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Our knowledge of human evolution has made particular progress over the last twenty
years, thanks to the discovery of new fossils and the use of new methods and multidisci-
plinary approaches. This consideration may seem true for all periods since the beginnings
of prehistoric sciences. Nevertheless, the accumulation of data and knowledge seems
particularly notable lately. At present, this allows us to approach, with more ambition,
complex subjects on the margins of research in paleoanthropology. In particular, studies of
departure from symmetry, including variations in fluctuating or directional asymmetries,
have contributed to the expansion of this knowledge in various fields of paleobiology
and archaeology. This Special Issue brings together articles dealing with symmetry and
human evolution. Eight papers are original studies, proposing either new tools to inves-
tigate bilateral variation or new results on the brain, skull or skeletons during human
evolution. Finally, two papers are reviews of the state of the art of our knowledge of limb
preferences in the animal kingdom, and of the potential (and future) interactions between
paleoanthropology and the field of neurosciences.

Lin et al. [1] proposed an original approach while quantifying and visualizing the
variation in endocast asymmetry in modern humans using diffeomorphic surface matching.
This type of development is important in order to break free from the limits related to
techniques that require 2D or 3D landmarks, but also because it is thus particularly suited
to the particularities of work on the brain endocast. Their results are congruent with
well-documented classical anatomical asymmetry of the human brain/endocast, proving
the validity of such a new methodology.

Hurst et al. [2] addressed bilateral variation in dimensions of the occipital lobes in chim-
panzees. This anatomical area has been the subject of much discussion about the supposed
characteristics of different species during human evolution. This work on 83 specimens
brings us information on the anatomical variation in the shape and proportions of the
occipital lobes in our closest living relatives.

Zhang and Wu [3] investigated bilateral variation in morphometric data of the cerebel-
lar lobes on virtual endocranial casts of a large sample of fossil hominin species, including
H. neanderthalensis and H. erectus, and a comparison with H. sapiens. This anatomical area
is known to have a specific morphology in our species compared to other hominins. It is
interesting here to see information for a unique fossil sample and to observe differences in
terms of shape and in bilateral variations among hominins.

Buzi et al. [4] performed a virtual reconstruction of an important fossil specimen, the
Stenheim skull. This fossil is highly distorted, making the description of its anatomical
traits difficult. The obtained retrodeformed model of Steinheim will be of interest for future
studies of the craniofacial variation among Mid-Pleistocene hominins.

Melchionna et al. [5] proposed a new R tool that allows for automatic numerical
quantification of fluctuating and directional asymmetry. Moreover, it produces a chart
of the quantified bilateral variation directly on the analyzed 3D model. This graphical
production gives immediate visual information on the intensity, topology and direction of
departures from symmetry, being a useful tool for description and illustration.
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Profico et al. [6] proposed a new tool added to an R package to assess the lateralization
of the distribution of cortical bone along the entire diaphysis of long bones.

Zhao et al. [7] were interested in a regularly studied subject, the bilateral variations in
the biomechanical properties of the humeri. However, they proposed a novel approach.
Instead of conducting qualitative comparisons at a limited number of locations along
the diaphysis, they included a comparison of biomechanical asymmetries quantified by
morphometric mapping all along the length of the bone. This approach is informative and
promising as it details more complex and subtle variation in the analyzed parameters in
the different parts of the humeral diaphysis.

Bardo et al. [8] aimed to investigate the link between the form and the function of the
human hand and also deal with the question of human laterality and dexterity. To do so,
they measured grip strength in a very large sample of volunteers and tested the potential
effects of age, sex, asymmetry (hand dominance and handedness), hand shape, occupation
and practice of sports and musical instruments that involve the hand(s). This original study
gives original detailed information and is particularly interesting from the perspective of
trying to decipher the evolution of human behaviors and capacities.

Boulinguez-Ambroise et al. [9] detailed the state of the art of the knowledge on the limb
preferences in animals in order to contextualize how recent research has revolutionized
our perception of the specificities of manual laterality in hominids, and how we now
study those aspects. New methods, such as functional neuroimaging, but also original
developmental approaches are crucial today to propose a new vision of the mechanisms
underlying human handedness.

Finally, Balzeau and Mangin [10] discussed the recent developments of their respective
fields of research, namely, paleoanthropology and neurosciences. In the future, the contribu-
tion of neuroimaging will allow us to better define the relationship between the brain and
its reflection on the internal cranial bone surface, the endocast, which is the only material
available for fossil hominins, to approach the evolution of the human brain. Moreover,
documenting the anatomy among past 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.

Funding: A.B. received funding from the Agence National de la Recherche (ANR-20-CE27-0009).
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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 Homio 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 (lobar 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].

S.T.i.post

S.0.T.at.post
5.0.T.lat.med.

F.C.Lrsc.post
S.C.sylvian

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

$r7701777

Pattern 1 Moving averages Pattern 2

Hand

Functional

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.

11
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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.
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Abstract: Brain asymmetry is associated with handedness and cognitive function, and is also reflected
in the shape of endocasts. However, comprehensive quantification of the asymmetry in endocast
shapes is limited. Here, we quantify and visualize the variation of endocast asymmetry in modern
humans using diffeomorphic surface matching. Our results show that two types of lobar fluctuating
asymmetry contribute most to global asymmetry variation. A dominant pattern of local directional
asymmetry is shared in the majority of the population: (1) the left occipital pole protrudes more than
the right frontal pole in the left-occipital and right-frontal petalial asymmetry; (2) the left Broca’s cap
appears to be more globular and bulges laterally, anteriorly, and ventrally compared to the right side;
and (3) the asymmetrical pattern of the parietal is complex and the posterior part of the right temporal
lobes are more bulbous than the contralateral sides. This study confirms the validity of endocasts for
obtaining valuable information on encephalic asymmetries and reveals a more complicated pattern of
asymmetry of the cerebral lobes than previously reported. The endocast asymmetry pattern revealed
here provides more shape information to explore the relationships between brain structure and
function, to re-define the uniqueness of human brains related to other primates, and to trace the
timing of the human asymmetry pattern within hominin lineages.

Keywords: cerebrum; cerebellum; petalia; shape asymmetry; diffeomorphic surface matching

1. Introduction

The structural and functional asymmetries of the human brain have been extensively
studied in the fields of medicine and biology, especially as they relate to handedness
and cognitive function [1-9]. The morphological characteristics of the brain surface are
pressed into the inner cranium and may be visualized on endocasts, which are casts of
the interior portion of a cranium [10,11]. Previous studies have demonstrated that the
left and right hemispheres of human endocasts are usually asymmetrical in shape [12].
It is worth mentioning that asymmetries are divided into three categories: directional
asymmetry, anti-symmetry, and fluctuating asymmetry [13,14]. The most concerning
asymmetry pattern is directional asymmetry, characterized by a consistent directional bias
within a population [13,15]. “Anti-symmetry” represents the reverse pattern (direction) of
the population’s directional asymmetry and is restricted to a small portion of the population.
The third type of asymmetry is “fluctuating asymmetry”, which means the asymmetry
pattern of a character is diverse without a particular direction in a population [15].

Alocal impression on the internal surface of a skull, resulting from a protrusion of one
brain hemisphere relative to the other, has been referred to as “petalia” and may be visible
on endocasts [7]. Left occipito-petalias have been frequently associated with right fronto-
petalias, whereas the directional asymmetries of parieto-petalias and temporo-petalias are
inconsistent in different research [16,17]. Petalial asymmetries have been demonstrated to
exist in a wide variety of hominids [3,12,15,18,19]. The particular petalia asymmetry pattern
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with a right-frontal and left-occipital bias, commonly recognized in modern humans and
fossil hominins, is considered to be associated with handedness [2,19-22]. Previous studies
have also shown that petalial asymmetries differ between males and females, with males
having slightly stronger right-frontal and left-occipital lateralization [1,2].

In many cases, protrusions of brain hemispheres are associated with lobar asymmetries.
Previous investigations have revealed that the right frontal lobe and the left occipital lobe are
frequently wider than the opposite hemisphere in modern humans and great apes [7,12,23].
Indeed, a prominent geometric distortion of the hemispheres, known as Yakovlevian anti-
clockwise torque, is frequently observed in human brains and endocasts [7,24]. Specifically,
the Yakovlevian anticlockwise torque includes the left-occipital and right-frontal petalias,
with the left occipital lobe extending across the midline over the right and wider/larger
right frontal and left occipital regions [22]. More recently, endocasts of the genus Hormo have
revealed that the right hemisphere often has a greater surface area than the left, while the
right parieto-temporal lobe and the left occipital lobe have larger surface areas than their
contralateral regions [4]. In addition, the asymmetries of the cerebellum and temporal lobe
have also attracted attention, though relatively little is known about what their structural
asymmetries may reflect [25].

The study of the brain lateralization associated with language was one of the most
profound discoveries for neurobiology and linguistics. The leftward asymmetry of Broca’s
area, as a motor speech area, including the pars triangularis and pars opercularis of the
inferior frontal gyrus, was first identified by Broca in 1861 [26]. Functional magnetic
resonance imaging (fMRI) studies have provided more evidence for the specialization of
the left hemisphere for language [5,27]. Broca’s area is referred to as Broca’s cap on an
endocast, representing a “protrusion of the orbital portion of the inferior frontal gyrus” [28].
Since the emergence of genus Homo, it is generally accepted that the left Broca’s cap is larger
and more prominent than the right [29-31]. Recently, a landmark-based quantitative study
of the asymmetry of the third frontal convolution in endocasts suggested that the left Broca’s
cap of modern humans, although smaller in size, is more globular and better defined than
the right side [32]. Wernicke’s area is responsible for language comprehension and mainly
includes the posterior portion of the superior temporal gyrus and middle temporal gyrus,
as well as the inferior parietal lobule, which includes the angular gyrus and supramarginal
gyrus [24]. Due to the lack of homologous anatomical markers, Wernicke’s area is not
well defined on endocast surfaces and displays an unclear pattern of asymmetry [5,33-35].
Generally, though, the planum temporale (the main cortical area of Wernicke’s area) is
larger on the left hemisphere than on the right [36-38].

As mentioned above, most of the work on the asymmetry of endocasts has been
focused on the degree of anterior or posterior protrusion, the lateralization of some regions
associated with speech (e.g., Broca’s cap), or the relative width and area of frontal and
occipital lobes [39]. Moreover, previous research usually compared the human endocast
with that of great apes or other primates to reveal a shared directional asymmetry pattern
or a particular characteristic rather than conduct a global comparison of the entire brain
surface [3,12,32,40]. The breadth of endocast asymmetry patterns within modern humans
remains unclear.

Due to methodological limitations, it is difficult to comprehensively quantify the asym-
metry of an endocast’s entire surface. Previous studies typically relied on morphological
descriptions, linear measurements, and geometric morphometrics [41-44]. The development
of a landmark-free surface deformation method, diffeomorphic surface matching (DSM),
provides interesting research opportunities for evaluating morpho-architectural variation
on endocasts [45-47]. Compared with geometric morphometrics, DSM does not rely on the
definitions of landmarks and semi-landmarks to capture the shape of the whole anatomical
structure and can dynamically display the shape variation among different specimens [45-47].
Analytic results based on DSM indicate that endocasts of Australopithecus africanus (Sts 5 and
Sts 60) display a more elongated frontal bec and a substantially less elevated parietal area,
different from those of genus Homo [46]. Visualizations of sulcal patterns have contributed
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more information to taxonomic identification in Old World monkeys [45]. Additionally, this
deformation-based approach has been applied to dental materials and the vestibular appara-
tus [48,49]. However, no studies focusing on the morphological asymmetry of endocasts in
modern humans have yet used this landmark-free method.

In the present study, 58 endocasts of archaeological modern Chinese crania were
virtually reconstructed with high-resolution computed tomography and three-dimensional
virtual technology. Landmark-free diffeomorphic surface matching analysis was performed
to quantify and visualize the shape variation of the endocasts. We aim to quantify individual
variation in the asymmetry of the endocast surface shape and analyze the variation of
asymmetry patterns between the left and right hemispheres within the modern human
population, as well as tentatively discuss the correlations between the structural and
functional asymmetry of human brains.

2. Materials and Methods
2.1. Materials

In total, 58 adult endocasts, including 28 females and 30 males, were collected from
the same archaeological site in Yunnan Province of Southwestern China, dated to about
300 years ago [50]. The skulls were well preserved or only minorly damaged in a way that
would have no significant influence on the endocast reconstruction. The sexual assignment
of specimens relied on diagnostic characteristics of the pelvis and cranium [50].

2.2. Endocast Reconstruction and Processing

All of the modern human specimens investigated in this study were scanned by a
450 KV industrial CT scanner with a spatial resolution of 160 um (designed by the Institute
of High Energy Physics, Chinese Academy of Sciences, and housed at the Key Laboratory
of Vertebrate Evolution and Human Origins, Institute of Vertebrate Paleontology and
Paleoanthropology, Chinese Academy of Sciences) [51]. The virtual reconstruction of each
endocast was performed through semi-automatic threshold-based segmentation via the
Mimics v. 17.0 software (Materialise, Leuven). A three-dimensional (3D) mesh of each
endocast was generated and saved as an STL file in Mimics, and then imported into
MeshLab software (Bangalore, India) [52] for ‘Cleaning and Repairing” and a resulting 3D
surface was obtained.

Considering the presence of Yakovlevian anticlockwise torque, the cerebral longitudi-
nal fissure is not entirely on the midsagittal plane. Thus, the central axis or central plane
separating a complete left hemisphere from its right side is difficult to determine. To inves-
tigate shape differences of the endocast between the right and left hemispheres, mirrored
versions of each original specimen were created via Avizo v. 8.0 (FEI Visualization Sciences
Group, Houston, TX, USA) [15,25]. The left side of the original endocast corresponds to the
right side of the mirrored version and vice versa, as shown in Figure 1. Therefore, a total of
116 cases of endocast surfaces were included in the following deformation analyses. In this
way, we could obtain a symmetrical mean shape by averaging the original and mirrored
endocast of each individual in the following steps. The shape asymmetry of endocast
surfaces was analyzed by calculating the deformation between each original endocast and
its mirrored endocast.
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mirrored
A > B

Figure 1. The original endocast (A) and the mirrored endocast (B) of the same individual in occipital view.

2.3. Diffeomorphic Surface Asymmetry

All surfaces were superimposed and aligned in Avizo through translation, rotation,
and dilation (scaling) to eliminate differences, except for shapes. The aligned surfaces were
exported as PLY files and then transformed to VTK format by ParaView v. 5.6.0 software
(Kitware Inc., Clifton Park, NY, USA). The set of VTK data were imported into Deformetrica
v. 4.3 (Paris, France) [53] to carry out the diffeomorphic calculation. The outputs include
the spatial coordinates of control points defining the deformable space (9200 in this study),
the momenta vectors recording the deformation information of each control point, and a
symmetric endocast configuration representing the global mean shape [45,54].

For each endocast specimen, the vector difference at each control point was calculated
by subtracting the momenta vector of the mirrored one from its counterpart of the origin
one. Then, the surface asymmetry was quantified by an asymmetrical matrix depositing
the vector differences at all control points.

A non-center principal component analysis (PCA) using the “RToolsForDeformet-
rica” [55] and “ade4” v. 1.7-17 [56] packages for R v. 4.0.4 [57] was carried out on an array
storing the asymmetrical matrices of all specimens. The “ggplot2” package [58] was used
to visualize the result of the PCA. A scatter plot of the second principal component (PC2)
against the first principal component (PC1) displayed the distributional relationship of
each specimen. The deformations displaying the asymmetric patterns at the four extremes
were computed via Deformetrica and visualized in ParaView v. 5.6.0. These deformations
were displayed in a form of colormap from dark blue (more constricted compared to the
opposite) to red (more expanded compared to the opposite).

The mean matrix averaging the asymmetrical matrices of all specimens was calculated
to exhibit the general pattern of surface asymmetry. The deformation for this mean matrix
was also computed via Deformetrica and visualized in ParaView v. 5.6.0.

3. Results
3.1. Principal Component Analysis

The first two principal components account for 27.06% and 14.32% of the total shape
asymmetry variation. The PC1 indicates that there is no clear directional trend for the
two asymmetrical types represented by the shapes at the two extremes (Figure 2). At the
positive extreme of PC1 (Figure 3A), the frontal, anterior parietal, and anterior temporal
lobes in the right hemisphere are more bulged compared to the left hemisphere, whereas
the occipital, posterior temporal, and posterior parietal lobes in the left hemisphere project
more posteriorly and laterally than the right side. With increasing values along PC1, the
left cerebellar lobe bulges and protrudes more posteriorly, while the right cerebellar lobe
exhibits the opposite trend. Comparatively, the asymmetrical pattern in the negative-value
end of PC1 shows a contrary trend to that at the positive end (Figure 3B).
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Figure 2. Bivariate plot of PC2 against PC1 based on diffeomorphic surface matching (DSM) analysis
for endocast shape asymmetry variation.
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Figure 3. The virtual asymmetric shapes of endocast surfaces at the positive and negative extremes
of PC1 (A,B) and PC2 (C,D) in frontal (i), left lateral (ii), occipital (iii), right lateral (iv), dorsal (v),
and basal (vi) views. The colormap shows the degree of asymmetry in endocast surface shape. The
dark blue and red represent the most constricted and expanded area of one hemisphere relative to
the other half (in millimeter).

As shown in Figure 2, PC2 presents directional asymmetry: about 74% of the individu-
als are distributed in the positive-value half of PC2 and 26% in the negative-value half. The
shape asymmetry pattern of the endocast at the dominant side of the distribution (positive
extreme end of PC2, Figure 3C) is mainly shown as left-occipital and right-frontal petalial
asymmetries. The superior and middle-frontal convolutions present a slight rightward
asymmetry, while the inferior frontal convolution shows a slight leftward asymmetry. The
temporal lobe presents a rightward asymmetry. The parietal-occipital lobe presents a
leftward asymmetry. The cerebellum shows a double asymmetry with a leftward anterior
lobe and rightward posterior lobe, but to a low degree. The negative extreme end of PC2
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(Figure 3D) displays the reverse trend of the asymmetrical pattern, namely anti-symmetry
of those at the positive extreme end of PC2.

3.2. The General Pattern of Endocast Surface Asymmetry

The mean asymmetric shape of the endocast surface, averaging the asymmetrical de-
formation of all individuals, is shown in Figure 4. It reveals a directional asymmetry pattern
consistent with the positive-value end of PC2 but displays more detailed local asymmetries.

v

Figure 4. The mean asymmetric shape of the endocast surface in frontal (i), left lateral (ii), right
lateral (iii), occipital (iv), dorsal (v), and basal (vi) views. The colormap shows the degree of
asymmetry in endocast surface shape. The dark blue and red represent the most constricted and
expanded area of one hemisphere relative to the other, and the displacement within 5% from
symmetric shape is shown in white (in millimeter).

In the frontal view (Figure 4i), the frontal lobe has a strip adjacent to the longitudinal
cerebral fissure, showing expansion on the right hemisphere and contraction on the left
side. As a result, the right hemisphere protrudes more anteriorly than the opposite side
and slightly bends the anterior interhemispheric fissure towards the left. The left inferior
frontal convolution (Figure 4ii), an area that includes Broca’s area, is extended more
anteriorly, laterally, and ventrally relative to the right side, whereas the right inferior
frontal convolution (Figure 4iii) appears more flattened and elongated antero-posteriorly.
Additionally, the right frontal bec is more elongated than that of the opposite hemisphere
and the ventral surface of the frontal lobes in the left hemisphere is more bulged than the
right (Figure 4vi).
portion, involving all three convolutions, is more inflated in the right hemisphere than the
left. The right temporal lobe protrudes more inferiorly than the left one, resulting in a right
temporal petalia (Figure 4vi). Additionally, the left temporal lobe appears to be shorter and
the left Sylvian fissure is displaced anteriorly to a greater extent than the right. The parietal
lobe also shows complex shape asymmetry (Figure 4v): the anterior portion adjacent to
the frontal lobe and the posterior portion adjacent to the occipital lobe are more bulged on
the left parietal lobe than the right, while an elliptic region, roughly corresponding to the
superior parietal lobule, appears to protrude more on the right hemisphere than the left.
Asymmetries in the temporal and parietal lobes suggest that the directional asymmetry in
the surface of the region corresponding to Wernicke’s area is in favor of the right side.

The greatest degree of local asymmetry in the endocast surface was observed in the
occipital region (Figure 4iv): the portion of the left occipital lobe near the indentation of the
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superior sagittal sinus protrudes significantly backward while the relative position of the
right hemisphere contracts inward compared to the opposite side. Additionally, the left
occipital lobe extends more medially than the right, bending the posterior interhemispheric
fissure towards the right.

The surface shape of the cerebellum shows bilateral asymmetry (Figure 4iv,vi): the an-
terior portion of the cerebellum extends more anteriorly and ventrally in the left hemisphere
than the right, whereas the posterior portion of the cerebellum extends more posteriorly and
superiorly in the right hemisphere than the left. The cerebellum thus has the appearance of
an anticlockwise twisting torque in basal view.

4. Discussion
4.1. Global Endocast Asymmetry

In this study, we performed surface matching using diffeomorphisms to quantify
and visualize the asymmetry of human endocasts. We found that two types of lobar
asymmetries categorize the majority of the global asymmetry variation. These two types
of lobar asymmetries correspond to the clockwise and counterclockwise distortion of the
global brain, with the cerebrum and cerebrum being consistent in the deformation trends.
Previous studies revealed that the right frontal, right parieto-temporal, and the left occipital
lobes have larger surface areas than the contralateral sides [4]. Measurement of lobe
volumes using MRI found rightward asymmetries for the frontal and temporal lobes, and
leftward asymmetries for the parietal and occipital lobes in right-handed twin pairs [20].
Here, we find that the rightward asymmetries of frontal, anterior parietal, and anterior
temporal lobes, and leftward asymmetries of occipital, posterior temporal, and posterior
parietal lobes have a roughly equivalent distribution compared to the reverse asymmetry
pattern in this population. This indicates that the lobar asymmetry has a more complicated
pattern of shape, surface area, and volume asymmetry.

4.2. Local Asymmetries of the Cerebrum

The shape at the positive-value extreme of PC2 and the deformation-based mean
asymmetric shape both show a similar pattern of directional asymmetry. This directional
asymmetry pattern is about three times as common as its anti-symmetry in the mod-
ern population. The general asymmetry pattern illustrated here is similar to the results
of the previous study using geometric morphometrics to quantify hominid endocranial
asymmetry [15] but reveals more details about the local asymmetries.

The petalia asymmetry pattern of endocasts in modern humans is typically character-
ized by the right frontal and left occipital lobes protruding outward more than the opposite
side. Deformation results in the present study indicate that the leftward occipital petalia is
much more prominent than the rightward frontal petalia, which is consistent with analyses
of geometric morphometrics and linear measurements in endocasts of humans [15,59]. The
temporal lobe presents a right petalia projecting inferiorly, which has not been observed in
previous studies.

We found that the asymmetry in the posterior part of the temporal lobe favors the
right side and the local asymmetries of the parietal lobe are complex depending on the
mean asymmetric shape. In this context, the surface of Wernicke’s area is primarily skewed
to the right. Previous MRI research showed a complicated asymmetry in the temporal lobe.
Kitchell and colleagues [5] have reported that the superior temporal sulcus is rightward-
asymmetric while the planum temporale is leftward-asymmetric. A rightward asymmetry
in the depth of the superior temporal sulcus ventral to Heschl’s gyrus is known to be widely
present in modern humans but rare in chimpanzees [60]. Due to the fact that the planum
temporale and superior temporal sulcus are internal anatomical structures, it is difficult to
define the contour of these area on an endocast. Therefore, the asymmetry of Wernicke’s
area discussed here is roughly based on the surface shape of the posterior parts of superior
and middle-temporal convolutions.

27



Symmetry 2022, 14, 1459

A leftward asymmetry of Broca’s area in the inferior frontal convolution has been
identified as a feature commonly found in hominins and related to the brain lateralization
associated with language [11,29]. Indeed, quantitative measurements revealed that
the Broca’s cap is larger in the right but more clearly defined in the left in modern
humans [25,28,32]. In the present study, the inferior frontal convolution is more flattened
and elongated antero-posteriorly in the right hemisphere, while the left inferior frontal
convolution extends more laterally, anteriorly, and ventrally relative to the right side. As
a result, the left Broca’s cap appears to be more globular. In the quantitative study of
H. sapiens endocast by Balzeau and colleagues [32], the left Broca’s cap was also found
to be more globular than the right side, but the length and the size of the third frontal
convolution displayed a rightward asymmetry. This observation is supported and upheld
by the results of the present study. Wada and colleagues [37] measured the visible cortical
area on the frontal operculum (including both the pars opercularis and a posterior portion
of the pars triangularis) and found that the left side was smaller than the right. However,
Falzi and colleagues [61] measured the cortical surface area of Broca’s area (including
both the extra-sulcal and intra-sulcal cortex) and revealed that the left Broca’s area was
significantly larger than the right one. The difference in these results is due to the deeper
fissure of the cortex in the left Broca’s area [62] and perhaps leads to the larger size on the
right but more globular shape on the left Broca’s area.

4.3. Asymmetry of the Cerebellum

The cerebellum is responsible for controlling movement and coordinating balance,
as well as for regulating cognition and emotion through information circuits with the
non-motor cortex in the prefrontal and posterior parietal [63-65]. Previous studies have
found a leftward asymmetry of the anterior cerebellum and a rightward asymmetry of the
posterior cerebellum [25]. Here, the cerebellum shows a double asymmetry in which the
right posterior cerebellar lobe extends more posteriorly and superiorly than the left, and
across the midline, whereas the left anterior cerebellar lobe extends more anteriorly and
ventrally. Therefore, the surface shape of the cerebellum appears as a twisting effect in
the opposite direction relative to the Yakovlevian anticlockwise torque of the cerebrum.
There is evidence that the motor and non-motor cortex in the left and right hemispheres
of the cerebrum show strong preferential correlations with the related functional areas
in the contralateral cerebellum [66-68]. In addition, the region and degree of functional
lateralization in the cerebellum are correlated with that of lateralization in the cerebrum [6].
With that in mind, the cerebellum may possess roughly similar asymmetrical patterns of
function and structure to the cerebrum [6].

5. Significance and Conclusions

Here, we quantified and visualized the asymmetry of endocast surface shapes in a
modern human population using landmark-free DSM. Like previous studies, we have
found the dominant asymmetry pattern to have left-occipital and right-frontal petalias,
a more globular left Broca’s area compared to the right, and a double asymmetry in the
cerebellum. In addition, our results reveal more information of the asymmetry pattern
in parietal and temporal lobes. Brain structural asymmetry is extensively involved in
previous studies and often associated with functional lateralization. For example, the left
hemisphere is generally dominant for language, with a more prominent Broca’s area and a
larger planum temporale [26,69]; besides, right-handed individuals often exhibit a more
pronounced left-occipital and right-frontal petalias asymmetry than non-right-handed
individuals [2]. Additionally, the cortical thickness asymmetry in a specific region of the
postcentral gyrus correlated with hand preference, where right-handers dominated by the
left hemisphere had a less rightward /more leftward shift of neural resources [9].

Our findings support previous MRI studies and confirm the validity of endocasts for
obtaining valuable information on encephalic asymmetries [1,10,15,20,37,59]. Specifically,
we find that the surface shape of the temporal language comprehension area (i.e., Wer-
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nicke’s area) presents a rightward asymmetry, which is different from the asymmetrical
pattern of the motor speech area (i.e., Broca’s area). Thus, the hemisphere dominance for
language in terms of shape asymmetries, reflected by the endocast surface, might not be
completely leftward. Furthermore, a rightward temporal petalia and a complex asymmetry
pattern of the parietal lobe were also revealed. Whether these asymmetry features in the
endocast surface can be correlated with a function of the brain needs to be investigated
in combination with MRI studies as well as other morphological and functional studies
in the future.

The evolution of the unique structure of the human brain has long been explored
by analyzing the evolutionary sequence of endocasts and comparing humans and other
primates [3,40,70,71]. A detailed understanding of the asymmetric patterns of the brain
structure in modern humans is central to this topic. The PCA results presented in this
study demonstrate that modern humans present a fluctuating asymmetry on the endocast
surface, as represented by two balanced components of left parietal /right occipital lobes
or right parietal/left occipital lobes. On the other hand, the non-center PCA results and
the average asymmetric shapes show that most individuals exhibit a prevalent directional
asymmetry, as discussed earlier in this paper. According to previous studies, the brain
of great apes shows a similar right-frontal and left-occipital directional asymmetry in the
width of lobes, and a similar but less variable and low-degree fluctuating asymmetry in
components of the petalias [3,15,23]. Moreover, Balzeau and colleagues [32] have found
that Pan paniscus shares a common pattern of asymmetries in the third frontal convolution
with Homo sapiens through the quantitative study of endocasts. Great apes have also been
shown to have leftward asymmetries in the size of the planum temporale and Broca’s
area [72,73]. Additionally, previous studies have revealed that levels of brain asymmetry
varied in the evolution process of Homo species, especially when the common ancestor
of Homo heidelbergensis, Homo neanderthalensis, and Homo sapiens emerged [40]. This study
reveals that modern humans have a more complex pattern of endocast asymmetry than
previously understood, which involves both fluctuating and directional asymmetry in
different lobes. Considering this new understanding of endocast asymmetry, it is necessary
to assess whether the asymmetry pattern in modern humans is also present in non-human
primates and whether it is present in particular stages of hominin evolution.
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Abstract: The endocast was paid great attention in the study of human brain evolution. However,
compared to that of the cerebrum, the cerebellar lobe is poorly studied regarding its morphology,
function, and evolutionary changes in the process of human evolution. In this study, we define the
major axis and four measurements to inspect possible asymmetric patterns within the genus Homo.
Results show that significant asymmetry is only observed for the cerebellar length in modern humans
and is absent in Homo erectus and Neanderthals. The influence of occipital petalia is obscure due to
the small sample size for H. erectus and Neanderthals, while it has a significant influence over the
asymmetries of cerebellar height and horizontal orientation in modern humans. Although the length
and height of the Neanderthal cerebellum are comparable to that of modern humans, its sagittal
orientation is closer to that of H. erectus, which is wider than that of modern humans. The cerebellar
morphological difference between Neanderthals and modern humans is suggested to be related to
high cognitive activities, such as social factors and language ability.

Keywords: cerebellar lobe; Homo; asymmetry; evolutionary changes; cognitive increase

1. Introduction

Endocast, or brain endocast, is the cast made of the interior of the neurocranium of a
skull [1]. Endocast is the only agent to investigate how the human brain evolved physically
in the process of evolution [2] regarding its volume [3-7], surface features [8-11], or size
and shape [12-16].

Asymmetry of the brain, as one of the most debated questions, exhibits at different
levels, such as the Broca’s area [17,18], perisylvian region [19], central sulcus, cortical and
subcortical regions, lobes, and hemispheres [20,21]. Brain asymmetry is often related to
functional and evolutionary significance; for example, petalia and the Yakovlevian torque
is a geometric distortion of the brain hemisphere, in which the left occipital lobe and the
right frontal lobe are wider and longer than the opposite side [21]. While a combination
of left occipital and right frontal petalia is common in modern humans and fossilized
hominins and is regarded as evidence of right-handedness [22-24], such observations
are less exaggerated or rarely consistent in great apes and other primates [15,25]. Also,
capuchins display a leftward frontal petalia [26] while macaques show the rightward
frontal petalia [27], and both were absent of a left occipital petalia.

Compared to that of the cerebrum, the cerebellum receives less attention and is
still poorly understood. However, with the advances of neuroimaging technology and
theoretical innovation, there is increasing study of the cerebellum regarding its morphology,
function, and evolutionary changes. Moreover, evidence from neuroimaging uncovers
the cerebellum as the “missing link” in many cognitive domains [28]. Sereno, et al. [29]
revealed in a recent study that the cerebellar cortex covers almost 80% of the surface area
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of the cerebral cortex, and the expansion of the human cerebellar surface area even exceeds
the cerebral cortex when compared to that of monkeys. Also, neuroimaging evidence
suggests that the function of the cerebellum is also highly involved in cognitive and social
activities [30-33], which is also supported by clinical studies, such as developmental
dyslexia [34,35].

The evolutionary changes of the cerebellum were also hotly debated. Studies suggest
that the cerebellum shows a similar asymmetric pattern as the cerebrum (the left-occipital,
right-frontal petalia), with larger anterior lobules on the right side and larger posterior lob-
ules on the left side [36,37]. Compared to that of humans, the cerebellar torque is opposite
in chimpanzees [26], while absent in capuchins. MacLeod, Zilles, Schleicher, Rilling, and
Gibson [31] found that hominins have a great increase in the lateral cerebellum compared
to that of monkeys. It is also a popular idea that the cerebrum and cerebellum underwent
several expansions and reorganizations in the process of human evolution [2]. Weaver [38]
came up with a hypothesis that the evolution of human cerebellar /neocortical occurred
in three stages; the first stage as early encephalization with an expansion of the neocortex
during Early-to-Middle Pleistocene; the second stage as the dramatic encephalization
primarily happened to the neocortex in Middle-to-Late Pleistocene humans, accompanied
by a proliferation of cultural objects as well as an increase in complex behaviors, such
as pyrotechnology and prepared core techniques, and the third stage happened in the
late Late Pleistocene and Holocene, with an increase in cognitive efficiency as a result
of expanded cerebellar capacity, which is the reason why modern humans can do more
without an increase in net brain volume. Cerebellar specialization is thought to be an
important component in the evolution of humanity’s advanced technological capacities
and languages [39,40].

The cerebellum is classically divided into three lobes, namely, the anterior lobe, the
posterior lobe, and the flocculonodular lobe; it also has three major surfaces, with the
superior surface toward the tentorium cerebelli, the posterior surface toward the internal
occipital bone, and the anterior surface toward the petrous pyramid [41]. The cerebellar
lobe reconstructed from the cerebellar fossa is surrounded by transverse sinus, sigmoid
sinus, and occasionally occipital and marginal sinus. Accurate and homologous landmarks
are important in the study of endocasts, such as in the case of Taung australopithecine
endocast, in which a vague position of the lunate sulcus caused great debate [1,42-48].
Unlike the cerebrum, there are no gyrus or sulcus that exist on the surface of the cerebellum,
and hence, it is difficult to identify landmarks to measure.

In this study, we tentatively define the major axis and four measurements on the
cerebellum to achieve a more accurate between-group comparison. The main aim of this
study is (1) to test whether certain asymmetric patterns existed within the genus Homo;
(2) to find out possible factors that affected the asymmetry, and to (3) provide morphological
evidence for cerebellar reorganization and cognitive increases in the genus Homo.

2. Materials and Methods
2.1. Materials

A total of 45 specimens were used in this study (as illustrated in Table 1), including
Homo erectus (n = 11), Homo neanderthalensis (n = 4), and extant Homo sapiens (modern
humans, n = 30). H. erectus specimens were mostly sourced from Asia and Indonesia to
avoid significant regional differences. The 3D data of the fossil hominins were laser-scanned
from endocast models housed in the American Museum of Natural History (AMNH) and
the Institute of Vertebrate Paleontology and Paleoanthropology (IVPP) with a resolution
of 0.5 mm or higher. Endocasts of extant H. sapiens were reconstructed from CT scans
with a resolution of 160 um. Frontal pole to occipital pole length was also measured in
this study and compared to that of those from literature to ascertain whether no great
discrepancy existed.
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Table 1. List of specimens used in the study.

Populations Number Specimens and Source
ZKD III, ZKD XI, Hexian (IVPP); OH 9, WT 15000, Sale,
Homo erectus 11 Sangiran 2, Sangiran 17, Ngandong 7, Ngandong 12,
Sambungmacan 3 (AMNH)
Homo neanderthalensis 4 La Ferrassie 1, Gibraltar, Spy 1, Spy 2 (AMNH)
Homo sapiens 30 Modern Chinese (IVPP)

2.2. Cerebellar Metrics

Due to lacking prominent anatomical features, homologous landmarks on the cerebel-
lar lobe are difficult to recognize and define. Although previous studies used transverse
sinus and sigmoid sinus defining measurements of the cerebellum [1], the great variation
suggests that the sinus was not an adequate reference.

Considering the ellipsoid shape of the cerebellar lobe, the size and shape can be best
depicted by the major axis and two points it passes through (as illustrated in Figure 1).
Here, we define the major axis as a straight line that divides the cerebellar lobe into two
halves from both the inferior view and the posterior view. The point that the major axis
passes through at the anterior part is defined as the most lateral and inferior point (LI
point), which in most cases is medial to the sigmoid sinus. The point that the major axis
passes through at the posterior part is defined as the most medial and superior point (MS
point), which is close to the internal occipital protuberance point and is often asymmetric
because of the occipital petalia. With the endocast at the standard position using the
front pole to occipital pole as the horizontal plane [1], four measurements were defined
upon the major axis (as illustrated in Figure 1, Table 2), namely, the cerebellar length,
cerebellar height, sagittal orientation (the orientation of the major axis relative to the
sagittal plane), and horizontal orientation (orientation of the major axis relative to the
horizontal plane). Asymmetric parameters were also calculated as the difference between
the left and right sides of the same measurement (L-R) [15], namely, the ML.Ir, H.Ir, Sagi.lr,
and Hori.lr. The determination of the landmarks and the measurements were performed in
Rapidform XOR3.

Table 2. Definition and abbreviation of measurements.

Measurements Abbreviation (Right/Left) Definition
Cerebellar length MLR/MLL Length of the cerebellar major axis
Cerebellar height HR/HL Height of the cerebellum, measured from the MS point to the

Sagittal orientation
Horizontal orientation

Asymmetric parameters

lowest margin of the cerebellum
Orientation of the major axis relative to the sagittal plane,
depicting how the cerebellar lobe orientated medial-laterally
Orientation of the major axis relative to the horizontal plane,
depicting how the cerebellar lobe orientated superior-inferiorly
Difference between the left and right side of the same
measurement, calculated as (L-R)

SagiR/Sagil.
HoriR/HoriL.

ML.Ir, H.Ir, Sagi.lr, Hori.lr

2.3. Descriptive Statistics of the Asymmetries

To demonstrate overall asymmetries of the cerebellum, all the measurements were
summarized regarding different populations and measurements, with mean value, stan-
dard deviation, and coefficient of variation (CV) being presented. Paired t-test was con-
ducted to test the difference between the two sides with bootstrap considering the small
sample size.

2.4. Analysis of Covariance

Cerebellar size and shape may be influenced by occipital petalia and brain size (allom-
etry) [49]. Therefore, those two factors were recorded and analyzed in this study. Endocasts
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with left occipital petalia, right occipital petalia, or equally bilateral situation are recorded
as L, R, and B, respectively. To test how cerebellar asymmetries were influenced by those
two factors, analysis of covariance (ANCOVA) was conducted within each population
group, with asymmetric parameters as the dependent variable, natural log-transformed
cranial capacity as the covariate, and occipital petalia as the independent variable.

The statistical analysis and plotting were carried out in R [50], with packages “plyr”,
“tidyverse” and “ggplot2” [51].

Mid-Sagital Plane

Horizontal Plane

Figure 1. Diagram of major axis and four measurements of cerebellum on endocast from inferior (a) and posterior view (b).
MLL and MLR, cerebellar length on the left and right side; MS point, medial-superior point; LI point, lateral-inferior point;
Sagil. and SagiR, orientation of major axis relative to sagittal and horizontal plane; HL and HR, cerebellar height on left and

right side.

3. Error Evaluation

To avoid interobserver error, all measurements were measured by the same author Y.Z.
Also, to assess intraobserver error, three specimens were chosen and measured six times
repeatedly on six different days. The coefficient of variation (CV) is calculated with the
repeated measurements (as illustrated in Table 3). The intraobserver error is well controlled
within most of the measurements except for the horizontal angle. All of the measurements
were included in the formal analysis, although the results of the horizontal angle should be
taken with great caution.
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Table 3. CV calculated from repeated measurements of chosen specimens.

Specimen Side ML H Sagi Hori
Ngandong 7 right 2.42 7.95 8.88 16.33
Ngandong 7 left 0.73 244 2.01 22.46

Gibraltar right 1.75 8.34 3.70 40.03

Gibraltar left 3.52 4.15 4.36 33.63

yno4f right 0.86 412 3.29 24.41
yno4f left 1.03 1.33 5.49 19.23
4. Results

4.1. Description of Cerebellar Asymmetries

Results of the descriptive statistics and bootstrapped t-test were shown in Table 4. No
significant asymmetry was observed among the four measurements within H. erectus and
H. neanderthalensis. However, the result of Neanderthals should be taken with caution as
only a small sample size is available. Within the H. sapiens group, only the cerebellar length
is significantly larger on the left side.

Table 4. Descriptive results of measurements and bootstrapped t-test.

Population Side  Metrics ML H Sagi Hori
mean 48.68 15.18 40.47 7.68

right sd 421 1.83 5.49 2.18

v 8.65 12.05 13.56 28.42

H. erectus (n =12) mean 49.95 15.65 38.45 8.81
left sd 3.56 1.30 5.11 3.23

ov 713 8.30 13.29 36.66

p 0.10 0.45 0.19 0.26

mean 60.33 22.85 41.35 11.20

right sd 428 3.39 3.36 453
cv 7.09 14.84 8.13 40.47
H. neanderthalensis (n = 4) mean 61.65 20.38 43.15 10.25
left sd 4.70 441 4.66 5.76
cv 7.63 21.64 10.79 56.19

P 0.64 0.43 0.25 0.37

mean 58.17 21.78 35.40 9.90

right sd 2.65 3.02 3.27 2.82
cv 455 13.86 9.24 28.52

H. sapiens (n = 30) mean 59.75 22.01 36.50 9.83
left sd 3.33 3.05 3.46 2.77
ov 5.57 13.85 9.48 28.14

P 0.01 * 0.64 0.21 0.91

* Significance level is lower than 0.05.

Together with the boxplot (as illustrated in Figure 2), a preliminary evolutionary
change of the cerebellar metrics can be summarized. There is an obvious growth of the
cerebellar length and cerebellar height for Neanderthals and modern humans over the H.
erectus. However, the sagittal orientation of the cerebellar is wider for Neanderthals and H.
erectus while this value is quite small for modern humans. For the horizontal orientation,
Neanderthals and modern humans are relatively steep while it is rather flat in H. erectus.
The CVs of horizontal orientation are high in the process of error evaluation and may
contribute to within-group variation here.
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Figure 2. Boxplot of cerebellar metrics.

4.2. ANCOVA

In H. erectus, the ANCOVA (as illustrated in Table 5) revealed a significant relationship
between cerebellar length asymmetric parameter (ML.Ir) and both cranial capacity and
occipital petalia while other parameters had no such relationship. From the scatterplot
(as illustrated in Figure 3), negative allometry can be observed between ML.Ir and cranial
capacity in H. erectus, indicating that individuals with small brain size will have a larger
cerebellar length on the left side. However, only two specimens of H. erectus have right
occipital petalia (as illustrated in Figure 3), making the relationship between cerebellar

length and occipital petalia questionable.

Table 5. p-value of asymmetric parameters from ANCOVA.

Asymmetric Parameter Term H.erectus  H.sapiens  H.neanderthalensis
InCC 0.03* 0.11 0.45
ML.Ir Occipital Petalia ~ 0.01 * 0.42
InCC 0.89 0.51 0.21
Hlr Occipital Petalia 0.89 0.01*
Sagilr InCC 0.42 0.26 0.49
Occipital Petalia 0.06 0.12
. InCC 0.14 0.56 0.00 *
Horilr Occipital Petalia 0.51 0.01%

* Significance level is lower than 0.05.
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Figure 3. Allometric trend of asymmetric parameters in three populations; B, bilateral; L, left occipital petalia; R, right

occipital petalia.

Within H. sapiens, cranial capacity does not affect the asymmetric parameter sig-
nificantly. Occipital petalia had a significant influence on cerebellar height asymmetric
parameter (H.Ir) and horizontal orientation asymmetric parameter (Hori.lr). Endocasts
with right occipital petalia tend to have large positive H.Ir and Hori.Ir, indicating a tall and
steep-orientated cerebellar lobe on the left side.

Because all of the four Neanderthal specimens were left occipital petalia, we performed
linear regression instead of the ANCOVA in Neanderthals. Results show that Hori.lr is
significantly affected by the cranial capacity. A large brain size would be accompanied by a
steep cerebellar lobe, as revealed in the scatterplot (as illustrated in Figure 3).

5. Discussion
5.1. Cerebellar Asymmetric Pattern

The cerebellar asymmetry is only observed in H. sapiens while absent in H. erectus and
possibly H. neanderthalensis. In H. sapiens, the cerebellar length is significantly longer on
the left side, while its height, sagittal orientation, and horizontal orientation do not differ
between left and right side (as illustrated in Figure 4).

Further analysis found that the petalia and cranial capacity did not influence the
cerebellar length and sagittal orientation in H. sapiens. However, the occipital petalia is
significantly related to cerebellar height and horizontal orientation in H. sapiens. Individuals
with right occipital petalia would have high and steep orientated cerebellar on the left side
(as illustrated in Figure 4). The prevalence of cerebellum contralateral to the occipital lobe
is suggested to be a spatial compensation [52,53], supported by the fact that the occipital
petalia can be used as a predictive sign for the transverse sinus [54]. This is not repeated
in the cerebellar length and sagittal orientation, indicating that the occipital petalia only

39



Symmetry 2021, 13, 988

Ngandong 7

Wide sagittal orientation

Short cerebellar height

affects the superior-inferior dimension instead of the anterior-posterior and medial-lateral
dimension of the cerebellum.

onger cerebellar
length on the left

Narrow sagittal orientation

La Ferrassie 1 25 mm Modern human
I

No significant difference ®nd horizontal orientation

of horizontal orientation on the right side is related
and cerebellar height to the left-occipital petalia

Figure 4. Cerebellar asymmetric pattern represented by Ngandong 7, La Ferrassie 1, and modern human.

5.2. Cerebellar Asymmetry in the Genus Homo

Although cerebellar expansion can be traced back to great apes [38], the asymmetries of
the cerebellum appear quite recently in H. sapiens, which is absent in H. erectus and possibly
H. neanderthalensis. Also, this differs from the fact that the cerebral laterality is distinguished
in early hominins compared to that of the great apes [22,25]. We provide more evidence for
the difference of evolutionary trajectories between the cerebrum and cerebellum.

A flat parietal lobe, elongated occipital lobe, and flat cerebellar lobe are thought to be
unique features among Neanderthal endocasts [12]. Compared to that of Neanderthals,
the endocast of modern humans is much more globular, including the parietal and the
cerebellum lobe [55]. The globularity of the endocast of modern humans mainly originates
from the parietal expansion rather than the cerebellum [12]. Congruent with previous stud-
ies, we find that modern humans do not differ from Neanderthals much at the cerebellar
length and height (without size correction), and horizontal orientation. Our results support
the idea that the tentorium cerebelli prevented the horizontal dimensions, such as the
cerebellar height and horizontal orientation, from diverging greatly between Neanderthals
and modern humans [12]. Meanwhile, the sagittal orientation is significantly narrower
in modern humans when compared to that of Neanderthals. The small sample size of
the Neanderthals aside, this may reflect a species-specific feature. If so, such difference
possibly occurs during the “globularization-phase” when critical features of the human
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brain were established [55]. This might provide new evidence for the different rates and
timing of brain development between Neanderthals and modern humans. However, such
a statement needs more study and ontogenetic evidence. We suggest this to be related to
higher cognitive abilities, such as social factors [56] and language abilities [57], that differ
mostly between H. sapiens and Neanderthals [58].

5.3. Limitations

Considering the difficulty in obtaining homologous landmarks on the cerebellum, this
is still a very preliminary study. The morphological information obtained is limited, and
the uncertainty of the landmarks also introduced errors, especially in the measurement
of the horizontal orientation. Further studies with landmark-free methods are suggested
to reduce measurement error and extract more information from the whole cerebellar
surface. Also, the basilar part of the cranium is rarely well preserved in human fossils
and led to the small sample size in the analysis, which also prohibited us from obtaining
convincing results.
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Abstract: Little is known about how occipital lobe asymmetry, width, and height interact to contribute
to the operculation of the posterior parietal lobe, despite the utility of knowing this for understanding
the relative reduction in the size of the occipital lobe and the increase in the size of the posterior
parietal lobe during human brain evolution. Here, we use linear measurements taken on 3D virtual
brain surfaces obtained from 83 chimpanzees to study these traits as they apply to operculation of
the posterior occipital parietal arcus or bridging gyrus. Asymmetry in this bridging gyrus visibility
provides a unique opportunity to study both the human ancestral and human equivalently normal
condition in the same individual. Our results show that all three traits (occipital lobe asymmetry,
width, and height) are related to this operculation and bridging gyrus visibility but width and not
height is the best predictor, against expectations, suggesting that relative reduction of the occipital
lobe and exposure of the posterior parietal is a complex phenomenon.

Keywords: chimpanzee; occipital; hominin

1. Introduction

In addition to helping us understand the evolution of lateralization [1-3], asymmetries
of the brain’s surface seen in closely related species such as chimpanzees (Pan troglodytes)
can also help us to understand the role development plays in brain evolution itself. As an
example, a major shape difference in the brains of human (Homo sapiens) versus nonhuman
primates is that in nonhuman primates the occipital lobe operculates part of the parietal
lobe, including a buried annectant gyrus that connects these lobes, known as the 1st
parieto-occipital “pli de passage” of Gratiolet or the parieto-occipital arcus [4-6]. The
posterior portion or bridge of this gyrus is consistently seen on the brain’s surface in
humans but is only occasionally seen (often asymmetrically) in chimpanzees [4-8]. Relative
reduction of the occipital operculation and expansion of the posterior parietal lobe is a
major hallmark in human brain evolution, although debate on when this occurred has
been contentious, and currently we have no model of what transitional states between the
human ancestral and derived conditions may have looked like. Studying the presence or
absence of a visible bridging gyrus in chimpanzees, who are our closest living relatives
and who have brains very similar to that of the last common ancestor [7-10] allows us to
understand its relationship to the size of the occipital lobe; when this trait is asymmetrical in
chimpanzees (who unlike humans still show occasional asymmetry in this region) it allows
us to understand this trait developmentally rather than genetically, as it occurs variably in
different hemispheres of the same individual, while giving us a greater range of variation
in which to build models of transitional states, and to study the evolution of asymmetries
and symmetries, since it is asymmetrical in chimpanzees while it is symmetrical in humans.
Such an understanding would also be very valuable for the interpretation of hominin
endocranial casts, which have morphology that is difficult to interpret in this region due to
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our lack of transitional models, and so very valuable to the study of brain evolution. If this
trait is only associated with occipital lobe height this would suggest that the primary factor
in the exposure of the bridging gyrus is posterior movement of the occipital operculation,
which retracted inferio-posteriorly during human evolution revealing buried parietal gyri
which then expanded; association with asymmetry and/or width in addition to height
would suggest a relative change in the size and shape of the entire occipital to the parietal
lobe is a more important factor. Using preliminary data, we observed these relationships
in a large sample of chimpanzees. The aim of this study is an exploratory assessment
of whether the presence or absence of the occipital bridging gyrus is associated with
left or right hemispheres, and how hemisphere siding is associated with occipital lobe
width and height in the chimpanzee brain. Regression analysis examines the correlation
between left and right hemispheres and occipital lobe width and height, where reliable
predictions (£1 s.e.) determined if occipital lobe height or width was a more reliable
predictor of hemisphere siding. Ultimately, we found that asymmetry, height, and width
are all associated with a visible bridging gyrus, in increasing order.

2. Materials and Methods

This study used three-dimensional surface models of a sample of 83 chimpanzee
brains. These brains were reconstructed using MRIs from the National Chimpanzee
Brain Resource (https:/ /www.chimpanzeebrain.org (accessed on 1 September 2021)) using
BrainVISA software (Pune, India) and measured using MeshLab [11-13]. Although the
measurements were able to be collected on the entire sample, the original collectors [12]
could not guarantee that the left or right hemisphere siding was correctly labelled. To
accommodate this uncertainty, subsample (1 = 15) was obtained by one of us to allow a
comparison and analysis of ‘known’ and “‘unknown’ hemisphere siding’. Each brain was
rotated such that the lowest points of the left occipital and left temporal lobes both lie on a
plane at right angles to the longitudinal fissure. The width of each hemispherical occipital
lobe was measured as the distance in millimeters from the longitudinal fissure to the lobe’s
most lateral extent. Height was measured as the greatest vertical extent between points
on each hemispherical lobe, barring its most medial edge if a bridging gyrus was visible;
the presence of a visible bridging gyrus between the superior-medial occipital lobe and
the parietal-occipital arcus was scored as a Y, while a fully operculated and thus hidden
bridging gyrus was scored as an N (see Figure 1).

Figure 1. Occipital Measurement Definitions. W = width, H = height. The right hemisphere has
a bridging gyrus (BG) not fully operculated by the occipital lobe and was scored as a Y; in the left
hemisphere this gyrus is fully operculated, so its condition was scored as an N.
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Statistical Analyzes

Preliminary analysis included a measurement error study. All data collection and
measurements were conducted by a single operator to prevent the effects on interobserver
error. Measurement error was investigated by using an analysis of variance, where mea-
surement error was calculated as the proportion of the mean-squared differences between
replicates relative to the total between-group variation [14]. The subsample (1 = 15) of
known hemisphere siding were measured on two separate occasions and measurement
error (ME) calculated as % ME =100 x MS (within)/MS (within) + MS (among). Measure-
ment error ranged from 0% to 3% (results not shown), and with this low measurement
error, we considered intraobserver error had a very minimal effect on further analyzes.

Canonical Correspondence Analysis (CCA) initially examined the potential associ-
ation between the four metrics: occipital height, both left and right (in mm) and width,
both left and right (in mm), and the presence or absence of a left, right, or no occipital
bridge (Table 1). CCA is particularly suited to datasets where quantitative variables and
presence/absence variables are common, such as ecological datasets [15]. Only recently
has this been applied to brain evolution, specifically quantitative variables, and the pres-
ence/absence of sulcal patterns [16]. CCA allows a comparison analysis, directly testing
a priori hypotheses emphasizing the variance of Y that is related to X, and where CCA
combines the properties of both ordination and regression analyses to produce ordinations
of Y that are linearly constrained to X [15]. Correlation analysis then tested the strength of
the potential correlation between two or more variables using the most common correlation
statistic (Pearson’s r correlation coefficient), with a two-tailed significance that the variables
were uncorrelated and a Monte Carlo permutation (using 9999 iterations) [17].

Table 1. Occipital lobe measurements and bridging pattern type.

Height ! Width Bridge 2
Subject
L R L R L R Both

Abby 36 38 38 37 N N N
Agatha 42 44 47 46 N N N
Ahni 28 31 35 36 N N N
Akimel 42 41 39 41 N N N
Alex * 26 27 34 34 Y Y Y
Alpha 33 35 36 39 N N N
Amanda 41 41 37 37 N N N
Angie 27 30 35 35 Y N N
Artemus 32 33 35 35 N Y N
Arthur 38 37 33 35 N N N
Artifee * 39 37 37 36 N N N
Augusta 38 35 32 34 N N N
Azalea 36 38 33 37 N N N
Bahn 35 36 33 33 N N N
Barbara 42 43 37 37 N N N
Bart 31 29 37 37 N Y N
Bashful * 31 32 34 34 N N N
Becca 36 38 28 30 N N N
Beleka 32 31 28 30 N N N
Bernadette 35 39 32 36 N N N
Bernie 24 26 27 26 N N N
Beta 29 29 29 29 N N N
Betty * 44 44 36 38 N N N
Billy * 33 39 31 33 N N N
Bo* 35 33 33 33 N N N
Boka 42 42 38 37 Y Y Y
Brandy 35 34 26 29 N N N
Bria 34 38 38 40 Y Y Y
Brodie 33 33 31 31 N N N
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Table 1. Cont.

Height ! Width Bridge 2
Subject
L R L R L R Both

Callie 40 40 32 32 N N N
Carl * 37 32 33 34 Y Y Y
Chechkel 43 42 38 41 N N N
Cheeta * 45 44 37 39 N N N
Cheopi 34 34 31 32 N N N
Chester 28 36 37 37 Y Y Y
Chinook 35 38 36 36 N N N
Chip * 33 34 36 36 Y Y Y
Christa 43 43 34 37 N N N
Chuhia 37 40 34 34 N Y N
Cissie 38 41 35 37 N N N
Coco 31 32 37 38 Y Y Y
Cybil 27 28 33 34 Y Y Y
Dara 36 39 36 34 N N N
David * 29 29 37 35 N Y N
Drew 37 36 37 40 N Y N
Duff 39 39 35 37 N N N
Edwina * 31 32 32 32 N N N
Eesha 30 32 33 33 N N N
Ehsto 42 44 45 45 N N N
Elvira 39 39 38 37 Y Y Y
Elwood * 39 40 35 35 N N N
Emily * 30 32 35 35 N N N
Eniga 39 40 35 35 N N N
Evelyne 32 29 29 29 N N N
Faye 37 38 35 38 N N N
Fiona 38 41 38 37 N N N
Foxy 37 36 35 35 N N N
Frannie 34 35 34 34 N N N
Fritz 38 40 34 36 N N N
Gaygos 36 35 39 39 N N N
Gelb 37 38 31 33 N N N
Gigi 34 33 35 35 N N N
Gimp 32 33 36 35 Y N N
Gisoki 38 40 30 35 N N N
Haakid 36 37 38 41 N N N
Hannah 35 35 32 33 N N N
Helga 30 27 33 35 Y Y Y
Heppie 42 42 36 37 N N N
Hobbes 30 36 33 32 Y N N
Hodari 36 36 37 37 N N N
Huey 37 29 37 38 N Y N
Hug 31 36 36 36 N N N
Huhkalig 38 38 35 36 N N N
Iyk 31 35 33 35 N N N
Jacqueline 33 31 34 34 N Y N
Jadyh 31 33 33 34 N N N
Jake 38 40 36 37 N N N
Jamie 38 37 37 38 N N N
Jane 33 32 38 37 N N N
Jarred * 32 33 33 33 N N N
Jcarter 35 31 32 34 N Y N
Jewelle 28 27 30 29 Y Y Y
Jolson * 38 38 39 38 N N N

T All numbered measurements in left (L) and right (R) height and width in mm. 2 Presence (Y), absence (N), or
Both (B) of a visible bridging gyrus. * Indicates the subsample of individuals with known siding.
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To estimate the uncertainty due to unknown hemisphere siding, a subsample (1 = 15)
where the hemisphere siding was known (left and right) was examined with Bivariate
ordinary least-squares (OLS) regression to test the strength of association between each
of the four variables and occipital lobe side (left and right hemisphere). For regression
purposes, and to linearize scaling relationships [18], each variable was converted (from
mm) into natural logarithmic units (base ¢) and a 95% confidence interval fitted to the
log-log regressions.

Predicted height and width from both hemispheres was calculated using prediction
equations provided by the bivariate OLS regression models, where y = (a x log[x] + b). The
reliability of the predictions was calculated as the percentage of prediction errors (PPE),
where PPE = (predicted — observed)/predicted x 100). PPE calculates the uncertainty
in an estimate relative to its size [19]. Prediction reliability was determined by applying
a bracket of uncertainty produced by the standard error (s.e.) from the bivariate OLS
regression models calculating the upper and lower estimates for predicted height or width
for each specimen relative to its size, where y = (a x log[x] + b £ s.e). This maintained any
inherent differences between each variable allowing for changes in the range of uncertainty,
where each variable is associated with differences in the standard error [20]. All statistical
analyses were conducted in Past 4.0 [21].

3. Results

Preliminary results from summary statistics (Table 2) detailing the differences between
the left and right occipital lobes and the variation between height and width measurements.

Table 2. Summary statistics detailing mean, variance, standard deviations for the subsample (1 = 15)
with known hemisphere siding.

Summary Statistics (Known Sample)

L Height R Height L Width R Width
N 15 15 15 15
Min 26 27 31 32
Max 45 44 39 39
Sum 522 526 522 525
Mean 34.8 35.06667 34.8 35
Std. error 1.40814 1.31 0.57 0.53
Variance 29.74286 25.78095 4.885714 4.285714
Stand. dev 5.453701 5.077495 2.210365 2.070197
Median 33 33 35 35
25 percentile 31 32 33 33
75 percentile 39 39 37 36
Skewness 0.4577742 0.476494 0.108067 0.613097
Kurtosis —0.4279719 —0.52249 —0.60243 —0.46667
Geom. mean 34.40985 34.73166 34.73453 34.94389
Coeff. var 15.67156 14.47955 6.351624 5.914848

Canonical Correspondence Analysis (CCA) was used to determine the strength of
the correlation between different occipital bridge types, and the left (L) and right (R)
height or width of the occipital lobe. The presence or absence of bridging patterns requires
assessment where the potential correlation between occipital lobe height and width could be
assessed against the presence or absence of Left or Right bridging patterns, or whether those
with Both patterns were associated more with Occipital lobe width or height. Consistent
with CCA, the type of bridging patterns grouped specimens accordingly and the effect of

49



Symmetry 2021, 13, 1862

occipital lobe height or width determined. Results indicated that greater occipital width
was associated with both Left and Right bridging patterns (Axis 1), while occipital lobe
height (Axis 2) was associated more strongly with No Bridging pattern. The correlations
between variables indicated by Axis 1 (89% variance) and Axis 2 (11% variance) were
statistically significant (p < 0.002) with 1000 permutations (Table 3).

Table 3. Canonical Correspondence Analysis values of occipital lobe bridge patterns, with permuta-
tion (999 iterations). Statistically significant values are reported in italics.

Axis Eigenvalue Percentage p-Value
1 0.2851 89.14 0.001
2 0.0347 10.86 0.002

Abbreviations: p-value is the permutated p-value from 1000 iterations.

There were four distinct groups based on the type of bridge patterns observed with a
left bridge associated with marginally shorter L lobe height and greater R lobe width, a
right bridge was associated with shorter R lobe height and slightly greater R lobe width,
where both L and R bridges were present, these were weakly associated with smaller L
height, and no bridges was associated with greater R lobe height and width (Figure 2).

20 W LBridge

Height

05

Axis 2

A Both Bridges
R Height

Ld L Width
-10 05 = 05 10 15 20
No Bridges R Width
LHeight

05

M RBridge

207 Axis1

Figure 2. Canonical Correspondence analysis showing the four distinct groups of bridge patterns
and a biplot indicating the direction of correlations between variables where longer lines indi-
cate a stronger correlation. Abbreviations: Green square = Right Bridge; Purple square = Left
bridge; Blue Sphere = No bridge; Red Triangle = Both bridges; L Height = Left occipital lobe height;
R Height = Right occipital lobe height; L Width = Left occipital lobe width; R Width = Right occipital
lobe width.

Correlation analysis examined potential correlations between variables using Pear-
son’s r correlation coefficient for significance and a Monte Carlo permutation (9999 itera-
tions) with the probability of variables being uncorrelated using a two-tailed significance
set to p < 0.01. Statistically significant correlations using Monte Carlo permutation are
reported (Table 4) for R and L lobe height and width (p < 0.0001), with slightly less robust
correlations for R lobe width and right bridge (p = 0.0008), and L lobe height and L bridge
(p = 0.0022). Correlations between bridging patterns are entirely due to the binary coding
and do not reflect a true correlation.
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Table 4. Correlation Analysis between occipital lobe metrics and bridging patterns, with Monte Carlo
permutation (9999 iterations) and two-tailed significance. Statistically significant values are reported
in italics (p < 0.01). Correlation values reported in the lower triangle with two-tailed significance that
variables are uncorrelated are reported in the upper triangle.

Correlation Table

L Height R Height L Width R Width L Bridge ! R Bridge ! N Bridge !

L Height 0.0001 0.0001 0.0001 0.0022 0.0161 0.0026
R Height 0.0001 0.0001 0.0001 0.0101 0.0008 0.0002
L Width 0.0001 0.0001 0.0001 0.6361 0.3920 0.4240
R Width 0.0001 0.0001 0.0001 0.8226 0.7199 0.9431
L Bridge 0.0022 0.0101 0.6361 0.8226 0.0001 0.0001
R Bridge 0.0161 0.0008 0.3920 0.7199 0.0001 0.0001
N Bridge 0.0026 0.0002 0.4240 0.9431 0.0001 0.0001

Abbreviations: Correlation in lower triangle of matrix; probability of uncorrelated variables with two-tailed
significance (p < 0.05) in upper triangle of matrix. L Height = Left occipital lobe height; R Height = Right occipital
lobe height; L Width = Left occipital lobe width; R Width = Right occipital lobe width; R Bridge = Right Bridge; L
Bridge = Left bridge; No Bridge = Nbridge; ! = Included as binary values (present/absent scores).

Caution is warranted with these initial findings where uncertainty associated with
correct hemisphere siding, and the low number of individuals who possessed a bridging
pattern could be obscured by the higher number of those who possessed no bridging pattern
and where known siding is uncertain. However, correlation results and those reported
from the CCA suggest a likely association between lobe width and bridging patterns.

Ordinary Least Squares (OLS) regression examined a subsample (1 = 15) of individuals
with known right and left hemisphere siding allowing a test of bridging and siding predic-
tion and associated uncertainty. Metrics (in mm) for both right and left width and height
were first transformed by natural logarithm (base ¢) maintaining linearity. Both height
and width were predicted using Right from Left and then Left from Right to determine
the potential effect of siding on prediction uncertainty. All predictions were made with
a 95% confidence interval (CI) with strong correlations (r > 0.86, p < 0.0001). However,
between the regression models, there was little observable difference whether the left or
right hemisphere was used for the predictions (Table 5, Figure 3).

Table 5. Parameters for ordinary least-squares regression detailing the regression statistics for the
four metrics both left and right side. Statistically significant results reported in italics.

Right Lobe Regression Statistics

Metrics a b s.e r P

R Height 0.82901 0.61434 0.11182 0.90 0.0001

R Width 0.79421 0.73609 0.12819 0.86 0.0001
Left Lobe Regression Statistics

Metrics a b s.e r P

L Height 0.97553 0.07749 0.13158 0.90 0.0001

L Width 0.94058 0.20515 0.15181 0.86 0.0001

Abbreviations: a = slope; b = intercept; s.e = standard error of the regression estimate; r = Correlation coeffi-
cient; p = p-value for significance; L Height = Left occipital lobe height; R Height = Right occipital lobe height;
L Width = Left occipital lobe width; R Width = Right occipital lobe width.

All regression models showed a strong prediction overall, calculating the percentage
of prediction uncertainty (PPE) allows a better comparison of the uncertainty within each
model. Percentage of prediction error (PPE) was calculated for occipital height and width,
respectively, and the difference between these left and right predictions compared with
robust agreement between the observed and the predicted values (Table 5). Prediction
reliability assessed the difference within the regression models and between left and right
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lobes. Greater prediction uncertainty existed for lobe height, with a disparity of 17%, than
for width where the disparity was only 6%. This suggest that occipital lobe width might
be a more stable variable with less prediction uncertainty than height, potentially making
it more suitable for predicting occipital lobe side and hence, more reliable for assessing
bridging pattern associations (Table 6).
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Figure 3. Log-log Ordinary Least Squares (OLS) regression of Occipital lobe fitted with a 95% confidence interval for lobe
(A) height and (B) width where black triangles are specimens with a bridging gyrus and black dashed line to emphasize
symmetry and asymmetry (the departure from symmetry).

The predictions for both L and R occipital lobe width and height are provided for both
known and unknown sample, with predicted values converted from log-units to metrics (in
mm) by taking the inverse-log and the observed values reported in parentheses alongside
the predicted values (Table 7, Figure 4). Considering there was no discernible difference in
pattern of reliability between the hemispheres, only the prediction of R lobe height and
width are provided.

Table 6. Percentage of prediction errors (PPE) for four occipital metrics calculated as the difference
between observed and predicted height and width, and percentage of prediction reliability calculated
as difference between observed and predicted height and width (in mm) divided by observed
height and width. Negative and positive values indicate an increase or decrease, respectively, in the
predicted value from the observed.

Percentage Prediction Error

Height Width

Subject L R L R
Alex 1% 1% 0% 0%
Atrtifee —2% 1% —1% 1%
Bashful 1% 0% 0% 0%
Betty 0% —1% 1% —2%
Bllly 4% —4% 2% —1%
Bo —2% 2% 0% 0%
Carl —4% 4% 1% 0%
Cheeta —1% 0% 1% —2%
Chip 1% 0% 0% 0%
David 0% 1% —2% 1%
Edwina 1% 0% 0% 1%
Elwood 0% —1% 0% 0%
Emily 2% —1% 0% 0%
Jarred 1% 0% 0% 0%
]01801’1 0% 0% —1% 0%
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Table 6. Cont.

Relability of Prediction Errors

Subject Height Width
Alex 0% 0%
Artifee 3% 2%
Bashful —1% 0%
BEtty 0% —3%
Billy —9% —3%
Bo 4% 1%
Carl 8% —1%
Cheeta 1% —3%
Chlp —1% 0%
David 1% 3%
Edwina —1% 1%
Elwood —1% 0%
Emily —3% 0%
Jarred —1% 1%
Jolson 0% 1%

Table 7. Prediction of occipital lobe width and height (in mm) listed with the corresponding variable
calculated from the bivariate ordinary least-squares equations. Observed values reported beside
predicted in parentheses.

Prediction of Height and Width

Subiect Height ! Width !
ubjec
R L R L

Alex? 28 (27) 26 (26) 34 (34) 34 (34)
Artifee 2 37 (37) 39 (39) 36 (36) 37 (37)
Bashful 2 33 (32) 31 (31) 34 (34) 34 (34)
Betty 2 43 (44) 43 (44) 38 (38) 36 (36)
Billy 2 39 (39) 33 (34) 34 (33) 31 (31)
Bo ? 34 (33) 35 (35) 34 (33) 33 (33)
Carl 2 33 (32) 37 (37) 34 (34) 33 (33)
Cheeta 2 43 (44) 44 (45) 38 (39) 37 (37)
Chip 2 34 (34) 33 (33) 36 (36) 36 (36)
David 2 30 (29) 29 (29) 35 (35) 37 (37)
Edwina 2 33 (32) 31 (31) 33 (32) 32 (32)
Elwood 2 39 (40) 39 (39) 35 (35) 35 (35)
Emily 2 33 (32) 30 (30) 35 (35) 35 (35)
Jarred 2 34 (33) 32 (32) 34 (33) 33 (33)
Jolson 2 38 (38) 38 (38) 38 (39) 39 (38)
Abby 38 (38) 36 (36) 37 (37) 38 (39)
Agatha 43 (44) 41 (42) 44 (46) 46 (47)
Ahni 32 (31) 28 (28) 36 (36) 35 (35)
Akimel 40 (41) 41 (42) 40 (41) 39 (39)
Alpha 35 (35) 33 (33) 38 (39) 36 (36)
Amanda 40 (41) 40 (41) 37 (37) 37 (37)
Angie 31 (30) 27 (27) 35 (35) 35 (35)
Artemus 34 (33) 32(32) 35 (35) 35 (35)
Arthur 37 (38) 38 (37) 35 (35) 33 (33)
Augusta 35 (35) 38 (38) 34 (34) 32 (32)
Azalea 38 (38) 36 (36) 37 (37) 33 (33)
Bahn 36 (36) 35 (35) 34 (33) 33 (33)
Barbara 42 (43) 41 (42) 37 (37) 37 (37)
Bart 30 (29) 31 (31) 37 (37) 37 (37)
Becca 38 (38) 36 (36) 31 (30) 28 (28)
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Table 7. Cont.

Prediction of Height and Width

Height ! Width 1
Subject
R L R L

Beleka 32(31) 32 (31) 31 (30) 28 (28)
Bernadette 39 (39) 35 (35) 36 (36) 32(32)
Bernie 28 (26) 24 (24) 28 (27) 27 (26)
Beta 30 (29) 29 (29) 30 (29) 29 (29)
Boka 41 (42) 41 (42) 37 (37) 38 (38)
Brandy 34 (34) 35 (35) 30 (29) 26 (26)
Bria 38 (38) 34 (34) 39 (40) 38 (39)
Brodie 34 (33) 33(33) 32 (31) 31(31)
Callie 39 (40) 39 (40) 33(32) 32(32)
Chechkel 41 (42) 42 (43) 40 (41) 38 (38)
Cheopi 34 (34) 34 (34) 33(32) 31(31)
Chester 36 (36) 28 (28) 37 (37) 37 (37)
Chinook 38 (38) 35 (25) 36 (37) 36 (37)
Christa 42 (43) 42 (43) 37 (37) 34 (34)
Chuhia 39 (40) 37 (37) 34 (34) 34 (34)
Cissie 40 (41) 38 (38) 37 (37) 35 (35)
Coco 33 (32) 31(31) 38 (38) 37 (37)
Cybil 29 (28) 27 (27) 34 (34) 33 (33)
Dara 39 (39) 36 (36) 34 (34) 36 (36)
Drew 36 (36) 37 (37) 39 (40) 37 (37)
Duff 39 (39) 39 (39) 37 (37) 35 (35)
Eesha 33(32) 30 (30) 34 (33) 33(33)
Ehsto 43 (44) 41 (42) 43 (45) 44 (45)
Elvira 39 (39) 39 (39) 37 (37) 38 (38)
Eniga 39 (40) 39 (39) 35 (35) 35 (35)
Evelyne 30 (29) 32(32) 30 (29) 29 (29)
Faye 38 (38) 37(37) 38 (38) 35(35)
Fiona 40 (41) 38 (38) 37 (37) 38 (38)
Foxy 36 (36) 37 (37) 35 (35) 35(35)
Frannie 35 (35) 34 (34) 34 (34) 34 (34)
Fritz 39 (40) 38 (38) 36 (36) 34 (34)
Gaygos 35 (35) 36 (36) 38 (39) 39 (39)
Gelb 38 (38) 37 (37) 34 (33) 31 (31)
Gigi 34 (33) 34 (34) 35 (35) 35 (35)
Gimp 34 (33) 32(32) 35 (35) 36 (36)
Gisoki 39 (40) 38 (39) 35 (35) 30 (30)
Haakid 37 (37) 36 (36) 40 (41) 38 (38)
Hannah 35 (35) 35 (35) 34 (33) 32(32)
Helga 28 (27) 30 (30) 35 (35) 33(33)
Heppie 41 (42) 41 (42) 37 (37) 36 (36)
Hobbes 36 (36) 30 (30) 33(32) 33(33)
Hodari 36 (36) 36 (36) 37 (37) 37 (37)
Huey 30 (29) 37 (37) 38 (38) 37 (37)
Hug 36 (36) 31(31) 36 (36) 36 (36)
Huhkalig 38 (38) 38 (38) 36 (36) 35(35)
Iyk 35(35) 31(31) 35 (35) 33(33)
Jacqueline 32 (31) 33 (33) 34 (34) 34 (34)
Jadyh 34 (33) 31(31) 34 (34) 33 (34)
Jake 39 (40) 38 (38) 37 (36) 36 (37)
Jamie 37 (37) 38 (38) 38 (38) 37 (37)
Jane 33 (32) 33 (33) 37 (38) 38 (37)
Jcarter 32 (31) 35 (35) 34 (34) 32 (32)
Jewelle 28 (27) 28 (28) 30 (29) 30 (30)

Abbreviations: | Measurements of left (L) and right (R) height and width (in mm), 2 The subsample with known
hemisphere siding.
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R Occipital Lobe Height Predictions
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Figure 4. The predicted height and width (in mm) for the R occipital lobe in the known subsample
with a confidence interval applied, calculated from the standard error of the regression.

4. Discussion

These findings suggest greater R > L height asymmetry associated with no bridging
pattern, moderate R > L height asymmetry for both R and L bridge patterns, smaller
L < R height and width asymmetry with a L bridge pattern, and smaller R < L height
asymmetry associated with right bridge pattern. Additionally, there was less uncertainty
when predicting right and left siding using occipital lobe width rather than occipital lobe
height, indicating width is a more reliable predictor than height. This has implications for
the suitability of metrics chosen to examine an association with bridging patterns, especially
if the sample is unknown where width provides more reliable predictors than height for
future research in modelling occipital lobe bridging patterns and possible associations.
Although we suggest caution is warranted with the preliminary nature of these results,
they also suggest there is a component of asymmetry for chimpanzee occipital lobe bridge
patterns, and that increasing width and not simply posterior movement (or reduced height)
of the occipital lobe may play an important role in exposure of the occipital-parietal bridge
during human evolution, which was unexpected. Future research will compare the size of
the parietal to the occipital lobe in these same subjects.
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Abstract: A number of different approaches are currently available to digitally restore the symmetry
of a specimen deformed by taphonomic processes. These tools include mirroring and retrodefor-
mation to approximate the original shape of an object by symmetrisation. Retrodeformation has
the potential to return a rather faithful representation of the original shape, but its power is limited
by the availability of bilateral landmarks. A recent protocol proposed by Schlager and colleagues
(2018) overcomes this issue by using bilateral landmarks and curves as well as semilandmarks. Here
we applied this protocol to the Middle Pleistocene human cranium from Steinheim (Germany), the
holotype of an abandoned species named Homo steinheimensis. The peculiar morphology of this
fossil, associated with the taphonomic deformation of the entire cranium and the lack of a large
portion of the right side of the face, has given rise to different hypotheses over its phylogenetic
position. The reconstruction presented here sheds new light on the taphonomic origin of some
features observed on this crucial specimen and results in a morphology consistent with its attribution
to the Neanderthal lineage.

Keywords: digital reconstruction; Homo heidelbergensis; Homo neanderthalensis; Homo sapiens; Middle
Pleistocene humans; virtual anthropology; Europe

1. Introduction

The study of fossil specimens has been revolutionised by the foundation of modern
morphometrics [1]. Symmetry is one prominent feature of biological objects, and possibly
the one affected the most by taphonomic processes [2-5]. However, symmetry also offers
the possibility to restore the original shapes of fossil remains that are found broken or
incomplete [6,7]. This is key to the interpretation of these specimens, since taphonomic
alteration affecting diagnostic features may lead to incorrect taxonomic attributions and
dubious phylogenetic reconstructions [7-9]. Digital methods for the reconstruction and
restoration of broken fossil remains are nowadays available thanks to an ensemble of
techniques that commonly fall under the heading of ‘virtual anthropology’ [10-12]. Speci-
mens can be handled in a safe, virtual environment [7] and undergo restoration protocols
that can include the realignment of dislocated fragments [13-16] or the digital removal
of the plaster from traditional reconstructions [8,17] without the risk of damaging the
original material. These protocols can be associated with symmetrisation, which helps to
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recreate missing portions or ‘undo’ the effects of plastic deformation. In the former case,
symmetrisation ‘fills the gaps’ (i.e., missing portions) in one half of the fossil by mirroring
the preserved counterparts [7,18-22]. In the latter case, referred to as retrodeformation,
the plastic distortion of the original shape is corrected by relying on biological symmetry,
as calculated by the acquisition of bilateral landmarks, curves, or patches of semiland-
marks [4,7,8,23-28]. Mardia and colleagues [3] defined two types of bilateral symmetry:
one referring to structures present as two separate copies on both sides of the specimen
as mirror images (matching symmetry), the other defined (in three-dimensional objects)
by the midsagittal plane passing through the specimen and thus determining an internal
left-right symmetry (object symmetry) [2,3]. One key difference between matching and
object symmetry is that genuine asymmetry is ignored by the former, but still apparent
under the latter. In the case of the vertebrate skull, which provides an example of object
symmetry [3], this implies that retrodeformation preserves genuine asymmetry, whereas
mirroring does not. Moreover, mirroring can generate artefacts, or a biased morphology,
if the only preserved portion is itself distorted [7]. On the other hand, the application of
retrodeformation can be affected by the state of preservation of the object [4].

A perfect example of the combination of missing parts and plastic deformation affect-
ing a single specimen is given by the cranium from Steinheim (hereafter, Steinheim), which
is the holotype of the abandoned species Homo steinheimensis (Berckhemer, 1936) [29]. This
human fossil was found in July 1933 in a gravel pit 70 km north of the town of Steinheim
an der Murr, Baden-Wiirttemberg, Germany [30,31] (Figure 1). It was recovered from
Pleistocene fluvial deposits along the Murr river, which were well known at the time of
the discovery for having yielded well-preserved fossils of Pleistocene mammals [30,32].
Since the discovery came from a well-studied area, the fossil received proper geological
contextualisation. It was therefore possible to estimate the specimen’s age based on the
biochronological dating of the faunal assemblage, roughly corresponding to OIS 9 (i.e.,
300-320 ka to 250 ka) [30,32-35].

Figure 1. The cranium from Steinheim: (a) the cranium (left side) at the moment of recovery
(from [30]); (b) a digital rendering of the cranium (front side).

The complex pattern of deformation that affected Steinheim, as well as its incomplete
status and the presence of extensive incrustations, made it difficult to discern whether its
peculiar morphology represents the original shape of the individual, or it is the product of
taphonomic deformation [36,37]. This uncertainty contributed to a longstanding debate
concerning the Steinheim phylogenetic position [36,38—40]. The cranium is characterised by
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a peculiar mixture of archaic and derived traits, which originated different proposals about
its position within or close to the Neanderthal lineage—as representing a ‘pre-Neanderthal
stage” along the so-called process of accretion—or even as a specimen somehow related
to the origin of Homo sapiens [41-45]. However, not only most of the left side of the
facial skeleton in Steinheim is missing, but also the cranium presents a peculiar plastic
deformation, further complicating the recognition of its features. For example, the highly
diagnostic infraorbital plate and orbitomaxillary region are preserved only on the left side.
This part of Steinheim’s face shows an angled transverse profile, which was interpreted
in the past as ‘anticipating’ the modern human morphology to some degree [30,43], but
has been conversely interpreted as the result of the retention of archaic facial morphology,
also observed in some Western European earlier taxa (i.e., Homo antecessor) [46—48]. The
relatively low and long neurocranium of Steinheim, possessing a rather vertical occipital
plane, also shows a slightly angled coronal profile, or a ‘roofed” appearance [36], with the
maximum cranial width occurring in the lower portion [35].

A specific name was initially proposed for this specimen (Homo steinheimensis Bereck-
hemer, 1936) [29], but it is currently considered invalid [40,49], despite that this name has
been resurrected at the taxonomic rank of subspecies [50,51]. Steinheim is now gener-
ally considered as belonging to the Neanderthal lineage [45,52-54] and possibly related
to other Middle Pleistocene populations (e.g., Atapuerca Sima de los Huesos, SH), with
which it shares several derived traits in addition to its the geographical and chronological
attributions [45,53,54].

2. Materials and Methods

The description of Steinheim’s morphology is influenced by the extensive deformation
of the skull [32,37]. A representation of the major directions of the deformation has been
obtained by observations on the CT scan of the fossil and a review of literature [32,37,55]
and is shown in Figure 2.

c

Figure 2. A simplified representation of the deformation of Steinheim. The blue lines resume
the extent and area of influence of the deformation; the red arrows resume the directions of the
morphological modification, associated with the areas in which the effects are visible. The solid lines
point to the more evident effects of the deformation; the dashed lines represent additional possible
effects. (a): anterior view; (b): right-lateral view; (c): inferior view; (d): superior view.
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Prossinger and colleagues [37] performed the first digital segmentation of the cranium,
resulting in a model cleared from the encrustations but still heavily affected by taphonomic
distortions. Such distortions are observed in the internal structure of the cranium, including
a shift to the right of the midsagittal plane of the splanchnocranium, an inward ‘inflation’
of the left orbital roof, and a rightward rotation of the axis of the crista galli in the anterior
endocranial surface [37]. Since the left portion of the face is missing, it is difficult to assess
how much of this morphology is determined by the deformation [37]. The right orbit is
characterized by an angled shape with a sloped inferior margin. The preserved infraorbital
plate shows an angled transverse profile with a point of bending roughly corresponding
to the infraorbital foramen [33]. Curiously, this is associated with a moderate inflation
of the anterior portion of the infraorbital plate, whereas the lateralmost portion appears
flattened [35]. Through investigations conducted via CT scan and digital imaging, it
was possible to assess the relative size of the frontal sinuses inside the well-developed
supraorbital torus [36] and to diagnose a possible meningioma located in the upper part of
the neurocranium [56].

To obtain a reconstruction consistent with object symmetry (sensu Mardia and col-
leagues [3]), we started by applying retrodeformation [4]. The choice of landmarks (Figure 3)
was thus constrained by a criterion of symmetry: each landmark chosen on the left side
must have a counterpart on the right side [4]. The incomplete state of Steinheim nar-
rowed the choice of possible homologous landmarks and the choice of bilateral curves and
surfaces for the definition of semilandmarks (Figure 3).

Figure 3. The configurations used: the bilateral landmarks (dark red); the bilateral curves, right (light blue) and left (dark
blue); the patches of surface semilandmarks sampled on the left side (yellow) and their projection on the right side (orange).

It was possible to define only a few landmarks on the small preserved portion of the
left side of the face, comprising the nasomaxillary region (Figure 3). In defining surface
semilandmarks, we excluded the preserved portion of the temporal squama because it
is affected by local breakage and subsequent reconstruction (see Figure 1) [36-38]. Sim-
ilarly, in defining the patches of semilandmarks, the upper part of the left parietal was
excluded, as this portion of the neurocranium is more affected by breakage and surface
damage (Figure 3). The basioccipital is also damaged, cracked, and partly shifted inside
the neurocranium itself, and therefore, no landmarks were placed on this region.
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The high-resolution CT scan of Steinheim was kindly provided by Prof. Dr. Christoph
PE. Zollikofer (Department of Anthropology, University of Zurich). The CT data, obtained
in the form of a DICOM stack, were processed in Amira [57] to obtain a 3D mesh, subse-
quently converted into the .ply format. We defined 52 bilateral landmarks on the skull and
8 curves. The curves were later processed in R by the function equidistantCurve (Morpho R
package) [58] to sample evenly spaced semilandmarks along each curve. The coordinates
of 500 semilandmarks were obtained by applying a k-means clustering algorithm to the
vertex coordinates from a portion of the mesh corresponding to the left part of the cranium,
from which we excluded the temporal squama and the damaged area of the coronal suture
(Figure 3). The set of surface semilandmarks built this way was rotated and projected
on the right side. In sum, we defined 8 curves (120 points), 52 bilateral landmarks, and
1000 surface semilandmarks for a total of 1172 paired coordinates (Figure 3). After the
retrodeformation, applied according to the protocol in Schlager and colleagues [4], we
calculated and visualized the local displacement between the starting and retrodeformed
meshes using the function localmeshdiff (Arothron R package) [59]. The retrodeformed
model of Steinheim was eventually subjected to a principal component analysis (PCA)
in the shape space, together with the original model and a comparison sample including
modern humans (N = 17), Neanderthals (N = 5), and Middle Pleistocene humans (N = 3).
The comparison sample for the PCA is reported in Supplementary Table S1. The cranial
landmark configuration used for the analysis was built upon the preserved portions of
Steinheim and is figured in Supplementary Figure S1.

3. Results
3.1. The Retrodeformation

Most of the retrodeformation procedure intervened on the anteroposterior shift of
the two sides of the skull (Figure 2¢). In the frontal view (Figure 4a), the shift produces
a relative enlargement of the piriform aperture, mainly on the left side, associated with
a forward shift of the left rim and a slight retraction of the medial portion of the right
rim. A slight ‘relaxation” of the nasal profile in the superoinferior direction is apparent,
as well as the symmetrisation of the general profile of the neurocranium, which is even
more evident in the posterior view (Figure 4b). Symmetrisation of the occlusal plane of
the teeth eliminates the unnatural downward displacement of the right maxilla along the
midsagittal plane, which is present in the original specimen (Figure 4a,b).

The correction of the anteroposterior shift of the face along the midsagittal plane is
also evident from the inferior view (Figure 4c), where the reduction of the slight clockwise
rotation of the palate becomes apparent, accompanied by a deflation of the right postorbital
portion of the neurocranium. In addition, the basicranium regained a more natural position,
appearing straighter and medially placed in comparison with the original specimen, even
though a slight deformation remains due to the lack of landmarks to be placed on this
badly preserved portion. Preservation similarly affects the retrodeformation process of the
flexion of the basicranium and the anteroposterior compression along the coronal suture
(Figure 4d). In the lateral view (Figure 4d), the general profile of the neurocranium does
not show any major changes. However, it is evident that the retrodeformation produces
a retraction of the right portion of the face. Corresponding to the frontal squama, it is
possible to see in transparency the previous position of the right side (Figure 4d), which was
originally shifted forward according to the deformation directions illustrated in Figure 2.

3.2. Local Displacement

The local displacement between the starting and the retrodeformed meshes (Figure 5)
indicates the areas of maximum expansion, which is apparent on almost the entire left
side of the skull, with the highest values recorded in the preserved portions of the left
maxilla, left parietal, and left orbit. Conversely, the right side of the face is affected almost
entirely by contraction, with the highest values recorded at the level of the anterior portion
of the maxilla and nasofrontal suture. However, the inferior portion of the right maxilla is
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expanded in the retrodeformed mesh. A somewhat balanced pattern of deformation occurs
on the basicranium. The areas of maximum contraction on the right side are associated
with areas of maximum expansion on the opposite side. Similarly, the moderate expansion
recorded on the right side of the occipital squama corresponds to an almost symmetrical
contraction of the left side. Lastly, along the midsagittal plane an area of contraction
appears evident.

C

Figure 4. Comparison between the retrodeformed model of Steinheim (brown) and the original
specimen (transparent blue). (a): anterior view; (b): posterior view; (c): inferior view; (d): left-
lateral view.

3.3. Principal Component Analysis

The results of the PCA are reported in Figure 6. The first three PCs explain 62.74% of
the total variance in the sample, weighting 41.51%, 12.27% and 8.96%, respectively. In the
plot, it is possible to discern a clear separation between modern (Sap) and fossil humans
both along PC1 and PC3. Along PC2 is visible the separation between the Neanderthals
sensu stricto (Nea) and a small group of Middle Pleistocene humans (Mph). The two models
of Steinheim (Ste) fall within an intermediate position along PC1, between the Sap cluster
and the fossil human group. While the original model of Steinheim (Ori) clearly diverges
from the rest of the sample along both PC1 and PC2, the retrodeformed model of Steinheim
(R.D.) approaches the fossil human group along the PC1, reaching the limit of the Nea
cluster along PC2.
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Figure 5. Local displacement (%) in the retrodeformed model of Steinheim, calculated by the function localmeshdiff. The
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4. Discussion

We used a retrodeformation protocol to produce a restoration of the Steinheim cranium.
The application seemingly restored object symmetry to the specimen [3], despite the poor
starting conditions of this incomplete and severely deformed fossil. We relied on the
preserved portions, mainly on the left side of the cranium, to drive the reshaping of its
counterpart. Even though some directions of the taphonomic deformations were not
addressed, our application minimises their effect. The reconstruction (Figure 7), hence,
allows us to better contextualise Steinheim among the coeval—or at least chronologically
close—Middle Pleistocene Homo specimens. The neurocranial shape in the posterior view
appears intermediate in morphology between the populations of Sima de los Huesos and
early Neanderthals (e.g., Saccopastore 1), in keeping with the slight lateral expansion of the
parietal walls after the reconstruction as compared with the more vertical and ‘compressed”
profile in Ori. In this respect, the neurocranial morphology of R.D. seems to approach
the morphology of the early Neanderthal from Altamura [60]. In the posterior view, the
original ‘roofed” appearance (as described by Schwartz and Tattersall [36]) weakens in R.D.
neurocranium, appearing close in morphology to penecontemporaneous individuals such
as Skull SH5 from Atapuerca [40,54,61], except for the further laterolateral enlargement of
the parietals. This trait, difficult to discern before restoring symmetry, places the maximum
width of the skull in a slightly lower position relative to that of the original specimen,
and roughly at the level of the temporal squama, similar to the typical Neanderthal
condition [62] (Figure 4a,b). It is also possible to see a change in the relative position of
the two mastoid processes, which, although partly damaged, after retrodeformation show
reduced development compared with those of SH5. Their slight rotation can be interpreted
as a trait anticipating the Neanderthal condition of tapering [44,45,62], although high
variability in this feature among the Middle Pleistocene humans has been observed [63].

Figure 7. The retrodeformed model of Steinheim.

An almost symmetrical pattern of contraction and expansion is visible at the level of
the glenoid fossae (Figure 5), associated with a change in the relative size of the postorbital
portion of the neurocranium. This contributes, in turn, to the slight shortening and latero-
lateral enlargement of the neurocranium. On the other hand, the ‘strip” recorded along
the midsagittal axis (Figure 5) corresponds to an almost continuous area of contraction,
which is a clear indication of the taphonomic deformation that occurred along this axis
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(see Figure 2c). This ‘strip” can probably be traced back to a local expansion along the
midsagittal line due to the two ‘halves” moving in opposite directions.

As can be seen from Figure 5, the retrodeformation was not able to address the
anteroposterior vectors of deformation. This is because such vectors acted in a single
straight line, rather than bilaterally. Thus, it is not possible to reach evidence-based
assumptions on whether the flexion of the basicranium reflects the original condition or
it is the result of taphonomic deformation. Nevertheless, the restored midsagittal profile
of the cranium suggests that the anteroposteriorly elongated profile of the neurocranium
could possibly be associated with a less flexed basicranium. As we proposed in Figure 2b,
the present flexion could be related to a deformation operating along the sagittal axis on
the upper midface.

Unfortunately, the almost completely missing left portion of the face made it difficult
to correct for some local modifications in this area. Nonetheless, it is still possible to
carefully evaluate whether some features are due to taphonomic deformation. As men-
tioned above, the retrodeformation resulted in a ‘proper’ midsagittal profile (Figure 4d)
by undoing the rotational deformation caused by the anterolateral crushing (Figure 2d).
By examining the lateral view of the reconstruction, it is more evident how the “plica’
obliterating the frontonasal suture—which is not found in any other hominin from Middle
to Late Pleistocene—is consistent with an anterior crushing of the upper part of the nasal
portion (Figure 2a). This, in turn, can be associated with the ‘notch’ found along the lower-
right orbital rim, corresponding to a point of weakness represented by the zygomaxillary
suture. We suggest that the peculiar facial morphology of Steinheim is mostly a result of
the crushing that occurred in the upper portion of the midface (Figure 2b). In our opinion,
the reconstruction showed that the infraorbital plate was in origin possibly less flexed than
Ori suggests.

As evidenced by the PCA (Figure 6), Steinheim is distinguished from the rest of the
sample, and this ‘uniqueness’ can be traced back to its complex pattern of taphonomic
deformation. Nonetheless, when a part of this is corrected by retrodeformation, it is
possible to see how the new model approaches the fossil human subsample, towards the
Neanderthal cluster. We hypothesize that since some of the deformation vectors—namely,
those operating on the anteroposterior axis—cannot be intercepted by the retrodeformation,
Steinheim still presents itself with a “‘unique’ morphology, distinguished from other Middle
Pleistocene specimens.

5. Conclusions

The ‘mosaic” evolution of the typical Neanderthal cranial morphology (i.e., ‘classic’
Neanderthal cranial shape [62]) seems to have included an earlier development of some
facial traits, combined with the retention of a more primitive condition for the neurocra-
nium [51,61]. The full development of the typical Neanderthal en-bombe shape must thus
be considered a derived trait. Consequently, the moderate expansion of the parietals of the
retrodeformed Steinheim (posterior view, Figure 4b) suggests association with a greater
expression of midfacial prognathism than that observed in this individual, consistent with
other specimens from the Middle Pleistocene of Europe. In our opinion, the present facial
morphology of Steinheim is influenced by the deformation caused on the upper midface by
taphonomy. Even though the reconstruction presented here did not correct the whole pat-
tern of deformation, nor did it provide the exact original shape of Steinheim, it contributes
to shedding new light on the morphology of this specimen and concurrently to placing
Steinheim more firmly in the Neanderthal evolutionary lineage.

Supplementary Materials: The following are available online at https://www.mdpi.com/2073
-8994/13/9/1611/s1: Table S1: Comparative samples used in the analysis; Figure S1: Landmark
configuration used for the PCA.
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Abstract: The observation and the quantification of asymmetry in biological structures are deeply
investigated in geometric morphometrics. Patterns of asymmetry were explored in both living and
fossil species. In living organisms, levels of directional and fluctuating asymmetry are informative
about developmental processes and health status of the individuals. Paleontologists are primarily
interested in asymmetric features introduced by the taphonomic process, as they may significantly
alter the original shape of the biological remains, hampering the interpretation of morphological
features which may have profound evolutionary significance. Here, we provide a new R tool
that produces the numerical quantification of fluctuating and directional asymmetry and charts
asymmetry directly on the specimens under study, allowing the visual inspection of the asymmetry
pattern. We tested this show.asymmetry algorithm, written in the R language, on fossil and living
cranial remains of the genus Homo. show.asymmetry proved successful in discriminating levels of
asymmetry among sexes in Homo sapiens, to tell apart fossil from living Homo skulls, to map effectively
taphonomic distortion directly on the fossil skulls, and to provide evidence that digital restoration
obliterates natural asymmetry to unnaturally low levels.

Keywords: asymmetry; show.asymmetry; fossil; virtual anthropology; geometric morphometrics; Arothron

1. Introduction

Most living organisms present bilateral symmetry, meaning that the left and right sides
of the body represent an almost perfect reflection of one another about the medial plane.
However, perfect symmetry is virtually absent in nature, and minor, localized deviations
from perfect symmetry are common. Asymmetry can thus be defined as a deviation of the
shape from a perfectly mirrored image of the counter-side of a bilateral object. The obser-
vation and quantification of asymmetry patterns in biological structures are keenly studied
by evolutionary and developmental biologists, anthropologists, and paleontologists. There
are three different types of asymmetries in living organisms: (i) fluctuating asymmetry,
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(ii) directional asymmetry, and (iii) antisymmetry. The term fluctuating asymmetry (FA)
applies to small left-right differences produced by developmental noises in the form of
environmental and/or genetic stress [1]. Several studies identified FA as a good proxy for
developmental instability. However, this assertion is still questioned, especially when it
comes to the effect of habitat fragmentation, urbanization, and pollution on FA [2-6]. In
humans, FA is usually linked to childhood diseases and poor genetic quality [7,8]. Dif-
ferent studies report a possible relationship between a mate’s facial attractiveness and
symmetry and usually support the notion that FA is higher in males than in females ([9-12],
but see [13]). However, FA linkage to developmental disorders in our species remains
contentious [14]. As an example, in a study carried out in the early medieval society from
the Mikul¢ice settlement (Czech Republic), the higher degree of FA in females is deemed
to be linked to the large variety of the female population due to patrilocality, although
environmental effects cannot be ruled out [15].

Directional asymmetry (DA) refers to a skewed distribution of asymmetry when
comparing the left to the right side of the body. DA has been largely observed in both
vertebrates and invertebrates (i.e., the direction of coiling in gastropod shells, the presence
of grossly unequal claws in male fiddler crabs [16]). Major examples of DA in humans
pertain to handiness and brain lateralization, which in turn relates to the functioning of
Broca’s area for speech production [17]. Several investigations of DA in humans focused
on differences occurring between males and females and usually support the notion that
DA is higher in males [18,19]. DA was also used as an indicator of biomechanical loading
in humans [15].

Antisymmetry (AS) is commonly defined as the inversion of the regular pattern of
asymmetry, and it is widespread in both animals and plants [20]. The analysis of traits with
antisymmetry may present a bimodal distribution in the most extreme manifestation, as in
the case of left and right claw size in fiddler crabs. An extreme example of antisymmetry
in humans is the condition known as situs inversus, which refers to the congenital mirrored
position of most of the internal organs [21].

Studying and understanding asymmetry patterns also hold a prominent role in paleon-
tology. Taphonomic and diagenetic processes (i.e., the postburial deformation of the organic
material) can heavily affect the physical preservation of biological remains and obliterate
their natural symmetry. The majority of fossils thence present damages and missing parts,
as well as severe, plastic deformations due to compressive and shear forces. Incorrect
identification of the nature of taphonomic distortions may misguide the recognition of di-
agnostic features, producing taxonomic and evolutionary misinterpretations [22,23]. More
than DA and FA, which are virtually impossible to determine in the vast majority of fossil
species, paleontologists are interested in quantifying the loss of biological symmetry and in
identifying patterns of compression and distortion on the remains to guide the restoration
of their original shape and the correct interpretation of diagnostic features. In the last
few decades, with the rise of virtual paleontology, several methods of digital restoration
were developed. Mirroring procedures [24-27], retrodeformation (i.e., the restoration
of specimen’s symmetry [28,29]), and target deformation [30] are all examples of digital
manipulation procedures aiming to produce the genuine shape the remains had before
taphonomy impinged on them. Assessing the reliability of these techniques is therefore
crucial for paleontologists and anthropologists interested in virtual restoration.

A number of methodological strategies have been proposed to compute and dis-
criminate between FA, DA, and AS by using geometric morphometrics data [19,31-34].
However, these strategies are generally limited in terms of visual outputs, mostly offering
a 2D visualization, and/or require multiple steps to prepare the data before the asymmetry
analyses can be conducted. The low visual rendering makes these approaches suboptimal
in terms of interpreting the topology and regional variation in the intensity of the patterns
of asymmetry and is of little help when the goal is to produce a sensible virtual restoration
of the features paleontologists are most interested in.
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Herein, we present a new function written in R language, named show.asymmetry,
that allows users to visualize and measure the left-right differences of bilateral biological
objects, while mapping the extent of asymmetry on the object surface and calculating levels
of FA and DA where appropriate. To test show.asymmetry, we applied the tool to (i) visualize
and assess levels of asymmetry in male and female Homo sapiens skulls from contemporary
populations, (ii) identify patterns of asymmetry in human fossil specimens and compare
them to modern humans, and (iii) test the effect of retrodeformation techniques in restoring
the original biological symmetry.

2. Materials and Methods
2.1. show.asymmetry

The show.asymmetry algorithm is a landmark-based procedure embedded in the
Arothron R package [35]. The function works with multiple landmark sets. As the first
step, show.asymmetry splits each configuration in a left (L) and a right (R) half, following
the specified indices for bilateral pairs of landmarks. The two halves are superimposed
to each other via generalized Procrustes analysis (GPA) to exclude the non-shape-related
differences and compute the rotation matrix to mirror, scale, and align the left side onto the
right side or vice versa. By setting the argument scale.sides, the user may decide to apply
the scaling process of the two halves during the Procrustes superimposition (see Table 1 for
the detailed explanation of all arguments). As the default, scaling is not performed. The
amount of shape difference that is not removed through the GPA process between the two
halves is a measure of the shape differences between both sides. Asymmetry is computed
as the square root of the sum of the squared distances between each landmark pair (L and
R) as follows:

n
asymmetry = (/Y (L; — R)?
i=1
where L and R are the superimposed left and right landmark configurations and # is the
number of landmarks per side. If the samples differ in terms of dimension (i.e., they belong
to different species or genera, or they greatly vary in size), it may be useful to standardize
the amount of asymmetry to unit size to compare them directly. Thus, in show.asymmetry,
the total amount of asymmetry is divided by the maximum interlandmark distance of the
sample configuration. This correction is triggered by the function’s argument scale.size.
In the case of specimens under analysis falling under discrete groups, show.asymmetry
automatically retrieves the mean shapes for the groups indicated by the user.

The asymmetry pattern is automatically visualized on one half of the object surface by
using meshDist function in ‘Morpho’ R package, [32], with the asymmetry values used as
distance vector. The function also displays the two superimposed surfaces and, eventually,
the local area differences between the two halves by using the algorithm embedded in
the localmeshdiff function (‘Arothron’ R package, [35]). The area difference range for
all the given specimens is rescaled into the 0-1 range to make them comparable. If no
reference surface is provided, show.asymmetry uses the function vcgBallPivoting in ‘Morpho’
to reconstruct both L and R halves for visualization.

show.asymmetry further gives the possibility to perform a principal component analysis
(PCA) on a new set of landmarks obtained by subtracting the mean from the left and
mirrored right (or the other way around) side. The output from the PCA is used to
decompose the total variance in two components describing the percentage of variation
attributed respectively to DA (mean difference between sides) and FA (average differences
around mean of asymmetry) (for details, see [31,36]).

The function retrieves the asymmetry vectors, the local area differences vector, the
surfaces with levels of asymmetry mapped on a color scale, the PCA results, the asym-
metric component of shape variance, and the percentage of DA and FA (see Table 2 for a
detailed explanation).
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Table 1. Explanation of the arguments of show.asymmetry.

Argument Name

Explanation

set

X

pairs
scale.size
uniform.range

scale.sides
scale.ranges
PCA

pex

pcy

ref.sur
from
to

plot
pal.dist

pal.areas

A single matrix k x morak x m x n array, where k is the number of points,
m is the number of dimensions, and n is the sample size.

character: the species/specimens to be analyzed; names specified in the x
argument must be included and coincide with the dimnames of the array.
A two-column data frame containing the indices (row numbers) of the
bilateral landmarks.

logical: if TRUE, the asymmetry will be corrected with the maximum
interlandmark distance.

logical: if TRUE, the color range for the asymmetry visualization will be
uniform among all specimens analyzed.

logical: if TRUE, the left and the right side will be scaled during the
Procrustes superimposition process.

logical: if TRUE, the vector of asymmetry values will be scaled from 0 to 1.
logical: if TRUE, a Principal Component Analysis is performed.

numeric: first PC axis to be visualized.

numeric: second PC axis to be visualized.

Reference surfaces to be used for the visualization; if ref.sur is NULL, the
surfaces will be automatically reconstructed starting from the landmarks by
using the vcgBallPivoting algorithm from Morpho R package (Schlager, 2017).
numeric: minimum distance for the asymmetry to be colorized.

numeric: maximum distance for the asymmetry to be colorized.

logical: if TRUE, visualize result for asymmetry as 3D plot.

logical: if TRUE, the mesh area differences are displayed in a second 3D plot.
logical: if TRUE, the names of the species and/or the number of the node are
displayed in the 3D plot.

Table 2. show.asymmetry value illustration.

Value Explanation

asym Vector of asymmetry values.

area.differences Vector of area differences values.

asymmetry.surfaces List of objects of mesh3d colorized according to the asymmetry values.

area.diff.surfaces

PCA

List of objects of mesh3d colorized according to the area differences
values.

List object containing the mean shape, PC scores, PCs, and the variance
table according to the output from Morpho::procSym.

asymmetric.component The percentage of shape variance explained by asymmetry.

DA
FA

The percentage of directional asymmetry.
The percentage of the fluctuating asymmetry.

2.2. Case Studies

We applied and tested show.asymmetry on different case studies. First, we applied the
function to a collection of sexed modern human crania. We compared levels of asymmetry
in two different groups, male (N = 10) and female (N = 10), to observe if asymmetry
patterns differ among sexes. We also computed a PCA on the asymmetric component as
described in Section 2.1.

The second case study pertains to two fossil Homo skulls we studied to look at the
patterns of taphonomic distortion. The two specimens refer to Homo heidelbergensis from
Petralona and the Homo neanderthalensis from Saccopastore 1. The Neanderthal specimen
shows extensive asymmetry in the parietotemporal region next to the slight clockwise
rotation of the facial complex with respect to the neurocranium [29] (Figure 1).
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Figure 1. Fossil specimens for show.asymmetry case studies. (a) Petralona, (b) Saccopastore 1, and (c) Steinheim skulls.

Petralona represents a well-preserved Homo heidelbergensis skull discovered by Malkot-
sis and colleagues in 1959 in a cave site near the Petralona village (Thessaloniki, Greece).
The cranium lacks the right zygomatic arch. The mastoid processes are broken. The upper
portion of the sphenoid bone is missing. A wide opening intervenes in between the cranial
and nasal cavities and the maxillary sinuses [37]. As highlighted by Rightmire [38], there
are slight deformations of the vault. Although the frontal bone is undeformed, the right
parietal bulges more than its left counterpart, and the right temporal squama is displaced
laterally. The palate is rotated about the sagittal plane of the braincase, indicating some
twisting of the facial skeleton towards its right side.

Saccopastore 1 was discovered in 1929 in the aggradational succession of the Aniene
River Valley (Rome, Italy). The cranium is almost complete, although it lacks both zygo-
matic arches and the left orbital region is damaged. Some additional and severe damages
were due to its accidental discovery in a gravel pit during construction works. The most
extensive damage occurred to the browridge region, which is missing. The neurocranium
also presents two pick stroke marks. For the application of show.asymmetry, the two holes
were closed digitally, while the browridge could not be restored.

The last case study regards the application of show.asymmetry to evaluate the effect
of retrodeformation on asymmetry. To avoid biases due to the inclusion of deformed
specimens in morphometric analysis, or misinterpretation of morphological traits, pa-
leontologists have applied the so-called retodeformation protocol to artificially restore
symmetry in digital models [23,26,29,39]. This symmetrization procedure is powerful and
effective, yet it cannot discriminate between taphonomic distortion and natural asymmetry.
We decided to test show.asymmetry on a highly deformed specimen before and after the
retrodeformation procedure to see if the retrodeformed specimen shows a lower than
expected level of asymmetry (as judged by comparison to living Homo sapiens specimens)
and whether show.asymmetry captures this essential feature of the retrodeformation pro-
cess. We used the Steinheim skull case-study presented in [40] (this volume). Steinheim
cranium was found in 1933 in a gravel pit 70 km north of Steinheim an der Murr (Baden-
Wiirttemberg, Germany) and, despite a longstanding debate, is commonly attributed to
Homo heidelbergensis, or otherwise linked to the Neanderthal lineage [41,42].

2.3. Data Preparation

We acquired 50 anatomical landmarks on each modern human skull specimen on the
entire cranial surface (e.g., facial complex, neurocranium, and cranial base). We placed
500 equidistant surface semilandmarks on the left side only of a reference sample. We slid
the semilandmark on the entire sample of 20 specimens following the protocol included in
‘Morpho’ [32]. Then, we mirrored the slid configurations to the other side and projected
them on the surfaces after a GPA step rotating semilandmark configuration accordingly to
the set of bilateral landmarks.
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Concerning fossil specimens, we manually sampled bilateral landmarks on Petralona
and Saccopastore by using Amira software (version 5.4.5 [43]) (see Supplementary Materials
for the full detailed description of landmarks). We created decimated patches by cutting half
of the skull, and then we removed the damaged parts on each surface (i.e., the browridge
region from Saccopastore 1). For each patch, we retrieved the coordinates of the vertices
and used them as semilandmarks. As we needed bilateral points, we symmetrized the
semilandmarks on the opposite side and slid them along the surface by using manually
placed landmarks as a reference. The manipulation of landmarks and semilandmarks was
performed by using the R Cran software (version 4.0.5).

For the Steinheim case study, we used both the original and the retrodeformed patches
from the study presented in [40] (this volume).

3. Results

The comparison between the two modern samples highlighted that male individuals
show 40% more asymmetry on average. Such enhanced asymmetry is especially evident in
the temporoparietal area, the occipital region, and the maxillary bone (Figure 2a). Student’s
t-test on asymmetry vectors for male and female mean shapes indicates these differences
are significant (t = —9.7703, p values < 0.001). The asymmetric component is 2.7% of total
shape variance. This component is primarily made up of FA, which accounts for 93.6% of
it, meaning FA represents 2.53% (93.6 times 2.7) of the total shape variance.

(a) (b)
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0.004

0.002

asymmetry

0.000 0.005 0.010 0.015 0.020 0.025 0.030

Figure 2. Visualization of the degree of asymmetry obtained with show.asymmetry. (a) Comparison between the mean shape
of female and male modern humans (upper row and bottom row, respectively). The range of asymmetry goes from the
minimum to the maximum value of asymmetry between the two samples. (b) Comparison between the mean shape of
female and male modern humans (upper row left and right, respectively) and Petralona and Saccopastore 1 (lower row, left
and right respectively). The range of asymmetry is scaled between samples.

When modern humans are compared to Petralona and Saccopastore 1, their degree of
asymmetry appears diminutive (Figure 2b). Petralona shows a marked pattern of asymme-
try in the temporoparietal area, while the facial complex appears to be more symmetric
than the cranial vault. Saccopastore 1 presents a directional pattern of asymmetry with a
peak corresponding to the zygomatic and lateral maxillary areas, due to the bad status of
preservation of the left side of the splanchnocranium. Both patterns agree well with what
has been reported in the literature regarding these specimens [29,37].
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Overall, Steinheim is the most asymmetric specimen (Figures 3 and 4). As expected by
the descriptions provided in [44], the skull shows extensive deformations on the splanch-
nocranium, whereas shape was less affected in its rearmost part. However, in keeping with
our hypotheses, after the retrodeformation process, the level of asymmetry is close to zero.
Lastly, the modern human crania show a minor level of asymmetry when contrasted with
the asymmetry level measured in fossil specimens. (Figures 3 and 4).

99
B
fofo

0.05

0.04

asymmetry
0.02 0.03

0.01

0.00

Figure 3. Graphical results produced by show.asymmetry. The first column shows the asymmetry
pattern in terms of vertex distances between the two superimposed halves (the shared scale is shown
on the left). The second column shows the superimposition of the two halves (in this case, the left
side is the cyan surfaces, while black wireframe corresponds to the superimposed right side). The
third column represents the local area differences between the left and the right side; the scale goes
from blue to red (meaning expansion and contraction, respectively), and it is not shared. From top to
bottom: mean shape of female individuals, mean shape of male individuals, Petralona, Saccopastore
1, Steinheim before retrodeformation, Steinheim after retrodeformation.
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Figure 4. Boxplot of the comparison of asymmetry values for the analyzed samples. From left to right:
Homo sapiens female mean shape, Homo sapiens male mean shape, Petralona, Saccopastore 1, and
Steinheim (before and after the retrodeformation procedure). The color gradient for the asymmetry
displayed in the crania is shown.

The time requested to run all the four case studies was 3.95 s and in particular:
Petralona 0.93 s, Saccopastore 0.81 s, Homo sapiens 1.40 s, Steinheim 0.81 s. Speed tests
were run with a laptop Intel Core-i7 10875H (2.30 GHz and 32 GB RAM).

4. Discussion

There are several strategies available to evaluate asymmetry from landmark-based
datasets [31,34]. Despite the presence of different methods, none of these offer a fully
integrated tool to calculate and especially to map asymmetry from and to mesh-based
models. Furthermore, the new function show.asymmetry is able to evaluate asymmetry in
both multiple datasets (array) and single specimens (matrix), returning colored meshes
showing the pattern of asymmetry in two different ways: the 3D map of Euclidean distances
and the 3D map of local variations of area.

For example, in the R package ‘geomorph’ [45], the function bilat.asymmetry provides a
3D scatterplot of the distortion of landmarks or the 3D colorless meshes warped according
to the detected pattern of asymmetry. Furthermore, landmark clouds can be useful or
easy to read when dealing with a small number of points or with relatively simple 3D
structures. However, when using complex 3D geometries (such as crania) and/or large
numbers of landmarks, other graphical outputs, such as heatmaps, are a more welcome
option [34]. Nonetheless, even built-in functions such as bilat.symmetry require multiple
steps to be performed by the users in order to be implemented. Specifically, the two sets of
coordinates defining the two sides are mirror images, and hence they must be reflected for
landmark alignment (multiplication of the raw data matrix by —1 is required). On the same
page, the approach described by Neubauer et al. [34] requires performing the singular
value decomposition (SVD) of the raw data matrix of asymmetric vectors rather than
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performing a standard PCA of the mean-centered data. These steps must be performed
before testing for the presence of any asymmetry pattern, increasing the chances of misuse
and lengthening the time to perform the entire set of analyses.

When dealing with fossil specimens, it must be considered that taphonomic pro-
cesses may sensibly alter the original shape of fossil remains. Whereas cracks and missing
parts are undisputable accidents of the preservation process, the compressive and shear
stresses acting upon the remains over prolonged periods of time may bring about plastic
deformations that could be misinterpreted as ‘natural’. This, in turn, may have important
consequences on the correct recognition of the phylogenetic position and taxonomy of
the remains [22,23]. For instance, the ‘roofed’ appearance of the neurocranium in the
Steinheim skull was interpreted as evidence of its plesiomorphic condition [46] but may
be better indicative of taphonomic alteration [40] (Buzi et al., this volume). A similar mis-
interpretation might have complicated the interpretation of Ceprano Homo heidelbergensis
calvarium [47]. Digital restorations help in driving the restoration of the original shapes
yet obliterate true object symmetry (sensu [31]) and are uninformative as to where and to
what extent asymmetry applies in the first place. The algorithm of show.symmetry provides
exactly this piece of information and therefore helps to understand the processes behind
the taphonomic distortions and their total amount. As demonstrated in the first case study,
male Homo sapiens skulls are on average more asymmetric than female skulls. Whereas
this result does not generalize and was not thought to provide an answer to a complicated
question as to whether females, as compared to males, really tend to have a lower level of
cranial asymmetry [15], it stills shows that show.asymmety retrieves even small differences
between closely knit individuals. Similarly, show.asymmetry confirms that retrodeformation
procedures actually reduce cranial symmetry below the natural level, even applied to a
highly deformed skull such as Steinheim. Importantly, the tool successfully estimates
and maps levels and direction of asymmetric deformations directly on the fossil remains,
which may provide critical information when the recognition of the processes behind the
deformation and the proper fossil restoration are at the stake.

5. Conclusions

show.asymmetry estimates and charts patterns of asymmetry on three-dimensional
digital models. It straightaway performs a correction for size variation within the sam-
ple, decomposes asymmetry into its directional and fluctuating components, and maps
asymmetry on the three-dimensional surface, allowing users to grasp immediate visual
information on the intensity, topology, and direction of departures from perfect symmetry.
Through the three different case studies presented here, we showed the functioning of
show.asymmetry algorithm with different datasets, from recent human individuals to human
fossil specimens.

Supplementary Materials: The show.asymmetry function, code, and raw data to reproduce the case
studies presented here are available at https:/ /www.mdpi.com/2073-8994/13/9/1644/s1.
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Abstract: In biological anthropology, parameters relating to cross-sectional geometry are calculated
in paired long bones to evaluate the degree of lateralization of anatomy and, by inference, function.
Here, we describe a novel approach, newly added to the morphomap R package, to assess the
lateralization of the distribution of cortical bone along the entire diaphysis. The sample comprises
paired long bones belonging to 51 individuals (10 females and 41 males) from The New Mexico
Decedent Image Database with known biological profile, occupational and loading histories. Both
males and females show a pattern of right lateralization. In addition, males are more lateralized
than females, whereas there is not a significant association between lateralization with occupation
and loading history. Body weight, height and long-bone length are the major factors driving the
emergence of asymmetry in the humerus, while interestingly, the degree of lateralization decreases
in the oldest individuals.

Keywords: biological anthropology; biomechanics; cortical thickness; lateralization; modern humans;
NMDID; upper limb

1. Introduction

In bioarchaeology and anthropology; it is of interest to infer the physical activities,
occupations and behaviours of past populations from skeletal material [1,2]. During life, the
distribution of cortical bone is influenced by loading history [3-5], and bone remodelling
seems to be significantly associated with high-frequency daily action [6]. Asymmetry of
loading, as is common in many physical activities, occupations and behaviours, can be
expected to lead to asymmetry of bone form. Thus, to fulfil the goal of inferring past
lifestyles often requires the assessment of differences in bone shape and cortical thickness
distributions among antimeres [5,7].

Different models have been proposed to explain how bone is remodelled in relation
to loading [8-11], although bone adaptation and remodelling has a sizeable physiological
and environmental (i.e., nutritional) component. The comparison of antimeric bones from
the same individual offers the opportunity to identify asymmetry of loading history [12]
while ignoring the confounding, presumed bilaterally equal effects of genetics and nu-
trition. Yet, even the comparison of paired bone elements is not entirely without issues,
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since inflammatory processes [13] may trigger osteogenesis in distant regions [14,15], and
differences in patterns of asymmetry in the upper limb have been found with ageing [16]
and long-term disuse [17], in addition to loading history per se. Despite these caveats,
traditional methods that rely on calculations of the percentage change of cross-sectional
geometric parameters (total area, cortical area, area moments of inertia) on the humerus
have provided useful insights into activity patterns in modern [12] and archaeological
populations [18-24], as well as in paleontological samples [25-30]. Studies of professional
athletes who play unimanual or bimanual sports, such as tennis [5,31-34], throwing and
swimming [34-36], provide an interesting natural experiment. Studies of their long bones
allow assessment of the extent to which asymmetry of cortical thickness and whole-bone
morphology exists between the dominant (e.g., the racket arm) and non-dominant arm.
Younger starters show a higher index of “strength” than older, suggesting that intense
activities during adolescence lead to greater subperiosteal expansion [37].

Current methods to evaluate asymmetry in long bones often involve comparison of
shape and biomechanical parameters (cross sectional geometry) between antimeres based
on a limited number of sections along the diaphysis [19,38,39]. More recently, Wei et al. [40]
have extended such analyses to multiple closely placed sections along the entire diaphysis,
calculating asymmetry of cortical thicknesses and polar moments of area (J) using the R
software tool, morphomap [41].

Here, we assess how asymmetry in the distribution of cortical thickness in the human
humerus is related to physical activity level, sex, body mass and weight based on data
from recently deceased individuals, with known occupational, lifestyle and medical history
curated in the New Mexico Decedent Image Database (NMDID) [42].

We tested the hypotheses that: (a) the degree of asymmetry does not differ among
sexes or among three different occupation groups; (b) the difference in distribution of
cortical bone and degree of asymmetry are not influenced by age, weight, height, humerus
length and occupation. The hypotheses we tested have significant implications for the
evaluation of asymmetry in archaeological populations and in extinct human species.

2. Materials and Methods
2.1. Data Preparation and Processing

From the New Mexico Decedent Image Database [42], we selected 51 individuals
(41 males, 10 females) with known occupation, ranging in age at death from 21 to 54 years.
We selected individuals who had been in the armed forces or worked in building/mining
or at a desk job to test the methodology using groups with distinctly different occupational
histories (likely high vs. low loading).

We extracted from NMDID metadata associated with occupational history for each
individual. Then, we computed occupation scores relating activity to energy cost (see
Appendix 4.1 from [43]) and duration in years for each occupation. Missing data for
duration in years are estimated by calculating the expected working based on the formula,
(age at death —18 years)/ the number of recorded occupations.

A total body CT scan is available for each individual at a slice resolution of 0.5 mm
with 16 x 0.75 mm collimation, 120 KVp and 300 mAs. From these scans, we cropped
the left and right humerus. In order to create 3D models defined by only bony material,
the image stacks were automatically segmented using the Otsu algorithm available in the
morphomap R package. The 102 resulting 3D models (51 left humeri and 51 right humeri)
were aligned following the protocols proposed by Ruff [44].

From each 3D model, we extracted 61 cross sections from 20% to 80% of the biomechan-
ical length along the bone shaft. At each cross section, we defined 24 paired equiangular
semilandmarks on the external and internal outlines centred at the barycentre of the cross
section. The production of the cross sections is automatically executed in morphomap by
using the functions morphomapCore and morphomapShape (Figure 1).
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Figure 1. Top: morphomap extracts shape information as equiangular semilandmarks from the periosteal
(blue) and endosteal surface (orange). Bottom: the cross section at 1% of the biomechanical length.

2.2. Asymmetry and Cross-Sectional Geometry

On each individual, we calculated the polar moment of inertia (J mm?) at 40% of
the biomechanical length on both sides using the function morphomapCSG. We avoided
standardization of ] (on body mass and bone length), because we analyzed the percentage
of lateralization (Jpar%) using the following equation: Jyar% = (I(Jr — Ju) | /Jm) x 100,
where Jy = (Jr +JL)/2.

2.3. Description of the Function MorphomapAsymmetry

The new function, morphomapAsymmetry, embedded in morphomap facilitates the
mapping and analysis of bilateral asymmetry in long bones (Table 1). We provide three
strategies to map differences in the distribution of cortical thickness between the two
sides: (i) the difference between sides (fype = “diff”); (ii) the difference from the mean
(type = “onMean”); (iii) the relative change in thickness (type = “relChange”) of one side
with respect to the other.

Table 1. morphomapAsymmetry: description of the main arguments.

Argument Definition
mshapel First long bone processed with morphomapShape
mshape2 Second long bone processed with morphomapShape

standandize  If TRUE, the matrices of cortical thickness are standardized using the average biomechanical length between sides.

plot

If TRUE, the map of cortical thickness asymmetry is returned.

Defines the method to calculate the differences in cortical thickness between the two long bones: “diff” a map of

arithmetic difference between reference and target is computed; “onMean” the morphometric map of asymmetry

type is defined by computing the differences from the mean for each long bone; “relChange” the morphometric map is
computed by calculating the relative change in cortical thickness, expressed as percentage difference between

reference and target long bones

reference If set to 1, mshapel is defined as reference; if set on 2, mshape?2 is defined as reference.
rem.out If TRUE, outliers are removed from the matrices of cortical thickness.

scale If TRUE, the matrices of cortical thickness are scaled from 0 to 1.
gamMap If TRUE, gam smoothing is applied.
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The workflow implemented in morphomap is as follows:

Load the output of the first long bone processed with morphomapShape.

Load the output of the second long bone processed with morphomapShape (Figure 1).

Specify if one of the two input objects needs to be mirrored (Figure 2A).

Calculate the cortical thickness map of the entire diaphysis in both long bones

(Figure 2B).

5. Standardize the cortical thicknesses by dividing the matrices of cortical thickness by
the biomechanical length (optional).

6.  Choose the method of visualization by setting the argument type to:

W=

a. type = “diff” Calculate the differences between the cortical thickness maps of
the two long bones (Figure 2C).

b.  type =“onMean” Calculate the differences between the two cortical maps and
their mean (Figure 2E).

c. type = “relChange” Compute a cortical map as the percentage change of one

side (target) with respect to the other one (reference) (Figure 2D).

7. 2D Plot the map of differences in cortical thickness between the selected specimens.
The difference map is displayed after “unrolling” the long-bone shaft to produce a 2D
plot, starting and ending at the anterior (A) border passing through the lateral (L),
posterior (P), and medial (M) borders (Figure 2C).

Morphometric maps (MM) on left and right sides Differences between left and right MMs
A C D
Left side Type = “diff” Type = “relChange”
L%, Ll

Right side

e———p

Mirrored right side

MM (left side) MM (right side)
Type = “onMean”

A A

A M P L A A

Figure 2. Workflow of the function morphomapAsymmetry. In (A), one of the two long bones is mirrored, and the two matrices
of cortical thicknesses (MM) are computed (B). The differences between the two MMs may be computed by calculating (i)
the arithmetic difference (C), (ii) the percentage change of the target with respect to the reference side (D), (iii) the difference
between the two MMs and their mean (E).
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2.4. Description of the Function MorphomapMapPCA

We processed the right and left humerus in 51 individuals selected from the NMDID
using the R package morphomap (Profico et al. 2021). The individuals belong to three
different categories for occupation: “building-mining” (called “building” from now on),
“army” and “desk”. We extracted 61 cross sections from the humeri and built a multivariate
dataset of cortical thicknesses along the entire diaphysis on both sides.

To decompose the total variance of the sample into symmetric and asymmetric compo-
nents, we performed two different Principal Component Analyses (PCA) on each dataset:

1. PCA of the mean morphometric maps calculated by averaging left and mirrored right
side (symmetric component).

2. PCA of the matrices obtained by in each individual subtracting the mean matrix of
cortical thicknesses from the matrices of cortical thicknesses of the left and mirrored
right sides (asymmetric component).

The function morphomapPCA requires two inputs, the left and right sets of long-bone
semilandmarks, obtained from morphomapShape. The user can select if the calculation of
the symmetric and asymmetric component is performed on semilandmark coordinates or
on the values of cortical thickness computed from these along the diaphysis.

2.5. Relation between Cortical Thickness Asymmetry Humerus and Biological Variables

Commonly, some limitations apply in evaluating patterns of lateralization (i.e., asymme-
try). Analyses are usually limited to a single (e.g., at 40% of the total biomechanical length)
or a few cross sections. In addition, the investigation is restricted to the use of univariate
and exploratory statistics. Here, we present two different strategies to evaluate the relative
contribution to asymmetry of different predictors (i.e., weight, height, age and occupation).

To assess how asymmetry in the distribution of cortical thickness varies in relation
to occupation, age, weight, height and biomechanical length, we performed a multiple
regression with these variables as independent and maps of differences in cortical thickness
between the left and right side as dependent variables. Specifically, the cortical maps of
differences between sides are created by subtracting the mean matrix of cortical thicknesses
from the matrices of the left and mirrored right sides from each linear regression we
computed R? and beta coefficients. R? quantifies the strength of the relationship between
the model and the dependent variable. The beta coefficient describes the rate of change of
differences in cortical thickness between sides for every unit of change in the independent
variables. In addition, we measured the proportion of variance in total asymmetry related
to each independent variable using multivariate regression analysis. Lastly, we applied the
variance partitioning method [45] to measure the portions of variance of total asymmetry
shared by independent variables. The method calculates the explanatory power of different
variables in relation to the same response variable (or matrix). We used redundancy analysis
to determine the partial effect of each variable (i.e., weight, height, age and occupation) on
the response variable (magnitude of asymmetry of cortical thickness between sides). We
used alpha (significance) level = 0.05 for all statistical tests.

3. Results

The asymmetry in polar moment of inertia, J, calculated at 40% of the biomechanical
length shows a general trend of lateralization ranging between 0.36% and 10.37%. In all
but 4 individuals, ] is larger on the right side (Table 2). There are no statistically significant
differences between occupation and sex group means (Figure 3), as determined by two-way
ANOVA of ] among sexes or occupations.

The first two PCs of the symmetric component of cortical thicknesses account for
78% of the total variance (PC1 = 72.33%; PC2 = 5.79%) (Figure 4). On average, the two
sexes are separated along PC1 with the females towards the positive limit, and males, the
negative (tj448 = 4.66, p < 0.01). The three occupation groups largely overlap but with
the “building”, “army” and “desk” groups approximately distributed in this order from
negative to positive limits of PC1.
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Table 2. Description of the sample and calculation of lateralization. For all the individuals, we report
age, weight, height and occupation. We calculated the biomechanical length of the humerus and the
polar moment of inertia, ], at 40% of the biomechanical length on both sides (JL and JR) and the degree of
lateralization, J; oT%, between the two sides. Values of ] are multiplied by 103 (Ruff 2000). D = working
at desk job; B = working in building/mining companies; A = working in the armed forces.

ID Sex Age Weight Height Occupation Jp Jr JLAT%
100221 male 34 91 188 D 2.84 3.60 5.90
101358 male 21 70 168 B 1.50 1.57 1.07
101510 male 26 86 195 A 2.39 2.96 5.33
102253 male 46 100 183 D 1.62 1.92 426
102436 male 37 83 183 D 3.10 3.22 0.91
102602 male 32 86 193 B 2.26 2.40 1.56
103530 male 22 73 168 B 1.51 1.72 3.26
103862 male 31 91 191 A 2.11 2.26 1.76
104373 male 34 86 170 B 2.47 2.56 0.86
108039 male 38 82 188 A 1.65 1.92 3.77
114405 male 27 79 178 B 1.62 1.97 4.81
116546 male 25 86 184 A 2.82 2.43 3.72
116833 male 45 109 183 A 2.40 2.61 2.08
117662  female 24 68 173 A 1.29 1.50 3.85
118646 male 26 84 180 A 1.92 2.84 9.63
121289 male 25 102 184 B 2.74 2.98 2.10
123096 male 24 75 184 B 2.81 3.14 2.78
123240 male 31 82 180 D 1.64 2.05 5.61
125527  female 26 50 157 D 0.69 0.79 3.35
127137  female 54 59 158 D 1.38 1.32 1.20
129131 male 33 79 173 A 1.80 1.87 0.93
129352 male 30 82 180 A 1.56 1.86 429
130388 male 37 68 168 A 1.67 1.82 2.16
130964 male 25 68 175 D 2.87 3.42 442
132233 male 29 80 166 B 1.77 2.13 4.64
132433 male 27 70 185 D 2.06 2.30 2.72
139871 female 49 61 157 B 1.49 1.56 1.27
140368 male 34 80 185 B 3.17 3.83 4.74
141318 male 32 77 178 B 2.04 2.24 2.32
143365  female 47 72 165 A 1.16 1.10 1.32
143984 male 30 91 183 D 2.51 2.63 1.17
144071 female 35 57 160 A 1.04 1.08 0.94
144977 male 24 75 175 D 2.06 2.24 2.09
146626 male 27 89 163 A 0.98 1.16 4.24
147949 male 29 91 178 A 1.82 2.63 9.15
150608 male 34 63 158 B 1.81 2.01 2.64
152567 male 24 82 185 A 2.46 2.74 2.70
156886 male 29 77 178 B 1.78 1.97 2.51
158402 male 35 109 185 B 2.32 2.37 0.58
162065 male 28 64 170 B 1.56 1.88 476
166116  female 36 56 162 B 1.07 1.17 2.22
171170 male 32 106 182 A 2.96 3.75 5.90
171479 male 27 100 185 D 2.50 2.82 3.06
173218 male 22 84 163 D 1.95 2.06 1.36
175725 male 28 86 196 B 3.12 3.46 2.54
176660  female 24 68 173 A 0.79 0.84 147
177679 male 38 77 168 A 2.75 2.82 0.68
178078 male 31 73 168 B 2.10 2.31 2.32
180030 male 40 82 180 A 2.06 2.33 3.05
188902  female 26 77 165 D 1.25 1.12 2.82
190756  female 24 48 162 D 0.84 0.98 3.82
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Figure 3. Violin and box plots showing the percentage of right lateralization pooled by sex (left) and occupation (right,
A ="army”, B = “building”, D = “desk”). Violin plots illustrate the density distribution of the data.
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Figure 4. PCA of the symmetric component. Circular and square dots represent male and female individuals, respectively.
Violet = “Army”, orange = “Building” and green = “Desk”. The double-sized circles and squares show the mean values
of PC1 and PC2 pooled by sex and occupation. In the morphometric maps, the diaphysis is unrolled from the anterior
border (on the left of the x-axis) and follows the medial, posterior, lateral and anterior borders. Violet and green respectively
indicate greater or smaller values of cortical thickness. The tops and the bottoms of the morphometric maps correspond to
the proximal (80% of the biomechanical length) and distal (20% of the biomechanical length) parts of the diaphysis.

The visualisations of the morphometric maps represented by the extremes of PCs
1 and 2 highlight a general increase in cortical thickness at negative values of PC1. PC2
represents a different pattern of thickening/thinning of the humeral diaphysis. With
increasingly negative values of PC2, the cortical bone is thicker in the mid and distal
portion of the medial and anterior margins and between the posterior and lateral margins.
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Conversely, with more positive values, the proximal portion of the diaphysis is thicker
anteriorly (Figure 4).

The PCA of the asymmetric component (Figure 5) indicates how the cortical thickness
of the entire diaphysis differs from symmetry. The distance of points from the origin
indicates the degree of asymmetry represented by the first two PC scores. Following
Mardia et al. [46], we found that directional (mean difference between sides) and fluctuating
(average differences from the symmetric mean) components account for 16.00% and 84.00%
of the total variance, respectively.

PC1 vs PC2 Asymmetric component - Left side PC1 vs PC2 Asymmetric component - Right side
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Figure 5. PCA of the asymmetric component shown in two separated plots for the left (A) and right (B) sides. Arrows
connect points representing the left (A) and right (B) sides of each individual from the origin (i.e., zero asymmetry between
left and right side). Violet = “Army”, orange = “Building” and green = “Desk”. In the morphometric maps (C), violet
and green palettes respectively indicate larger and smaller values of cortical thickness. In these, the diaphysis is unrolled
from the anterior border (on the left of the x-axis) and follow the medial, posterior, lateral and anterior borders. Violet and
green respectively indicate greater or smaller values of cortical thickness. The tops and the bottoms of the morphometric
maps correspond to the proximal (80% of the biomechanical length) and distal (20% of the biomechanical length) parts of
the diaphysis.
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PC1 explains 41.05% of the total variance. This axis describes generalised thickening
or thinning of the cortex as seen in the morphometric maps representing the extremes of
this PC. Scores on PC1 indicate that the right-sided cortex tends to be thicker than the
left (with a few exceptions, plausibly explained by handedness). PC2 (7.47% of the total
variance) shows a different pattern of asymmetry. The morphometric maps indicate that,
from positive to negative limits, this PC represents posterior and anterior thinning of the
diaphysis (Figure 5).

While the differences between sexes (F = 18.40, Df = 1, p < 0.01) in asymmetry are
significant, as indicated by two-way ANOVA (Figure 6), there are no statistically significant
differences in asymmetry between the occupation groups.

Asymmetry (MM) vs sex Asymmetry (MM) vs occupation

[}

k]

2 g

£ =

o

©

= g

m;le 'en';ale /|\ IIB ﬁ
sex occupation

Figure 6. Violin plots of the total length of the displacement vectors of asymmetry in relation to sex (left) and occupation
(right, A = “army”, B = “building”, D = “desk”). Violin plots illustrate the density distribution of the data.

The lengths of the vectors in Figure 5 indicate the magnitude of asymmetry of cortical
thickness, represented by the first two PC scores. The sum of the vectors from the entire
matrix of PC scores represents the overall magnitude of asymmetry. In this sample, it is
correlated with the index of lateralization (Jpar%), calculated using the polar moment of
inertia, ], (correlation = 0.58, p < 0.01).

In multivariate regressions, body weight (R? = 0.19, b = 0.22, p < 0.01), height (R? = 0.22,
b =0.31, p < 0.01) and biomechanical length (R? = 0.16, b = 0.14, p < 0.01) significantly pre-
dicted asymmetry, while age and occupation score are not statistically significant predictors
(Figure 7).

A variance partitioning analysis was performed to evaluate the percentage of variance
in asymmetry associated with weight, height, age and occupation score. The combination
of all tested variables explained 24.72% of the variance in asymmetry calculated from
the PC scores of asymmetric component. Weight (2.09%) and height (2.39%), and their
interaction (16.31%) explain the largest portion of asymmetry (Figure 8).
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Map of beta coefficients (right side - asymmetric component)
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Figure 7. Map of R? and beta coefficients calculated from multivariate regression of the asymmetric component on
independent variables of interest. Cortical thickness values were rank-transformed. In the first row, maps indicate which
regions of the diaphysis show asymmetric variation in thickness with age, weight, height and biomechanical length. The R
range is reported using a rainbow palette. White cells indicate statistically insignificant relationships. In the second and
third rows, the beta coefficients from the multivariate regressions are mapped on the left and right sides, respectively. Warm
colours describe an increase in cortical thickness, and cold colours indicate a reduction.
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Height (22.31%)** Age (2.96%)

Weight (18.61%)** Occupation (0.08%)
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Figure 8. Variation partitioning Venn diagram. Variation in asymmetry expressed as adjusted R? explained by weight,
height, occupation and age and their intersections. Significance codes: ** = 0.001. Outside the Venn diagram are reported the
total explained variances by each variable, taking into account the interactions between them. Note, the sum of the explained

Residual (75.28%)

variance is not 100% (artefact of the variance partitioning algorithm due to the calculation of negative adjusted R?).

Multivariate regression was used to assess the relationship between asymmetry in
cortical thickness and the independent variable of interest (i.e., weight, age, height, biome-
chanical length and occupation scores) at each cell of the morphometric maps (i.e., the
cortical thickness measured at each semilandmark). At each cell, the explained variance
(R?) and slope (Beta coefficient) can be mapped to visualise the relationship between cor-
tical map asymmetry and the independent variables. Maps can be drawn to represent
the (exactly opposite) effects of these relationships on the right or left sides. Such maps
are presented in Figure 8. The maps of R? indicate that each independent variable is
associated with a different pattern of asymmetry, with different localised regions showing
an association with each variable. Unsurprisingly, regressions of height and biomechanical
length produce the most similar diagrams. On average, the slopes (beta coefficients) of
asymmetry of cortical thickness on the independent variables indicate that cortical thick-
nesses tend to be greater in the right arm (likely this is a mostly right-handed sample). The
maps of Figure 8 show values only for those regions where the regression is significant.
Weight, height and mechanical length are associated with a larger rate of increase in cortical
thickness in the right (usually the dominant) compared to the left humerus. In contrast,
with increasing age, cortical thickness decreases more slowly in the dominant arm.

4. Discussion and Conclusions

Studies of patterns of lateralization in archaeological populations often suffer from
the lack of a reference sample with known loading history to contextualise the findings.
Additionally, the assessment of lateralization is commonly limited to the analysis of one
or just a few levels along the diaphysis of paired long bones. The publication of the
NMDID [42] offers the prospect of directly relating skeletal form (total body CT-scan)
with known biological profile and loading history (metadata with 60 variables). The time
and effort in gathering skeletal data is much reduced by the functions available in the R
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package morphomap [41], a recently published toolkit providing functions to extract from
CT data, the segmented long bone of interest and based on that. Here, we further extend
morphomap to visualize and analyze asymmetry in paired long bones. Specifically, the new
implementation: (i) performs a PCA on the symmetric and asymmetric component of form
variation; (ii) creates morphometric maps of symmetric and asymmetric variation on single
individuals or on entire samples from PC scores; (iii) calculates the total magnitude of
asymmetry of cortical bone distribution, quantifying deviations from symmetry.

PCAs of both symmetric and asymmetric components indicate that cortical bone
distribution differs between sexes, but not between the occupation groups considered in
our analyses. On average, male individuals possess thicker and more asymmetric humeri
than females. All our measurements of magnitude of asymmetry (cross-sectional geometry
and vector lengths from PC scores) present a general pattern of right lateralization. This
finding is consistent with previous studies indicating 90% preference for right-handedness
in modern humans [47-49]. Further, the analyses of morphometric maps indicate that
males are more asymmetric than females. However, since males are larger on average,
their more asymmetric cortical thickness might be guided by allometric effects. In contrast,
the index of lateralization based on cross-sectional geometry (Jy aT) does not significantly
differ between sexes. This contrast may be due to the fact that J; atv, is calculated at a single
level along the diaphysis (40%vV of bone biomechanical length), whereas the calculation
of absolute lateralization from PC scores takes into account the entire diaphysis. In fact,
JLaT, calculated at 70%, 75%, 76%, 78% and 79% of bone length is statistically different
between sexes.

Regression analyses on morphometric maps show that, as body weight, height and
longbone biomechanical length increase, so does asymmetry. In contrast, with increasing
of age, asymmetry decreases (i.e., the oldest individuals are less asymmetric than the
youngest individuals). Interestingly, loading history (occupation scores) does not affect
the pattern of asymmetry. The main effect of body proportions (weight and height) as a
key factor in determining the degree of asymmetry is also confirmed by the partitioning of
variance analysis performed on values of total asymmetry calculated from the PCA.

This study was able to test the hypothesised relationships between loading history and
cortical bone distribution in the humeral shaft using the unique and extensive collection
curated in the NMDID [42]. Despite the quality of these data, our analyses do not show a
significant association between occupation and asymmetry. This analysis was confined to
occupations that would be expected to lead to extremely different occupational loading
histories (army, building vs. desk) in order to emphasise any effect of occupation. This
suggests either that there is no strong difference in the effect of these occupations on loading
history, or that occupational history does not reflect the full loading history, and that our
categorisation by occupation is inadequate to describe individual loading history. Further
studies are required to clarify this finding, which is potentially of great importance in
archaeological and forensic contexts.
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Abstract: Diaphyseal cross-sectional geometry (CSG) is an effective indicator of humeral bilateral
asymmetry. However, previous studies primarily focused on CSG properties from limited locations
to represent the overall bilateral biomechanical performance of humeral diaphysis. In this study, the
complete humeral diaphyses of 40 pairs of humeri from three Chinese archaeological populations
were scanned using high-resolution micro-CT, and their biomechanical asymmetries were quantified
by morphometric mapping. Patterns of humeral asymmetry were compared between sub-groups
defined by sex and population, and the representativeness of torsional rigidity asymmetry at the 35%
and 50% cross-sections (J35 and 5y asymmetry) was testified. Inter-group differences were observed
on the mean morphometric maps, but were not statistically significant. Analogous distribution
patterns of highly asymmetrical regions, which correspond to major muscle attachments, were
observed across nearly all the sexes and populations. The diaphyseal regions with high variability of
bilateral asymmetry tended to present a low asymmetrical level. The J35 and J59 asymmetry were
related to the overall humeral asymmetry, but the correlation was moderate and they could not reflect
localized asymmetrical features across the diaphysis. This study suggests that the overall asymmetry
pattern of humeral diaphysis is more complicated than previously revealed by individual sections.

Keywords: contralateral asymmetry; limb bone; biomechanical analysis; rigidity

1. Introduction

Humeral bilateral asymmetry has been extensively studied in orthopedics, forensics,
and paleo/archaeological anthropology [1-3]. Handedness can be inferred from the bi-
lateral asymmetry of the upper limb [4-6]. Evidence from living athletes of unilaterally
dominated sports (such as tennis and cricket) suggests a close relationship between humeral
bilateral asymmetry and behavioral laterality [7-9]. A combined study of endocranial and
humeral asymmetry can shed light on how the human body responds to dependent asym-
metrical stimuli across biologically independent anatomical regions [10]. These applications
make humeral bilateral asymmetry an effective approach for reconstructing the behaviors
of past human populations [11-16].

Long bone diaphyses show great plasticity to remodel in response to mechanical
loadings across a lifetime, especially prior to sexual maturity [17-21]. This remodeling
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makes diaphyseal cross-sectional geometry (CSG) a more effective indicator of bilateral
upper-limb use and asymmetry compared to other linear measurements, such as articular
breath or bone length [13,20,22-24].

Polar moment of area (J) and second moment of area (SMA) are two commonly
adopted CSG parameters in humeral biomechanical analysis. ] indicates the cross-section’s
torsional and average bending rigidity, whereas SMA denotes the exact bending rigid-
ity along a certain axis of a cross-section [3,25]. Owing to the difficulties of obtaining
sequential histological cross-sections, most earlier studies focused on the CSG properties of
cross-sections placed at 35% or 50% of the humeral biomechanical length (see the definition
made by Ruff [26]). ] at the 35% cross-section (J35) can reasonably estimate the minimum
rigidity of humeral diaphysis and avoids the interference of other anatomical features,
as it is situated below the distal edge of deltoid tuberosity and above the supracondylar
crest [13,14,16,27-29]. ] at the 50% cross-section (J5p) provides reasonable estimates of
midshaft rigidity [9,14,30-34], and is known to be a reliable indicator of hand preference [5].
When evaluating the directional biomechanical performance of a cross-section, most pre-
vious studies only calculated the maximum/minimum SMA or SMA along the standard
anatomical axis (anteroposterior or mediolateral) to avoid the complexity of acquiring CSG
values in multiple directions [35-37].

However, CSG properties of limited cross-sections and directions are insufficient
to estimate the overall biomechanical performance of long bone diaphysis, especially
in studies about humeral bilateral asymmetry. According to experimental data from
professional baseball players, tensile and shear strains vary among different diaphyseal
sections during throwing activities [38], and the degree of bilateral asymmetry evaluated
by ] was variable along the humeral shaft [16,38]. The shape asymmetry of different
cross-sections also indicates that the asymmetry patterns vary in different anatomical
directions [24,39].

Morphometric mapping is a 2D visualizing method that is commonly used for dis-
playing the distribution patterns of morphometric and biomechanical properties across the
entire diaphysis of a long bone [40,41]; for example, the distribution patterns of cortical
bone thickness along the femoral diaphysis, visualized by morphometric maps, differ-
entiate in Neanderthals and Homo erectus from modern humans [42,43]. Additionally,
morphometric maps, quantifying the external radius across the entire femoral diaphysis,
reveal the ontogenetic disparities between wild and captive chimpanzees [44]. The cortical
structure of hallucal metatarsals, represented by morphometric maps of cortical bone
thickness and bending rigidity, reflects locomotor adaptations of humans, chimpanzees,
and gorillas [45]. Finally, morphometric mapping has been established to be an effec-
tive approach for quantifying the humeral biomechanical asymmetry across the complete
diaphysis [16].

Factors such as geographic location, chronological age, subsistence pattern, and
sex are known to influence the pattern of humeral asymmetry in human populations.
Varying degrees of humeral asymmetry have been detected among Upper Paleolithic
populations from Europe, Africa, and Asia [11]. European samples show a general decrease
in humeral asymmetry from the early Upper Paleolithic populations through to the 20th
century [13,22]. Foragers and farmers from the pre-Hispanic American Southwest present
different humeral asymmetry patterns [36]. Due to the existence of the sexual division of
labor, modern human populations with various geographic locations, chronological ages,
and subsistence patterns tend to exhibit diverse sexual dimorphism patterns in humeral
asymmetry [31,36,37,46].

In the present study, we aim to (1) generate a more comprehensive understanding
of humeral asymmetry by evaluating the biomechanical performance across complete
diaphysis compared to previous studies, which only used individual cross-sections; and (2)
check the reliability of using J35 and 5 to represent the overall humeral biomechanical per-
formance in bilateral asymmetry analysis. To fulfil these targets, specimens were scanned
using high-resolution micro-computed tomography (micro-CT), and morphometric map-

96



Symmetry 2021, 13, 1843

ping was applied to quantify the overall biomechanical asymmetry of humeral diaphysis
for its effectiveness in visualization and statistical analysis. To cover as wide a variety of
specimens as possible, 40 pairs of humeri from three Chinese archaeological populations,
which differ in geographic location, chronological age, and subsistence strategy, were
selected to represent East Asian modern humans in the present study.

2. Materials and Methods
2.1. Materials

Forty pairs of modern human humeri are included in this study. All paired humeri
were collected from archaeological sites with populations that varied in geographic lo-
cation, chronological age, and subsistence pattern. Agricultural and nomadic/gathering
populations are included because these lifestyles were the dominant subsistence patterns
in pre-industrial East Asia. The subsistence patterns of these populations were determined
by associated burial assemblages and relevant historical records. The populations will be
referred to by their geographic locations, which are as follows: (DHubei population (HB):
9 males and 4 females collected from agricultural sites from Hubei Province, Central China
spanning Qin-Han-Tang dynasties (221 BC ~ 907 AD). For some sites of this population,
analyses of charred plant remains indicate that Setaria italica and Panicum miliaceum were
the main food crops [47]. @Henan population (HN): 6 males and 5 females collected from
an agricultural population from Junzicun cemetery, Henan Province, North China, which
dates to Qing dynasty (1636 AD ~ 1912 AD). Historical records indicate that an agricultural
economy was the dominant lifestyle of this population [48]. ®Xinjiang population (X]):
10 males and 6 females collected from nomadic populations attributed to Subeixi culture
(1000 BC ~ 200 BC) from the Turpan Basin, Xinjiang Province, Northwest China. Burial
assemblages such as bows, arrows, and stone artifacts for males and spinning wheels and
potteries for females indicate a subsistence pattern of nomadism and gathering [49-51].
All individuals were adults. Their age and sex were determined according to cranial and
pelvic osteological indicators. All humeral specimens were intact, well preserved, and
showed no symptoms of osteoporosis or other pathologies.

2.2. Data Collecting and Processing

All humeri were scanned by a 450 kV micro-CT scanner (designed by Institute of High
Energy Physics, Chinese Academy of Sciences) located in Key Laboratory of Vertebrate
Evolution and Human Origins, Institute of Vertebrate Paleontology and Paleoanthropology,
Chinese Academy of Sciences. The scanning was performed under a voltage of 380 kV,
current of 1.5 mA, 360° rotation with a step of 0.5°, and an isometric voxel size of 160 um.
Raw data were virtually reconstructed and segmented in VGStudio Max 3.0. Volume
renderings of all humeri were aligned to anatomical position using the standard protocol
defined by Ruff [26]. To ensure that the humeri were consistently aligned and to avoid
inter-observer error, all alignments were made by one author (Y.Z.). Paired humeri were
always aligned synchronously. Three-dimensional meshes of each aligned humerus were
generated and saved as PLY files in Avizo 8.1 for the following analyses.

2.3. Cross-Sectional Geometric Parameters Calculation

Customized in-house scripts, mainly sourced from R package ‘morphomap’, were
applied to calculate the CSG parameters [52]. For each humerus, the single-layer perios-
teum and endosteum surface meshes were firstly detached from the original humeral
mesh. Second, 61 equidistant cross-sections were extracted from the surface meshes along
the proximodistal diaphysis (between 20 and 80% of the biomechanical length). Third,
360 equiangular landmarks were placed along both the inner and outer contours on each
cross-section. Finally, ] values of the cross-sections at 35% and 50% of biomechanical length
(Jas and J50), and SMA values of 360 directions on 61 cross-sections were calculated based
on the landmark coordinates.

97



Symmetry 2021, 13, 1843

2.4. Bilateral Asymmetry Quantification

Commonly used practices for assessing bilateral asymmetry are absolute asymmetry
([(max — min)/((max + min)/2)] x 100%) and directional asymmetry ([(right — left)/((right
+ left)/2)] x 100%). However, absolute asymmetry is not appropriate in this study, as the
magnitude relationship between the left and right side is not consistent among different
landmarks at humeral diaphysis. However, our study still focuses on absolute information
of overall bilateral asymmetry, so directional asymmetry is also not suitable, because it
does not eliminate the impact of handedness as well as behavioral laterality, which is not
the issue this study attempts to investigate and may bring about bias to the conclusion.
Therefore, bilateral asymmetry was quantified using dominant asymmetry ([(dominant —
non-dominant)/((dominant + non-dominant)/2)] x 100%). The dominant side was decided
according to the magnitude of J59, given that it is a valid indicator of handedness [5].

2.5. Morphometric Mapping

The SMA asymmetry values were obtained using the dominant asymmetry equation
for all 21,960 (360 x 61) landmarks, and the results for each paired humeri were deposited
in a matrix with 61 rows (sorted by the order of cross-sections) and 360 columns (sorted
by the order of directions). These matrices were then visualized as morphometric maps
to display the distribution characteristics of bending rigidity asymmetry along the proxi-
modistal humeral diaphysis (Figures 1 and Al). The asymmetry values of J35 and Js( for all
individuals were also calculated using the same equation.

prox
mn ——»  max

lat post med ant lat
mid-prox

@ T 6%

@ o 35%

Figure 1. The positional and directional correspondence between humeral external structure, diaphy-
seal cross-sections, and morphometric map exhibiting bending rigidity asymmetry. Abbreviations for
anatomical terms are as follows: prox: proximal; mid: middle; dist: distal; lat: lateral; post: posterior;
med: medial; ant: anterior.

2.6. Methods to Estimate the Variation of Humeral Biomechanical Asymmetry

To explore the variation in humeral asymmetry patterns in modern humans, 40
individuals were divided into sub-groups defined by sex and population. The three
populations, which varied in geographic location, chronological age, and subsistence
pattern, were supposed to vary in their habitual behaviors, so population was set as
one variable. Sexual division of labor is an important issue when discussing historical
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populations, and the sexual dimorphism of humeral asymmetry can be affected by non-
behavioral factors such as genetics or hormones [27]. Therefore, sex was set as another
variable. Mean morphometric maps exhibiting SMA asymmetry values for each sub-group
were qualitatively compared. Additionally, a two-way multivariate analysis of variance
(MANOVA) was conducted to quantitatively test whether sex and/or population were
significant sources of variation. When fitting the regression model for MANOVA, SMA
asymmetry values at all landmarks were set as the dependent variables, while sex and
population were set as the independent variables with interaction. Customized in-house
scripts, mainly sourced from R package ‘geomorph’ and ‘RRPP’, were utilized to conduct
MANOVA [53,54]. In addition, the coefficients of variation (CV) for SMA asymmetry
values at all landmarks were calculated in sub-groups and visualized by morphometric
maps to exhibit intra-group variation characteristics. Only sub-groups defined by sex or by
population were included in this analysis to reduce the impact of outliers.

2.7. Methods to Test the Representativeness of |35 or |59 Asymmetry

The reliability of using J35 or J59 asymmetry to represent the overall humeral asym-
metry was tested using several statistical methods. First, a multivariate regression model
was built on all specimens to statistically test the degree of correlation between overall
SMA asymmetry and ] asymmetry. When fitting the model, the SMA asymmetry values at
all landmarks were set as the dependent variables, and the J35 or J59 asymmetry value as
the independent variable. Customized in-house scripts, mainly sourced from R package
‘geomorph’ and ‘RRPP’, were utilized to carry out this fitting [53,54]. Second, to investigate
the association of every SMA asymmetry value and ] asymmetry value across the entire
humeral diaphysis, the correlation coefficients between each SMA asymmetry value and
Ja5 or J5p asymmetry value (CCz5 and CCs) were calculated within sub-groups. The same
protocols for visualizing SMA asymmetry values were applied to CC results to gener-
ate morphometric maps. The CC morphometric maps of sub-groups were qualitatively
compared to reveal inter-group variations.

3. Results
3.1. Pattern of Humeral Biomechanical Asymmetry in Modern Humans

The mean morphometric maps exhibiting SMA asymmetry values for each sub-group
and pooled samples are presented in Figure 2. Hubei females and males are more asym-
metrical in the near-anterolateral posteromedial aspect along the entire proximodistal
diaphysis. The degree of asymmetry is transversely uniform around the mid-distal diaph-
ysis for Hubei females, and around the midshaft for Hubei males. Hubei males have higher
anteroposterior asymmetry from the proximal to mid-proximal diaphysis. Henan females
have a restricted area of relatively higher anteroposterior asymmetry around the mid-
proximal diaphysis, while Henan males are more asymmetrical in the near-anterolateral
posteromedial aspect spanning the mid-proximal to distal diaphysis. Both Xinjiang females
and males have reinforced anteroposterior asymmetrical areas around the proximal diaph-
ysis, as well as the region between the proximal to mid-proximal diaphysis, mediolaterally.
The region with a relatively higher asymmetry of Xinjiang males extends from the midshaft
to the distal diaphysis in the near-anterolateral posteromedial aspect.

For the mean morphometric maps that are defined only by population, Hubei is more
asymmetrical across the entire proximodistal diaphysis in the near-anterolateral postero-
medial aspect, with a reinforcement of anteroposterior asymmetry along the proximal to
mid-proximal diaphysis. The region with high asymmetry for Henan is located in the
anterolateral posteromedial aspect between the mid-proximal to distal diaphysis. Xinjiang
has higher anteroposterior asymmetry around the proximal diaphysis, connecting with
another area with high mediolateral asymmetry around the mid-proximal diaphysis, which
continuously extends to the midshaft in the anterolateral posteromedial aspect. Hubei and
Xinjiang are more asymmetrical than Henan, according to their overall magnitude of SMA
asymmetry values. For the mean morphometric maps that are defined only by sex, females
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are more anteroposteriorly asymmetrical between the proximal and mid-distal diaphysis,
with a reinforcement of asymmetry near the mid-proximal section. The distribution pat-
terns of males resemble that of Xinjiang, but the regions with highest asymmetry at the
proximal and mid-proximal diaphysis are not so prominent, and the region with relatively
higher asymmetry along the distal half of the diaphysis in the anterolateral posteromedial
aspect is more developed. Males are more asymmetrical than females in general. The mean
morphometric map for pooled samples shows uniform areas of asymmetry spanning from
the proximal diaphysis, anteroposteriorly, to the mid-proximal diaphysis, mediolaterally,
and continuing distally in the anterolateral posteromedial aspect.
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Figure 2. Mean morphometric maps exhibiting SMA asymmetry values for sub-groups and pooled samples (P). Sub-groups
are defined by population, sex, and the pairwise combination of these two factors. Populations include Hubei (HB),
Henan (HN), and Xinjiang (X]); sexes include female (F) and male (M). All mean morphometric maps are under the same

chromatic scale.
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According to the results of MANOVA (Table 1), the differences sourced from sex
(P =0.11), population (P = 0.296), and the interaction of sex and population (P = 0.783)
are not statistically significant. The R-squared values reveal that sex, population, and
the interaction of sex and population accounted for 5.49%, 5.99%, and 2.74% of the total
variation, respectively. Residuals accounted for 85.77% of the total variation.

Table 1. MANOVA results interpreting the differences between sexes and among populations.

Df SS MS Rsq F z P (P
Sex 1 5,309,415 5,309,415 0.05494 21778 1.31140 0.110
Population 2 5,792,218 2,896,109 0.05993 1.1879 0.58014 0.296
Sex:Population 2 2,652,077 1,326,039 0.02744 0.5439  —0.78875 0.783
Residuals 34 82,891,403 2,437,982 0.85769
Total 39 96,645,113

Df: degree of freedom; SS: sums of squares; MS: mean squares; Rsq: R-squared values.

The CV morphometric maps show nearly identical distribution patterns across all the
sub-groups and pooled samples (Figure 3). Relatively high CV values are concentrated
in the region between the middle and mid-distal diaphysis, and at the distal extreme in
the anteromedial posterolateral aspect. Similarly high CV values appear at the proximal
section, mediolaterally, but to a smaller extent compared to the distal section. Henan
has localized regions of higher CV values at the proximal extreme, mediolaterally, and at
the mid-distal diaphysis in the anteromedial posterolateral aspect, but displays no other
differences compared to Hebei and Xinjiang. Females present higher overall CV values
than males.
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Figure 3. Morphometric maps exhibiting the coefficient of variation (CV) for SMA asymmetry values in sub-groups and
pooled samples (P). Sub-groups are defined by population and sex. Populations include Hubei (HB), Henan (HN), and
Xinjiang (X]); sexes include female (F) and male (M). All CV morphometric maps are under the same chromatic scale.
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3.2. Representativeness of [35 and Jsy Bilateral Asymmetry

Table 2 and Figure 4 show the result of a multivariate regression fitting all the SMA
asymmetry values on the J35 or J5p asymmetry value using pooled samples. The results of
J35 and J5p asymmetry are highly significant (P < 0.001), indicating that the multivariate
regression model is effective. According to the R-squared values, J35 asymmetry accounts
for 48.66% of the total variation, whereas J59 asymmetry accounts for 50.93%. The remaining
variations are explained by the residuals, which is 51.34% in the J35 asymmetry model and
49.07% in the J5p asymmetry model.

Table 2. Multivariate regression of all SMA asymmetry values on ] asymmetry value.

Df SS MS Rsq F z PGP
J35 asymmetry 1 47,026,558 47,026,558 0.48659 36.015 3.5479 0.001 **
Residuals 38 49,618,555 1,305,751 0.51341
Total 39 96,645,113
J50 asymmetry 1 49,218,068 49,218,068 0.50927 39.435 3.7475 0.001 **
Residuals 38 47,427,046 1,248,080 0.49073
Total 39 96,645,113

Df: degree of freedom; SS: sums of squares; MS: mean squares; Rsq: R-squared values; **: statistically highly
significant.
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<

-1000 1

-2000 1
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Figure 4. Multivariate regression of all SMA asymmetry values on ] asymmetry value at the 35% or
50% cross-section using pooled samples.

The CC morphometric maps of the sub-groups and pooled samples are shown in
Figure 5. Across all the CC morphometric maps, the SMA asymmetry values and the
J35 or J5p asymmetry value are positively correlated among the entire humeral diaphysis,
except for some areas of Henan. When specific to the morphometric maps of CCss, high
CCjz5 values are detected primarily among the distal half of the diaphysis, particularly
around the mid-distal to distal section, while lower CCss values are more inclined to
distribute anteroposteriorly over the proximal half of the diaphysis. Henan differs from
the other sub-groups in that its SMA asymmetry values are negatively correlated with
the J35 asymmetry value in the region between the mid-proximal and middle diaphysis,
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anteroposteriorly. For the morphometric maps of CCsg, high CCsy values are found
between the proximal and middle diaphysis, anteroposteriorly, which gradually shift in the
anterolateral posteromedial aspect, from the middle to distal diaphysis. Comparatively, low
CCsp values tend to follow the approximately anterolateral posteromedial aspect between
the mid-distal and distal diaphysis. In comparison to other sub-groups, Henan exhibits a
distinct distribution pattern of CCsg values at the distal humeral section, mediolaterally,
with the SMA asymmetry values being negatively correlated with the J59 asymmetry value.
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Figure 5. Morphometric maps exhibiting the correlation coefficient (CC) between SMA asymmetry values and ] asymmetry
value at the 35% or 50% cross-section in sub-groups and pooled samples (P). Sub-groups are defined by population and

sex. Populations include Hubei (HB), Henan (HN), and Xinjiang (X]J); sexes include female (F) and male (M). All CC
morphometric maps are under the same chromatic scale.
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4. Discussion

The objective of this study was to reveal the humeral asymmetry patterns of East Asian
modern humans with diverse backgrounds, by evaluating the biomechanical performance
across complete humeral diaphysis rather than individual cross-sections only, as well as to
identify the reliability of torsional rigidity at the 35% and 50% cross-sections (J35 and J50) in
bilateral asymmetry analysis.

By quantifying the overall bending rigidity asymmetry of humeral proximodistal
diaphysis using morphometric mapping of SMA asymmetry values, the variation range
and pattern of humeral asymmetry in East Asian modern humans represented by our
samples were investigated. In all the sub-groups, male humeri are more asymmetrical than
female humeri. The Henan population has lower humeral asymmetry overall compared to
the Hubei and Xinjiang populations. Although three populations show unique distributions
of bending rigidity asymmetry, the inter-group differences are not significant in MANOVA.
This suggests that, at least for the samples used in this study, the behavioral differences
among different populations and between different sexes are not significant enough to
generate discernable differences in bilateral asymmetry. The relatively small sample size of
the present study might be a factor in this result. Future studies with larger sample sizes
and populations from more varied backgrounds may reveal significant differences.
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Overall, the mean morphometric maps of most the sub-groups and pooled samples
show the following common distribution pattern: the asymmetry of the proximal sec-
tion is reinforced anteroposteriorly, connecting it to another relatively asymmetrical area
between the mid-proximal and middle diaphysis, mediolaterally, and finally extending
to the distal end in the anterolateral posteromedial aspect. Previous research found that
humeral asymmetry was most prominent at the midshaft and decreased towards both
the proximal and distal diaphyseal ends, and this pattern can be attributed to the general
mechanical model that bending loads should be the greatest at mid-diaphyseal regions [55].
However, as revealed in the present study, the proximal to middle diaphysis tends to
have a higher asymmetrical level than the distal half, and the differences tend to be more
prominent among different anatomical directions than between different sections along
the humeral diaphysis. This asymmetry pattern emphasizes the necessity of examining
multiple anatomical directions when analyzing bilateral asymmetry, and suggests that the
mechanism regulating the response of the long bone to external stimuli might be more
complicated than previously understood.

As some highly asymmetrical regions correspond with the positions of major muscle
attachments, such as deltoid tuberosity and the crest of the greater tubercle [56], the
distribution of areas with reinforced asymmetry might reflect adaptions to muscle loadings,
which were proved to be an important determinant of upper-limb strength [57-59]. In our
study, factors such as genetic regulation and health condition can be excluded from the
elements influencing the bilateral asymmetry because the analysis was based on paired
humeri from the same individual. However, more experimental evidences are needed to
verify this hypothesis in future studies.

According to the results of the CV morphometric maps, the variability in bilateral
asymmetry is not consistent across the humeral diaphysis. Highly variable regions are
restricted to the distal half of humeral diaphysis in the anteromedial posterolateral aspect,
corresponding to the medial/lateral border and medial/lateral supracondylar. Since this
feature is shared by all the sub-groups as well as the pooled data, it may represent a gener-
ality of East Asian modern humans. It is noteworthy that highly variable regions on the
humeral diaphysis tend to overlap with areas presenting a low asymmetrical level, which
may be a signal of relative insensitivity to lateralized mechanical stimuli (see previous para-
graph). Previous studies found that humeral distal articular properties, such as articular
surface area, did not just respond to mechanical loadings, but were also ontogenetically
constrained and genetically canalized [60]. As the structure of the medial/lateral border
and medial/lateral supracondylar are closely related to the distal articular morphology,
according to their anatomical adjacency [56], one possible interpretation for the high vari-
ability of asymmetry is that these regions might present fluctuating asymmetry that is
attributable to genetic, nutrient, and health factors instead of the mechanical environment
alone [60-62].

This study supports the previous perspective that torsional rigidity at a specific cross-
section (35% or 50% of the humeral biomechanical length) can be used to indicate the overall
biomechanical asymmetry of humeral diaphysis, because the multivariate regression model
built on all the specimens is effective, and a positive correlation exists between the SMA
asymmetry and ] asymmetry at most diaphyseal locations. However, we should also
note that a single ] asymmetry value cannot convey the complexity of the entire humerus’
asymmetry. The correlation between overall SMA asymmetry and ] asymmetry is moderate,
because J35 and J59 asymmetry can only explain about half of the total variation in humeral
bilateral asymmetry. In addition, the degree of correlation between SMA asymmetry and ]
asymmetry varies across the humeral diaphysis, and is only strong in specific regions.
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5. Conclusions

This study evaluated humeral biomechanical asymmetry across complete humeral
diaphysis based on high-resolution micro-CT, and by quantifiable visualization and sta-
tistical methods. Using specimens from three Chinese archaeological populations that
varied in geographic location, chronological age, and subsistence pattern, the pattern of
humeral asymmetry in East Asian modern humans was investigated. Distinct humeral
asymmetry patterns are observed on the mean morphometric map, but are not statistically
significant. Analogous distributions of highly asymmetrical regions and CV are observed
across nearly all the sexes and populations, indicating possible universality of the humeral
asymmetry pattern in East Asian modern humans. These highly asymmetrical regions
correspond with major muscle attachments. The diaphyseal regions that are highly varied
in bilateral asymmetry tend to present a low asymmetrical level. Although J35 and J50
asymmetry are related to the overall humeral asymmetry, it can only explain about half of
the total variation. These findings suggest that the overall biomechanical asymmetry of
humeral diaphysis is more complicated than previously assumed. This study complements
previous findings on humeral asymmetry, and accumulate data and knowledge for future
works in this area.
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Appendix A
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Figure Al. Morphometric maps exhibiting SMA asymmetry values of all specimens.
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Abstract: Although hand grip strength is critical to the daily lives of humans and our arboreal great
ape relatives, the human hand has changed in form and function throughout our evolution due
to terrestrial bipedalism, tool use, and directional asymmetry (DA) such as handedness. Here we
investigate how hand form and function interact in modern humans to gain an insight into our
evolutionary past. We measured grip strength in a heterogeneous, cross-sectional sample of human
participants (n = 662, 17 to 83 years old) to test the potential effects of age, sex, asymmetry (hand
dominance and handedness), hand shape, occupation, and practice of sports and musical instruments
that involve the hand(s). We found a significant effect of sex and hand dominance on grip strength,
but not of handedness, while hand shape and age had a greater influence on female grip strength.
Females were significantly weaker with age, but grip strength in females with large hands was less
affected than those with long hands. Frequent engagement in hand sports significantly increased
grip strength in the non-dominant hand in both sexes, while only males showed a significant effect of
occupation, indicating different patterns of hand dominance asymmetries and hand function. These
results improve our understanding of the link between form and function in both hands and offer an
insight into the evolution of human laterality and dexterity.

Keywords: power grip strength; directional asymmetry; hand dominance; hand shape; manual
activities; human evolution; functional morphology

1. Introduction

The hand is essential to how modern humans interact with their environment, as it
was for our extinct relatives. The enhanced dexterity of the human hand is unique among
living primates and is generally considered to have evolved through both (1) adaptation
to bipedalism and a relaxation of locomotor selective pressures on the hands and (2) in-
creasingly more complex tool production and use in hominins (i.e., group consisting of
modern humans and our closely related extinct relatives) [1,2]. The use of stone tools
would have allowed early hominins to access different and potentially higher-quality
foods (e.g., marrow) [3,4]. The manufacture and use of even relatively simple stone tools,
such as Oldowan technology (2.6-1.7 million years ago) [5,6], would have required both
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increased cognitive function (e.g., learning, working memory/future thinking, planning
and decision-making etc.) [7,8] and particular biomechanical demands on the anatomy
of the hands [9-11]. Thus, it is likely that tool production and use played a critical role
in shaping both cognitive development (e.g., with the crucial role of social learning) [12]
and hand morphology. For example, a long, powerful thumb and relatively short fingers
facilitate the forceful precision and power-squeeze gripping that are considered to be
unique human abilities [1,13]. Although modern humans are also adept as using their
hands for locomotion [14,15], the upper limbs are predominantly used for manipulation.

Humans are unique among primates in the strength of population-level hand direc-
tional asymmetry (DA) or laterality (i.e., preference for one hand, called the dominant hand,
over the other, non-dominant hand), with 85-90% of humans being right-handed regardless
of geographical region and ethnicity [16-19]. Non-human primates also show population
laterality for object manipulation, but not with the same strength as that found in humans
([20-22], see [23]) and their laterality can also vary depending on the complexity of the
manual task (e.g., bimanual manipulative action versus tool use) [24]. Moreover, motor
skill biases for tool use in chimpanzees may be supported by anatomically asymmetric,
left-biased brain regions analogous to Broca’s and Wernicke’s area in humans [25], brain
regions that are both implicated in the perception and production of speech. Handedness
(i.e., side preference for the right or the left hand) in humans is thought to have played an
important role in the lateralisation of the human brain for language [26] and the emergence
of other complex cognitive functions, including tool use [27,28], manual gestures [29,30],
and throwing [31]. Greenfield [32] proposed that it was the motor sequencing for tool
use—requiring dexterous hierarchical motor activities—that paved a way for the emer-
gence of language that likely emerged first in the form of hand gestures [33,34]. Thus,
more dexterous hands may have increased object manipulation capabilities that, in turn,
increased hemispheric specialisation and DA, suggesting that the capacities for tool use
and language evolved together [32]. However, when population-level handedness first
evolved within the hominin clade remains unclear [35,36].

Hand size, shape [37-40], and bone morphology are also highly variable among recent
human populations [41,42]. How this variability potentially affects hand function may
provide insights into the evolution of the human hand. For example, ergonomic studies
have shown that handle design is important for hand grip performance (e.g., time to
complete the task and strength use) [43] and that hand size strongly affects performance [44],
indicating the importance of designing tools in accordance with current anthropometric
data. Moreover, individuals with relatively longer fingers and therefore larger joint surfaces
require less force during stone tool production than those with shorter fingers [45]. Key and
Lycett [46] found that through experimental stone tool use, grip strength was the primary
contributing biometric factor for stone cutting efficiency. Therefore, both hand shape and
hand strength were likely important factors in the efficient stone tool production and use,
and would have played an important role in the evolution of hominin cultural technology.

Hand grip strength is commonly measured in a clinical or sports medicine context as
an indicator of overall muscle strength [47-51]. Grip strength reflects the gross power of
the hand and has been found to be strongly associated with physical activity [52-55], as
well as anthropometric traits, such as age and sex [56-58], hand length and shape [59,60],
handedness [61], and body mass index [62-64]. For example, males typically have a
stronger average grip strength than females [56,65]. In both sexes, hand asymmetry in grip
strength was found, with the dominant hand (defined as the hand used most within the
context of object manipulation) is approximatively 10% stronger than the non-dominant
hand [61], although this difference is more pronounced, and is therefore more of a DA,
for right-handed individuals than left-handed individuals [66]. Furthermore, hand size
has been shown to be positively correlated with grip strength for both sexes [67-70]. It
was also found that hand shape influences grip strength [59,71], such that, for both sexes,
people with bigger hands (i.e., large hand length and width) were significantly stronger
than people with smaller hands. Moreover, Carlson [72] proposed that, although variation
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in hand grip strength primarily reflected differences in soft tissue and skeletal morphology,
changes in grip strength across the lifespan were also significantly influenced by neural
mechanisms (e.g., central nervous system recruiting motoneurons to mediate the control of
coordinated movement). Thus, grip strength can be used as a marker of brain health [72].
Indeed, maximum grip strength provides a discriminating measure of cognitive function,
such as how central nervous system disorders (e.g., vascular disorders, structural disorders
or degeneration) affect the quality of motor coordination [72]. The rate of decline in
cognitive function (e.g., motor and perceptual speed, memory, and spatial functioning) has
also been shown to correlate with a decline in grip strength, especially towards the end of
life [73].

However, most previous studies of grip strength have focused on specific popula-
tions [57,74-76], occupations and activities [51,52,54], or sex and age [77-79] with the aim
to better understand health, but these same methods may also be useful for understand-
ing the broader scope of form and function from an evolutionary perspective. Although
informative, these studies do not fully capture the potential variability in the key factors
that can affect grip strength, particularly hand size, shape, and daily use. To broaden
our understanding of the link between hand form and function, this study aims to eval-
uate the variation of grip strength in a heterogeneous and international group of human
adults across the lifespan. We test the potential influence of age, sex, asymmetry in hand
dominance and preference (i.e., right- vs. left-hand), hand shape, and lifestyle factors
(i.e., occupation, practice of sport and music) on grip strength. In this context, we explore
hand asymmetry in grip strength as an indicator of brain/manual lateralisation, with hand
dominance (i.e., significant difference between the dominant and the non-dominant hand,
without taking into account the left-right direction) and DA (i.e., pattern of bilateral varia-
tion observed when one side, right or left, is significantly stronger than the other). Based
on previous studies, we predict that (1) males will be significantly stronger than females;
(2) younger participants will be stronger than the oldest participants; (3) hand asymmetry
will be found, with the dominant hand significantly stronger than the non-dominant hand
and that this effect will be stronger for right-handed compared with left-handed individuals
indicating DA; (4) participants with wider hands (i.e., a hand wider than it is long) will
be significantly stronger than those with smaller or longer hands (a hand longer than it is
wide); and (5) participants that regularly practice sport, music, or occupational activities
that engage their hands will be stronger than those who do not.

2. Materials and Methods
2.1. Sample

The participants were visitors to an interactive, three-month public engagement and
citizen science collaboration project called Me, Human (www.mehuman.io/, accessed
on 10 February 2021) hosted by Live Science at the London Science Museum between
02/07/2019 and 31/09/2019. Me, Human consisted of a series of experiments exploring
motor-sensory behavioural biases and cognitive ability. Experiments included measure-
ments of grip strength, dexterity, cognitive puzzles, and functional brain laterality, in which
participants could engage in as many of the experiments as they wanted. Volunteer partici-
pants first completed a baseline demographic questionnaire, including date of birth, sex,
and handedness for writing (our hand asymmetry indicator), before engaging in the experi-
ment(s). More than 1600 individuals participated in the Me, Human experiments, of which
n = 1286 took part in the ‘Get a grip’ experiment that measured grip strength and hand
size, and collected further information about lifestyle and daily activities using the hands.
Within this sample, 719 were classified as ‘adults’ between the ages 17-83 years old because
the hand is fully developed (i.e., complete fusion of hand bones) by 17 years of age [80,81].
The remainder of the sample (n = 567) were children and adolescents (6-16 year-olds), and
were excluded from this study. Of the total adult sample, 57 participants were removed
from the data set due to incomplete data or because they had a recorded hand and/or arm
injury within one year of the testing date, making the final sample size n = 662. Of the
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662 participants, 89.6% (N = 593) self-reported as right-handed, 9.0% (N = 60) left-handed,
and 1.4% (N = 9) as ambidextrous. Participants self-reported as ambidextrous were ex-
cluded from subsequent analyses, with the remaining sample containing 653 participants
(Table 1; Figure S1). Our sample was divided into 10 age categories (Table 1) of five-year
intervals, excluding the first (17-19 years) and last (60 years and older) age categories.

Table 1. Sample used in the analyses with details on the number of participants for each sex by age range and self-reported

handedness, type of job, and according to thus practicing a musical instrument and sport.

Total Forceful Precision Playing a
Age Domin.ance Participants Manual Labour Office Job/Work Manual Work Musical Practicing Sport
(Years) to Write Instrument

M F M F M F M F M F M F

17-19 R 25 42 - - 25 42 - - 12 19 20 29
- L 3 5 - - 3 5 - - 1 3 2 5
20-24 R 43 56 6 4 32 46 5 6 15 27 36 33
- L 3 2 - 1 3 1 - - 2 1 2 1

R 21 33 6 5 17 22 1 6 7 9 20 16

2529 L 3 4 - - 1 3 2 1 2 1 1 -
R 21 34 2 - 17 28 2 6 7 10 17 16

30-34 L 3 4 1 1 2 3 - - 1 - 2 2
R 22 33 5 5 17 24 - 4 8 8 18 17

35-39 L 4 4 - - 4 3 - 1 1 - 1 1
R 28 47 5 2 21 42 2 3 9 13 17 21

40-44 L 3 4 1 1 2 2 - 1 1 2 2 1
R 30 51 5 3 22 42 4 6 4 12 20 24

45-49 L - 6 1 - - 6 : - - 1 B 2
R 23 31 2 - 19 29 2 2 6 11 15 19

50-54 L 4 4 1 - 3 4 - - 2 1 - 2
R 2 12 - - 2 11 - 1 2 3 2 8

55-59 L 1 1 - - 1 1 - - - 1 1 -
R 16 23 1 - 14 20 1 3 4 4 6 10

60 and + L > N - _ P R B B > ~ > R
Total 257 396 36 22 207 334 19 40 86 126 184 207

Males (M), Females (F), right-handed (R), left-handed (L).

All participants gave their written informed consent before participating in the study.
The study was conducted in accordance with the Declaration of Helsinki, and the protocol
was approved by the Department of Psychological Sciences Ethics Committee at Birkbeck
(ref: 181996), University of London.

2.2. Data Collection Procedure
2.2.1. Questionnaire

Participants were asked first if they had a hand or arm injury in the 12 months prior
to the test date, and only those participants who answered “no” were allowed to continue
the experiment. Participants were then asked several multiple-choice binary questions
about their type of occupation, if they regularly played musical instruments (e.g., violin,
guitar, piano, saxophone, flute, drums), or engaged in sport using their hands (e.g., rock
climbing, bouldering, gymnastics, acrobatics, archery, racket sports, lifting, cricket, golf,
hand ball games and bike riding (including commuting to work)). Regarding occupation,
participants could choose between (1) office job or work that requires limited manual
strength (e.g., typing, shop teller); (2) precision manual work (e.g., jeweller, dressmaker,
artist, lab technician); or (3) forceful manual labour (e.g., builder, carpenter, farmer). We
considered as “office job/work” students and stay-at-home parents, who would use their
hands for a variety of tasks, but none that were specialised enough to be considered
“precision” or “forceful” manual labourer. From this questionnaire we created three
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measurements: music with two levels (yes/no), sport with two levels (yes/no), and
occupation with three levels (office/ precision/forceful).

2.2.2. Grip Strength

Grip strength was measured using a Jamar dynamometer (Sammons Preston, USA)
while the participant was in a seated position. The size of the grip span was adjusted
according to the hand size of the participant, visually evaluated by the experimenter, and
tested by the participant before they did the grip test. The experimenter first demonstrated
the appropriate sitting position and how to hold and use the dynamometer with the elbow
bent at 90 degrees, as recommended by the American Society of Hand Therapy (ASHT) [82].
A poster demonstrating the appropriate posture and arm/hand position was also visible to
the participant (Figure 1A). The participant was asked to squeeze the dynamometer to their
maximum ability for two seconds. Grip strength was measured (Ibs) for the left and right
hand and after a rest of approximately one minute, each hand was measured again. An
average of both measures for each hand was used in the analysis. All staff and volunteers
of the Me, Human project were trained to measure grip strength with the same protocol to
limit measurement error.

A

A
e
o

#

Figure 1. Appropriate posture and arm/hand position for the grip strength on the poster showed to
participant (A) and the measurements taken on hand scans (B). W = hand width, L = hand length.

2.2.3. Hand Size and Shape

We measured hand size and shape from scans using a flatbed scanner (Epson Per-
fection V39). Participants were asked to place each hand palm side down, lining up their
fingers to fit within an outline drawn on a transparent plastic sheet and keeping the fingers
and palm flat (Figure 1B). Two differently sized outline transparencies for intermediate and
large hands were available to allow a participant to best align their hand in a standardised
manner (Figure 2). A 2 cm scale was included in each transparent plastic sheet to facilitate
the accurate measurement of hand size from the scans. Hand size and shape were measured
from each scan using freeware tpsDig?2 software version 2.31 [83]. The hand width (W) was
measured from the radial side of the second metacarpal joint to the ulnar side of the fifth
metacarpal joint and hand length (L) from midline of the distal wrist crease to the tip of
the middle finger (Figure 1B), following [59]. A ratio of hand width to length (W /L) was
used as an indicator of hand shape, such as in [59]. We denoted hands with a ratio >0.5
as ‘wide” hands and hands with a ratio <0.5 as ‘long’ hands. To correct the potential effect
of hand size on grip strength, W*L was used as an estimate of hand area to quantify the
relative grip strength (i.e., grip strength/hand area). All measurements were taken by one
researcher (KT) and to test interobserver error, 20% of both right and left hands (n = 266)
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were measured by a second researcher (AB). An intraclass correlation coefficient (ICC) was
used to test for interobserver reliability in R (R Core Team, 2020) with the “irr” package [84].
Both measurements of right and left hands were consistent between the two observers
(ICC =0.981, p < 0.0001), indicating an excellent reproducibility and repeatability of the
measurements. Therefore, we only used the measurements of the first researcher for all
subsequent analyses.

| N —

Figure 2. The two different sizes of outline transparencies (intermediate to the left and for large hands to the right) used on

the flatbed scanner to allow the participant to best align their hand in a standardised manner. The scale of 2 cm was placed

in the middle of the palm.

2.3. Statistical Analyses

Shapiro-Wilk Normality tests (p > 0.05) revealed that all data were normally dis-
tributed. We used an ANOVA to test our prediction that males would be stronger than
females and that the dominant hand (defined here as the hand used to write) would be
significantly stronger than the non-dominant hand (dominant hand asymmetry) using, first,
absolute grip strength and, second, relative grip strength (i.e., grip strength/hand area).
A Levene’s test was performed to test the homogeneity of variance between males and
females and for both hands. An ANOVA was also used to assess the difference in absolute
grip strength between both hands across age categories within (1) males, (2) females, and
(3) right and left-handers (sexes pooled) (DA).

Next, we fitted four linear multiple regressions to predict the four outcome measures
of: (1) male dominant hand, (2) male non-dominant hand, (3) female dominant hand,
(4) female non-dominant hand. Our predictor variables were age, occupation, hand shape,
hand preference, playing music, and playing sport. These six predictor variables were
considered as fixed effects and grip strength was considered a random effect. The function
“predictorEffects” from the package “effect” [85] was used to graphically represent the
model effects. An ANOVA was performed for each model to statistically test the effect of
the predictor variables on grip strength. Tukey corrections were used for post-hoc analyses.
All tests were performed with R 3.6.3 [86] with level of significance set at p < 0.05.

3. Results

First, we tested whether there were differences in grip strength between males and
females and, for each sex, between both hands to test the effect of hand dominance asym-
metry using ANOVAs. We investigated potential differences in both absolute grip strength
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and relative grip strength, in which hand area was used as a proxy for size. The results
of the ANOVA showed that males were significantly stronger than females for both ab-
solute grip strength (F(1, 1303) = 1782.72, p < 0.0001, n2 = 0.58) (Table 2 and Figure 3)
and relative grip strength (F(1, 1303) = 820.36, p < 0.0001, n2 = 0.39), and both males
and females were significantly stronger with their dominant hand compared with their
non-dominant hand (grip strength, F(1, 1303) = 16.16, p < 0.0001, n2 = 0.005; relative grip
strength, F(1, 1303) = 16.88, p < 0.0001, n2 = 0.007), indicating dominant hand asymme-
try. When looking at the strength of this asymmetry, we found a mean difference in grip
strength between the two hands of 5.5% for males, ranging between 1.9% (35-39 years old)
and 11.4% (55-59 years old), and 4.2% for females, ranging between 0.4% (40-44 years old)
and 8.8% (60 years and older) (Table S1). As a result, we searched for possible differences
in the strength of hand dominance asymmetry across ages, and we found no significant
interaction between age category and grip strength difference between dominant and non-
dominant hands for either males (F(9, 494) = 0.134, p > 0.05) or females (F(9, 772) = 0.207,
p > 0.05) (Table S1). We tested for the homogeneity of variance between males and females,
and for both hands, males showed significantly more variation than females across all age
categories (F(3, 1302) = 41.822, p < 0.0001, n2 = 0.09).

Table 2. Summary statistics for grip strength (Ibs) of the dominant and non-dominant hand according
to the sex and the age categories.

Dominant Hand Non-Dominant Hand
Age (Years) Sex

Mean SD Mean SD

M 87.9 177 81.1 17.8

17-19 F 55.5 13 51.8 125
M 93.1 189 88.9 181

20-24 F 56.3 17 542 117
M 101 23 9% 192

25-29 F 59.4 116 55.6 116
M 106 19 9.7 205

30-34 F 56.8 153 542 136
M 99.8 181 97.9 179

35-39 F 59.8 9.36 577 103
M 102 211 9.7 19.1

40-44 F 57.7 115 575 121
M 93.1 21 87.9 211

45-49 F 547 121 5.3 124
M 923 177 87.8 17

50-54 F 55.4 123 542 112
M 102 25 90.8 27

55-59 F 56.9 106 545 8.95
60 and M 814 22 75.1 171
and + F 484 9.31 44.1 11

Males (M), Females (F), Standard deviation of the mean (SD).
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Figure 3. Grip strength (Ibs) performance in males (grey) and females (white) for the dominant hand
(A) and the non-dominant hand (B). The boxplots show medians (solid line) and interquartile ranges
of grip strength according to age groups. The dotted lines indicate variability outside the upper and
lower quartiles, except for “outliers” (dots).

We then tested differences in handedness, as an indicator of DA, in absolute grip strength
(sexes pooled). There were no significant differences in grip strength between right- and left-
handed participants for either hand (F(1, 1302) = 0.180, p > 0.05), although left-handed individ-
uals had, on average, a higher hand dominance asymmetry with a stronger difference in grip
strength between their dominant and non-dominant hands (males = 8.2%, females = 6.4%)
compared with right-handed individuals (males = 5.2%, females = 4.0%). No significant in-
teraction was found between age category, handedness and grip strength difference between
dominant and non-dominant hands (F(9, 1266) = 0.028, p > 0.05) (Table S1).

We tested for the effect of the predictor variables (age, occupation, hand shape, hand
preference, playing music, and playing sport) on grip strength using Fitting linear models.
Results revealed that male grip strength of the dominant hand showed a trend towards
being affected by hand shape (Figure 4) but not significantly so (F(1, 249) = 3.562, p = 0.06).
However, for the non-dominant hand, male grip strength was significantly affected by
hand shape (F(1, 249) = 9.489, p < 0.01, n2 = 0.034), such that males with wider hands were
stronger than males with longer hands (Figure 4). Grip strength for the non-dominant
hand was also significantly affected by occupation (F(2, 249) = 5.278, p < 0.01,n2 = 0.038),
such that males doing forceful manual labour were significantly stronger than males doing
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an office job (post-hoc analyses, p < 0.05), and males who practiced sports (F(1,249) = 4.125,
p < 0.05,12 = 0.015) were stronger than males who did not (Figure 4).
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Figure 4. Predictor effect plots for the fitting linear models in males for the dominant hand (A) and
non-dominant hand (B). On the age and hand shape graphics, the blue shaded area is a pointwise
confidence band for the fitted values at a level of confidence of 95%. The rug plots at the bottom of
the graphs shows the location of the age values and the ratio W/L values. On the other graphics, the
pink bars represent the confidence intervals at a level of 95%.

For females, linear modelling revealed that grip strength of the dominant hand was sig-
nificantly affected by hand shape (F(1, 388) = 4.733, p < 0.05, n2 = 0.017), with females with
wider hands being stronger than females with longer hands, and by age (F(1, 388) = 5.369,
p < 0.05,1n2 = 0.013), such that younger females (~<30 age) were significantly stronger than
older females (~>50 age; Figure 5). For the non-dominant hand, female grip strength was
also significantly affected by hand shape (F(1, 388) = 5.891, p < 0.02, n2 = 0.014) and by age
(F(1, 388) = 4.463, p < 0.05, 12 = 0.011), following the same pattern as the dominant hand.
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However, females practicing hand sports also had a significantly stronger non-dominant
hand (F(1, 388) = 4.858, p < 0.05, N2 = 0.012) than females who did not (Figure 5). Given the
effect of age on female grip strength, we tested which factors potentially interacted with
age. Linear modelling revealed that for both hands, a significant interaction was found for
grip strength between age (continuous) and hand shape (dominant hand, F(1, 388) = 4.123,
p <0.05,12 = 0.010; non-dominant hand, F(1, 388) = 6.092, p < 0.05, N2 = 0.015). Moreover,
while younger females (~<30 age) showed a similar grip strength regardless of differences
in hand shape, older females (~>50 age) with wider hands were stronger than older females

with longer hands (Figure S2).
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4. Discussion

This study investigated different factors that predict hand grip strength in a large,
heterogenous adult human sample. While some of the results support the findings of
previous studies, our study sheds new light on the variability in grip strength relative to
sex, age, hand shape, hand dominance asymmetry (i.e., laterality) and daily hand use. We
discuss these results below and their implications for understanding the evolution of the
human hand.

Consistent with findings from previous studies [78,79] and our predictions, we found
that males were stronger than females. However, our study also investigated relative grip
strength and found that males remained significantly stronger than females even when
accounting for variation in hand size. This result is consistent with Leyk et al. [62], who
showed that untrained males were, on average, stronger than highly trained female athletes.
We also found a significant effect of hand dominance asymmetry, in which the dominant
hand was significantly stronger than the non-dominant hand in both sexes, with an average
difference being slightly higher for males (5.5%) than for females (4.2%) across all age
categories. These mean differences were lower than the reported average of 10% higher
grip strength for the dominant hand compared with the non-dominant hand for both sexes
reported in previous studies [61,74,87]. Interestingly, we found that the difference in hand
strength between the hands seemed to vary with age in both sexes (Table S1), but the
differences were not significant. This result could be due to the uneven distributions of
the sample across the age categories (e.g., more participants in the 20-24 age category than
the 60 years and older), but also requires further investigation through a larger study to
examine this general premise of 10% difference in grip strength between the dominant and
nondominant hands by examining different age categories.

We also found that the grip strength of both hands decreased significantly with age
in females but not in males, which partially supported our expectations. Previous studies
have shown an effect of age on grip strength for both sexes [77-79]. The non-significant
effect of age for both hands in males in our study may reflect the greater variability in
grip strength (Figure 3). Middle-aged participants (ages 35-39 for males and 40-44 for
females) showed more hand symmetry with limited differences in grip strength between
both hands, while younger and older individuals showed greater asymmetry in hand
dominance. Although previous studies have shown that laterality decreased with age [88],
this was not the case for grip strength in our male sample. The dominant hand was always
significantly stronger than the non-dominant hand for both sexes, even for participants
in older age categories (Table S1). One reason why this might be the case is that previous
studies have typically only assessed differences in the average grip strength across all
ages [61,89,90], and thus we demonstrate for the first time, to our knowledge, important
grip strength variation at specific life stages for both sexes.

Our results showed that grip strength in our sample was not an indicator of hand-
edness. We did not find a significant effect of self-reported hand preference, although
left-handed participants tended to show a larger difference of grip strength between the
dominant and non-dominant hand (males = 8.2%, females = 6.4%) compared with right-
handed participants (males = 5.2%, females = 4.0%; Table S1). This result did not support
our expectation or previous research showing more symmetry in grip strength between the
hands in left-handed compared to right-handed people showing more DA [66,75,91]. How-
ever, previous work has yielded mixed results, with some studies finding that left-handed
individuals had a relatively stronger non-dominant hand [92,93]. The results of our study
(and previous research) may be biased by differences in sample size (n = 60 left-handed
vs. n = 594 right-handed participants), given the much lower proportion of left-handed
individuals across human populations [16-19]. Left-handed individuals may also be ex-
pected to show more symmetry in grip strength between both hands (i.e., a relatively
stronger right hand), because the world is adapted for right-handed individuals. Thus, our
results are somewhat unexpected and require further investigation through a larger study

121



Symmetry 2021, 13, 1142

of left-handed people across their lifespan to better understand the potential differences in
grip strength between right- and left-handed individuals.

We found that grip strength of the non-dominant hand was also significantly influ-
enced by hand shape in both males and females, and in both hands for females only.
Participants with wider hands were stronger than participants with longer hands, which is
consistent with previous studies that reported that people with wider hands tend to have
greater muscular strength (when controlling for height) [67-69]. The fact that hand shape
did not significantly influence grip strength of the dominant hand in males may also reflect
the greater variability in grip strength for males compared with females. Interestingly, we
found that the effect of hand shape is stronger for older females (~>50 age) than younger
females (~<30 age), with older females with wider hands being stronger than older females
with longer hands. This variation by age may reflect younger females being, on average,
more active than older females and potentially using both hands more frequently and/or
with more muscular force during a variety of daily activities. In contrast, older females
are more likely to develop osteoarthritis within the hand [94,95], and patients with this
disease show weaker grip strength in the affected hand than healthy individuals [96]. As
humans with longer digits appear to have relatively larger articular areas [45], females
with longer digits could be less susceptible to osteoarthritis, and thus could show less
reduction in hand strength than females with shorter fingers. Additional research is needed
to investigate the potential effect of hand shape on grip strength in older females and the
potential clinical implications of this.

Variation in hand dominance asymmetry and hand function was observed according
to the lifestyle factors (i.e., occupation, practice of sport and music). We found that the type
of occupation had a significant effect on grip strength for males but not for females, which
is consistent with the findings of Hossain et al. [76]. The female result could be explained
by the relatively fewer number of female participants doing, for example, forceful manual
labour (22 females against 36 males), which potentially could have affected the analysis.
In particular, we found that males engaging in forceful manual work were significantly
stronger than those doing “office work’. This result supports that of previous studies [52,54]
(but see [76]). However, we found an effect only for the non-dominant hand. This result
likely reflects the fact that manual labour occupations often involve using both hands
more forcefully and frequently than office work does, thus increasing muscle strength [54].
Indeed, middle-aged males doing forceful manual work showed greater similarities in
grip strength between the dominant and non-dominant hand compared to office workers
(Table S1). We found similar results for the practice of manual sports, which significantly
affected grip strength in the non-dominant hand for both sexes, while there was no effect
from practicing a musical instrument. Together, these results suggest that middle-aged
individuals practicing regular manual activities that require the forceful use of both hands
have less strength difference between the two hands (i.e., greater symmetry), while office
and precision workers, who are doing more fine motor manipulation and using general
tools more often with their dominant hand, may have a greater asymmetry in grip strength
between the two hands.

Our findings have interesting implications for the study of human evolution. Both
hands are important for modern human daily activities; however, experimental studies
have demonstrated the importance of having two strong upper limbs, and hands in
particular, for prehistoric activities, such as tool production/use behaviours [1,9-11,97-99],
carrying [100], hunting, picking fruit, or dismembering an animal carcass [101]. For
some hominins, powerful grip strength in both hands would be critical for climbing as
well [102-104]. Thus, there would likely be negative selection for having weak hand grip
strength throughout hominin evolution [105-107]. We found a significant influence of hand
shape on grip strength such that individuals with wider hands were significantly stronger
than those with longer hands. If this relationship held true in the past, there may have been
increased selection for relatively shorter fingers and proportionally wider hands. Indeed,
fossil evidence demonstrates that hand proportions have changed throughout human
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evolution (e.g., [103,108]) and that these changes likely improved dexterity [109-111] and
potentially grip strength [112,113].

In modern hunter-gatherer populations, greater grip strength in the dominant hand is
associated with better hunting outcomes among Hadza males, but not for Yali males [114].
It would be interesting to also measure the strength of the non-dominant hand in hunter-
gatherer populations to test the hypothesis of the importance of high grip strength in both
hands for hunting and other manual activities. An increase in sedentism among recent (non-
foraging) humans correlates with a decrease in cortical bone strength (reviewed in [115])
and a reduction in trabecular bone density [116-118] throughout the skeleton, including
the hands [116,117]. Given bone’s ability to reflect variation in loading throughout life
via (re-)modelling, this research suggests that recent, more sedentary humans have a
reduced level of forceful manual activity compared with that of hunter-gatherers and/or
that increased sedentism has resulted in systemic changes to bone structure throughout
the skeleton.

It is possible that the population-level hand asymmetry or bias well-documented in
modern human populations, inferred in Neandertals [28,36] and potentially earlier Homo
species [119], is related to advances in technological and cultural innovations [28,120] or,
more generally, to task complexity [24,119,121]. In turn, more frequent use of a dominant
hand, rather than both hands, for diverse activities could have favoured an increase in
hemispheric specialisation and vice versa. However, early hominins (e.g., Australopithecus,
Homo habilis), and particularly those that likely still used their hands for locomotion, may
have been under stronger selection for bimanual manipulative ability and grip strength,
such as in extant great apes [119]. Thus, it is important to investigate both hands in
studies of grip strength and laterality to provide a broader evolutionary understanding. In
their research on lateralisation through prehistorical tools, Steele and Uomini [122] also
highlighted the importance of studying the roles of both hands during bimanual activities
(i.e., what they call a “Complementary Role Differentiation” model). We also require a
greater appreciation of the effect of lateralisation of specific behaviours on upper limb and
hand bone morphology [123-127] to better understand the evolution of human dexterity
related to strength of laterality.

There are some limitations to this study which should be considered. As these data
were collected as part of the larger Me, Human project and within the rules of the Live
Science scheme of the London Science Museum, we were limited to a specific amount of
time in which we could keep participants at any one experimental station. As a result, we
were not able to collect more detailed data on daily hand use (e.g., the number of musical
instruments or specific sports played and for how long). Moreover, although participants
were not selected and came voluntarily to the Live Science experiment, potential selection
bias could be present and may have affected our results. First, we had more young
participants and parents accompanying their children compared to participants from
55 years and older. Moreover, the experiments took place during the summer months
when the museum was more likely to attract international visitors. We did not record the
ethnicity of the participants while previous, more targeted, studies have shown variation
in grip strength across different populations [57,74-76]. Future research on large and more
diverse groups of humans providing greater detail on ethnicity and specific hand use
activities may provide a more nuanced understanding of the links between performance
(e.g., grip strength), hand asymmetry, and hand shape or how variation in hand shape and
size impacts dexterity.

5. Conclusions

To conclude, we found that adult human grip strength was influenced by a variety of
factors, including age, sex, hand shape, and hand dominance asymmetry (i.e., laterality),
consistent with previous studies. We also demonstrated for the first time that (1) grip
strength varies throughout the lifespan, with more pronounced differences at specific life
stages and (2) that the practice of different manual activities through occupation and sport
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also influence grip strength, particularly in males. These results emphasise the importance
of physical manual activities for the attenuation of age-related grip strength loss in a clinical
context. These findings may also inform ergonomic research on modern anthropotechnical
systems that rely on grip strength data [128,129]. Our results highlight the importance of
studying the grip strength of both hands, rather than just the dominant hand, in relation to
the above factors, to better understand the link between form and function of the hand, in
both modern populations and in our evolutionary past.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/2073-899
4/13/7/1142/s1, Figure S1: Distribution of participants used in the analyses according to ages groups
and with right-handed (R) and left-handed (L) participants, Figure S2: Predictor effect plots for the
fitting linear models of the interaction between age and hand shape for grip strength in female, for the
dominant hand (A) and the non-dominant hand (B), Table S1: Details of the difference in percentage
between hand grip strength in dominant and non-dominant hands for each sex (M = males; F =
females) and age groups, according to right and left-handers, practicing of sport and the different
occupations.
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Abstract: Until the 1990s, the notion of brain lateralization—the division of labor between the two
hemispheres—and its more visible behavioral manifestation, handedness, remained fiercely defined
as a human specific trait. Since then, many studies have evidenced lateralized functions in a wide
range of species, including both vertebrates and invertebrates. In this review, we highlight the great
contribution of comparative research to the understanding of human handedness’ evolutionary and
developmental pathways, by distinguishing animal forelimb asymmetries for functionally different
actions—i.e., potentially depending on different hemispheric specializations. Firstly, lateralization
for the manipulation of inanimate objects has been associated with genetic and ontogenetic factors,
with specific brain regions’ activity, and with morphological limb specializations. These could
have emerged under selective pressures notably related to the animal locomotion and social styles.
Secondly, lateralization for actions directed to living targets (to self or conspecifics) seems to be
in relationship with the brain lateralization for emotion processing. Thirdly, findings on primates’
hand preferences for communicative gestures accounts for a link between gestural laterality and a
left-hemispheric specialization for intentional communication and language. Throughout this review,
we highlight the value of functional neuroimaging and developmental approaches to shed light on
the mechanisms underlying human handedness.

Keywords: handedness; grasping; gesture; brain asymmetry; vertebrates; invertebrates; primates;
ontogeny; evolution

1. Introduction

Humans exhibit a strong right hand preference for manual actions, which is consis-
tently observed across tasks at the population-level and is so referred as “handedness” [1,2].
Recent meta-analyses assessed more precisely the strong manual bias observed for ma-
nipulating items and for different manual tasks. Handedness is usually assessed using
questionnaires (e.g., Annett’s Hand Preference Questionnaire, Edinburgh Handedness
Inventory, Rennes Laterality Questionnaire [3-5]) asking for the preferred hand (right vs.
left) when performing a variety of manual tasks: the hand used for writing, for using
different tools (e.g., hammer, scissors, toothbrush . .. ), performing tasks like unscrewing
a lid or threading a needle, or to communicate through iconic, symbolic, or deictic ges-
tures (i.e., physically representing a shape or movement, having arbitrary meanings, or
directing other’s attention, respectively). While 10.6% of the human population shows a
left hand preference, the right-handedness prevalence lies thus around 90% [6]. It is to be
noted that values may vary according to the way handedness is measured and exclusion
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criteria for certain categories of the population (e.g., elite athletes), as highlighted in the
five meta-analyses run by Papadatou-Pastou et al. [6].

However, even if this manual bias exhibited for reaching, grasping, and manipulating
objects or even interacting and communicating with conspecifics is being better assessed,
the mechanisms underlying human handedness are still widely debated on both theoretical
and empirical grounds. The large corpus of studies on this topic suggests that, besides
genetic factors, non-genetic environmental factors play a significant role and need further
considerations [7-9].

The presence of such a population-level right-side bias (i.e., similar proportions) has
been demonstrated in hominin species prior to Homo sapiens, namely in Homo neanderthalen-
sis [10]; as evidence of this, previous studies investigated asymmetric morphological traits
of the fossil record like asymmetries in the humeral shape or dental striations, but also
asymmetrical retouch patterns on Paleolithic artifacts (i.e., when producing stone or bone
tools [11]). In Homo habilis, on a maxilla dated to ~1.8 mya (OH-65, found in Olduvai Bed),
Frayer et al. [12] documented the earliest evidence for right-handedness (i.e., oblique labial
striations) in the hominin fossil record. Another category of evidence from fossils are the
asymmetries of the endocast (i.e., cranial vault) as some authors suggested specific patterns
of the petalias (i.e., one of the brain hemispheres protruding towards the other, causing an
impression on the inner surface of the skull-that can still be visible in fossil skulls) to be
associated with right- or left-handedness [10].

Indeed, the evolution of the human brain led to a cerebral lateralization: while some
organs are duplicated (i.e., kidneys, lungs), the two hemispheres of the human brain
display a functional specialization associated with structural asymmetries [13—15]. This
dissociation of specialized processes of left and right hemispheres permits to optimize
the associated functions, for instance the language for the left hemisphere, and emotional
signals’ processing for the right one [16,17]. As the nerve fibers of the motor cortices are
contralaterally innervated, the dominant hemisphere processes can manifest as contralateral
motor behaviors [18], such as handedness.

Cerebral lateralization is not specific to humans and has been well established in many
other vertebrates such as birds, fishes, and amphibians (see [19] for a review; [20,21]), and
forelimb preferences (at the individual or population level, for one specific task or across
tasks) have been widely demonstrated among non-human animals [9,22]. Cerebral and
associated behavioral lateralizations may be beneficial for animals in terms of cognitive
and motor performance, notably permitting spatial gain within the brain [21,23] or the
processing of several simultaneous tasks [24-26].

Because of the hemispheric specialization, hand use may be mainly processed by
different brain hemispheres according to the action performed, and shows differences
in lateralization (right- versus left-hand dominance). In this review, we present the re-
sults of studies conducted in a wide variety of species (including both vertebrates and
invertebrates) that allow us to discuss the potential mechanisms underlying human hand-
edness by identifying three categories of “manual” actions: (1) towards inanimate targets,
(2) towards animate targets (i.e., self, conspecific)—that may involve emotion processing,
and (3) communicative gestures—involving language-related functions. Comparative re-
search done in the past years has been a real opportunity to better understand the different
functions in which limb use is lateralized, and thus better assess the adaptive explanations
for the evolution of limb lateralization by better understanding the different selective
pressures that may have driven this evolution. Recent studies have also further considered
that—Dbesides adaptive explanations—the acquisition of handedness may be related to
variations in developmental trajectories in other traits across ontogeny.
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2. Current Developmental and Evolutionary Hypotheses on Object
Manipulation Laterality

2.1. Is Handedness Genetically Determined?

In humans, as hand preferences run in families, many studies in the past worked
on a genetic model [27-30], but no gene has been linked to the expression of handedness.
Running genome-wide association analyses (GWAS) with large sample sizes, recent studies
investigated more precisely how many loci are involved in determining handedness:
the results of the GWAS showed only a handful of significant associations [31-33]. For
instance, Cuellar-Partida et al. [31] analyzed data collected on a considerable sample of
1,766,671 individuals (right-handed: 86.88%; left-handed: 10.99%; ambidextrous: 2.13%)
and GWAS revealed only 48 statistically significant variants. Furthermore, a meta-analysis
on handedness in twins showed that the rate of handedness concordance was higher in
monozygotic twins compared to dizygotic twins [34], supporting the idea that genetic
factors do play a role in the determination of handedness. However, the heritability of
handedness in humans has been evaluated around 24% [30], which is a relatively modest
value showing that genetic factors explain less than one quarter of the variance in human
handedness, thus contributing only partially to handedness. Also in mice, if the degree
of paw preferences is under the influence of genetic effects, these effects only drive the
direction of the preference a little; it is to be noticed, however, that some studies brought
out that different strains of mice differ in strength and direction (for a meta-analysis in
mice, Mus musculus, Apodemus agrarius, and rats, Rattus rattus, see [35]).

These results suggest that other nongenetic factors may also play a significant role
in the development of handedness, explaining the remaining variance. In this regard,
investigating limb preference in animals brings further elements to better picture all the
factors that may affect the development of this trait.

2.2. The Insights of Ontogeny

As nongenetic factors that may influence the acquisition of handedness, a growing
number of studies investigate early life parameters. For instance, still in the mice animal
model, it has been reported that prenatal stress can affect paw preference pattern, even
transgenerationally via epigenetic mechanisms [36,37]. As the mother acts on the immediate
developmental environment of the fetus and then of the infant [38], some works focused
on potential effects of mother-infant interactions during ontogeny. Since the maternal
intrauterine environment is asymmetric [39], it has been suggested that the position of the
fetus may play a role in the development of lateralization in the motor system [40,41], such
as handedness. In humans, according to Ververs et al. [42], there is a clear lateral bias at
38 weeks of pregnancy for a rightward head turning. A majority of human fetuses seem
to place their back on the left side of the mother because of asymmetries of the pregnant
uterus shape. For cephalic fetuses (i.e., positioned head-down, which is the majority case)
lying on the left maternal side, a rightward head turning could be explained by the fact that
it allows them to face maternal movements when walking, or also because the maternal
front part is clearer, exposing the fetus to more light but also to more tactile and auditory
stimulations [43]. Ultrasound scans made it possible to demonstrate that limb movements
emerge during fetal life: young human fetuses already grab the umbilical cord, push the
uterine wall, and even repeat hand-mouth contacts [44,45]; while unimanual movements
are visible between 8 and 10 weeks of gestation, hand face contacts are recorded from
12 weeks [46,47]. A consequence of the asymmetry in head position for hand use may be
that in case of a rightward head turning, the fetus’ right hand is more likely to touch the
mouth than the left one, which may consequently “encourage movements of the right arm
more than the left (...) as the fetus becomes sensitive to sensorimotor contingencies” [43].
Thumb sucking, with a rightward bias, is a very early demonstration of manual asymmetry,
observed in utero [48].

Just like in humans, some non-human primate species such as chimpanzees (Pan
troglodytes), gorillas (Gorilla gorilla), and olive baboons (Papio anubis) show an interesting
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asymmetry in maternal cradling behavior. Not only do mothers show a bias at individual-
level but also a left-side bias at population-level, which means the use of left arm is favored
over the right arm to cradle the infant in a majority of individuals [49,50]. In chimpanzees,
Hopkins et al. [51] have found an inverse relationship between this maternal ventro-ventral
cradling bias and the offspring hand preference for simple reaching at the age of 3 years.
In olive baboons, if cradled on the left, the infant embraces and holds onto the left side of
the mother with its right arm, the left hand being free, and vice versa. The hand that is
not recruited for clinging on the fur is free for reaching and fine manipulative grasping
actions, involving potentially greater motor and neurological stimulation than the other
hand. In fact, in this species, early postnatal individual hand preference for unimanual
grasping within the first months of age has been positively correlated with the maternal
cradling lateralization (infants cradled on the left side of the mother are left-handed, and
vice-versa; [52]). Hand preferences assessed later in the development, from 9 to 10 months
of age, are less dependent on maternal cradling bias and less consistent with the earlier
developmental stages, especially in infants initially cradled on the right maternal side.
These findings suggest that maternal cradling behavior might be the first environmental
factor that affects the development of early handedness in infant monkeys before being
weaned from the mother and letting other mother-independent factors change its onto-
genetic trajectory. As maternal left-cradling bias likely reflects brain right hemisphere
specialization for emotion [53-55], the early emergence of handedness in baboons might be
indirectly related to emotion processing. In Barbary macaques (Macaca sylvanus) as well,
early life asymmetries in mothers” and infants” behavior seems to affect the development
of hand preference: while maternal cradling is lateralized at individual-level, the infants’
nipple preference is correlated with their hand preference [56]. However, early postnatal
infant lateralization remains poorly investigated in non-human primates. In human and
chimpanzee neonates, the only few data available so far reported manual performance
asymmetries in the strength of grasping responses [57,58]. In a few other primate species,
data on the development of manual grasping and its early lateralization are available at
juvenile stages: in capuchins (in Sapajus apella, an individual hand preference by 5-6 months
of age [59,60], marmosets (in Callithrix jacchus, an individual hand preference for unimanual
reaching by 5-8 months [61], and rhesus macaques (in Macaca mulatta, a population-level
bias for both unimanual reaching and bimanual tasks by 4-11 months [62]). Regarding the
ontogeny of limb preferences in non-primate species, Wells and Millsopp [63] investigated
the development of paw preferences in the domestic cat (Felis silvestris catus) and reported
a significant effect of age: while individuals were more ambilateral at 12 weeks of age
than at later developmental stages, paw preferences at 6 months and at 1 year of age were
positively correlated. In marsupial species, the red-necked wallaby (Macropus rufogriseis)
and the eastern gray kangaroo (Macropus giganteus) show a left-forelimb preference (for
manipulating food) at population-level as soon as the pouch young stage (approximately
6-7 and 7-9 months old, respectively) [64]. In the eastern gray kangaroo, the authors
compared limb-preferences in manipulative behavior at different developmental stages,
namely before and shortly after individuals display the bipedal posture (young-at-foot,
approximately 11-15 months old): as they observed no difference between these two
juvenile stages and the adult stage, the authors concluded that “manual lateralization
in bipedal marsupials is not determined by the acquisition of habitual bipedality” but
precedes it in the course of ontogenesis [64] (p. 1). Interestingly, in the American lobster
crustacean species (Homarus americanus), while normal differential claw use during on-
togeny induces one claw to transform into the specialized crusher claw, induced insufficient
stimulation in laboratory conditions during a specific developmental stage leads to no
specialization [65,66], highlighting the strong role that behavioral asymmetry may have
“inducing and orienting morphological and subsequently functional asymmetry” [9].
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2.3. Brain Correlates of Lateralized Manual Actions

At adult stage, the asymmetric use of the hands for manipulative manual tasks in
humans has been correlated to contralateral brain structural asymmetries within a section
of the central sulcus related to the motor hand area [67]. Outside the human species,
cerebral lateralization has been well established in many other vertebrates such as birds,
fishes, and amphibians (see [19] for a review; [20,21,68]. Direction and degree of hand
preference for a bimanual task (i.e., tube task, see [69] in nonhuman primates such as
baboons, capuchin monkeys, or chimpanzees have been found to be associated—just like
in humans—with contralateral neuro-structural asymmetries in the primary motor cortex
including the surface of the motor hand area surface, its neuronal densities, or its adjacent
central sulcus depth [70-75]). Furthermore, as in humans, the hand preferences tested in
a large population of adult olive baboons, for both unimanual and bimanual tasks, are
consistent over time [76].

Regarding non-primate species, Australian parrots” footedness is correlated with
eye lateralization for discriminating food items, supporting—according to the authors—a
functional explanation for the evolution of handedness in vertebrates (Figure 1) [77]. A
recent study investigated the association between brain size and parrots’ (psittacine) foot
preference [78]. It has been shown that cerebral lateralization enhances the brain capacity
by allowing parallel processing of sensory information (e.g., to forage efficiently while
remaining vigilant for predators) [26]. As the Australian parrot species known for having
foot preferences also has a better ability to perform certain manipulative and cognitive
tasks compared to species with no foot preference [79], Kaplan and Rogers [78] asked the
following question: «Do species with footedness have larger brains, or is footedness a
way of compensating for having a smaller brain?» (p. 2). The authors found in several
Australian parrots that species with larger brains (i.e., absolute brain mass) have stronger
foot preference and that left-footedness is stronger in species with a larger brain. Moreover,
the authors found foot preference to be associated with the size of a brain area (i.e., the
nidopallium) recruited for higher cognitive tasks, so that species with stronger left-foot
preferences have larger brains, with a larger volume of the nidopallium (compared to the
whole brain) [78].

Figure 1. A blue-and-yellow macaw (Ara ararauna) opening a box to retrieve a food reward (i.e., a nut)
using its left foot and its mouth (at the Ménagerie du Jardin des Plantes, MNHN, Paris). See Brunon
et al. [80] for a description of the manipulative repertoire of blue and yellow macaws. Photograph
credit: Emmanuelle Pouydebat.

135



Symmetry 2022, 14, 96

Interestingly, even if the eight arms of octopuses (Octopus vulgaris) were traditionally
thought to be equipotential, Byrne et al. [81] demonstrated a preference for frontal arms
in reaching and exploring objects, as well as a preference for a specific arm to reach into a
maze and retrieve a food item. Given the structure of the octopus neural network with each
arm possessing its own network operating it (i.e., all arms being coordinated by a central
hub in the head), it would be interesting to investigate whether cerebral asymmetries
related to limb preference are shaped in these species.

Several structural asymmetries have been observed in the fetal brain, during human
development [82-86]. Further studies, benefitting from the improvements in MRI tech-
nology, should help to determine whether contralateral hemispheric specialization of the
brain within the central sulcus is present at early developmental stages, its potential change
across ontogeny, and whether it predicts hand preference at later stages.

2.4. Morphological Limb Specialization

A recent study (published in this volume) assessed grip strength—a common indicator
of overall muscle strength—in a large sample of humans (i.e., 662 individuals aged 17 to
83 years), testing the effects of hand dominance (i.e., asymmetric use of the dominant vs.
the non-dominant hand, without considering the left-right direction) and handedness [87].
The authors found that both males and females are significantly stronger with their domi-
nant hand compared with their non-dominant hand; however, they found no significant
difference in grip strength between right- and left-handed individuals [87].

Whether limb preference is associated with asymmetric body traits in the limb mor-
phology is especially visible in crustaceans, namely the brachyuran crustaceans (i.e., crabs)
and lobsters. For instance, In American lobsters, if both the left and right claws are initially
similar, they transform during a given developmental stage and become morphologically
different: one being a large slow-acting (i.e., closing slowly, made of only slaw muscle fibers)
“molar-toothed” crusher claw, and the other being a minor fast-acting (mainly fast fibers)
“incisor-toothed” cutter claw; both being used when foraging [65,88]. The pattern of this
claw asymmetry in American lobsters appears to be random, with half of the population
having the major claw on the right and the other half having it on the left side [9]. Such a
1:1 ratio in limb asymmetry suggests no advantage to any of the two groups. Additionally,
in fiddler crabs (genus Uca), while a few species have been reported to be predominantly
right-clawed (i.e., major claw on the right side; with a population-level bias greater than
95%), most species show populations with equal numbers of right-clawed and left-clawed
individuals (for a review, see [89]). These differences in limb (i.e., claw) asymmetry between
crab species make it difficult to conclude whether this trait is under selective pressure or a
bimodal trait [90]. Perhaps, next studies may further investigate the differences observed
between these species by carefully taking into consideration the functional context in which
asymmetric claws are used: whether there are more recruited in feeding behaviors or in
interactions towards conspecifics (i.e., animate targets) like courtship or fights. Interestingly,
in the males of the Uca vocans dampieri species—which fight using their enlarged major
claw—it has been shown that only 1.4% of males are left-clawed, and that being left-clawed
was a disadvantage for fighting (i.e., left-clawed males were both less likely to engage in a
fight and less likely to win a fight; [91]).

2.5. The Effects of Posture and Locomotion Mode

If several primate species display a right-hand preference for bimanual manipulative
tasks that is associated with a left-hemisphere specialization, some other primate species—
namely lemur species—show a left-handedness for reaching food items, suggesting right
hemisphere prehension specialization (for reviews, see [92,93]). Facing this paradoxical
finding of left-handedness in strepsirrhine species (e.g., sifakas, black lemurs, indris), Mac-
Neilage et al. developed in 1987 the “Postural Origins (PO) theory” as an evolutionary
theory of handedness in primates [93-95]. The PO theory relies on the fact that several strep-
sirrhines species show a “vertical clinging and leaping” [96] locomotor style and display
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unimanual predation: one side of the body ensures anchor to the substrate while the other
grabs the prey [93,97]. The authors thus suggested two complementary specializations:
a “left hand-right hemisphere specialization for unimanual predatory prehension” and a
specialization of the right side of the body for postural support that would be controlled by
the left hemisphere [93,97]. Even if the PO theory focuses on primates, it is interesting to re-
port that several parrot species—which are not primate, nor mammal species either—show
a similar left-footedness predominance for grasping and holding food items while they use
their right foot for perching or climbing (also using their beak to help them climb), (for a
review, see [98]).

The PO theory further suggests that given “the greater physical strength of the right
side of the body”, the right hand would have become “the operative side”, favored in
object manipulation, in primate species abandoning the vertical clinging locomotor style-
giving the forelimbs more freedom with regard to postural support—and showing a
more omnivorous diet requiring more manipulative skills for foraging. An interaction
between effects of postures and arborealism on the direction of grasping laterality is indeed
observable in primate species, being biased in favor of the right hand in terrestrial and
bipedal species and of the left hand in arboreal, quadrupedal ones [99-102]. For both a
unimanual task (food grasping of grains) and a bimanual task (i.e., tube task: the two hands
are used in an asymmetric but complementary matter, e.g., holding a tube with one hand
and removing the food inside a tube with the other hand), adult olive baboons, which are
mainly terrestrial monkeys, show a right-handedness predominance at population level [76].
Moreover, capuchin monkeys are well known as tool users [103], namely stones to crack
nuts, and display a right hand preference for feeding [104] and coordinated-bimanual
tasks [105]. Human right-handedness may have then derived from a selective pressure
for tool use or coordinated bimanual manipulations [9]; as MacNeilage highlighted in
his review, the conclusion of the Hook-Costigan and Rogers [104] study suggested that
“tool use and right handedness may have evolved before bipedalism, and well before the
apes and, indeed, humans evolved” (p. 195), although bipedalism seem to strengthen
right-biased manual laterality consequently to the suppression of the locomotory function
of hands [60].

If a large body of literature documents the lateralization of the primate limb motor
systems at both individual and population levels [76,93,104,106-108], there is very little
comparative research of manual lateralization in non-primate mammals [9,22]. Giljov
et al. [109] assessed handedness in marsupial species, one of the other large mammalian
lineages. The authors reported a population-level manual preference for multiple behaviors
(e.g., unimanual feeding, grooming) in red (Macropus rufus) and grey (Macropus giganteus)
kangaroos, which mainly display a bipedal gait, freeing the hands to perform other tasks.
By comparing mainly bipedal and quadrupedal marsupial species, Giljov et al. [109] high-
lighted the crucial role that postural characteristics (i.e., bipedality), rather than phylogeny,
may have play in the origin of handedness in mammals, beyond the order of primates.

These works on lateralization open many perspectives of comparison within tetrapods:
the questions addressed and the new ones that arise can be applied to other species
outside primates. However, it has to be noted that interspecies comparisons of handedness
measured using different tasks has to be done carefully. A task effect related to variation
in motor demand has been reported in several studies in both humans and non-human
primates: namely, differences between unimanual and bimanual tasks when assessing
the hand preference: handedness in unimanual grasping seems to be not as strong as
in bimanual grasping [76,110-112], but also less sensitive than bimanual manipulations
in detecting population-level bias [113,114]. About the literature focusing on humans,
Fagard and Marks [110] highlighted that the use of different tasks to measure handedness
(i.e., asymmetric bimanual actions vs. unimanual actions, reaching vs. manipulation)
led to contradictory interpretations. To better assess the validity of the PO theory, for
instance, handedness in strepsirrhine species should be additionally assessed for a bimanual
coordinated manipulation such as in the tube task.
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In addition to the above-cited observations suggesting that species locomotory style
affects manual laterality, the PO theory is supported by findings on postural effects at the
individual level in several mammal species. Indeed, an increased manual preference can
be observed in human and non-human primates performing manual tasks in a bipedal
compared to quadrupedal posture [60,115-118]. Similar observations have been made in
other mammals, such as red-necked wallabies (Macropus rufogriseus) [115] (but see absence
of postural effect in tree shrews, Tupaia belangeri [119], and in cats, Felis silvestris catus [120]).
This corroborates the hypothesis that the need for postural support acts as a constraint on
hand availability for manual actions, and so on manual laterality. The PO theory proposes
this as a critical evolutionary mechanism which would have shaped handedness emergence.

2.6. Social Origins of Manual Laterality

The fact that social animals exhibit population-level forelimb preferences [22] also
led to the hypothesis that the alignment of individual lateralization may be under specific
social constraints. An evolutionary theory has been proposed regarding lateralities at the
population level, which postulates that the alignment of individual lateralizations favors the
coordination and cooperation between individuals of the same social group [21,121-123].
First supported by observations of population-level behavioral asymmetries in social
vertebrates (e.g., of flight behavior in fishes, [124]), this theory is also corroborated by group-
level lateralizations of social invertebrates compared to solitary ones (see for review: [125]),
suggesting a wide phenomenon in animal phylogeny.

In the case of manual actions, social constraints on laterality may arise from the need
for inter-individual coordination to perform complex tasks and from social learning. The
acquisition of tool use, for instance, may be facilitated if the learner uses the same hand
as the teaching expert [123]. Parental hand preferences have been shown to affect the
development of children’s handedness, notably through social play involving object manip-
ulation [7]. Diverse other social factors affect individuals” hand preferences [37], resulting
in slight variations in the rate of left-handedness across different geographical and cultural
regions [6,126,127]. One of the most striking examples of cultural pressures modulating
handedness might be the constraints exerted against left-handedness for writing and eating,
which directly affects the development of children hand preference [128,129].

In spite of these social constraints and of the advantages of the alignment of individual
lateralization for intragroup coordination, one can note that in all species in which we
observe a population-level laterality (including humans), there still exist a certain propor-
tion of individuals lateralized in the opposite direction compared to the majority of others.
Ghirlanda et al. [130] suggested that the frequency of minority laterality results from a
costs-benefits balance of behavioral lateralization. Although the alignment of laterality is
beneficial for cooperation, it disadvantages individuals in competition contexts, as their de-
cisions become more predictable [24]. In humans, left-handers are indeed more frequently
represented in competitive sports, and seem to benefit from strategic advantages (e.g., in
tennis [131]). Recently, a large-sample study on professional boxers evidenced greater suc-
cess for left-handed subjects [132], supporting the hypothesis that fighting interactions may
have constituted an evolutionary constraint in favor of left-handedness in humans [133].
As individual- and population-level behavioral lateralizations amongst a species may result
from the relative frequencies of cooperative and competitive social interactions [130,134], it
may be hypothesized that the high proportion of right-handedness in humans results from
a high need for inter-individual cooperation and coordination in manual tasks [135].

While the process of manipulating inanimate objects involves a left-hemisphere spe-
cialization (as shown by the contralateral left-brain asymmetries present in the predominant
right-handed individuals), a growing number of studies in vertebrates support the idea that
the grasping function when involved in interactions with animate targets (i.e., conspecifics,
self) is processed differently, namely in relationship with the hemispheric specialization for
emotion processing.
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3. Manual Laterality for Living Object Manipulation and the Role of
Emotional Lateralization

Along with the hypotheses previously mentioned regarding the origins of manual
laterality, behavioral asymmetries in animals suggests that hemispheric specializations
for specific cognitive mechanisms, such as emotion processing, might have driven the
lateralization of associated manual tasks. In gorillas and chimpanzees, hand preference
for manipulative actions has been shown to depend on the living nature of the target
objects [136,137]. Although these apes exhibited a right-hand bias for inanimate object
manipulation (i.e., objects and environment), they used the left as much as the right hand
to act toward animate objects (i.e., self or conspecifics), supposedly because self- or socially-
directed actions imply emotional processes in addition to manipulative ones. Recently,
Baldachini et al. [138] reported concordant observations in Barbary macaques. Although
the animacy of targets did not affect the direction and strength of manual laterality at the
population level, individual lateralizations differed depending on whether actions were
directed to an object or to a living being. These results are in favor of the hypothesis of
(socially-driven) emotions affecting the laterality of manipulative actions.

3.1. Current Hypotheses on Emotional Lateralization

Different theories have been formulated and co-exist regarding emotional lateraliza-
tion in vertebrates, i.e., to explain the differential involvement of the two brain hemispheres
in the processing of emotions (see for reviews [139,140]). The “Right hemisphere theory”,
which postulates that the right hemisphere is specialized in both positive and negative emo-
tion processing, is particularly relevant to explain the asymmetries which are observed in
the expression and perception of emotional signals [16,141,142]. Notably, the facial and vo-
cal expressions of emotions are associated with leftward oro-facial asymmetries in humans
and other primates [143-147]. Moreover, behavioral leftward-biases have been evidenced
for the perception of emotional stimuli (including intraspecific or interspecific signals) in
numerous species ([148]; e.g., in humans [149,150]; chimpanzees [151]; olive baboons [152];
vervet monkeys, Chlorocebus pygerythrus [153]; and dogs, Canis familiaris [154,155]). Other
theories suggest that both hemispheres are involved in emotional processing but that the
left and right side of the brain are differently involved depending on the emotional valence
or motivation elicited by the context. The “Valence theory” thus proposes that the right
hemisphere is involved in the treatment of negative emotions, frequently associated with
withdrawal behaviors, and that conversely, the left hemisphere is responsible of the pro-
cessing of positive emotions, frequently associated with approach behaviors [156-158]. The
theory has been supported by behavioral asymmetries expressed by numerous vertebrates
in contexts with different emotional valences [148,155]. In the last decades, this assumption
has been updated by differentiating affective hypotheses (i.e., the left and right hemispheres
are respectively associated with positive and negative emotions) from motivational hy-
potheses (i.e., the left and right hemispheres are respectively associated with approach and
withdrawal/flight motivations). This idea is strengthened by the fact that a positive relation
was found between right-handedness and approach motivations in captive chimpanzees
in an experimental context [159]. A similar association was observed in Geoffroy’s mar-
mosets (Callithrix geoffroyi), in which right-handed individuals presented with novel objects
seemed less fearful and exhibited more frequent approach behaviors than left-handed
subjects [160,161]. Although affective and motivational hypotheses have long been amalga-
mated, they can result in contrary predictions for some contexts such as aggressivity, which
involve both negative emotional states and high approach motivations [139,162-164].

Some authors propose that the affective hypothesis may explain how the valence
of a particular situation is experienced by individuals, whereas the motivational hypoth-
esis may account for the decision-making process to approach or avoid an emotional
stimulus [162,163,165]. It is to note that these different theories might all be compatible with
one another, as they relate to different levels of cerebral processing of emotions [140,166].
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As we may assume that self- or socially directed manual actions are more likely than
others to be underlined by specific emotional states, the associated hand preferences may be
representative of the role of emotional lateralization in the evolutionary and developmental
history of handedness.

3.2. The Case of Self-Directed Manual Actions

Behaviors such as scratching or self-grooming may be identified as “displacement
activities” in response of social or predatory stress in primates [167-172]. Therefore, several
primatology studies have addressed the potential brachio-manual asymmetries in self-
directed actions commonly considered as indicators of negative emotional states, but have
led to discordant results. Some revealed a left-hand preference for self- touching and scratch-
ing in great apes, as expected according to both the “Right hemisphere hypothesis” and the
“Valence theory” considering the negative emotional state associated with these behaviors,
such as anxiety (in humans, gorillas, chimpanzees, and orangutans [173-175]). Human
children exhibit similar leftward bias for actions directed to self [176], and left-handed face
touch in fetuses has been evidenced to be associated with maternal stress [177]. Other
studies showed a preference for the right hand for self-scratching in squirrel monkeys [178]
and for self-rubbing but not scratching in chimpanzees under stressful situations [179,180],
highlighting the effect of the type of self-directed on laterality. Bard et al. [181] also evi-
denced a right-hand preference for self-calming behaviors in young chimpanzees under
human care (e.g., “hand-to-mouth” behaviors, such as thumb sucking, and “hand-to-hand”
grasps, i.e., holding and pressing one hand with the other). Authors interpreted it as result-
ing from the left hemispheric specialization for anxiety regulation in mammals, and notably
for dopaminergic reward circuits whose activity is affected by stressful stimuli [182-184].
Finally, other research works did not show any lateral bias for self-directed manipulation in
primates [173,178,185-187], though it is to be noted that they were based on small samples
of subjects, which may prevent the evidence of a population-level bias [188,189]. Very few
studies in other animals as in primates reported forelimb laterality for self-directed actions
(e.g., no lateral bias for autogrooming in rats and mice: Stieger et al., 2021), but noteworthy
results on these topics arose from marsupial studies [109]. Comparably to the leftward
lateralization of self-touching observed in great apes, red-necked wallabies (Macropus rufo-
griseus), Eastern grey kangaroos (Macropus giganteus), and red kangaroos (Macropus rufus)
preferentially use their left limb for autogrooming in bipedal position [64,109,115], which
suggests similar hemispheric specialization for emotional control in these marsupials than
in primates. Interestingly, such lateralization for self-touching has not been reported for the
Goodfellow’s tree-kangaroos, Dandrolagus goodfellowi, which is mainly arboreal, suggesting
some effect of species characteristics [109].

3.3. Laterality of Conspecifics-Directed Manipulative Actions

A difference in hand preference between unimanual interactions with inanimate
targets (i.e., food, objects) and physical contacts made toward a conspecific has been re-
ported in ape species-chimpanzees and gorillas: in the two studies conducted by Forrester
etal. [136,137], while a group-level right hand preference for interaction with inanimate tar-
gets was confirmed in these species, no right-handed bias was reported toward conspecifics,
further suggesting that manual lateralization reflects right- or left hemisphere processing
according to the emotive or functional characteristics of the target. The right hemisphere
of vertebrates seems specialized for the processing of social information, notably for the
purpose of emotional signal perception [16,141,142] or individual recognition [190]. This
may result in a higher involvement of this hemisphere for performing manual actions
directed towards conspecifics compared to manual actions directed to inanimate objects,
resulting in a higher use of the left side of the body.

Interestingly, forelimb actions directed to conspecifics may also be lateralized in in-
vertebrate species. A greater involvement of the left body part in interactions towards
conspecifics has been observed in insects: for instance, in the Mediterranean fruit flies
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(Ceratitis capitata, “medflies”), Benelli et al. [191] observed a left-biased population level
lateralization of aggressive displays executed with their forelegs. In fact, during a fight,
when boxing with their forelegs (i.e., the boxing attacker raises a foreleg, hitting the op-
ponent on the head or thorax), a majority of medflies (almost 70%) were “left-handed”
(i.e., performing with their left foreleg significantly more than with their right one); more-
over, the authors reported that performing aggressive displays with the left body parts
(including foreleg and wing) enhanced fighting success compared to those performed
with right body parts [191]. This lateralization in insects may not be homologous (i.e., be
inherited from a common ancestor) to the left-hand /right-hemispheric preference observed
in vertebrates for socially-directed actions, hence it reflects the possibly ubiquitous nature
of the constraints that social interactions represent on the lateralization of social animals’
behaviors [192].

3.4. The Case of Maternal Cradling

A phenomenon that raised lots of questions is the maternal left-cradling bias that
has been demonstrated in humans (66-72% [193]) but also in great apes (chimpanzees
and gorillas [50]) and more recently in olive baboons in the same proportions [49]. At the
human population-level, inanimate objects (i.e., bags) are carried on the right side for the
greatest part [194]. However, just a pillow adorned with a proto-face is enough to elicit
a left-cradling bias in children [53]. A study even asked adult humans (including both
women and men) to imagine themselves holding in their arms an object (i.e., either an
expensive vase or an old shoebox) and then an infant (i.e., about 3 months of age): while a
right-cradling bias was reported for both imagined objects, a left-cradling bias (i.e., 66%)
was reported for holding the imagined infant [194]. When cradling their baby, mothers
hold their infant in their arms close to their body, positioning the infant’s face in one of
their peri-personal hemispace (e.g., left side of their body) and supporting the weight
with the corresponding arm (e.g., left arm), see Figure 2. The maternal left-cradling bias
seems not to be related with the mother handedness [53]. Next to the manual preference
for manipulating items, the heart position (i.e., soothing sound of heartbeats [195-197])
and cultural considerations [198] do not affect the left-cradling bias. The theory reaching
a consensus combines visual field and cerebral hemispheric specialization. The maternal
cradling bias would reflect the right-hemispheric dominance for emotional processing [55].
In fact, the brain right hemisphere is specialized in the perception of emotional facial
expressions [16,199]. Since left-side cradling exposes the baby face to the left visual field
of the mother, which is projected mainly to her right brain hemisphere, this would favor
the mother’s monitoring of the emotional state of the infant. In parallel, the left-cradled
infant looks at the left side of the mother’s face, which has been described as being the
most expressive [142,200,201]. According to some authors, this direct access to the mother’s
emotional state would then facilitate creating and reinforcing social bonds within the
mother baby dyad [55].

Furthermore, in human mothers, affective symptoms such as stress, depression, and
anxiety can alter left cradling, reflecting a reduced ability to be emotionally involved with
the infant [54,202-204]. A recent study investigated the link between left-cradling bias
and the maternal emotional state in a non-human primate, the olive baboon [49]. The
authors found the maternal cradling bias to shift toward a right bias in mothers living in
high density groups with higher social pressure, likely involving higher levels of stress for
the mothers (e.g., by increased frequency of conflicts and severe aggression). The socially
related stress would alter the rightward hemispheric resources allocated to the maternal
monitoring and ultimately affect the left-cradling bias [21]. Those results clearly illustrate
the phylogenetic continuity between humans and catarrhine monkeys concerning this
lateralization and its potential links with hemispheric specialization for emotions, inherited
from a common ancestor 25-35 million years ago.
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Figure 2. Maternal cradling in olive baboon (Papio anubis). A baboon mother cradles her infant on
her left side. Photograph credit: Grégoire Boulinguez-Ambroise.

Interestingly, the lateralization of cradling in human mothers is under further investi-
gations to assess the potential of this behavior as a tool to better understand and even early
diagnose social disorders in infants, namely autism spectrum disorders (ASD). Several
studies have already shown that atypical trajectory in maternal cradling might be one of the
early signs of interference in dyadic socio-emotional communication, and thus of potential
neurodevelopmental dysfunctions: for instance, right-cradling bias may be associated with
a lack of social interactions or degraded interactions within the mother-infant dyad and
induce disorders later in life, regarding sociality, namely socio-emotional communication;
also, a left-cradling period which lasts too long may reflect the overstimulation in which
mothers try to engage ASD infants in response to their lack of responsiveness and social
initiative [54,205-209].

Asymmetries in an infant’s positioning have been also reported in non-primate species
that do not carry their babies. In a wide range of marine and terrestrial mammals, juveniles
have a strong preference for keeping their mother on their left side, namely in their left
visual field [210]. This has prompted previous authors to propose the idea that the right
lateralized “social brain” as described in primates has an ancient evolutionary origin. It
would be derived from earlier forms of lateralization in vertebrates, namely lateralization
in interactions within the mother-infant dyad that promote bonding and thus maximize
the infants” survival.
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4. Gestural Laterality and Language Evolutionary Origins

A particular case of socially-directed manual movements are communicative gestures,
whose laterality presents specific features compared to manipulative actions and whose
characterization in non-human primates provides valuable insights into the evolutive
history of human handedness and language.

4.1. A Complex Relationship between Handedness and the Hemispheric Specialization for Language

Humans present a left-hemispheric specialization for language functions, involving
in particular the Broca and Wernicke’s brain area for the production and processing of
speech, respectively in the Inferior Frontal Gyrus and Planum Temporale [211-217]. The
strong right-handedness observed in the human species has long been hypothesized to be
uniquely related to this brain specialization for language [218,219]. This assumption was
based in particular on the mirror neuron system being apparently predominant in the left-
hemisphere and driven by neurons of the left Inferior Frontal Gyrus in humans [220,221].
First evidenced in the ventral premotor cortex of rhesus macaques, more specifically in
the F5 region which is considered as Broca’s area homologue, mirror neurons have the
particularity to discharge both during the production of a manual action and during the
observation of another individual producing it [222-224]. A large number of studies
implying functional neuroimaging in humans have then shown, however, that mirror
activity could be evidenced in a wide range of brain regions, both on the left and right
hemisphere [225,226]. Moreover, in spite of the above-cited theory, results arising from
both neurofunctional and behavioral studies suggest a rather indirect relationship between
human language and handedness (see for review [8]). Recent fMRI (functional Magnetic
Resonance Imaging) studies revealed independent neuronal circuits for language pro-
cessing and action observation [227-229]. Héberling et al. [228] notably brought to light
three distinct networks within the mirror neuron system which were related to language
production and processing, to tool use, and to subjects’ handedness, defined in this case as
the preferred hand used for writing. Interestingly, among these three networks, only the
handedness-linked one was for the most part independent from the Broca’s area, and was
mainly composed by circuits of the parietal lobe. In addition, it seems that the direction
of the laterality for manual actions and the hemispheric specialization for language are
relatively disentangled. Indeed, although the incidence of right-hemisphere language
dominance is higher among left-handers compared to right-handers, the vast majority of
left-handed adults (above 70%) still show a left-hemispheric lateralization for language
production [17,230]. The reduced hemispheric lateralization for language production ob-
served amongst left-handed individuals, rather than being due to a reversed asymmetry,
might result from a generally weaker lateralization at both the group and individual levels
for different cognitive functions [231,232].

By contrast with manipulative actions, the production of communicative manual
gestures involves brain regions that are similar to those underlying verbal languages in
the left hemisphere [233-238]. Moreover, the tight link between articulated and gestural
communication can be observed early in development, the production of pointing ges-
tures playing a key role in the ontogeny of verbal language [239-245]. Population-level
right-hand preferences may be observed for the production of communicative gestures in
humans, i.e., for co-speech gestures [246,247] (but see [248]), for sign language by deaf adult
speakers [249], as well as for deictic and symbolic gestures in preverbal babies, children
and adults [3,4,250-254]. Furthermore, even though no significant difference has been
found between the direction of manual preference for some communicative gestures and
coordinated bimanual actions in adults [251,252], the laterality observed for communicative
and non-communicative manual movements seems to be related to different brain region
specializations. This is especially underlined by behavioral descriptions in young children,
which show that right-hand preference is stronger for gestures (i.e., pointing or signing)
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than for non-communicative manual actions, suggesting that these two types of manual
laterality develop independently [241,242,250,253-256].

Gestural laterality is thus likely to have an evolutionary history inextricably linked to
the emergence of intentional communication. In that respect, the great body of research
regarding the gestural communication of non-human primates has shed light upon the
evolutionary roots of the left-hemispheric specialization for gestures and language.

4.2. Gestural Laterality in Non-Human Primates

As a matter of fact, brachio-manual communicative gestures are found both in human
and non-human primates, in which communication relies strongly on the visual sensory
channel [257-265]. The question of whether the gestures of humans and other primates
(particularly great apes) are homologous has long been a debate, which has been limited by
the heterogeneity of studies’ focuses depending on the species (see for reviews [266-268]).
However, in addition to recent results showing that human infants share the most part of
their gestural repertoire with chimpanzees [269], the fact that the functional definitions of
primate gestures have been built based on developmental psychology studies [260] allows
us to make relative comparisons. The formal gesture definitions used in primate studies
may vary from one study to another (see for review [267,268,270,271], yet the commu-
nicative nature of these movements is the core elements which functionally differentiate
them from other actions. In that respect, the terms “manual gestures” refer to brachio-
manual movements which (i) are directed to a recipient; (ii) receive a voluntary response,
i.e., induce a change in the recipient’s behavior without acting as a direct physical agent,
and thus (iii) are mechanically ineffective. Intraspecific manual gestures which fulfill these
criteria have long been thought to be unique to humans and great apes [272-274], but in
the last years so-defined gestures have been reported in the spontaneous communication
of other catarrhine primates (e.g., in olive baboons [275-277]; bonnet macaques, Macaca
radiata [278]; red-capped mangabeys, Cercocebus torquatus [279-281]). To our knowledge, no
such forelimb gestures (i.e., apparently intentional) have yet been demonstrated outside
the primate lineage, hence the following discussion will focus on this clade.

Interestingly, a right-biased gestural laterality is observed at the population level in
great apes, both for gestures directed to humans in experimental contexts, such as pointing
or requesting (e.g., in chimpanzees, Pan troglodytes, bonobos, Pan paniscus, gorillas, Go-
rilla gorilla, and orangutans, Pongo pygmaeus [107,282]) and for intraspecific, spontaneous
gestures (e.g., in chimpanzees [283-285]; in gorillas [286-289]). Similar findings were re-
ported in primate species that are more phylogenetically distant from humans, especially
in olive baboons whose production of threatening “hand-slap” is preferentially produced
with the right hand, in intraspecific as well as interspecific contexts [275,276]. Moreover,
this gestural laterality is stable through time at the individual level in baboons and chim-
panzees [275,290]. As in the case of children, non-human primates” hand preferences for
intraspecific gestures are not correlated with manual laterality for non-communicative
actions, whether they are manipulative or self-directed (e.g., in chimpanzees [284,285] and
in baboons [291]). Experimental studies also evidenced in other Cercopithecidae species
that subjects” hand preference for interspecific communicative gestures (i.e., pointing)
was uncorrelated to hand preference for manipulative actions (i.e., food grasping), sug-
gesting different cerebral bases for these two types of laterality (in Tonkean macaques,
Macaca tonkeana [292]; in Campbell’s monkeys, Cercopithecus campbelli, and red-capped
mangabeys [293]). By contrast, Meguerditchian and Vauclair [291] showed that handed-
ness scores computed for different communicative gestures in olive baboons (i.e., “food-
beg” and “hand-slap” gestures) were significantly correlated. Additionally, the manual
preferences evidenced for pointing gestures in experimental conditions were shown to
depend less on the position of the referent object than in the case of grasping actions
(in olive baboons [256,294]; in Tonkean macaques [292]; Campbell’s monkeys and red-
capped mangabeys [293]), similarly to the pattern of manual laterality observed in human
children [256]. Moreover, a divergence between gestural laterality patterns was found
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between platyrrhine monkeys (tufted capuchins) and catarrhine species (human infants,
olive baboons, and Tonkean macaques) in a comparative experiment involving pointing
gestures [295]. These results suggested that the right-biased gestural laterality observed in
catarrhine species may be limited to this clade. However, gesture studies in platyrrhine
primates are still rare (but see experimental studies on learnt begging or pointing ges-
tures [296-299]) and do not address the potential laterality of spontaneous brachio-manual
gestures in these species, which are phylogenetically more distant from humans than
African and Asian monkeys [300]. Thus, supplementary research work might be needed in
this area in order to assess when gestural laterality emerged in primate phylogeny.

All the above-cited behavioral data suggest that catarrhine primates all share a left-
hemispheric intentional communication system, which support their gesture production.
This theory is supported by neuroanatomical and neurofunctional imaging studies reveal-
ing a relationship between gestural laterality and brain regions homologous to language-
related cortical area in African primates (see for reviews [8,301-303]). One of the first key
results in this area has been RMI imaging in great apes showing anatomical asymmetries
within cortical regions homologous to Broca’s area, which were found to be enlarged in
the left hemisphere (in chimpanzees, bonobos, and gorillas [304]). A contralateral associa-
tion was then evidenced between the direction of gestural laterality and the anatomical
asymmetries found in the Inferior Frontal Gyrus and Planum Temporale of adult chim-
panzees [290,305,306]. The direct link between the production of communicative gestures
and the activation of these cortical regions was then brought to light by functional imaging
(PET-MRI: Positron Emission Tomography—MRI) [307]. More recently, Marie et al. [308]
showed for the first time a population-level asymmetry of the Planum Temporale in a non-
hominoid species, olive baboons. Above the 96 study subjects, 62.5% presented an enlarged
Planum Temporale in the left hemisphere, consistently with the population-level asymme-
try observed in humans and chimpanzees [305,309-311]. A study conducted in the same
baboon population then revealed that this leftward planum temporale asymmetry already
existed in the early development of individuals, being observable in newborn baboons and
getting stronger in their first year of life [312,313]. Comparably, in humans, the asymmetry
of the planum temporale can be observed before birth and continuously develop in favour
of the left hemisphere [314]. A longitudinal neuroimaging study evidenced that similar
leftward asymmetries of the planum temporale as well as of the Inferior Frontal Gyrus may
be observed consistently from 1 to 19 months old in another species of catarrhine monkeys,
rhesus macaques [315]. A preprint study authored by Becker et al. [316] reported that olive
baboons may also exhibit anatomical asymmetry of markers of Broca’s homolog, and that
the direction and depth of this asymmetry may be associated with a contralateral gestural
lateralization but not with laterality for non-communicative, manipulative actions. At this
point, it remains to be investigated whether these anatomical asymmetries in baboon brains
are functionally associated with a specialization for the control of gestural communication,
similarly to great apes [307], in adulthood as well as across development. By contrast
with the trend observed in the human gesture literature, very few studies have explored
the development of apes and monkeys’ gestural communication [267,317], resulting in a
scarcity of data related to the ontogeny of gestural laterality. However, the first promising
results cited here pave the way for exciting new research perspectives, exploring whether
and how monkeys’ gestural laterality develop during their early years of life, potentially in
line with the development of cerebral asymmetries.

According to all the commonalities between humans and other catarrhine primates
regarding gestural laterality and the associated brain asymmetries, several evolutionary hy-
potheses proposed that a left-lateralized gestural communication system may have already
existed in the brain of the common ancestor of African and Asian primates, over 29 million
years ago [8,295,300,302,303,318]. The neural substrates of human intentional communi-
cation would then have derived from this hemispheric specialization for gestures, under
different evolutionary constraints and at different phylogenetic levels [8,303,319]. Notably,
ecological changes might have represented significant pressures shaping catarrhine visual
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communication, such as a shift from arboreal to terrestrial habitats, associated with an
increased visibility and a change of locomotion patterns [320,321]. Moreover, modifications
of social systems (and consequently of social complexity) might have affected the extent
to which communication relied on brachio-manual gestures, and then on language in the
human lineage, depending on the need of sufficiently diverse and flexible communicative
signaling to deal with different contexts of cooperation, competition, and cultural trans-
mission [322-326]. Therefore, in line with these theories, the characterization of factors
affecting gestural laterality in non-human primates is of great interest for the purpose of
depicting the constraints under which humans’ gesture and language laterality emerged.
We will present, in the following, the main proximate and ultimate causes that have been
hypothesized and/or shown to affect the gestural laterality of catarrhine primates.

4.3. Ultimate and Proximal Factors Impacting Primate Gestural Laterality
4.3.1. Effect of Species and Study Population Characteristics

Firstly, the existence of a population-level gestural laterality and its strength ap-
pears to depend on the species characteristics, particularly in relation with variation in
social systems and ecological characteristics [327]. According to the theory of a social
origin of laterality (Section 2.6), it may be predicted that species with high levels of inter-
individual cooperation will be more likely to exhibit alignment of individuals’ gestural
laterality. Moreover, the strength of gestural laterality may depend on social constraints
in these species. Observational studies on captive gorillas and chimpanzees brought to
light such effects of social dynamics on lateralization of the species” most frequent ges-
tures [288,289,327]. When comparing the production of brachio-manual gestures shared
by both species, Prieur et al. [287] found for instance that gorillas were more right-handed
than chimpanzees when producing auditory gestures, such as “slap hand”. These gestures
are more frequent in gorillas probably because of the higher inter-individual distances gen-
erally found in this species compared to chimpanzees [328], and are therefore more likely
to be socially codified and lateralized. Other species characteristics than sociality might
affect gestural laterality, such as the locomotory posture. The theory of a postural origin of
manual laterality suggests that the right hand is specialized for complex tasks in terrestrial
mammals, the use of one hand or another being less limited by the need for postural stabil-
ity than in arboreal species [93-95]. In the case of visual communication, it may thus be
hypothesized that terrestrial primates are more lateralized when producing brachio-manual
gestures than arboreal ones. To our knowledge, there exist no direct comparison of gestural
laterality between primate species with different locomotory postures, although compara-
tive studies would be very beneficial to the debate on the origin of primate manual laterality
in general [100]. That said, it may be noted that intraspecific gestural laterality has been
essentially evidenced at the population-level in terrestrial species, namely chimpanzees,
gorillas, and olive baboons [107,275,276,284,285,288,289,327], and spontaneous gestures
seem generally more used in primates living in open environments which facilitate the per-
ception of visual signals [329-331]. Finally, the population characteristics, such as the wild
or captive environment in which apes and monkeys are studied, may also have an effect on
the laterality of manual gestures. Some authors suggested that manual laterality measured
in captive primates may be the artefactual results of experimental conditions, particularly
those implying the presence of human experimenters ([332-334] but see [188]). Concerning
gestural laterality, the effect of captivity is not completely elucidated, particularly because
of the lack of direct comparisons between wild and captive populations of primates, and
because of the small numbers of studies addressing spontaneous, intraspecific gestures. It
is to be noted, however, that some great ape studies show a higher right-hand preference
for intraspecific gestures than for human-directed ones, in spontaneous or experimental
contexts [107,287].
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4.3.2. Effect of Gesture Characteristics

Thus, the preference of one hand to communicate also depends on the characteristics of
the gesture itself. The gestural laterality measured in primates differs according to which ges-
ture of the repertoire is studied (e.g., in chimpanzees and gorillas [282,285,289,319,335,336].
As evoked earlier, some authors propose that the most frequent gestures are more likely
to be shaped by social pressures, explaining stronger hand preferences when producing
them [285]. Moreover, the sensory modality in which the gestural signal is delivered
(i.e., visual only, tactile, or audible) impacts its laterality, notably because visual and tactile
gestures are more physically directed to the recipient than audible ones, hence are produced
preferentially with the ipsilateral hand in relation with the position of the receiver (see in
chimpanzees [285]).

4.3.3. Effect of the Interactional Context

The context in which gestures are produced, and particularly the emotional value of
certain social situations, has been proven to affect gestural laterality in several primate
species. Prieur et al. [285,289] demonstrated that the right hand preference of chimpanzees’
and gorillas” gestures was stronger in contexts associated with negative emotional valence
than in others. Recently, similar observations were made in red-capped mangabeys [280],
in which brachio-manual gestures were more produced with the right hand than the left
in aggression and submissive contexts compared to positive or neutral social situations
(Figure 3). These results corroborate findings in humans, showing an activation of prefrontal
regions of the left brain hemisphere in aggression contexts [164]. This right hand preference
for aggressive gestures might be explained by “motivational hypotheses” in line with
the “Valence theory” of emotional lateralization (see II.1.), which proposes that the left
and right brain hemisphere are respectively specialized in approach- and withdrawal-
motivated behaviors [139,156-158,162-164]. Indeed, although aggressive gestures might
be underlined by negative emotions in the signaler (for instance, anger), they are also likely
to imply a high motivation for approaching the interactant, and thereby to specifically
involve left-hemispheric brain regions. In other vertebrate species, non-communicative
aggressive behaviors have been found to be lateralized to the right and controlled by the
left-hemisphere (e.g., in fishes, Gambusia holbrooki, Xenotoca eiseni, Betta splendens [337];
in green and brown anoles, Anolis carolinesis and A. sagnei [338]; in mammals such as
the European fallow deer, Dama dama [339]; but see in domestic and Przewalski horses,
Equus caballus and E. przewalskii [340,341]). Apart from this “motivational hypothesis”,
the fact that catarrhine primates preferentially gesture with the right hand in aggression
situations may be explained by a lesser flexibility of communication in negative contexts,
as evidenced for some vocalizations (e.g., alarm calls [342]). Aggressive gestures may be
more lateralized than others consequently to a stronger effect of social influences through
ontogeny (Section 2.6), and thus be less submitted to the influence of proximate factors.
This may be the case of the threatening “hand-slapping” of olive baboons, which has been
shown to be highly right-handed at the individual and population-level [275,276].

The emotional value of the interaction is not the only contextual factor which has
been shown to affect gestural laterality. The hand used to communicate in primates may
also depend on the relative position of the receiver and signaler [280,285,287,327]. One
explanation for this is the directionality of gestures, which can result in the use of the
ipsilateral hand to efficiently convey visual or tactile signals to a receiver. Moreover, as
several primates favor one side or another to approach conspecifics, notably depending
on dominance relationships (e.g., in red-capped and grey-cheeked mangabeys, Cercocebus
torquatus and Lophocebus albigena [343]) or depending on the type of interactions (e.g.,
embracing and grooming in Colombian spider monkeys, Ateles fusciceps rufiventris [344]), it
may be hypothesized that social laterality affects manual preferences in social interactions,
including for gestural communication.
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Figure 3. A male red-capped mangabey (Cercocebus torquatus) produces a rightward “throw arm”
gesture, as part of a threatening display directed to a conspecific. Similarly to chimpanzees and
gorillas, red-capped mangabeys gesture preferentially with the right hand in aggression contexts [280].
Photograph credit: Juliette Aychet.

4.3.4. Effect of Signaler and Receiver Characteristics

Primate gestural laterality indeed depends on the relationship between interacting
individuals. In captive chimpanzees, gestures are more lateralized to the right hand
when directed to dominant conspecifics, and this effect is lessened if the interactants
are strongly affiliated [285]. These observations might be explained by the signaler’s
emotional state varying depending on the identity of the receiver, and particularly the level
of psychosocial stress induced by competitive contexts. Such dominance effect has not been
evidenced in captive gorillas [327], who exhibit lesser intragroup competition compared
to chimpanzees [345-347]. Kinship between signaler and receiver seems to not affect the
gestural laterality of gorillas and chimpanzees [285,289,348], however the possible effect of
such factors has not been tested in other species.

In addition, demographic factors, i.e., the sex and age of the signaler, has been evi-
denced to affect gestural laterality in several primate species. Although no effect of sex
has been found in chimpanzees and olive baboons’ gestural laterality [275,276,291,348],
male bonobos have been found to be more right-handed than females for gesture produc-
tion [186]. Moreover, the converse sex effect has been evidenced in gorillas, in which females
are more lateralized in favor of the right hand than are males, and in which males are
more right-handed when they gesture toward females than toward male conspecifics [289].
Considering the social structure of these two species, we may hypothesize that these results
are related to the dominance relationships of subjects (i.e., female dominance in bonobos
and male dominance in gorillas [346,349]), yet the determinants of sex effect on primate
gestural laterality is not clear. In humans, more left-handers are found amongst men than
women regarding handedness in general, and some cognitive processes are lateralized
differentially depending on the individual’s sex [6,350-352], though no difference seems to
be found for language-related functions and corresponding cerebral asymmetry [352,353].
Different hypotheses have been formulated concerning the effect of sex on human handed-
ness or forelimb asymmetries for non-communicative actions in other mammals (e.g., cats
and dogs, Felis cactus and Canis familiaris [354-356]). Notably, authors suggest a possible
effect of sex hormones on cognitive lateralization [350,355], of genetic determinants located
on the X chromosome [219,357,358] (but see [31]), and of gender-dependent differences in
individual social experience through ontogeny, in the case of humans [359].

Finally, primate gestural laterality is affected by individuals” ages. In chimpanzees,
gorillas, and olive baboons, the preference for right-hand gesturing is stronger in adults
compared to juveniles [276,282,285,289,335]. This may be due to a maturation of the left
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hemisphere specialization for intentional communication [276], or it may result from the
subjects’ individual experience, as adults” gestures are more likely to have been shaped by
social experiences [360]. Further studies on the ontogeny of gestural communication would
provide a better understanding of this phenomenon. Prieur et al. [285] also observed a
senescence effect on chimpanzee gestural laterality, older individuals being less lateralized
than young adults possibly because of physical limitations. Nevertheless, other studies have
not highlighted any significant effect of age on the gestural laterality of captive chimpanzees
and olive baboons [275,361]. On the whole, the extent to which sociodemographic factors
affect primate gestural laterality is still poorly or not described in most species.

Multifactorial analyses have been applied to characterize the effect of all these param-
eters on the gestural laterality of captive chimpanzees and gorillas [285,289,327], and more
recently in an exploratory study on captive red-capped mangabeys [280]. Studying primate
gesturing with a multifactorial as well as comparative approaches represent promising
perspectives for the understanding of the proximate and ultimate factors which shaped
human gestural laterality [100,285,289]. In addition, further research efforts are needed
with respect to the ontogeny of primate gestural communication and to the potential gestu-
ral laterality of non-hominid species, in order to better understand the evolutionary and
developmental pathway of this trait.

5. Conclusions-The Way Forward

We aimed to emphasize here the importance of characterizing animal limb preferences
to understand the development and evolution of human handedness, by distinguishing
laterality for functionally different manual actions (i.e., object manipulation, actions di-
rected to living targets, and non-manipulative, communicative gestures), which might be
supported by different hemispheric specializations.

Future research may benefit from recent advances in neuroimaging methods [362],
notably functional techniques permitting researchers to link lateralized behaviors to spe-
cific brain regions” activity. For instance, the use of functional Near-Infrared Spectroscopy
(fNIRS) has been recently validated in non-human primates, allowing non-invasive record-
ing of brain processing lateralization from a functional perspective [363].

Moreover, further developmental studies in different animal species may be needed to
unravel the ontogeny of manual lateralities (for instance, regarding the development of
gestural communication in non-human primates [267]). Improvements in MRI technology
should help to determine whether contralateral hemispheric specialization of the brain is
present at early developmental stages, its potential change across ontogeny, and whether it
predicts limb preference at later stages [313].

Additionally, one of the major challenges for the understanding of human handedness
origins is the improvement of comparative approaches, as still few studies directly involve
several species [364]. Research on animal forelimb asymmetries often focuses on mammals
(and particularly on the primate lineage), however comparisons of forelimb preferences
across a wider range of vertebrate and invertebrate species may provide valuable insights
into the evolutionary constraints that have shaped this trait [161]. Behavioral lateralization
similarities in species which are phylogenetically distant may result from evolutionary con-
vergence. Their characterization may thus permit us to make hypotheses on the ecological
constraints which led to their emergence.

Finally, reliable comparisons of forelimb lateralizations in different species may only
be made by homogenizing the task complexity in both experimental and observational
studies. Human manual laterality has been argued to be unique because it is observed
across different tasks in a large part of the population compared to other species, but one
could argue that animals’ forelimb asymmetries are rarely assessed for as complex tasks as
the ones investigated in humans (e.g., writing or other complex tool uses). Quantitatively,
would the right bias observed in humans still be as strong as the ones observed in other
species when performing lower demanding tasks? Marchant et al. [365] described humans’
manual preferences in diverse spontaneous actions, based on film archives of three tra-
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ditional societies. They evidenced only a weak overall lateralization for manual actions
(barely above 50% of right-hand use in the three study populations), but interestingly found
a greater right-hand preference when specifically considering precision tool use (above 84%
of right-hand use). The authors thus noted that “the disparity between the ethological and
the typical psychological findings on handedness may thus be simply explained: question-
naire and performance testing paradigms focus only on a small and selected proportion
of manual activities, those to do with tool use, and especially with skilled, fine-motor tool
use. This gives an artefactual, biased picture of extreme lateralization.” (p. 256). Task
complexity has been hypothesized to affect manual laterality, individuals being more likely
to be lateralized for actions with high level of manipulative requirements [111,161]. This
has been evidenced in diverse mammal species (e.g., in human [365,366]; non-human
primates [367-369]; marsupials [370]; or rodents: [371]), and may be true in other tetrapods,
as authors observed stern clawed frog (Wenopus tropicalis) changing paw for food manipu-
lation depending on the animacy of the target (Pouydebat et al., unpublished data), due to
different levels of manipulative action complexity [372]. To adapt the experimental tasks
and protocols in relation to the cognitive and functional capacities of the species (and even
their ecology)—in order to propose similar tasks in terms of complexity—represents a real
challenge for future studies on limb preference. Moreover, assessing human handedness
based on ethological descriptions of spontaneous manual activities may provide more
reliable research material to compare with animal observations.

Investigating animal forelimb laterality for diverse (clearly defined) tasks by adopting
multi-disciplinary, developmental, and comparative approaches might represent promising
perspectives for the understanding of handedness origins.
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