sulci are
difficult to identify on the endocast (Figure 4). In this context, there is little information
available about variations in the global size of the different lobes and their relationship
with each other between hominin species.

In a previous study [28], we demonstrated clear differences in brain organization
when considering the relative contribution of the different lobes to the surface of the
complete endocast. Asian H. erectus specimens show a significantly smaller relative size
of the parietal and temporal lobes than all other samples of the genus Homo. This field
of research could benefit from the recent revival of interest in the study of the laws of
allometry that govern the relative variations of the various cerebral structures, linked to
the large databases of modern brain images [49].
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Figure 4. Comparison between the position of the main sulci of the endocranial surface (in red) and the shape and position

of the skull, including the course of the coronal suture (in blue) in Cro-Magnon 1, an Upper Paleolithic Homo sapiens; La

Chapelle-aux-Saints 1, an Homo neanderthalensis; and Sambungmacan 3, an Homo erectus.

Moreover, H. neanderthalensis and fossil H. sapiens, which have the largest endocranial
volume of all hominins, show different brain structures (Figure 4). These results illustrate
that differences existed in the structure of the brain in addition to the well-known variation
in size during human evolution. An important contribution to this topic will be to improve
our ability to determine the location of the sulci and gyri on fossil hominin endocasts. To do
s0, a better knowledge of the anatomy and characteristics of hominids is necessary [50,51],
together with a better knowledge of the brain-endocast relationship in living humans.
Finally, it is fundamental to obtain a more generalized and simplified access to high-
resolution endocranial data for fossil specimens. Indeed, this material is so complex that
multiple appreciation by the few researchers dealing with paleoneurological information
would certainly enhance our capacity for anatomical determination. It would also certainly
help to minimize potential conflicting interpretations, which are very frequent in this small
field of research.

3.2. What Can Be Deduced about a Species’ Folding Pattern from a Few Samples?

The very high intra-species variability of the cortical folding of Homo sapiens, illustrated
by Figure 1, is a major difficulty for modern brain mapping. It should also warn us about the
risk of over-interpretation inherent in the small number of samples available in paleoneurology.
The idiosyncrasies of a specific brain are not necessarily representative of the folding pattern
of its species. The amount of intra-species variability is species dependent. In great apes, it is
less than in humans but still significant, especially in the frontal lobe. In baboons or macaques,
it is almost non-existent. In species with a variable folding pattern, the match between the
folds of an individual and its nomenclature can be difficult to establish and leads to confusion,
especially when only an endocast is available [1,52]. In modern humans, the large sulci
described in anatomical books are often split into pieces and reorganized into unusual folding
patterns that are difficult to decipher (see Figure 5) [53]. Notably, these phenomena occur in
the general population without developmental pathologies.

The mysteries hidden behind the variability of cortical folding have led to the emer-
gence of a multidisciplinary community that aims to understand these variations and their
meaning. It associates biologists, who focus on the developmental phenomena that are at
the origin of cortical folding (spatially heterogeneous neurogenesis, spatially heterogeneous
chronology of synaptic development, etc.) [54], and physicists, who model the mechani-
cal phenomena that result from these growth heterogeneities [55]. This new community
also includes anatomists, who study the links between folding and the organization of
cortical areas and fiber bundles [56], and computer scientists, who geometrically model
the variability observed in the general population, and the specificities of developmental
pathologies [34,57]. In our opinion, the progress made by this community could contribute
to a better exploitation of the scarce data observed in the endocasts of the folding of extinct
species. A better understanding of the rules driving cortical folding dynamics would
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provide insight into the architectural changes at the origin of the changes observed across
species in endocasts. Endocasts are used as a proxy of the folding pattern, but the folding
pattern is only a proxy of architecture, which is even more difficult to reverse-engineer.
Current efforts for cracking the code behind folding patterns could contribute, for instance,
to the discussion around the third frontal convolution when comparing sapiens, great apes,
and extinct hominids. Joint modelling of folding variability and of functional variability
will help to understand which features of the folding pattern can be used as landmarks of
key cytoarchitectonic areas (see Figure 6) [58].

Figure 5. The hemispheres of five Homo sapiens and one chimp, with interruption of the central
sulcus, which hosts sensorimotor areas (0.5% of occurrence). This kind of interruption is frequent
in associative areas and leads to folding configurations that are difficult to decipher, which can be
observed here in the frontal lobes.

Negative cast of actual central sulci of a group of homosapiens

$P77070777

Pattern 1 Moving averages Pattern 2

}H

Figure 6. Machine learning can be used to model the variability of folding patterns. Here, the
variability of the shape of the central sulcus is projected into a one-dimensional manifold representing
the transition between a single knob and a double knob pattern. Functional mapping performed
along this manifold shows that the two different folding patterns correspond to different localizations
of functional areas along the central sulcus.
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3.3. How Are Brain Asymmetries Quantified in the Hominin Fossil Record?

The number of brain structural asymmetries observable on endocranial casts and,
consequently, in fossil specimens is limited due to several factors, which are of course
related to the specificity of our material, which concerns only the external surface of the
brain. By chance, features on the brain and endocast for which bilateral variation studies
are possible are among the most consistent features available for cross-taxa studies on large
samples. One important limiting point needs to be considered. Indeed, the difficulty in
defining structural parameters and in establishing left-right homologies makes studies of
brain asymmetries complex. Moreover, gross anatomical asymmetries of selected pairs of
points may reflect combined asymmetries in brain subregions. The quantification of surface
morphology, distance, or volume of discrete anatomical areas may not fully express real
bilateral variation if their pattern of asymmetry is defined in reference to global anatomical
brain areas. For example, previous works have proposed the quantification of the volume
or regional surface areas of endocasts in hominin fossils [28,59,60].

Another limitation is that the methodologies employed in most previous studies of
cerebral or endocranial asymmetries involved qualitative assessment or a simple index
of bilateral traits and did not analyze departures from symmetry and different patterns
of asymmetry (i.e., fluctuating and directional asymmetry, antisymmetry) in efficient
and adapted ways [61]. It has indeed been shown that the brains of extant hominids
demonstrated high levels of fluctuating asymmetry, allowing pronounced developmen-
tal plasticity and therefore making brains highly evolvable [62]. The quantification and
analysis of the morphology—including the asymmetries—of the endocranial cavity need
further development. Currently, the most advanced computational tools used in analysis
of bilateral shape asymmetries rely on the standard framework of landmark-based mor-
phometrics [63,64]. In this context, in addition to homologous landmarks between shapes
for population studies, one must define homologous landmarks between the two sides of
each shape under study. Analyses can then be carried out by using slight modifications of
the linear distance-based [65] or superimposition [66-69] methods. However, we identified
methodological problems underlying the theory and its application to the assessment
of bilateral asymmetries [48,70,71]. Moreover, a limited set of landmarks is likely to be
inadequate to capture the shape of intricate anatomical structures, or that of structures with
few obvious salient features, such as brain endocasts. New methodological improvements
are therefore necessary to better characterize and quantify bilateral asymmetries [72,73]. A
specific methodology has been developed and tested on the endocast of the Cro-Magnon 1
fossil [28]. This approach is promising as it allows for an independent characterization of
the asymmetries without referring to the potential global asymmetry of the object that is
analyzed. New approaches based on machine learning could also be a source of inspiration.
They allow us, for example, to establish the asymmetry of folding patterns without requir-
ing the definition of homologous landmarks across subjects and hemispheres. For instance,
the double-knob configuration of the central sulcus, depicted in Figure 6, is more frequent
in the left hemisphere [74]. These new approaches could contribute to the old question of
the language-related asymmetry of the third frontal convolution, which is difficult to tackle
because of the large intraspecies variability of the related folding patterns [75].

3.4. The Complex Definition of Brain Features and of Their Application to the Fossil Record

A general problem concerns the lack of homogeneity in the definition of brain asymme-
tries and of the methods used to quantify them. For example, one of the most studied brain
asymmetries on brain endocasts concern the petalias. LeMay [76,77] initially considered the
antero-posterior projection of the frontal and occipital lobes, respectively. By contrast, later
studies generalized the term ‘petalias’ to a wide range of anatomical traits. Some studies
indeed referred to bilateral differences in the lateral extension of the posterior area of the
frontal lobes [78], to other anatomical areas of the brain, and even to volumetric variations
between hemispheres [79-83]. It is therefore difficult to compare data obtained on petalias
if studies do not consider the same brain features. Nevertheless, it was largely accepted
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that this pattern of asymmetries appeared with early Homo [27,78,84] and is more common
in right-handed individuals [77,78,85-89]. Based on an original methodology applied to the
largest samples ever used, we demonstrated a shared specific pattern of protrusions of the
frontal and occipital across all hominids, including extant African great apes, modern hu-
mans, and hominin fossils [21,73]. These asymmetries are a topic of debate in non-human
primate brain studies [76,79,80,90-92] and paleoanthropology [25,26,78,84,93-95] because
of their relationship with handedness and other specific aspects of human cognition. Simi-
lar results were obtained recently by an independent team [48]. H. sapiens appear to have
more asymmetrical petalias than other extant great apes, but a shared pattern is observed,
suggesting that a globally asymmetric brain is the ancestral condition. A recent study
questioned this observation [96]. However, this is a good example of differences in the
definition of the anatomical traits that are analyzed. These authors measured the bilateral
variation in lateral extension of slices of the brain. This trait is not directly comparable to
our analyses of the 3D position of the occipital poles [29] or to the 3D displacement between
the left and right corresponding anatomical area. Another good illustration of the problem
is Broca’s area, whose extension is defined differently according to authors [97]. This
functional area is impossible to characterise on brain endocasts. However, we conducted a
comparative study on the size, shape, and position of the third frontal convolution in great
apes, H. sapiens, and hominin fossils [29]. The neuroanatomical asymmetries as quantified
in our work show a pattern that is different from what was previously accepted based on
qualitative data. Our main finding was a shared pattern of asymmetry in Broca’s area in all
hominins and Pan paniscus, as well as an increase in the size of this area during human
evolution. We also identified that Pan troglodytes and Pan paniscus have differences in
their asymmetry patterns in the third frontal convolution. This topic is of great interest
for future research. More generally, brain and endocranial studies have to rely on a clear
definition of the anatomical features that are analyzed and an effort to use similar protocols
will certainly enhance the reproducibility of our studies.

3.5. How to Grow a Hominin Brain?

The knowledge of ontogenetic patterns in fossil human species is scarce [98-101]
and, to date, no information is available about the evolution of brain lateralization during
growth and development. Both H. neanderthalensis and H. sapiens have enlarged brains
compared with other hominins, but their respective organizations and morphologies are
different, each of the two species having “grown” large brains through specific evolutionary
processes. Much remains unknown about what these processes are, and how they are
rooted in the hominin evolutionary tree. In the case of H. neanderthalensis, although some
changes in gross cerebral morphology during childhood are documented, researchers have
presented conflicting results concerning how their endocranial growth patterns relate to
those of other primates. While the post-natal Neandertal ontogenetic trajectory is deemed
closer to that of chimpanzees than to that of H. sapiens by some researchers, emphasizing
a unique globularization phase in H. sapiens [101], others find that the mode of cerebral
growth is largely similar in H. neanderthalensis and H. sapiens, emphasizing instead the
characteristic morphologies of each species at birth, and refuting the idea of the derived
nature of the post-natal cerebral growth trajectory in H. sapiens [102]. Nevertheless, these
studies only consider the global shape of the internal surface of the skull. Additionally,
available data addressing cerebral growth do not provide enough details, so that much
of “how” the Neandertal brain grows remains unknown (e.g., do the contributions of the
different lobes to total brain volume remain stable throughout infancy and childhood?).

We previously demonstrated that the two species have distinct brain organizations [103],
but this important biological aspect has not yet been considered in the study of brain growth
in H. neanderthalensis. The emergence of large databases on the brain development of sapiens,
and to a lesser extent of extant non-human primates [104], could contribute to these debates.
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3.6. Brain Endocast and Function

The question of the relationship between brain shape and function in hominins has
been explored in previous studies [105]. According to their authors, they “show that Nean-
derthals had significantly larger visual systems than contemporary anatomically modern
humans (indexed by orbital volume) and that when this, along with their greater body
mass, is taken into account, Neanderthals have significantly smaller adjusted endocranial
capacities than contemporary anatomically modern humans.” For the authors, these re-
sults had implications for interpreting variations in brain organization in terms of social
cognition. Indeed, larger visual systems would have implied smaller adjacent anatomical
areas, including the parietal areas related to social skills. Their final conclusion was that the
extinction of H. neanderthalensis was due to weaker social cognition compared to modern
humans. This study suffered from methodological limitations. The main problem was
that they were improperly interpreting data mostly derived from the research of one of
the authors of this paper [103]. These authors considered that our data for the external
extension of the occipital lobe were directly related to the size of the visual cortex. However,
such a direct interpretation was not demonstrated. Moreover, they did not measured any
anatomical areas on the endocasts of H. neanderthalensis or of contemporary H. sapiens. All
those approximations make any interpretation in terms of behaviors impossible.

This example should not prevent us from analyzing morphological variation among
hominins species and exploring functional and behavioral implications. However, this
needs to be undertaken on a solid anatomical framework, particularly in the context of
interspecies comparisons, and with more caution for the evaluation of the potential link
between brain anatomy and suspected function.

4. Perspectives for Future Studies of the Evolution of the Human Brain
4.1. The Future of Neuroimaging

The world of neuroimaging is in perpetual development, constantly fed by techno-
logical advances and new concepts aimed at deciphering the organization of the human
brain. However, large parts of the brain’s functioning remain misunderstood. Despite
the wealth of knowledge accumulated on its development, the incredible efficiency of its
learning processes remains a mystery; it is probably very different from deep learning.
Unlocking the secrets of its evolution still seems to be an unattainable goal, given the
limited information available to paleoanthropologists. However, the possibility of almost
unlimited advances in technology probably holds surprises for us. The last decade has
given rise to extraordinary investments in this respect. The American “Brain Initiative”
has thus generated science-fiction-like technologies for the “reverse engineering” of rodent
brains: for example, the possibility of simultaneously recording the activity of a million
neurons, or of mapping the synaptic connectivity between a large number of neurons. The
possibilities for the non-invasive exploration of the human brain are much more limited,
but the rise of brain imaging raises many hopes. Large shared research infrastructures
dedicated to the exploration of the brain are being created, in the spirit of what happened
in physics in the middle of the last century. These infrastructures will house outstanding
scientific instruments, unique in terms of sensitivity or resolution, built to open up new
“discovery spaces”. Moreover, the most important discoveries made with these instruments
are often those that had not been foreseen in the initial scientific dossier. For example, the
French CEA has decided to exploit the expertise of its physicists, who were behind the
magnets at CERN in Geneva, to design a new generation of MRI. The 11.7 Tesla magnet
located at Neurospin in the southern suburbs of Paris should, for example, make it possible
to zoom in vivo to study the functioning of the brain at the true scale of the organization of
its cortex into cortical layers and columns. These deep phenotyping initiatives are com-
plemented by major international phenotyping initiatives to understand the genetic basis
of the human brain, which will probably provide important insight into the evolutionary
events at the origin of our brains. Molecular analysis of humans, archaic hominins, and
non-human primates has allowed the identification of chromosomal regions, showing
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evolutionary changes at different points of our phylogenetic history, which may be related
to the evolution of the endocast-based clues about the cortical folding patterns [106]. The
coming decades may see the emergence of a better understanding of the evolution of the
genetic building plan behind the human brains [107].

4.2. Endocast Side

Variation is an important concept in paleoanthropology. Paleoneurological approaches
try to identify as precisely as possible intraspecific variations, as well as diagnostic features,
between species. In turn, the initial mainstream paradigm in brain mapping involved
canceling out morphological variability to allow comparative analysis of the functional
maps across subjects and experiments. Neuroimaging, however, has widened its scope
during the last decades to the modeling of intersubject variability, in order to tackle
the discovery of biomarkers of pathology or the stratification of populations of patients.
Furthermore, neuroimaging is now widely used to understand brain development and
to compare primate species. It is time to consider cross-fertilization with paleoneurology,
which has evolved in a niche built upon geometric morphometrics, which has prevented
synergies. Broadening our knowledge of brain variability in our species by including a
long time dimension will be of great help in defining the brain anatomy of H. sapiens. It
also opens up perspectives for understanding how our brain works.

One original and exciting perspective will be to reconstruct a fossil hominin brain. A
recent study [108] was the first to attempt the reconstruction of a H. neanderthalensis brain by
deforming a population average brain for modern humans into the shape of the endocast
of a reconstituted Neandertal. However, this approach does not consider the differences
in brain structure between these species, such as those that we documented [103]. The
different approaches detailed here, aiming at the collection of better information on the
brain/endocast correspondence in living humans, developing new tools of automatic
determination of the sulci on the endocasts, and enlarging our knowledge of fossil hominin
variation thanks to a better availability of high-quality endocranial surfaces, will make it
possible to obtain more satisfactory results.

Modern Artificial Intelligence could even play a role in the cross-fertilization between
paleoneurology and neuroimaging. Provided that dedicated MRI sequences can deliver
consistent proxies of endocasts on a large scale, deep learning could be trained to transform
endocasts into standard representations of the cortical surface used in the mainstream
neuroimaging field. Transfer learning could be tested on extant non-human primates and
applied to extinct species in case of success.

5. Conclusions

It undeniably emerges from this perspective that paleoanthropology has much to gain
from interacting more with the field of neuroimaging. Improving our understanding of the
morphology of endocasts necessarily involves studying the external surface of the brain
and the link it maintains with the internal surface of the skull. A fundamental perspective is
to describe more fossils among more species in order to better understand the evolution of
the human brain. Our discipline must also work towards better data accessibility. This will
reinforce the quality of the comparisons and the repeatability of the work on the complex
material that is the endocast. This will also contribute to a better definition of the traits that
are analyzed. This aspect will be greatly improved by the contribution of neuroimaging,
which will allow us to better define the relationship between brain and endocast. Finally,
the exchanges between these two disciplines will also be beneficial to our knowledge of
the H. sapiens brain. Documenting the anatomies of other human species and including the
variation over time within our own species are approaches that offer us a new perspective
through which to appreciate what really characterizes the brain of humanity today.

Author Contributions: A.B. and J.-EM.: conceptualization, methodology, writing—original draft
preparation. All authors have read and agreed to the published version of the manuscript.



Symmetry 2021, 13, 1974 14 of 17

Funding: This research received funding from the Agence National de la Recherche (ANR-20-CE27-
0009-01) to AB and from the European Union’s Horizon 2020 Research and Innovation Programme
under Grant Agreement No. 945539 (HBP SGA3), from the FRM DIC20161236445, from the ANR
IFOPASUBA and FOLDDICO, and from the Blaise Pascal Chair of Region Ile de France and Université
Paris Saclay to W. Hopkins.

Acknowledgments: The authors thank the MNHN for the data for Cro Magnon 1 and La Chapelle-
aux-Saints; the 3D mapping of the asymmetries was calculated by S. Prima for a shared study.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Falk, D. Interpreting sulci on hominin endocasts: Old hypotheses and new findings. Front. Hum. Neurosci. 2014, 8, 134. [CrossRef]

2. Gall, EJ. On the Functions of the Brain and of Each of its Parts: With Observations on the Possibility of Determining the Instincts,
Propensities, and Talents, or the Moral and Intellectual Dispositions of Men and Animals, by the Configuration of the Brain and Head;
Marsh, Capen & Lyon: Boston, MA, USA, 1835.

3. Parker Jones, O.; Alfaro-Almagro del, F; Jbabdi, S. An empirical, 21st century evaluation of phrenology. Cortex 2018, 106, 26-35.
[CrossRef]

4. Dumoncel, J.; Subsol, G.; Durrleman, S.; Bertrand, A.; de Jager, E.; Oettlé, A.C.; Lockhat, Z.; Suleman, F.E.; Beaudet, A. Are
endocasts reliable proxies for brains? A 3D quantitative comparison of the extant human brain and endocast. J. Anat. 2021, 238,
480-488. [CrossRef]

5. Tononi, G.; Sporns, O.; Edelman, G.M. A measure for brain complexity: Relating functional segregation and integration in the
nervous system. Proc. Natl. Acad. Sci. USA 1994, 91, 5033-5037. [CrossRef]

6.  Broca, P. Mémoires d’Anthropologie; Reinwald: Paris, France, 1871.

7. Brodmann, K. Physiologie des Gehirns. In Allgemeine Chirurgie der Gehirnkrankheiten; Knoblauch, A., Brodmann, K., Hauptmann,
A., Eds.; Verlag von Ferdinand Enke: Stuttgart, Germany, 1914; pp. 86—426.

8. Vogt, C.; Vogt, O. Die vergleichend-architektonische und die vergleichend reizphysiologische Felderung der Grofthirnrinde unter
besonderer Berucksichtigungder menschlichen. Naturwissenschaften 1926, 14, 1192-1195. [CrossRef]

9. Amunts, K.; Mohlberg, H.; Bludau, S.; Zilles, K. Julich-Brain: A 3D probabilistic atlas of the human brain’s cytoarchitecture.
Science 2020, 369, 988-992. [CrossRef]

10. Van Essen, D.C.; Smith, S.M.; Barch, D.M.; Behrens, T.E.; Yacoub, E.; Ugurbil, K.; Consortium W-MH. The WU-Minn Human
Connectome Project: An overview. Neuroimage 2013, 80, 62-79. [CrossRef]

11. Elliott, L.T,; Sharp, K.; Alfaro-Almagro, E; Shi, S.; Miller, K.L.; Douaud, G.; Marchini, J.; Smith, S.M. Genome-wide association
studies of brain imaging phenotypes in UK Biobank. Nature 2018, 562, 210-216. [CrossRef]

12. Pé&abo, S. The human condition-a molecular approach. Cell 2014, 157, 216-226. [CrossRef]

13. Tilot, A K,; Khramtsova, E.A ; Liang, D.; Grasby, K.L.; Jahanshad, N.; Painter, J.; Colodro-Conde, L.; Bralten, J.; Hibar, D.P.; Lind,
P.A; et al. The Evolutionary History of Common Genetic Variants Influencing Human Cortical Surface Area. Cereb. Cortex 2020,
5,1873-1887.

14. Grasby, K.L.; Jahanshad, N.; Painter, ].N.; Colodro-Conde, L.; Bralten, J.; Hibar, D.P; Lind, P.A.; Pizzagalli, F.; Ching, CR.K;
McMahon, M.A.B,; et al. Enhancing Neurolmaging Genetics through Meta-Analysis Consortium (ENIGMA)—Genetics working
group. The genetic architecture of the human cerebral cortex. Science 2020, 367, 6484.

15.  Bozek, J.; Makropoulos, A.; Schuh, A; Fitzgibbon, S.; Wright, R.; Glasser, M.F,; Coalson, T.S.; O’'Muircheartaigh, J.; Hutter, J.;
Price, A.N,; et al. Construction of a neonatal cortical surface atlas using Multimodal Surface Matching in the Developing Human
Connectome Project. Neurolmage 2018, 179, 11-29. [CrossRef]

16. Harms, M.P; Somerville, L.H.; Ances, B.M.; Andersson, J.; Barch, D.M.; Bastiani, M.; Bookheimer, S.Y.; Brown, T.B.; Buckner, R.L.;
Burgess, G.C.; et al. Extending the Human Connectome Project across ages: Imaging protocols for the Lifespan Development and
Aging projects. Neuroimage 2018, 183, 972-984. [CrossRef]

17. Hopkins, W.D.; Meguerditchian, A.; Coulon, O.; Bogart, S.; Mangin, J.E,; Sherwood, C.C.; Grabowski, M.W.; Bennett, A.].; Pierre,
PJ.; Fears, S.; et al. Evolution of the central sulcus morphology in primates. Brain Behav. Evol. 2014, 84, 19-30. [CrossRef]

18.  Friedrich, P; Forkel, S.J.; Amiez, C.; Balsters, ]. H.; Coulon, O.; Fan, L.; Goulas, A.; Hadj-Bouziane, F.; Hecht, E.E.; Heuer, K; et al.
Imaging evolution of the primate brain: The next frontier? Neurolmage 2021, 228, 117685. [CrossRef]

19. Milham, M.; Petkov, C.I.; Margulies, D.S.; Schroeder, C.E.; Basso, M.A.; Belin, P; Fair, D.A.; Fox, A.; Kastner, S.; Mars, R.; et al.
Accelerating the Evolution of Nonhuman Primate Neuroimaging. Neuron 2020, 105, 600-603. [CrossRef]

20. Trinkaus, E.; Churchill, S.E.; Ruff, C.B. Post-cranial robusticity in Homo II: Humeral bilateral asymmetry and bone plasticity. Am.
J. Phys. Anthrop. 1994, 93, 1-34. [CrossRef]

21. Balzeau, A; Gilissen, E.; Grimaud-Hervé, D. Shared pattern of quantified endocranial shape asymmetries among anatomically
modern humans, great apes and fossil hominins. PLoS ONE 2012, 7, e29581.

22.  Shaw, C.N; Stock, J.T. Extreme mobility in the Late Pleistocene? Comparing limb biomechanics among fossil Hormo, varsity

athletes and Holocene foragers. |. Hum. Evol. 2013, 64, 242-249. [CrossRef]


http://doi.org/10.3389/fnhum.2014.00134
http://doi.org/10.1016/j.cortex.2018.04.011
http://doi.org/10.1111/joa.13318
http://doi.org/10.1073/pnas.91.11.5033
http://doi.org/10.1007/BF01451766
http://doi.org/10.1126/science.abb4588
http://doi.org/10.1016/j.neuroimage.2013.05.041
http://doi.org/10.1038/s41586-018-0571-7
http://doi.org/10.1016/j.cell.2013.12.036
http://doi.org/10.1016/j.neuroimage.2018.06.018
http://doi.org/10.1016/j.neuroimage.2018.09.060
http://doi.org/10.1159/000362431
http://doi.org/10.1016/j.neuroimage.2020.117685
http://doi.org/10.1016/j.neuron.2019.12.023
http://doi.org/10.1002/ajpa.1330930102
http://doi.org/10.1016/j.jhevol.2013.01.004

Symmetry 2021, 13, 1974 15 0f 17

23.

24.

25.
26.

27.

28.

29.

30.

31.

32.

33.
34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.
48.

49.

50.

51.

52.

Davies, T.G.; Stock, ].T. Human variation in the periosteal geometry of the lower limb: Signatures of behaviour among human
Holocene populations. In Reconstructing Mobility: Environmental, Behavioral, and Morphological Determinants; Carlson, K.J., Marchi,
D., Eds.; Springer: New York, NY, USA, 2014; pp. 67-90.

Goldberg, E.; Roediger, D.; Kucukboyaci, N.E.; Carlson, C.; Devinsky, O.; Kuzniecky, R.; Cash, S.; Thesen, T. Hemispheric
asymmetries of cortical volume in the human brain. Cortex 2013, 49, 200-210. [CrossRef]

Tobias, P.V. The brain of Homo habilis: A new level of organization in cerebral evolution. J. Hum. Evol. 1987, 16, 741-761. [CrossRef]
Grimaud-Hervé, D. L’Evolution de I'Encéphale Chez Homo Erectus et Homo Sapiens: Exemples de I’ Asie et de I’Europe; Cahiers de
Paléoanthropologie, CNRS: Paris, France, 1997; 406p.

Holloway, R.L.; Broadfield, D.C.; Yuan, M.S. The Human Fossil Record: Brain Endocasts, Paleoneurological Evidence; Wiley-Liss: New
York, NY, USA, 2004; 315p.

Balzeau, A.; Grimaud-Hervé, D.; Holloway, R.L.; Détroit, E; Combes, B.; Prima, S. First description of the Cro-Magnon 1 endocast
and study of brain variation an evolution in anatomically modern Homo Sapiens. Bull. Mémoires Société D’anthropologie Paris 2013,
25, 1-18. [CrossRef]

Balzeau, A.; Gilissen, E.; Holloway, R.L.; Prima, S.; Grimaud-Hervé, D. Variations in size, shape and asymmetries of the third
frontal convolution in hominids: Paleoneurological implications for hominin evolution and the origin of language. J. Hum. Evol.
2014, 76, 116-128. [CrossRef]

Galaburda, A.M.; Corsiglia, J.; Rosen, G.D.; Sherman, G.F. Planum temporale asymmetry, reappraisal since Geschwind and
Levitsky. Neuropsychologia 1987, 25, 853-868. [CrossRef]

Mechelli, A.; Price, C.J.; Friston, K.]J.; Ashburner, ]. Voxel-based morphometry of the human brain: Methods and applications.
Curr. Med. Imaging 2005, 1, 105-113. [CrossRef]

Bookstein, FL. “Voxel-based morphometry” should not be used with imperfectly registered images. Neuroimage 2001, 14,
1454-1462. [CrossRef]

Ashburner, J.; Friston, K.J. Why voxel-based morphometry should be used. Neuroimage 2001, 14, 1238-1243. [CrossRef]
Mangin, J.F.; Lebenberg, J.; Lefranc, S.; Labra, N.; Auzias, G.; Labit, M.; Guevara, M.; Mohlberg, H.; Roca, P; Guevara, P; et al.
Spatial normalization of brain images and beyond. Med. Image Anal. 2016, 33, 127-133. [CrossRef]

Bookstein, F.L. Morphometric Tools for Landmark Data: Geometry and Biology; Cambridge University Press: Cambridge, UK, 1991.
Fischl, B. FreeSurfer. Neuroimage 2012, 62, 774-781. [CrossRef]

Mangin, ].E; Jouvent, E.; Cachia, A. In-vivo measurement of cortical morphology: Means and meanings. Curr. Opin. Neurol. 2010,
23, 359-367. [CrossRef]

Maier, W.O.; Nkini, A.T. The phylogenetic position of Olduvai Hominid 9, especially as determined from basicranial evidence. In
Ancestors: The Hard Evidence; Delson, E., Alan, R., Eds.; Wiley-Liss: New York, NY, USA, 1985; pp. 249-254.

Ruff, C.B.; Leo, F. Use of computed tomography in skeletal structure research. Yearb. Phys. Anthrop. 1986, 29, 181-196. [CrossRef]
Weber, G.W. Virtual Anthropology (VA): A call for glasnost in paleoanthropology. Anat. Rec. 2001, 265, 193-201. [CrossRef]
Immel, A.; Le Cabec, A.; Bonazzi, M.; Herbig, A.; Temming, H.; Schuenemann, V.J.; Bos, K.I.; Langbein, F; Harvati, K.; Bridault,
A_; et al. Effect of X-ray irradiation on ancient DNA in sub-fossil bones-Guidelines for safe X-ray imaging. Sci. Rep. 2016, 6, 32969.
[CrossRef] [PubMed]

Duval, M.; Martin-Francés, L. Quantifying the impact of uCT-scanning of human fossil teeth on ESR age results. Am. |. Phys.
Anthropol. 2017, 163, 205-212. [CrossRef] [PubMed]

Bastir, M.; Rosas, A.; Gunz, P,; Pefia-Melian, A.; Manzi, G.; Harvati, K.; Kruszynski, R.; Stringer, C.; Hublin, ]J.-J. Evolution of the
base of the brain in highly encephalized human species. Nat. Commun. 2011, 2, 588. [CrossRef]

Fournier, M.; Combes, B.; Roberts, N.; Braga, J.; Prima, S. Mapping the distance between the brain and the inner surface of the
skull and their global asymmetries. Med. Imaging 2011 Image Process. 2011, 7962, 79620Y.

de Jager, E.J.; van Schoor, A.N.; Hoffman, ].W.; Oettlé, A.C.; Fonta, C.; Mescam, M.; Risser, L.; Beaudet, A. Sulcal pattern variation
in extant human endocasts. J. Anat. 2019, 235, 803-810. [CrossRef]

Bruner, E.; Grimaud-Hervé, D.; Wu, X.; Cuétara, ].M.; Holloway, R. A paleoneurological survey of Homo erectus endocranial
metrics. Quat. Int. 2015, 368, 80-87. [CrossRef]

Neubauer, S.; Hublin, J.-J.; Gunz, P. The evolution of modern human brain shape. Sci. Adv. 2018, 4, eaa05961. [CrossRef]
Neubauer, S.; Gunz, P; Scott, N.A.; Hublin, ].-J.; Mitteroecker, P. Evolution of brain lateralization: A shared hominid pattern of
endocranial asymmetry is much more variable in humans than in great apes. Sci. Adv. 2020, 6, eaax9935. [CrossRef]
Germanaud, D.; Lefevre, J.; Fischer, C.; Bintner, M.; Curie, A.; Portes, V.D.; Eliez, S.; Elmaleh-Berges, M.; Lamblin, D.; Passemard,
S.; et al. Simplified gyral pattern in severe developmental microcephalies? New insights from allometric modeling for spatial and
spectral analysis of gyrification. Neurolmage 2014, 102, 317-331. [CrossRef] [PubMed]

Falk, D.; Zollikofer, C.P.E.; Ponce de Ledén, M.; Semendeferi, K.; Alatorre Warren, J.L.; Hopkins, W.D. Identification of in vivo
Sulci on the External Surface of Eight Adult Chimpanzee Brains: Implications for Interpreting Early Hominin Endocasts. Brain.
Behav. Evol. 2018, 91, 45-58. [CrossRef] [PubMed]

Alatorre Warren, J.L.; Ponce de Leén, M.; Hopkins, W.D.; Zollikofer, C.P.E. Evidence for independent brain and neurocranial
reorganization during hominin evolution. Proc. Natl. Acad. Sci. USA 2019, 116, 22115-22121. [CrossRef] [PubMed]

Mangin, ].F,; Auzias, G.; Coulon, O.; Sun, Z.Y.; Riviere, D.; Régis, J. Sulci as landmarks. In Brain Mapping: An Encyclopedic Reference;
Academic Press: Cambridge, MA, USA, 2015; Volume 2, pp. 45-52.


http://doi.org/10.1016/j.cortex.2011.11.002
http://doi.org/10.1016/0047-2484(87)90022-4
http://doi.org/10.1007/s13219-012-0069-z
http://doi.org/10.1016/j.jhevol.2014.06.006
http://doi.org/10.1016/0028-3932(87)90091-1
http://doi.org/10.2174/1573405054038726
http://doi.org/10.1006/nimg.2001.0770
http://doi.org/10.1006/nimg.2001.0961
http://doi.org/10.1016/j.media.2016.06.008
http://doi.org/10.1016/j.neuroimage.2012.01.021
http://doi.org/10.1097/WCO.0b013e32833a0afc
http://doi.org/10.1002/ajpa.1330290508
http://doi.org/10.1002/ar.1153
http://doi.org/10.1038/srep32969
http://www.ncbi.nlm.nih.gov/pubmed/27615365
http://doi.org/10.1002/ajpa.23180
http://www.ncbi.nlm.nih.gov/pubmed/28170092
http://doi.org/10.1038/ncomms1593
http://doi.org/10.1111/joa.13030
http://doi.org/10.1016/j.quaint.2014.10.007
http://doi.org/10.1126/sciadv.aao5961
http://doi.org/10.1126/sciadv.aax9935
http://doi.org/10.1016/j.neuroimage.2014.07.057
http://www.ncbi.nlm.nih.gov/pubmed/25107856
http://doi.org/10.1159/000487248
http://www.ncbi.nlm.nih.gov/pubmed/29533941
http://doi.org/10.1073/pnas.1905071116
http://www.ncbi.nlm.nih.gov/pubmed/31611399

Symmetry 2021, 13, 1974 16 of 17

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.
78.

79.

80.

81.

Mangin, J.F,; Le Guen, Y.; Labra, N.; Grigis, A.; Frouin, V.; Guevara, M.; Fischer, C.; Riviére, D.; Hopkins, W.D.; Régis, ].; et al.
“Plis de passage” deserve a role in models of the cortical folding process. Brain Topogr. 2019, 32, 1035-1048. [CrossRef]
Llinares-Benadero, C.; Borrell, V. Deconstructing cortical folding: Genetic, cellular and mechanical determinants. Nat. Rev.
Neurosci. 2019, 20, 161-176. [CrossRef] [PubMed]

Tallinen, T.; Chung, ].Y.; Rousseau, G.; Girard, N.; Lefevre, J.; Mahadevan, L. On the growth and form of cortical convolutions.
Nat. Phys. 2016, 12, 588-593. [CrossRef]

Van Essen, D.C. A tension-based theory of morphogenesis and compact wiring in the central nervous system. Nature 1997, 385,
313-318. [CrossRef]

Cachia, A.; Borst, G.; Jardri, R.; Raznahan, A.; Murray, G.K.; Mangin, ].F.; Plaze, M. Towards deciphering the fetal foundation of
normal cognition and cognitive symptoms from sulcation of the cortex. Front. Neuroanat. 2021, in press. [CrossRef]

Sun, Z.Y,; Pinel, P;; Riviere, D.; Moreno, A.; Dehaene, S.; Mangin, J.F. Linking morphological and functional variability in hand
movement and silent reading. Brain Struct. Funct. 2016, 221, 3361-3371. [CrossRef]

Weaver, A.H. Reciprocal evolution of the cerebellum and neocortex in fossil humans. Proc. Natl. Acad. Sci. USA 2005, 102,
3576-3580. [CrossRef]

Wu, X.; Pan, L. Identification of Zhoukoudian Homo erectus brain asymmetry using 3D laser scanning. Chin. Sci. Bull. 2011, 56,
2215-2220. [CrossRef]

Palmer, A.R,; Strobeck, C. Fluctuating asymmetry analyses revisited. In Developmental Instability: Causes and Consequences; Polak,
M., Ed.; Oxford University Press: Oxford, UK, 2003; pp. 279-319.

Goémez-Robles, A.; Hopkins, W.D.; Sherwood, C.C. Increased morphological asymmetry, evolvability and plasticity in human
brain evolution. Proc. R. Soc. B Biol. Sci. 2013, 280, 20130575. [CrossRef]

Weaver, T.D.; Gunz, P. Using geometric morphometric visualizations of directional selection gradients to investigate morphological
differentiation. Evolution 2018, 72, 838-850. [CrossRef]

Mitteroecker, P.; Gunz, P. Advances in geometric morphometrics. Evol. Biol. 2009, 36, 235-247. [CrossRef]

Richtsmeier, ].T.; Cole, TM.; Lele, S.R. An invariant approach to the study of fluctuating asymmetry: Developmental instability
in a mouse model for Down syndrome. In Modern Morphometrics in Physical Anthropology; Springer: Berlin, Germany, 2005;
pp. 187-212.

Kent, ].T.; Mardia, K.V. Shape, Procrustes tangent projections and bilateral symmetry. Biometrika 2001, 88, 469-485. [CrossRef]
Klingenberg, C.P.; McIntyre, G.S. Geometric Morphometrics of developmental instability: Analyzing patterns of fluctuating
asymmetry with Procrustes methods. Evolution 1998, 52, 1363-1375. [CrossRef] [PubMed]

Klingenberg, C.P.; Barluenga, M.; Meyer, A. Shape analysis of symmetric structures: Quantifying variation among individuals
and asymmetry. Evolution 2002, 56, 1909-1920. [CrossRef]

Mardia, K.V.; Bookstein, F.L.; Moreton, L]. Statistical assessment of bilateral symmetry of shapes. Biometrika 2000, 87, 285-300.
[CrossRef]

Combes, B.; Hennessy, R.; Waddington, J.L.; Roberts, N.; Prima, S. Automatic symmetry plane estimation of bilateral objects in
point clouds. In Proceedings of the 2008 IEEE Conference on Computer Vision and Pattern Recognition-CVPR’2008, Anchorage,
AK, USA, 24-26 June 2008.

Combes, B.; Fournier, M.; Kennedy, D.N.; Braga, J.; Roberts, N.; Prima, S. EM-ICP strategies for joint mean shape and correspon-
dences estimation: Applications to statistical analysis of shape and of asymmetry. In Proceedings of the 8th IEEE International
Symposium on Biomedical Imaging: From Nano to Macro (ISBI'2011), Chicago, IL, USA, 30 March-2 April 2011; pp. 1257-1263.
Abdel Fatad, E.E.; Shirley, N.R.; Mahfouz, M.R.; Auerbach, B.M. A three-dimensional analysis of bilateral directional asymmetry
in the human clavicles. Am. J. Phys. Anthrop. 2012, 49, 547-559. [CrossRef] [PubMed]

Balzeau, A.; Gilissen, E. Endocranial shape asymmetries in Pan paniscus, Pan troglodytes and Gorilla gorilla assessed via skull based
landmark analysis. J. Hum. Evol. 2010, 59, 54-69. [CrossRef]

Sun, Z.Y.; Kloppel, S.; Riviere, D.; Perrot, M.; Frackowiak, R.; Siebner, H.; Mangin, J.F. The effect of handedness on the shape of
the central sulcus. Neuroimage 2012, 60, 332-339. [CrossRef]

Sprung-Much, T.; Eichert, N.; Nolan, E.; Petrides, M. Broca’s area and the search for anatomical asymmetry: Commentary and
perspectives. Brain Struct. Funct. 2021, 1-9. [CrossRef]

LeMay, M. Morphological cerebral asymmetries of modern man, fossil man and nonhuman primate. Ann. N. Y. Acad. Sci. 1976,
280, 349-366. [CrossRef]

LeMay, M. Asymmetries of the skull and handedness. J. Neurol. Sci. 1977, 32, 243-253. [CrossRef]

Holloway, R.L.; De La Coste-Lareymondie, M.C. Brain endocast asymmetry in pongids and hominids: Some preliminary findings
on the paleontology of cerebral dominance. Am. . Phys. Anthrop. 1982, 58, 101-110. [CrossRef]

Hopkins, W.D.; Marino, L. Asymmetries in cerebral width in nonhuman primate brains as revealed by magnetic resonance
imaging (MRI). Neuropsychologia 2000, 38, 493-499. [CrossRef]

Pilcher, D.L.; Hammock, E.A.D.; Hopkins, W.D. Cerebral volumetric asymmetries in non-human primates: A magnetic resonance
imaging study. Laterality 2001, 6, 165-179. [CrossRef] [PubMed]

Good, C.D.; Johnsrude, I.; Ashburner, J.; Henson, R.N.; Friston, K.J.; Frackowiak, R. Cerebral asymmetry and the effects of sex
and handedness on brain structure: A voxel-based morphometric analysis of 465 normal adult human brains. Neuroimage 2001,
14, 685-700. [CrossRef] [PubMed]


http://doi.org/10.1007/s10548-019-00734-8
http://doi.org/10.1038/s41583-018-0112-2
http://www.ncbi.nlm.nih.gov/pubmed/30610227
http://doi.org/10.1038/nphys3632
http://doi.org/10.1038/385313a0
http://doi.org/10.3389/fnana.2021.712862
http://doi.org/10.1007/s00429-015-1106-8
http://doi.org/10.1073/pnas.0500692102
http://doi.org/10.1007/s11434-011-4512-1
http://doi.org/10.1098/rspb.2013.0575
http://doi.org/10.1111/evo.13460
http://doi.org/10.1007/s11692-009-9055-x
http://doi.org/10.1093/biomet/88.2.469
http://doi.org/10.1111/j.1558-5646.1998.tb02018.x
http://www.ncbi.nlm.nih.gov/pubmed/28565401
http://doi.org/10.1111/j.0014-3820.2002.tb00117.x
http://doi.org/10.1093/biomet/87.2.285
http://doi.org/10.1002/ajpa.22156
http://www.ncbi.nlm.nih.gov/pubmed/23077031
http://doi.org/10.1016/j.jhevol.2010.03.013
http://doi.org/10.1016/j.neuroimage.2011.12.050
http://doi.org/10.1007/s00429-021-02357-x
http://doi.org/10.1111/j.1749-6632.1976.tb25499.x
http://doi.org/10.1016/0022-510X(77)90239-8
http://doi.org/10.1002/ajpa.1330580111
http://doi.org/10.1016/S0028-3932(99)00090-1
http://doi.org/10.1080/713754406
http://www.ncbi.nlm.nih.gov/pubmed/15513168
http://doi.org/10.1006/nimg.2001.0857
http://www.ncbi.nlm.nih.gov/pubmed/11506541

Symmetry 2021, 13, 1974 17 of 17

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.
92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.
108.

Watkins, K.E; Paus, T.; Lerch, J.; Zijdenbos, A.; Collins, D.L.; Neelin, P.; Taylor, J.; Worsley, K.; Evans, A. Structural asymmetries
in the human brain: A voxel-based statistical analysis of 142 MRI scans. Cereb. Cortex 2001, 11, 868-877. [CrossRef]

Hopkins, W.D.; Taglialatela, ].P.; Meguerditchian, A.; Nir, T.; Schenker-Ahmed, N.M.; Sherwood, C.C. Gray matter asymmetries
in chimpanzees as revealed by voxel-based morphometry. Neuroimage 2008, 42, 491-497. [CrossRef]

Holloway, R.L. Volumetric and asymmetry determinations on recent hominid endocasts: Spy I and II, Djebel Ihroud I, and the
Salé Homo erectus specimens. Am. J. Phys. Anthrop. 1981, 5, 385-393. [CrossRef] [PubMed]

LeMay, M.; Kido, D.K. Asymmetries of the cerebral hemispheres on computed tomograms. J. Comput. Assist. Tomogr. 1978, 2,
471-476.

LeMay, M; Billig, M.S.; Geschwind, N. Asymmetries of the brains and skulls of nonhuman primates. In Primate Brain Evolution,
Methods and Concepts; Falk, D., Armstrong, E., Eds.; Plenum Press: New York, NY, USA, 1976; pp. 263-277.

Galaburda, A.M.; LeMay, M.; Kemper, T.L.; Geschwind, N. Right-left asymmetries in the brain. Science 1978, 199, 852-856.
[CrossRef] [PubMed]

Kertesz, A.; Black, S.E.; Polk, M.; Howell, J. Cerebral asymmetries on magnetic resonance imaging. Cortex 1986, 22, 117-127.
[CrossRef]

Falk, D.; Hildebolt, C.; Cheverud, J.; Vannier, M.W.; Helmkamp, R.C.; Konigsberg, L. Cortical asymmetries in frontal lobes of
rhesus monkeys (Macaca mulatta). Brain Res. 1990, 512, 40—45. [CrossRef]

LeMay, M. Asymmetries of the brains and skulls of nonhuman primates. In Cerebral Lateralization in Nonhuman Species; Glick, S.D.,
Ed.; Academic Press: New York, NY, USA, 1985; pp. 233-245.

Cain, D.P; Wada, ].A. An anatomical asymmetry in the baboon brain. Brain Behav. Evol. 1979, 16, 222-226. [CrossRef]
Cheverud, ].M.; Falk, D.; Hildebolt, C.; Moore, A.J.; Helmkamp, R.C.; Vannier, M.W. Heritability and association of cortical
petalias in rhesus macaques (Macaca mulatta). Brain Behav. Evol. 1990, 35, 368-372. [CrossRef]

Hopkins, W.D; Phillips, K.; Bania, A.; Calcutt, S.E.; Gardner, M.; Russell, J.; Schaeffer, J.; Lonsdorf, E.V.; Ross, S.R.; Schapiro, S.].
Hand preferences for coordinated bimanual actions in 777 great apes: Implications for the evolution of handedness in hominins.
J. Hum. Evol. 2011, 60, 605-611. [CrossRef]

Bogart, S.L.; Mangin, J.-F.; Schapiro, S.J.; Reamer, L.; Bennett, A.].; Pierre, PJ.; Hopkins, W.D. Cortical sulci asymmetries in
chimpanzees and macaques: A new look at an old idea. Neuroimage 2012, 61, 533-541. [CrossRef]

Corballis, M.C.; Badzakova-Trajkov, G.; Héberling, 1.S. Right hand, left brain: Genetic and evolutionary bases of cerebral
asymmetries for language and manual action. WIREs Cogn. Sci. 2012, 3, 1-17. [CrossRef]

Xiang, L.; Crow, T.; Roberts, N. Cerebral torque is human specific and unrelated to brain size. Brain Struct. Funct. 2019, 224,
1141-1150. [CrossRef]

Keller, S.S.; Crow, T.,; Foundas, A.; Amunts, K.; Roberts, N. Broca’s area: Nomenclature, anatomy, typology and asymmetry. Brain
Lang. 2009, 109, 29-48. [CrossRef]

Balzeau, A.; Grimaud-Hervé, D.; Jacob, T. Internal cranial features of the Mojokerto child fossil (East Java, Indonesia). J. Hum.
Evol. 2005, 48, 535-553. [CrossRef]

Gunz, P; Neubauer, S.; Golovanova, L.; Doronichev, V.; Maureille, B.; Hublin, J.J. A uniquely modern human pattern of
endocranial development. Insights from a new cranial reconstruction of the Neandertal newborn from Mezmaiskaya. J. Hum.
Evol. 2012, 62, 300-313. [CrossRef]

Gunz, P; Neubauer, S.; Maureille, B.; Hublin, J.J. Brain development after birth differs between Neanderthals and modern
humans. Curr. Biol. 2010, 20, R921-R922. [CrossRef]

Neubauer, S.; Gunz, P.; Hublin, ].J. Endocranial shape changes during growth in chimpanzees and humans: A morphometric
analysis of unique and shared aspects. . Hum. Evol. 2010, 59, 555-566. [CrossRef] [PubMed]

Ponce de Leén, M.S.; Bienvenu, T.; Akazawa, T.; Zollikofer, C.P.E. Brain development is similar in Neanderthals and modern
humans. Curr. Biol. 2016, 26, R665-R666. [CrossRef] [PubMed]

Balzeau, A.; Holloway, R.L.; Grimaud-Hervé, D. Variations and asymmetries in regional brain surface in the genus Homo. |. Hum.
Evol. 2012, 62, 696-706. [CrossRef] [PubMed]

Coulon, O.; Sein, J.; Auzias, G.; Nazarian, B.; Anton, J.L.; Rousseau, F; Velly, L.; Girard, N. High temporal resolution longitudinal
observation of fetal brain development. A baboon pilot study. In Proceedings of the 26th Annual Meeting of the Organization for
Human Brain Mapping, Montreal, QC, Canada, 23 June-3 July 2020.

Pearce, E.; Stringer, C.; Dunbar, RI1.M. New insights into differences in brain organization between Neanderthals and anatomically
modern humans. Proc. R. Soc. B Biol. Sci. 2013, 280, 20130168. [CrossRef]

Lemaitre, H.; Le Guen, Y;; Tilot, A.K,; Stein, J.L.; Philippe, C.; Mangin, J.-F.; Fisher, S.E.; Frouin, V. Genetic variations within
human gained enhancer elements affect human brain sulcal morphology. bioRxiv 2021, in press.

Ferran, J.L. Architect genes of the brain a look at brain evolution through genoarchitrecture. Metode Sci. Stud. J. 2017, 7, 17-23.
Kochiyama, T.; Ogihara, N.; Tanabe, H.C.; Kondo, O.; Amano, H.; Hasegawa, K.; Suzuki, H.; De Le6n, M.S.P.; Zollikofer, C.P.E.;
Bastir, M.; et al. Reconstructing the Neanderthal brain using computational anatomy. Sci. Rep. 2018, 8, 6296. [CrossRef] [PubMed]


http://doi.org/10.1093/cercor/11.9.868
http://doi.org/10.1016/j.neuroimage.2008.05.014
http://doi.org/10.1002/ajpa.1330550312
http://www.ncbi.nlm.nih.gov/pubmed/6791506
http://doi.org/10.1126/science.341314
http://www.ncbi.nlm.nih.gov/pubmed/341314
http://doi.org/10.1016/S0010-9452(86)80036-3
http://doi.org/10.1016/0006-8993(90)91167-F
http://doi.org/10.1159/000121838
http://doi.org/10.1159/000115881
http://doi.org/10.1016/j.jhevol.2010.12.008
http://doi.org/10.1016/j.neuroimage.2012.03.082
http://doi.org/10.1002/wcs.158
http://doi.org/10.1007/s00429-018-01818-0
http://doi.org/10.1016/j.bandl.2008.11.005
http://doi.org/10.1016/j.jhevol.2005.01.002
http://doi.org/10.1016/j.jhevol.2011.11.013
http://doi.org/10.1016/j.cub.2010.10.018
http://doi.org/10.1016/j.jhevol.2010.06.011
http://www.ncbi.nlm.nih.gov/pubmed/20727571
http://doi.org/10.1016/j.cub.2016.06.022
http://www.ncbi.nlm.nih.gov/pubmed/27458909
http://doi.org/10.1016/j.jhevol.2012.03.007
http://www.ncbi.nlm.nih.gov/pubmed/22542169
http://doi.org/10.1098/rspb.2013.0168
http://doi.org/10.1038/s41598-018-24331-0
http://www.ncbi.nlm.nih.gov/pubmed/29700382

	Introduction 
	A Synthesis on Past and Living Brains 
	Virtual Anthropology and Paleoneurology 
	Does the Endocast Reflects the Brain? 
	What Can Be Deduced about a Species’ Folding Pattern from a Few Samples? 
	How Are Brain Asymmetries Quantified in the Hominin Fossil Record? 
	The Complex Definition of Brain Features and of Their Application to the Fossil Record 
	How to Grow a Hominin Brain? 
	Brain Endocast and Function 

	Perspectives for Future Studies of the Evolution of the Human Brain 
	The Future of Neuroimaging 
	Endocast Side 

	Conclusions 
	References

