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ABSTRACT

Bone form reflects both the genetic profile and behavioural history of an individual. As cor-
tical bone is able to remodel in response to mechanical stimuli, interspecific differences in
cortical bone thickness may relate to loading during locomotion or manual behaviours dur-
ing object manipulation. Here, we test the application of a novel method of cortical bone
mapping to the third metacarpal (Mc3) and talus of Pan, Pongo, and Homo. This method
of analysis allows measurement of cortical thickness throughout the bone, and as such is
applicable to elements with complex morphology. In addition, it allows for registration
of each specimen to a canonical surface, and identifies regions where cortical thickness
differs significantly between groups. Cortical bone mapping has potential for application
to palaeoanthropological studies; however, due to the complexity of correctly registe-
ring homologous regions across varied morphology, further methodological development
would be advantageous.

© 2016 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved.

RESUME

La forme d’un os refléte simultanément le profil génétique et I'histoire comportementale
d’un individu. L’os cortical est capable de remodelage en réponse a des stimuli mécaniques.
Les différences interspécifiques dans I'épaisseur de I'os cortical peuvent donc étre corrélées
avec la charge mécanique exercée durant la locomotion ou la manipulation d’objets. Ici,
nous présentons I'application d’'une méthode novatrice pour cartographier la distribution
del'os cortical du troisiéme métacarpien et du talus chez Pan, Pongo et Homo. Cette méthode
permet d’analyser I'épaisseur corticale sur toute la longueur de I'os et est applicable a tous
les éléments osseux ayant une morphologie complexe. En outre, cette méthode permet de
recaler chaque spécimen sur une surface canonique et d’identifier les régions ol I'épaisseur

E-mail address: zewdi_tsegai@eva.mpg.de (Z.J. Tsegai).

1 Contributed equally to this work.

http://dx.doi.org/10.1016/j.crpv.2016.11.001

1631-0683/© 2016 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved.

Please cite this article in press as:Tsegai, Z.J., et al., Cortical bone mapping: An application to hand and foot bones in
hominoids. C. R. Palevol (2016), http://dx.doi.org/10.1016/j.crpv.2016.11.001



dx.doi.org/10.1016/j.crpv.2016.11.001
dx.doi.org/10.1016/j.crpv.2016.11.001
http://www.sciencedirect.com/science/journal/16310683
www.sciencedirect.com
mailto:zewdi_tsegai@eva.mpg.de
dx.doi.org/10.1016/j.crpv.2016.11.001

G Model
PALEVO-979; No.of Pages 12

2 ZJ. Tsegai et al. / C. R. Palevol xxx (2016) XxXx—Xxx

corticale différe significativement entre les groupes. Ce procédé peut étre appliqué a des
études paléoanthropologiques. Cependant, du fait de la complexité du recalage correct des
régions homologues, des progrés méthodologiques futurs sont envisagés.

© 2016 Académie des sciences. Publié par Elsevier Masson SAS. Tous droits réservés.

1. Introduction

Identifying skeletal variables that relate to functional
patterns is essential for reconstructing the behaviour of
extinct species. However, it is often unclear which mor-
phological features are most functionally relevant, as some
researchers focus on novel, derived features, with the
intention of understanding evolutionary change, while oth-
ers are interested in the entire morphological complex of
features, aiming to reconstruct the way in which a species
lived (Ward, 2002). This is a common problem in palaeoan-
thropology, and has led to differing interpretations of
skeletal morphology in fossil hominins (e.g., Latimer, 1991;
Stern, 2000; Ward, 2002). In this debate, more plastic
morphological features that can adapt in response to an
individual’s behaviour are of critical importance.

As cortical bone is able to remodel during life in
response to mechanical load - a concept known as bone
functional adaptation - it has the potential to hold a signal
of anindividual’s behaviour (see Ruff et al., 2006, and refer-
ences therein). Bone adapts to loading in several ways, for
example by increasing/decreasing mineralisation to adapt
its stiffness, changing shape to alter load transmission, or
increasing thickness (Currey, 2003, 2010). However, this is
a complex process that is likely to vary depending on skele-
tal location and systemic factors such as age, hormones and
genes (e.g., Lovejoy et al., 2003; Pearson and Lieberman,
2004). Moreover, individual factors such as the magnitude
and frequency of strain and the previous loading history
of the bone cells can also affect cortical remodelling (e.g.,
Frost, 1987; Pearson and Lieberman, 2004; Ruffet al., 2006).
Experimental studies are not always able to demonstrate
that bone structure is well adapted to withstand strains
(Demes et al., 1998, 2001; Lieberman et al., 2004) or that
bone morphology changes in the expected way (Wallace
et al., 2015a). However, in general, studies have shown
that cortical bone is able to respond to behaviour during
an individual’s lifetime (Carlson and Judex, 2007; Christen
et al.,, 2014; Robling et al., 2002; Ruff et al., 2006), and
thus analysis of cortical bone thickness holds potential for
reconstructing behaviour in extinct species.

Within palaeoanthropology, numerous studies have
investigated how cortical bone properties relate to
behaviour in both extant and fossil taxa. These can be
broadly separated into three methodologies:

¢ analysis of cross-sectional geometric properties either at
midshaft or at several points throughout the length of
the shaft (e.g., Carlson, 2005; Carlson et al., 2006, 2008;
Davies and Stock, 2014; Marchi, 2005; Ruff, 2002, 2008;
Ruffetal., 2013, 2015; Sarringhaus et al., 2005; Shaw and
Stock, 2013);

e generating 2D colour maps of cortical thickness through-
out the diaphysis, with potential for application to
non-cylindrical, irregularly shaped elements, although as
yet this has only been tested on tooth roots, and not
the epiphyses of long bones (e.g., Bondioli et al., 2010;
Jashashvili et al., 2015; Puymerail, 2013; Puymerail et al.,
2012a, 2012b);

¢ analysis of bone profiles at the articular surfaces, some of
which include both cortical bone and also the underlying
trabecular structure (Carlson et al., 2013; Mazurier et al.,
2010; Patel and Carlson, 2007).

These analyses have been conducted using both clini-
cal and micro-computed tomography (microCT) (e.g., Lillie
et al., 2015). Several studies have focused specifically on
cortical bone of the hands (e.g., Lazenby, 1998; Marchi,
2005)and feet (e.g., Griffin and Richmond, 2005; Jashashvili
et al., 2015; Marchi, 2005). Recent studies that have ana-
lysed cortical bone thickness identified subtle differences
both between African apes and modern humans, and
between modern and fossil Homo species (Jashashvili et al.,
2015; Puymerail, 2013; Puymerail et al., 2012a, 2012b).

Here, we investigate the potential applications of a
novel method of cortical thickness analysis, developed for
medical research, which allows for statistical comparison
between groups (Pooleetal.,2011,2012; Treeceetal.,2010,
2012). The main advantage of this method is that, unlike
previous methods, it allows measurement of cortical bone
thickness throughout the entire bone, i.e., including the
diaphysis, metaphysis and epiphyses, and as such is appli-
cable to both long bones and to more complex elements.
Moreover, in contrast to existing methods, which require
registration to a 2D map (e.g., Bondioli et al., 2010), it
enables generation of 3D colour maps for each taxon/group,
as well as quantification and visualization of regions whose
difference in cortical thickness between groups can be
assessed for statistical significance.

We test the application of this method on comparative
samples of hand (third metacarpal) and foot (talus) bones
of extant hominoids and, in order to test the applicability of
this method in specimens with taxonomic alteration, one
early Holocene human (Arene Candide 2, third metacarpal).
As the hands and feet are the direct contact between an
individual and the substrate, they are likely to experience
the initial forces of both locomotion and object manipu-
lation. As such, the skeletal elements in these regions are
likely to reflect loading from these behaviours. However,
many bones of the hands and feet, particularly carpals and
tarsals, have irregular and complex shapes. As such, exist-
ing methods of analysis may not be applicable because
complex bones cannot be modelled as simple beams and
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