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Summary

Trabecular bone forms the internal scaffolding of most bones, and consists of a microscopic lattice-
like structure of interconnected bony struts. Experimental work has demonstrated that trabecular bone
adapts its structural rigidity and orientation in response to the strains placed upon the skeleton during
life, a concept popularly known as “Wolff’s Law” or “bone functional adaptation”. Anthropological
work has focused on correlating variation in primate trabecular bone to locomotor and masticatory
function, to provide a context for the interpretation of fossil morphology. However, intraspecies
variation and its underlying mechanisms are still poorly understood. In this thesis, variation in
trabecular bone structure is examined in the human foot in four archaeological populations. The aim is
to tease apart the factors underlying variation in human trabecular microstructure to determine whether

it may be a suitable proxy for inferring terrestrial mobility in past populations.

MCT scanning is used to image the three-dimensional trabecular structure of the talus, calcaneus, and
first metatarsal in samples from four archaeological populations. Trabecular structure is quantified in

seventeen volumes of interest placed throughout the foot.

Trabecular bone is influenced by a variety of factors including body mass, age, diet, temperature,
genetics, sex, and mechanical loading. Before trabecular structure can be used to infer habitual
behaviour, the effects of these factors need to be understood and ideally statistically accounted for.
Therefore, the effects of variation in bone size and shape, body mass, age, and sex on human
trabecular structure are examined in four populations. Significant effects of body mass and age are
reported, but little sexual dimorphism was found within populations. Taking these results into account,
variation in trabecular structure is compared between archaeological populations that were divided
into high and low mobility categories. Results demonstrate that the four populations show similar
patterns of trabecular variation throughout the foot, with a signal of terrestrial mobility level
superimposed upon it. Terrestrial mobility is associated with greater bone volume fraction and thicker,

more widely spaced, and less interconnected trabeculae.

Ontogeny of trabecular bone in the human calcaneus is investigated in two archaeological populations
in the final chapter of the thesis. Results indicate that calcaneal trabecular bone adapts predictably to
changes in loading associated with phases of gait maturation and increases in body mass. This opens
the possibility of using trabecular structure to serve as a proxy of neuromuscular development in

juvenile hominins.

This work demonstrates that trabecular bone may serve as a useful proxy of habitual behaviour in
hominin fossils and past populations when all contributing factors are carefully considered and ideally

statistically controlled for.
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Chapter 1 - Trabecular bone functional adaptation

Introduction

Trabecular bone is a porous, lattice-like structure of bone found predominantly in the epiphyseal ends
of long bones, and other irregular bones such as vertebrae, the ilium, and the calcaneus. The three-
dimensional microstructure of trabecular bone is seeing a rapid increase in research due to the
increased availability of microtomography scanning and high-throughput computing. Experimental
work has provided evidence that trabecular bone adapts rapidly to mechanical loading and may
therefore be a useful proxy for inferring past habitual behaviour from skeletal morphology.
Anthropological research has focused on correlating variation trabecular bone structure to locomotor
mode in primates. The goal of such studies is to find anatomical correlates of behaviour and to provide
a context for the interpretation of fossil morphology. Relatively little attention has been paid to within
species variation. Before behaviour can be inferred from fossil morphology, the range of within
species variation and the mechanisms underlying this variation must be understood. This thesis
focuses on variation in trabecular bone structure in the human foot in four archaeological populations.
The aim is to tease apart the factors underlying variation in human trabecular microstructure to
determine whether it may be useful as a proxy for inferring behaviour in the past. The calcaneus, talus,
and first metatarsal were chosen for their distinctive roles during bipedal gait. This is the first study to
thoroughly examine variation in human trabecular bone and systematically assesses the factors

underlying this variation.

Bone functional adaptation

Adaptation is defined as "the evolutionary process whereby an organism becomes fitted to its
environment, or a structure or habit fitted for some special environment or activity" (Lawrence, 1995).
Adaptation encompasses all aspects of the fit between an organism and its environment, both during
an individual's life (phenotypic plasticity) or over generations by genetic adaptation through natural
selection. Humans show a high degree of phenotypic variation, yet a relatively low degree of genetic
diversity (Li et al., 2008). Phenotypic plasticity has been argued to have played a key role in the rapid
dispersal of Homo sapiens, allowing humans to survive in a diverse range of climates and habitats
(Wells and Stock, 2007). Wells and Stock (2007) modelled human adaptation as consisting of
physiological plasticity, and cultural and behavioural buffering, leaving the residual stresses to be
accommodated through natural selection. Famous examples of phenotypic adaptation to the
environment are Bergmann's (Bergmann, 1847) and Allen's (Allen, 1877) rule. Bergmann's rule states
that within geographically wide-ranging species, the larger bodied variants are found in the colder
regions while smaller bodied variants are found in the warmer regions. Allen's rule states that
individuals in cold climates possess shorter extremities than individuals in warmer climates. Both rules
are products of thermoregulatory adaptations, reducing surface area to body volume ratio in colder

environments to conserve heat, whilst increasing the ration in warmer climates to dispense of it more
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quickly (Ruff, 1994; Kurki et al., 2008; Stock, 2009; Davies, 2012). The environment is not the only
determinant of an individual's skeletal phenotype. Bone shape and size are highly variable and the
observed phenotype is a combination of a number of interacting variables including: habitual loading
(Trinkaus et al., 1994; Shaw and Stock, 2009 a; b; Warden et al., 2014), climate (Ruff, 1994; Holliday,
1997; Kurki et al., 2008; Stock, 2009; Davies, 2012), nutrition (Cowgill, 2010), health (Maat, 2005),
and (epi-)genetics (Badyaev and Martin, 2000; Robling and Turner, 2002; Judex et al., 2004; Dubois
et al., 2007; Morris et al., 2012; Wallace et al., 2012; 2017). Increased strain under mechanical loading
placed upon a bone, for example through increased body mass or regular activity, results in the
formation of new bone which stiffens the bone reducing the strain to its original level. Habitual
inactivity on the other hand, causes bone to be resorbed which weakens the bone until it reaches the

normalized strain levels (Frost, 2003; Christen et al., 2014).

The ability of bone to perform effectively under its function-specific loadings depends on the bone’s
material properties and its spatial arrangement (Currey, 2003). The term ‘bone functional adaptation’
is used to describe the general premise that bone tissue and structure adapts to the mechanical forces it
experiences by altering bone shape and size (Ruff 2008). The mechanisms that control where and how
bone cells are activated are complex and not fully understood (Wallace et al., 2017). Four types of
bone cells are important in this process. Osteoblasts are cells that produce bone by synthesizing and
calcifying collagen. Osteoclasts are cells that degrade bone matrix. Most bone cells are osteocytes and
bone lining cells. Osteocytes lie within the bone matrix which in turn is surrounded by bone lining
cells on the surface. Both osteocytes and lining cells derive from osteoblasts that have stopped
producing bone matrix. When an osteoblast stops working it is replaced and buried by a new
osteoblast, and turns into an osteocyte. When osteoblast recruitment has stopped, the last remaining
osteoblasts flatten out into lining cells after they have stopped producing matrix (Burger and Klein-
Nulend, 1999; Huiskes et al., 2000). Osteocytes are post-mitotic and imbedded in hard tissue, making
them difficult to study. However, multiple studies have observed that mechanical loading activates
several cellular processes in osteocytes including gene activation, growth factor production, and
matrix synthesis (Inaoka et al., 1995; Lean et al., 1995; Burger and Klein-Nulend, 1999; Wallace et
al., 2017). Osteocytes remain connected with bone surface cells and neighbouring osteocytes via a
network of lacunae and canaliculi. This network of interconnected cells, filled with interstitial fluid is
an ideal structure for the detection of mechanical inadequacies in the bone. One method through which
bone adapts to mechanical forces is the strain-driven motion of interstitial fluid through the canaliculi
and along the osteocytes which is subsequently sensed and transducted by the osteocytes (Burger and
Klein-Nulend, 1999; Huiskes et al., 2000; Currey, 2002; Knothe Tate, 2003; Wallace et al., 2017).
Strain causes the interstitial fluid to be squeezed through the small non-mineralized matrix
surrounding osteocytes, producing shear stress at the cell membrane. This signals the osteocytes to
increase their activities and recruit osteoblasts. When strains are normalized a balanced state is

reached in which bone formation and removal are roughly equal, although a state of equilibrium is
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never reached (Christen et al., 2014). When bone is disused the osteoclasts are no longer suppressed
and start removing bone until a state of balance has yet again been established (Burger and Klein-
Nulend, 1999).

Bone functional adaptation in anthropology

The principles of bone functional adaptation have been applied to the archaeological and fossil record
mainly by studying variation in the cross-sectional shape of long bone diaphyses. Cross-sectional
geometric analysis has been used by anthropologists to investigate long-term evolutionary trends
(Churchill, 1994; Pearson, 1997; Trinkaus and Ruff, 2012) as well as differences in habitual activity
within and between populations (Ruff and Hayes, 1983; Shaw and Stock, 2009 b; Sparacello et al.,
2011; Stock et al., 2011). This type of research is used most often to distinguish between subsistence
strategies (Ruff et al., 1984; Bridges, 1989), sexual division of labour (Pomeroy and Zakrzewski,
2009; Villotte et al., 2010), mobility levels (Ruff and Hayes, 1983; Holt, 2003; Shaw and Stock,
2013), and environmental contexts (Ruff, 1994; Stock and Pfeiffer, 2001; Marchi et al., 2006;
Sparacello et al., 2011).

The relationships between bone morphology and habitual activities are not entirely straightforward
(Lieberman et al., 2004; Wallace et al., 2014). Extracting relevant behavioural data from cortical bone
morphology is complicated, as cross-sectional morphology is the combined result of not just habitual
activity (Haapasalo et al., 2000; Wallace et al., 2007; Shaw and Stock, 2009a, 2009b; Wallace et al.,
2017), but also diet (Cowgill, 2010), Climate (Pearson, 2000; Davies, 2012), environment (Marchi et
al., 2006; Sparacello and Marchi, 2008), and (epi-) genetics (Badyaev and Martin, 2000; Judex et al.,
2004; Dubois et al., 2007; Morris et al., 2012; Wallace et al., 2012). The remodeling rate of bone is
high during growth but following this period the skeletal response is severely reduced (Forwood and
Burr, 1993; Wallace et al., 2017). However, remodeling in mature bone does continue over a longer
time frame with the possibility of cumulative long-term effects (Pearson and Lieberman, 2004).
Despite the many factors influencing bone morphology, the study of cross-sectional geometry has led
to significant insights into the habitual activities of past human populations that would otherwise be
undetectable in the archaeological and fossil records (Ruff, 2008). The analysis of trabecular bone is a
relatively new approach that is increasingly becoming available to researchers through computation
improvements. Trabecular bone has different geometric, biological, and mechanical properties which
may be able to provide a higher interpretive resolution reflective of physical activity during life when

combined with analyses of diaphyseal cross-sectional geometry.

Trabecular bone

The study of the three-dimensional structure of trabecular bone has only recently become feasible due
to the availability of high-resolution micro-CT scanning and high-throughput computing. Trabecular
bone is a complex, porous three-dimensional structure consisting of interconnected bony struts called

trabeculae, which is found inside joints across the skeleton. Trabecular bone combines strength and
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stiffness with minimal weight for optimal load transfer, following the rules of mathematical design
(Huiskes et al., 2000; Ruimerman et al., 2005; Reznikov et al., 2016). Due to their different structural
organization and material composition, the mechanical properties of cortical and trabecular bone differ
substantially. Cortical bone is stiffer than trabecular bone, being able to withstand greater stress, but
substantially less strain before failure (Frankel and Nording, 2012). Trabeculae are thought to be
oriented in line with principal loads, making them efficient at load bearing, a concept known as
Wolff’s law (Wolff, 1867; Gefen and Seliktar, 2004) or bone functional adaptation (Ruff, 2008). The
principles of Wolff’s law can be observed in the human foot where trabeculae are aligned to the
principal directions of mechanical stress (Figure 1.1). This non-random structural optimization is
accomplished through the removal of bone in unstrained areas and deposition of bone in strained areas
(Currey, 1984, 2002; Rubin et al., 2002).

Distal Proximal

Plantar

Figure 1.1. Sagittal cross-section of a mummified human foot demonstrating the alignment of the
trabecular structure to principal loading directions.

The annual turnover rate of cortical bone in adult humans is about 2-3%, whereas the rate is
approximately 25% in trabecular bone (Eriksen, 1986), although these percentages vary considerably
based on anatomical location and local loading conditions (Menkes et al., 1993; Parfitt, 2002). Due to
its complex structure and high remodeling rate, trabecular bone may be more dynamic in its response
to mechanical loading than cortical bone (Huiskes et al., 2000; Ryan and Krovitz, 2006; Barak et al.,
2011; Ryan and Shaw, 2012). Experimental and modelling data suggest a strong correlation between
habitual mechanical loading and trabecular architectural properties, total bone volume, and elastic,
yield, and strength properties (Odgaard et al., 1997; Huiskes et al., 2000; Pontzer et al., 2006; Fajardo
et al., 2007; Rincon-Kohli and Zysset, 2009; Barak et al., 2011; Lazenby et al., 2011a; Ryan and
Shaw, 2012; Zeininger, 2013; Tsegai et al., 2013; Saers et al., 2016). Theoretically, trabecular bone
should be an effective proxy of behaviour in fossils and for distinguishing locomotor correlates from
phylogenetic baggage (Macchiarelli et al., 1999; Fajardo and Mudiller, 2001; Ryan and Shaw, 2012;
Zeininger, 2013; Skinner et al., 2015). External bone morphology can arguably be unused retentions of
ancestral traits that are no longer functional and provide a false indication of habitual behaviour

(Gould and Lewontin, 1979; Ward, 2002). The internal trabecular structure of bone may not be as
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strictly bound by a genetic bauplan as the external features. Combined with its sensitivity to
mechanical loading and high remodeling rates, the analysis of trabecular bone functional adaptation

may provide a dynamic source of data reflecting the mechanical forces placed upon bones during life.

The three-dimensional structure of trabecular bone is often described using several trabecular

structural properties which are summarized in Table 1.1.

Table 1.1. Definitions of trabecular structural properties discussed in this thesis.

Measurement Abv. Units Description
Bone volume fraction BV/TV % Ratio of bone volume to total volume of interest
Degree of anisotropy DA - Extent to which trabeculae are similarly oriented

Trabecular thickness Th.Th mm  Average trabecular strut thickness
Trabecular spacing Th.Sp mm  Average distance between struts

Connectivity density Conn.D  mm™  Number of interconnected trabeculae per volume

Trabecular structural properties vary within and between skeletal elements (Skedros and Baucom,
2007; Rincon-Kohli and Zysset, 2009). Trabecular bone structure is anisotropic and therefore its
strength and stiffness depend on loading direction. Trabecular bone stiffness also depends on the type
of loading it is subjected to, it is much stiffer in compression than tension, and least stiff in shear
(Keaveny et al., 2001; Frankel and Nording, 2012). Combinations of structural properties and bone
volume have been shown to accurately reflect the true elastic, yield, and strength properties of
trabecular bone (Ulrich et al., 1999; Keaveny et al., 2001; Homminga et al., 2003; Rincén-Kohli and
Zysset, 2009; Maquer et al., 2015). Rincén-Kohli and Zysset (2009) quantified the morphological and
multi-axial strength properties of human trabecular bone cores taken from different skeletal sites. They
used bone core samples aligned to the primary material direction and applied uni-axial traction,
torsion, uni-axial compression, and three multi-axial compression tests. Afterwards, trabecular
properties were correlated to the experimentally derived elastic, yield, and strength properties. They
found that roughly 91% of the observed variation in measured mechanical properties could be
explained by a composite measure of bone volume fraction and trabecular architectural properties.
Magquer et al. (2015) found that BV/TV explained roughly 87% of variation in elastic properties of
trabecular bone from multiple individuals and anatomical locations. They found that a combination of
degree of anisotropy with BV/TV could predict 97% of bone elastic properties calculated using finite
element analysis. Adding other properties such as trabecular thickness or connectivity created only
marginal improvements (<1%). It is important to note that these structural properties are only an
approximation of actual mechanical properties. Structural properties are only averages of bone
properties within a selected volume of interest, and do not precisely reflect the geometry of the actual
trabecular structure. Studies using nanoindentation to measure the tissue elastic modulus have
demonstrated that the material composition of the trabecular bone varies within and between

individuals (Zysset et al., 1999). Measures of trabecular structural properties are unaffected by subtle
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damage within trabeculae and microcracks caused by material overloading. Several studies have
demonstrated that this small damage significantly reduces the apparent modulus of trabecular bone
(Zysset and Curnier, 1996; Kopperdahl et al., 2000). After many cyclic loadings, fatigue and creep
will also decrease trabecular bone strength through the accumulation of microdamage and
deformation, respectively. The exact creep and fatigue characteristics of trabecular bone are unknown
as bone is actively repaired by remodeling (Keaveny et al., 2001). It should therefore be kept in mind
that although trabecular bone structural properties are highly correlated to experimentally determined

mechanical properties, they are only approximations of actual bone strength.

Experiments have demonstrated that variation in trabecular properties and orientation corresponds to
variation in loading conditions within and amongst several animal species. Experimental studies on the
knees of guinea fowl (Pontzer et al., 2006) and the tarsals of sheep (Barak et al., 2011) have
demonstrated the functional response of trabecular bone architecture to the magnitude and the
direction of mechanical loads experienced. Barak and colleagues (2011) studied three groups of sheep:
one group was exercised daily on a horizontal treadmill, and one group was exercised daily on an
inclined treadmill which caused tarsal joint extension by 3-4.5° during peak loading. Additionally, the
tarsal joint angle of the incline group was maintained in a more extended posture throughout the day
by placing elevated platform shoes on their forelimbs. A third control group did not run but wore
platform shoes throughout the day. The sheep were obtained at the age of 3 weeks, and were exercised
15 minutes a day, 6 days a week, for 34 days. The exercised groups displayed significant differences
in trabecular structural properties compared to the non-exercised groups, including significantly higher
bone volume fraction (BV/TV), trabecular thickness (Tb.Th), trabecular number (Th.N), lower
trabecular spacing (Th.Sp), and less rod-shaped trabeculae (higher structure model index, SMI). The
orientation of trabeculae was 2.7 to 4.3° more obtuse in the incline group versus the horizontal group.
The non-exercised control group did not show any change in directionality of trabecular bone (Barak
et al.,, 2011). This suggests that the magnitude of forces placed upon the trabecular bone is an
important factor in remodeling, and that trabecular bone only remodels when subjected to strains
above a certain threshold. A similar study was conducted by Pontzer and colleagues on guinea fowl
where one group ran on a horizontal treadmill and the other on a 20° inclined treadmill, and found

similar differences in trabecular orientation within the knee (Pontzer et al., 2006).

Studies on inter-specific variation attempting to distinguish between locomotor modes of primates by
examining trabecular bone architecture have produced mixed results depending on experimental
design (Fajardo and Mudiller, 2001; Maga et al., 2006; Fajardo et al., 2007; Griffin et al., 2010; Ryan
and Walker, 2010; Lazenby et al., 2011 a; Saparin et al., 2011; Shaw and Ryan, 2012; Ryan and Shaw,
2012, 2013; Tsegai et al., 2013; Scherf et al., 2013). Significant variation in trabecular structures
between primates with different locomotor modes were found by Ryan and Shaw (2012). They used
multivariate discriminant function analysis to compare suites of trabecular architectural properties

rather than individual properties, which allowed them to accurately distinguish between locomotor
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groups. Scherf et al. (2013) also adopted this approach in their study of the proximal humerus of
humans, orangutans and chimpanzees. Principal component analysis distinguished between the three
taxa and enabled a structural characterization of the humeral trabecular bone of each species. The
authors attributed differences in trabecular organization to variation in loading patterns associated with
different activity patterns. Maga et al. (2006) comapred the trabecular structure of the calcanei of a
small sample of 2 humans, 2 chimpanzees, 1 gorilla and 1 orangutan. They found large differences
between humans and the other primates, but were not able to determine the differences statistically due
to low sample size. The most striking differences were in DA, conforming to the expectation that more
humans load their calcanei in more uniform ways compared to the other primates in the sample (Maga
et al., 2006). Griffin and colleagues (2010 b) investigated the presence of a locomotor signal in the
metatarsals and phalanges of extant hominins. They observed that trabecular structures within the
metatarsal head of humans were more anisotropic compared to the other primates. Differences were
most prominent in the dorsal aspect of the metatarsal head, which they argues may be related to a

propulsive function of the forefoot that is unique to humans (Griffin et al., 2010).

Several researchers have examined the trabecular bone morphology of fossil hominins compared to
modern humans and other extant primates. Barak et al. (2013) investigated trabecular structural
organization of the distal tibia to assess whether Australopithecus africanus walked with an extended
knee like modern humans or a flexed knee like chimpanzees. They observed that human ankles were
10° more plantarflexed during midstance compared to chimpanzees. Results suggested that the
trabecular orientation of the Australopithecus was similar to that of humans but not of chimpanzees.
Trabecular structural properties were different in all three groups, with Australopithecus falling mostly
between the values of humans and chimpanzees. Earlier work has demonstrated that the lateral part of
the tibial distal articular surface bears the highest loads (Kimizuka et al., 1980). Barak and colleagues
(2013) found this also to be reflected in the trabecular architecture of all three species, and suggest that
this may be a primitive trait. DeSilva and Devlin (2012) compared the trabecular organization of
human tali to other primates and fossil australopiths. They did not manage to find a specific locomotor
signature between species and argue that talar trabecular structure is highly conservative.
Alternatively, the lack of a clear locomotor signal may have been a consequence of their study design.
The authors examined trabecular bone from four arbitrarily divided quadrants, possibly averaging out
any variation in the process. They also did not investigate trabecular orientation. Su and colleagues
(2013) investigated the talar trabecular bone orientation of humans, chimpanzees, gorillas, orang-utans
and the KNM-ER 1464 Early Pleistocene hominin (typically assigned to Paranthropus boisei). They
examined nine volumes of interest taken just below the talar trochlea, where a functional loading
signal might be more readily indentified. The authors found that humans have more anisotropic
trabeculae and higher inter regional variation in anisotropy than the comparative species. This
conforms to expectations that humans load their tali in a uniform direction during bipedal terrestrial

locomotion whereas other apes load their tali in more variable directions by combining terrestrial and
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arboreal mobility. The fossil talus of KNM-ER 1464 showed a mix of similarities to both humans and
non-human apes in different locations, conform to the current consensus that although habitually
bipedal, its locomotion was likely different than that of modern humans and included a possible
arboreal component. Macchiarelli and colleagues (1999) studied the pelvis of South African
australopiths compared to humans and primates and also came to the conclusion that Australopithecus

falls somewhere between modern humans and extant apes in pelvic trabecular morphology.

Numerous alleles have been associated with variation in trabecular structure and the norms of reaction
to mechanical loading (Robling et al., 2003, 2007; Judex et al., 2004; Kesavan et al., 2006; Wallace et
al., 2012, 2017). Growth must be canalized and regulated to a degree in order to ensure that normal
development can proceed regardless of environmental conditions (Badyaev and Martin, 2000). As a
result, many components of body size, shape, and bone morphology are genetically canalized to some
extent (Lovejoy et al., 2003; Dubois et al., 2007; Wells and Stock, 2007, 2011; Morris et al., 2012;
Wallace et al., 2012). Cunningham and Black (2009) found similar trabecular structures in the ilium of
neonates and adults that were previously thought to be adaptive to bipedal locomotion. They argue that
the observed trabecular patterning in the ilium may be indicative of a predetermined template upon
which functional locomotor influences are superimposed at a later age. It has been suggested that
certain genes control site-specific bone distribution (Turner et al., 2000; Judex et al., 2004). Turner et
al. (2000) compared the cortical and trabecular bone structures in two strains of inbred mice in the
femoral midshaft, femoral neck, and the lumber vertebrae. The C3H/HeJ group of mice are associated
with high cortical bone strength, but possessed low trabecular bone strength compared to B6 mice.
The lack of trabecular strengthening in the C3H strain may be caused by site specific genetic factors,
but it may also be that the increased cortical bone buffers strains reducing the need for a strong
trabecular structure. However, no correlation was found between cortical thickness and vertebral
strength. This research does demonstrate that the observation of greater femoral bone strength does not
imply greater bone strength across the entire skeleton. Judex et al. (2004) further examined the site
specific effects of genes on cortical and trabecular bone structure in three distinct strains of mice who
had been previously labeled low, medium, and high BMD based on whole bone density. Their results
indicate that genetic control of bone structure is highly site-specific. Studies using exogenous limb
loading have demonstrated that some inbred mouse strains require more diaphyseal deformation to
prompt osteogenesis, and show lower increases with deformation (Akhter et al., 1998; Robling and
Turner, 2002; Kesavan et al., 2005). Over eighty percent of genetic diversity in humans in found
within populations (Li et al., 2008), and there is little evidence that alleles affecting bone mechano-
responsiveness are unequally distributed between populations (Styrkarsdottir et al., 2010). Thus, there
is little reason to believe that analyses that test differences in bone structure between large enough
samples of populations should be biased by genetic factors (Wallace et al., 2017). However, recent
research using outbred mice suggests that differences in the norms of reaction to loading may be found

in separate populations (Wallace et al., 2015).
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The effects of diet on trabecular bone structure are not well known. Jatkar et al. (2016) compared
cortical and trabecular bone of mice fed for 15 weeks with a high-fat, high fructose, or control diets.
They found that the high-fat diet increased osteoclastogenesis and leptin levels, and significantly
decreased trabecular bone volume fraction and cortical thickness compared to the other two diets.
Fructose consumption did not affect bone or fat mass, however, it did singificantly compromise bone
stiffness (Jatkar et al., 2016). Minimal differences were found in body mass between the three
categories of mice only at the end of the 15 week period. High-protein diets are also thought to be
detrimental to bone mass. The effects of protein intake on bone are dose-dependent, and also depend
on calcium intake and the intake of Vitamin D (Agarwal, 2007). Mixed results regarding the
relationship between calcium intake and bone fragility are found in the clinical literature. Calcium
supplementation has been demonstrated to be ineffective in preventing bone loss in older women
(Elders et al., 1994), and in preventing fractures (Feskanich et al., 1994), or even promoting fractures
(Abelow et al., 1992).

The effects of temperature on trabecular bone during growth and development are not well
understood, but cold dwelling humans also have been demonstrated to possess lower cortical thickness
than those from warmer environments (Wallace et al., 2014; Devlin et al., 2016). Devlin et al. (2016)
tested the hypothesis that trabecular bone mass acquisition would reduce in groups of growing mice
housed in habitats at different temperatures with ad libitum access to food and water. They found mice
housed at 66-72 °F showed 43-66% lower BV/TV and 35-46% lower Th.Th than mice held at 78 °F.
These results indicate that temperature has a significant effect on bone structure, despite unrestricted

access to energy and water.

Overall, the studies described here suggest that trabecular bone dynamically adjusts and realigns itself
in relation to changes in peak loading direction of mechanical stress. While the effects of
environmental variables such as climate, diet, health, age, and (epi-) genetics on cortical bone
variation are relatively well studied, this is not yet the case for trabecular bone. Trabecular bone
structure is clearly not exclusively shaped by mechanical loading. However, its apparent
responsiveness to loading combined with its rapid remodeling rate and complex structure theoretically
makes trabecular bone a suitable proxy for inferring behaviour in fossil and archaeological samples

when all factors are carefully considered.

Trabecular bone ontogeny

Bone growth occurs via the transformation of growth plate cartilage into bone through a series of cell
and matrix changes (Byers et al., 2000; Parfitt et al., 2000; Burr and Organ, 2017). The transformation
from growth plate cartilage to trabecular bone is similar amongst mammals, indicating a highly
conserved process (Frost and Jee, 1994 a; Byers et al., 2000). This process sets up a basic trabecular
structure which is later modified through biological and mechanical factors (Ryan et al., 2017). Byers
et al. (2000) found that BV/TV and Th.Th increased and trabecular number decreased with age, and

26



that trabecular structure changed most rapidly during the first year of life. Frost and Jee (1994 b) argue
that the effects of mechanical usage during this period of rapid bone growth explain many of the
features observed during the ossification process. They propose a model which states that mechanical
strain is the controlling mechanism for endochondral ossification, in which the underloaded elements
of the dense bone structure during the first years of life are removed and bone is added in strained
areas, resulting in a mechanically adapted state (Frost and Jee, 1994 b). This model correctly predicts
observations of bone loss at early stages of ontogeny, and explains it as the result of the removal of
redundant material based on mechanical loading. Most work on trabecular bone ontogeny has been
performed on a range of mammal species (Nafei et al., 2000; Tanck et al., 2001; Wolschrijn and
Weijs, 2004). In a study on pig vertebrae and tibiae Tanck et al. (2001) found that BV/TV and
anisotropy increase with age and body mass, with a time-lag between increases in bone mass and
anisotropy. They argue that bone mass is added first, and subsequently refined into an efficiently
oriented structure. This process was also found in two studies of human trabecular ontogeny (Ryan
and Krovitz, 2006; Gosman and Ketcham, 2009). Ryan and Krovitz (2006) examined femoral
trabecular bone properties in humans. The authors analysed the trabecular structure of the femoral
head of 15 children aged between 6 months and 3 years. The individuals belonged to a group of
village agriculturalists from the Norris Farms #36 site from the lllinois River Valley, USA, dated to
1300AD. Gosman and Ketcham (2009) studied the proximal tibia of subadults from an archaeological
skeletal sample from Sunwatch Village, also an agriculturalist site from the Late Prehistoric Ohio
Valley. Both studies found similar patterns in the proximal tibia and the femoral head. At birth,
trabecular architecture is dense and constructed of numerous small anisotropic trabeculae. During the
first year of life bone volume, anisotropy, and trabecular number decrease. Trabecular bone is
subsequently reorganized through biological and mechanical factors resulting in fewer, thicker, and
more complexly organized systems of trabeculae (Ryan and Krovitz, 2006; Gosman and Ketcham,
2009). The results from studies on humans and other animals suggest a similarity in the developmental
process of trabecular bone across species and anatomical sites. Primary trabecular bone is deposited
dense and uniformly oriented across studies. However, these initial structures then appear to remodel

rapidly into diverging morphologies under the influence of mechanical loading.

Allometry

Body size is a vital aspect of an animal’s biology and it has important functional implications for an
organism. If an organism scales isometrically, a two-fold increase length will result in a four-fold
increase in surface area, and an eight-fold increase in mass and volume. Its body needs to support
eight times more mass with bone and muscle strength that has only increased four times, creating a
mismatch between scaling and physical demands. A scaling relationship is called allometric when

traits scale in any other way than the above described isometry.

Research has demonstrated that trabecular properties scale to increases in body size in different ways
(Swartz et al., 1998; Doube et al., 2011; Ryan and Shaw, 2013). Trabecular thickness scales negatively
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or not at all with body size, thus trabeculae are relatively larger in small bodied taxa compared to
larger ones (Fajardo and Muiller, 2001). Smaller bodied taxa also have relatively fewer trabeculae, and
they have a larger percentage of trabeculae that connect to cortical bone instead of other trabeculae
(Swartz et al., 1998). Swartz and colleagues (1998) calculated trabecular lengths and diameters using
cross-sections of humeral head trabecular bone of mammals ranging in size between 40000 and
0.004kg and found a strong negative allometry across the sample. However, in a sample containing
only bats, Swartz and colleagues (1998) found an isometric scaling relationship between trabecular
thickness and body size. This raised the possibility of a phylogenetic effect on this relationship or
different relationships between trabecular structure and animals of different body sizes. The
relationship between body mass and trabecular properties was further investigated recently using
three-dimensional uCT scanning (Doube et al., 2011; Ryan and Shaw, 2013). Ryan and Shaw (2013)
investigated scaling relationships in the humerus and the femur of a group of 34 genera of primates
covering a range of body sizes between 0.06 and 230kg. The authors found that BV/TV, Tb.Th, and
Th.Sp. increased with body size whereas the ratio of bone surface area to volume decreased. Th.N,
DA, and Conn.D scaled inversely with body size. They found that most of these variables scaled with
significant negative allometry except bone surface area to volume ratio which scaled with positive
allometry. A slight positive relationship between BV/TV and body size was found in primates by Ryan
and Shaw (2013) and in mammals and birds by Doube et al. (2011). This relationship approaches
isometry but still significantly deviates from it. There are several possible avenues by which trabecular
bone mass can increase with body size, such as by simply increasing trabecular thickness or number.
Ryan and Shaw (2013) noted that larger primates possess absolutely larger and more widely spaced
trabeculae but that they are relatively thinner and more closely packed when accounting for
differences in body size. It thus appears that increased BV/TV with body size is reached by a
combination of increased Th.Th, Conn.D, and Th.N. Theoretically the most efficient way of reducing
strain would be to just increase Th.Th, however trabecular thickness is constrained by osteocyte
function. Osteocytes can only function at a distance of 0.230mm away from the bone surface
(Lozupone and Favia, 1990). This constrains the maximum width of trabeculae to twice this size:
0.460mm. Shaw and Ryan (2013) suggest that this limitation to Th.Th forces larger animals to
compensate for the increased loading through other means such as cortical bone adaptation, and

different postures and gait speeds.

Aims and structure of the thesis

Interest is rising in using trabecular structure as a potential proxy for inferring behaviour in the past.
Over the last decade, anthropological work has focused on correlating variation in primate trabecular
bone to locomotor and masticatory function, to provide a context for the interpretation of fossil
morphology. The variation found within species and its underlying mechanisms are still poorly
understood. To address this deficit, this thesis focuses on understanding variation in trabecular bone
structure in the human foot.
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The main aims of this project is to determine whether archaeologically inferred levels of terrestrial
mobility (here defined as the sum of all lower limb locomotor loading) significantly correlate to
variation in trabecular structure in the foot in past populations. The foot was chosen because the
biomechanics of bipedal locomotion are similar across human populations, but the levels of terrestrial
mobility differ. Population-wide estimates of terrestrial mobility can be inferred using archaeological
data. Predictions can therefore be tested regarding how trabecular structure should respond to

differences in terrestrial mobility based on the experimental literature.

There are numerous factors besides habitual loading that underlie trabecular bone morphology. Before
the effects of behavioural variation can be examined, the contributions of non-behavioural factors
must be understood. A large portion of this thesis is dedicated to elucidating the relationship between
trabecular bone morphology and important variables such as body mass, bone size, age, and sex. This
research assesses the suitability of trabecular bone as a proxy for inferring behaviour in the past by

examining numerous factors underlying trabecular bone structure in past populations.

The materials and methods used in this dissertation are described in the remainder of this chapter. All
following chapters will include a review of the relevant literature and an overview of the statistics
used. In Chapter 2 the internal trabecular structure of the talus, calcaneus, and first metatarsal is
explored in the context of mechanical loading during bipedal gait. Based on these findings 17 volumes
of interest are placed for quantitative analysis of trabecular structure. Variation in body mass and
external bone dimensions in four archaeological populations are explored in Chapter 3, followed by an
examination of the correlations of these variables on trabecular structure. The relationship between
trabecular properties and body mass is assessed in relation to the literature on interspecific trabecular
bone allometry in Chapter 4. Results from this chapter are used to correct for the significant effects of
body mass in subsequent analyses. In Chapter 5 sexual dimorphism in trabecular bone structure is
examined in all four populations. Sexual dimorphism did not vary according to predictions based on
sexual dimorphism in lower limb diaphyseal rigidity in most populations. Trabecular bone mass
reduces significantly with age, leading to an epidemic of osteoporosis in modern industrial
populations. Chapter 6 explores age-related bone loss in the archaeological populations. Trabecular
structure is investigated in relation to terrestrial mobility levels in two mobile and two sedentary
human populations in Chapter 7. Results indicate that all four populations have a similar distribution
of trabecular properties throughout the foot with a signal of mobility superimposed upon it. Greater
inferred mobility associated with greater bone volume fraction, thicker, more widely-spaced, and
fewer trabeculae. The ontogeny of trabecular structure is described for the human calcaneus in Chapter
8. This chapter examines how the complex trabecular structures found in adult calcanei are established
during growth and explores the roles of the development of bipedal gait and increases in body mass in
shaping the calcaneus. The thesis is concluded with a summary of the results and future directions in
Chapter 9.
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Materials and methods

Populations

Five archaeological populations spanning three continents and roughly 4000 years are examined in the
current study (Table 1.2). Populations were chosen based on levels of terrestrial mobility and
availability for uCT scanning. The project was originally designed to focus on northeast Africa to
minimise the potential effects of environmental, climatic, and genetic factors on trabecular bone
variation. Unfortunately, it was logistically not possible to obtain access to additional mobile and
sedentary populations housed at the British Museum in London. To obtain a suitable size of two
sedentary and two mobile populations the Black Earth hunter gatherers and sedentary medieval St.
Johns population were chosen. A total of eighty adult calcanei, tali and first metatarsals (Figure 1.2)
were collected from four human archaeological populations, resulting in the largest intra-species
sample published to date. Twenty-five juvenile calcanei from individuals aged between 0 and 20 years
were studied from two populations. Bones were taken from the best-preserved side, preferentially all
from the same side. Individuals showing evidence of movement impairing pathologies were excluded.

Individuals showing signs of old age were not included unless no alternatives were available.

First metatarsal -

Talus

— Calcaneus

Figure 1.2. A human foot indicating the position of the calcaneus (heel), talus (ankle) and first
metatarsal.

Table 1.2. Summary information of study populations used. M=male, F=female, I=indeterminate.

Population Location Date Subsistence  Demography Relative
strategy mobility
Black Earth Ilinois, 3000 BC  Foragers M=11, F=9 High
USA
Jebel Moya Sudan 100 BC Pastoralists M=11, F=3, I=6 High
AD 1000
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Norris Farms  lllinois, AD 1300 Village Juveniles: 1=13 Intermediate
USA agriculture
and foraging

Kerma Sudan 2100 BC  Agriculture M=13, F=7 Low
1500 BC
St. Johns Cambridge, AD 1230 Urban Adults: M=10, F=10 Low
UK AD 1511 Juveniles: 1=12

Populations are assigned to either high or low mobility categories based on subsistence strategy and
archaeological evidence. Mobility is defined here as the total sum of all locomotor activities using the
lower limb (Pearson et al., 2014). The mobile Black Earth forager population is from southern Illinois,
USA, and is dated to 3000 B.C. The site has been interpreted as a multi-season forager base camp
(Jefferies and Avery, 1982; Jefferies, 2013). The Norris Farms #36 population hails from central
lllinois, USA, and is associated with the Oneota culture. Dated to approximately 1300 A.D., the
people from Norris Farms #36 practised a form of village agriculture supplemented with foraging
(Birmingham and Eisenberg, 2000). The sedentary North African Kerma are from the ancient Nubian
city of Kerma, one of the first urban centres that arose in eastern Africa, dated between 2100 and 1500
BC (Thompson et al., 2008; Nikita et al., 2011). The mobile Jebel Moya are a mobile Nubian pastoral
population dated between 100 BC and AD 1000 (Mukherjee et al., 1955; Brass, 2015a). The sedentary
urban St. Johns population comes from a hospital cemetery in medieval Cambridge, UK, that was used
between 1230 and 1511 AD. The archaeological, behavioural, and biomechanical data available for

these populations are described in detail in Appendix 1.1.

Chapters 2 to 7 examine variation in adult trabecular structure in four populations: Black Earth, Jebel
Moya, Kerma, and St. Johns. In chapter 8 ontogeny is explored using juveniles from the Norris Farms

and St. Johns populations.

Body mass, age, and sex estimation
Body mass (BM, in kg) was estimated from measures of femoral head diameter (FHD, in mm),
measured to 0.01 mm using Mitutoyo digital callipers. Body mass was calculated as the average of

three equations as recommended by Pomeroy and Stock (2012):

e BM =2.2393 x FHD — 39.9 (McHenry, 1992)
e BM=22683x FHD - 36.5 (Grine et al., 1995)
e BMdJ =2.7413 x FHD - 54.9; BMQ = 2.426 x FHD — 35.1 (Ruff et al., 1991)

Individuals showing signs of old age were excluded during sample collection. Individuals were first

selected based on preservation and excluded when general signs pathology or old age. Sex and age-at-

death estimates for the Kerma, Norris Farms and Black Earth populations were taken from existing

museum collection records while the ages for St. Johns were obtained from the archaeological site
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report (Cessford, 2012). Age-at-death for the Black Earth individuals was estimated using the
multifactorial method described in (Lovejoy et al., 1985), and transition analysis was used to estimate
age-at-death for the Norris Farms (Milner and Smith, 1990). The mean ages in years for the Black
Earth sample were 31.3 + 4.39 for the males and 35 + 9.51 for the females. The median ages (non-
normal distribution) for the Norris Farms sample were 31.36 + 4.39 for males and 26.9 + 6.95 for the
females. For St. Johns and Kerma, age was determined using pelvic traits (Brooks and Suchey, 1990)
and molar wear (Brothwell, 1981). Three broad age categories were used: young adult 18-25, mature
adult 26-45, old adult >46 (Brothwell, 1981; Brooks and Suchey, 1990; Buikstra and Ubelaker, 1994).
The Jebel Moya could not be aged due to the fragmentary and incomplete nature of the collection. The
Black Earth and Norris Farms were placed in the same broad categories as the Kerma and St. Johns.
The sex of the all individuals was determined by pelvic and skull traits using the standards by Buikstra
and Ubelaker (1994).

HCT scanning and analysis

The juvenile Norris Farms calcanei of the were scanned on the ONMI-X HD600 High-Resolution X-
ray computed tomography (HRCT) scanner at the Center for Quantitative Imaging (CQI),
Pennsylvania State University (Ryan and Krovitz, 2006; Shaw and Ryan, 2012; Macintosh et al.,
2013; Ryan and Shaw, 2015). HRCT scans were made using optimised energy settings using source
energy settings 180 kV, 110 yA, and between 2800 and 4800 views. The Black Earth talus, calcaneus,
and first metatarsals were later scanned at the same facility using a GE v|tome|x L300 multi-scale
nano/microCT system. Resolutions obtained are 43um for the calcaneus, 39um for the MT1 and 32um
for the talus, using 1080 views, and an exposure of 1 second. The Kerma, Jebel Moya, and St. Johns
specimens were scanned using an identical protocol with a Nikon XTH 225 ST HRCT laboratory
scanning system at the Cambridge Biotomography Centre, Uni