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Abstract

This thesis aims to assess if biting mechanics drives craniofacial morphology in
recent hominins. To that end, a virtual functional morphology toolkit, that includes
Finite Element Analysis (FEA) and Geometric Morphometrics (GM), is used to
simulate biting, measure bite force and quantify deformations arising due to simulated
biting in Homo sapiens and its proposed ancestral species, Homo heidelbergensis.
Moreover, the mechanical significance of the frontal sinus and of the brow-ridge is also
assessed in Kabwe 1 (a Homo heidelbergensis specimen). The frontal sinus is examined
by comparing the mechanical performance in three FE models with varying sinus
morphology. A similar approach is applied to the brow-ridge study. This approach
relies on the assumption that FEA approximates reality. Thus, a validation study
compares the deformations experienced by a real cranium under experimental loading
with those experienced by an FE model under equivalent virtual loading to verify this
assumption. A sensitivity analysis examines how simplifications in segmentation
impact on FEA results. Lastly, the virtual reconstruction of Kabwe 1 is described.

Results show that prediction of absolute strain magnitudes is not precise, but the
distribution of regions of larger and smaller (i.e. pattern of) deformations experienced
by the real cranium is reasonably approximated by FEA, despite discrepancies in the
alveolus. Simplification of segmentation stiffens the model but has no impact on the
pattern of deformations, with the exception of the alveolus. Comparison of the biting
performance of Kabwe 1 and H. sapiens suggests that morphological differences
between the two species are likely not driven by selection of the masticatory system.
Frontal sinus morphogenesis and morphology are possibly impacted by biting
mechanics in the sense that very low strains are experienced by this region. Because
bone adapts to strains, the frontal sinus is possibly impacted by this mechanism. Lastly,
biting mechanics has limited impact on brow-ridge morphology and does not explain
fully the enormous brow-ridge of Kabwe 1. Hence, other explanations are necessary to

explain this prominent feature.
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1 Introduction



1.1 Introduction

“Perhaps the most powerful influence on facial morphology is the masticatory
system and it is this system in particular that dominates the morphology of the upper,
middle and lower face of hominoids” (Aiello and Dean, 1990, p. 196)

Feeding has been hypothesized as one of the major influences on hominin facial
morphology. This dissertation addresses this hypothesis in that it examines the linkages
between facial form and masticatory system loading in recent hominins. Specifically, it
compares the biting performance of H. sapiens to that of its hypothesized ancestral
species, H. heidelbergensis, and considers if biting mechanics drives morphological
differences between these two hominin species. It also assesses how frontal sinus and
brow-ridge morphology relate to the mechanics of biting. These studies use finite
element analysis (FEA) to predict deformations and bite force. Thus the thesis begins
by testing the premise that FEA results approximate reality followed by an assessment
of how model building and constraining approaches impact model performance. The
dissertation is therefore divided into four main sections. This introduction provides a
literature review of previous research relevant to the dissertation. Chapters two, three
and four test FEA and describe model construction. Chapters five, six and seven
address the above mentioned biologically pertinent questions. Lastly, chapter eight

reviews the conclusions of this study by drawing together its findings.

The literature review of Chapter 1 begins by reviewing the mechanical
functioning of bone, which impacts the ability of the cranium to generate and resist bite
forces. In resisting bites the cranium deforms and these deformations are sensed by
bone, triggering bone adaptation as necessary, thereby impacting on bone form. Bone
mechanics and mechanical adaptation are therefore reviewed in section 1.2.

Despite the intertwining of form and function, prediction of cranial function
from form is not straightforward, in part because of technological limitations, and in
part because form is not necessarily related to mechanical function. Thus, selection
acting on a given cranial component inevitably impacts on contiguous modules. Even,

if selection is not driven by a mechanical function, the resulting anatomy might in itself
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have secondary mechanical consequences. Section 1.3 thus reviews studies of hominin
cranial form and function and focuses on the limitations of functional inference from
form.

Next, the key morphological characteristics and contrasts between the two
species examined in this dissertation, H. sapiens and H. heidelbergensis, are described
(section 1.4). Lastly, section 1.5 provides a review of methods commonly used to
quantitatively compare form and function, along with a detailed description of the
methods that will be used throughout the dissertation (Geometric Morphometrics - GM
- and FEA).

Chapter 2 presents a validation study of a voxel based FE model in which the
strains experienced by a real cadaveric modern human cranium are compared to those
predicted by an FE model of the same cranium under equivalent loading conditions. To
that end, the cadaveric human cranium is physically loaded and the deformations
experienced are recorded using digital speckle pattern interferometry (DSPI). A finite
element model of that same cranium is then virtually loaded and the experienced strains
are compared to those of the real cranium. This study is relevant because FEA is used
extensively throughout this dissertation to predict deformations and reaction forces
(used as proxy for bite force). FEA is grounded on the premise that it approximates
reality and thus it has been suggested that every FEA should include a validation study.
Furthermore, this study is used to guide the construction of the model of Kabwe 1. This
is because validation studies are not possible with the fossil, and so best practice
learned from an extant related taxon is all that is available to guide the process of

segmentation.

The accuracy and precision of FEA is impacted by modelling decisions of input
variables such anatomy and material properties of the model. Because fossils are
usually incomplete, fragmented and invaded by sedimentary matrix they often require
simplifications of internal anatomy, such as modelling of cancellous bone as a bulk
material or even not distinguishing between cortical and cancellous bone. These
simplifications impact on the accuracy and precision of FEA predictions. Hence, it is
important to assess the impact of varying modelling decisions and simplifications of
anatomy and material properties on FEA based predictions of deformation under biting

loads. Chapter 3 therefore consists of a sensitivity study that assesses the impact of
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model simplification. It compares the strains experienced by a detailed model
comprising distinct cortical bone, cancellous bone and teeth with models of decreasing
material complexity; a model with material properties of only cortical bone and teeth,

and a model with properties of cortical bone applied to all structures.

Chapter 4 describes the virtual reconstruction of Kabwe 1, a representative of H.
heidelbergensis used in chapter five and as a reference specimen in chapters six and
seven. Despite being extremely well preserved, this fossil presents some missing
anatomical regions that required reconstruction. Because reconstructions, physical and
virtual, involve some degree of subjectivity it is relevant to describe the full

reconstruction process applied to this model.

Chapter 5 compares biting performance between H. sapiens and H.
heidelbergensis assessing the extent to which differences in performance are consistent
with selection for changes in masticatory apparatus functioning. To this end, the biting
performance in a modern human is compared to that of Kabwe 1. Biting performance is
assessed in terms of the ability to generate and resist bite forces. The ability to generate
bite forces is predicted through the application of principles of lever mechanics and
through bite forces produced by the FEA model (measured as reaction forces at bite
points). Ability to resist biting is assessed by comparing local (predicted strains, using

FEA) and global deformations (how crania deform as a whole, using GM).

Chapter 6 addresses frontal sinus morphogenesis and function, which has been
hypothesized to be impacted by biting mechanics. Kabwe 1 has an extremely large
frontal sinus traversed by bony struts and thus is a privileged individual to test this
hypothesis. Chapter 6 therefore compares three FE models of this fossil among which
only the representation of frontal sinus morphology differs. The performance of the
model with original sinus morphology is compared to that of another with a completely
hollow sinus and to that with an infilled sinus. Performance is assessed based on local
(strains from FEA) and global (changes in size and shape assessed using GM) modes of

deformation.

Chapter 7 explores the mechanical relevance of the massive brow-ridge in

Kabwe 1. The brow-ridge has been hypothesized to perform as a stabilizing element of



Recent hominin cranial form and function | 19

the cranium during biting. Thus, its morphology has been said to be impacted by biting.
To test this hypothesis the morphology of the brow-ridge is manipulated while
maintaining the remaining anatomy constant. One model presents the original
morphology of the brow-ridge, another a brow-ridge reduced to a minimum and the
other a post-orbital sulcus to approximate the morphology of other species that present
this structure. Local and global deformations are then compared to assess if changing
the morphology of the brow-ridge impacts on the deformations experienced, if form

may be explained purely by mechanics or if other factors have to be considered.

Chapter 8 concludes the thesis by drawing together and summarizing its

findings and by looking forward to future advances in the field.

1.2 Bone biomechanical function and adaptation

Bones provide protection for the internal organs and a lever system that enables
movement (Marieb, 1992; Lindsay, 1996; Larsen, 2002; Cael, 2010; Kerr, 2010). When
loaded, bone experiences forces that stress and deform (strain) it in multiple ways, and
as a living, dynamic and mechanosensitive tissue it adapts to the mechanical
environment (Currey, 2006). Mechanical adaptation impacts on the material properties
of bone, which are related to its micro and gross morphology (Cowin and Doty, 2007;
Ethier and Simmons, 2007; Katz, 2008). As such, this section includes a brief
description of bone structure, bone mechanical properties and bone mechanical

adaptation.

1.2.1 Bone structure

Bone is a connective tissue with an extracellular matrix composed of an organic
phase (20%), mineral phase (70%) and water (10%) (Ethier and Simmons, 2007). The
organic component, or osteoid, is secreted by osteoblasts in the first stage of
ossification. Osteoid mainly comprises collagen, which is laid down in the form of
fibrils that aggregate and form collagen fibres. In the second stage, the organic material
mineralizes, by hydroxyapatite crystallization within the osteoid, thus forming the
mineral component of bone (Lindsay, 1996; Junqueira and Carneiro, 2003). When the

ossification process is rapid with haphazard secretion of collagen fibres, woven bone is
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formed. In contrast, lamellar bone is deposited slowly and formed by parallel arrays of
collagen fibres arranged in layers (lamellae). Orientation of the collagen fibres is
consistent within each lamella but different among layers, thus presenting a plywood-
like organization (Giraud-Guille, 1988; Lieberman, 2011).

Ossification gives rise to two macrostructurally different types of bone, compact
(also referred to as cortical) and trabecular (or cancellous) (Lindsay, 1996; Junqueira
and Carneiro, 2003; White and Folkens, 2005). Compact bone forms most of the
external surface, or cortex, of bones and is covered by the periosteum on the outer
surface, the endosteum on the inner surface and cartilage on the articular surfaces
(White and Folkens, 2005). The most external layer of cortical bone is formed by the
external circumferential lamellae, which are thin (+/- 5 pm thick) sheets of lamellar
bone that cover the internal osteons. Osteons are cylindrical structures organized
around a central (Haversian) canal and are made up of several concentric lamellae that
have a maximum diameter of about 200 um, a length of approximately 1 cm and are
generally aligned parallel to the long axis of the bone (Cowin and Doty, 2007; Dechow
et al., 2008). Osteons are populated by osteocytes, bone cells located in the lacunae
among the lamellae. These bone cells are interconnected among themselves and with
bone lining cells (located on bone surfaces) by processes that extend through canals
known as canaliculi, forming a network throughout the bone (Lindsay, 1996; Cowin
and Doty, 2007). The Haversian canals communicate with each other, the periosteum
and the marrow cavity through the Volkmann's canals (Junqueira and Carneiro, 2003).
Despite all these microstructures, on average cortical bone presents a level of porosity
below 10%, although it is defined as bone with a porosity below 30% (Ethier and
Simmons, 2007).

Cancellous bone is mainly found in the extremities of long bones and vertebral
bodies (Parkinson and Fazzalari, 2013). Like compact bone it has a lamellar structure in
which the lamellae are generally, but not always, oriented parallel to the trabeculae
(Ethier and Simmons, 2007), but usually lacks the osteonal structure (Guo, 2001). It is
defined as bone that presents a porosity that ranges from 30% to 90% (Cowin and Doty,
2007), with bony rod-like (trabeculae) and plate-like structures enclosing three
dimensional interconnected open spaces, thus forming a cellular solid (Keaveny et al.,
2001). Trabecular bone is highly heterogeneous within and between bones and the
proportions of plate-like structures and rod like trabeculae vary considerably. The most

delicate architectures of trabecular bone, such as are found in deep parts of long bones,
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mainly present thin trabeculae that appear randomly oriented. At the other extreme, the
most robust arrangements of cancellous bone are mainly found under articular surfaces,
such as the head of the femur, and are made up of thick fenestrated plates (Singh, 1978)
that are oriented according to the direction of habitually experienced loads (Currey,

2006).

1.2.2 Bone mechanical properties

Studies of bone material properties most commonly assess the ability of bone to
resist deformation and failure due to applied forces at the micro and macrostructural
levels. While extensive and thorough studies describe multiple material properties (for
reviews see e.g. Cowin, 2001 and Currey, 2006) this section only presents a brief
overview of some of those properties.

Bone is a linearly elastic, inhomogeneous, anisotropic, ductile material (Cowin,
2001; Humphrey and Delange, 2004; Currey, 2006). This complexity in material
properties arises because bone is a highly intricate structure with several levels of
organization (Katz, 2008). The organization of tropocollagen molecules in collagen and
associated hydroxyapatite is denoted as the molecular level. The ultrastructural level is
related to the assemblage of the collagen fibrils and hydroxyapatite into fibres. The
microstructural level is associated with bone tissue, i.e., how collagen and
hydroxyapatite are arranged into woven or lamellar bone. The macrostructural level is
concerned with the whole bone and its material properties, which are impacted by all
levels of organization (Katz, 2008). Currey (2006) denotes bone material as the solid
that forms bone (i.e. material that makes the trabeculae in cancellous bone) and bone
tissue as the whole structure (i.e. bone material plus hollow spaces). This scheme is

used throughout this manuscript.

When a force is exerted, bone, like any other structure, undergoes stress (c) and
deforms (strain, €). Deformation is "sensed" by osteocytes and may trigger mechanical

adaptation (see below). Stress is defined as the ratio of force (F) to the cross sectional
area (A) of the bone to which it is applied (¢ = g). When the direction of the force is

perpendicular (normal) to a given plane normal stresses develop (tensile when the
structure is stretched, and compressive when compressed). When the force direction is

parallel to the plane shear stresses develop (Bird and Ross, 2012). Strain is measured in
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terms of the fractional changes in the dimensions of the bone due to loading and can be
expressed as € = AL—L, where AL represents length after deformation and L equals the

original length. Like stresses, strains can be compressive, tensile and shearing. In
compressive and tensile strains there are changes in form but none in the angle between
the sides of the structure analyzed. In shearing strains there are changes in form and a
change in the angle between two adjacent sides (Figure 1-1; Currey, 2006; Bird and
Ross, 2012).
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Figure 1-1: Examples of form changes due to tension (A), compression (B) and
shearing (C). Black arrows represent applied forces, dashed grey = original undeformed

geometry, and solid black = deformed geometry.

Most deformations experienced by bone are small and do not cause permanent
deformation, i.e. once the applied force is removed, bone returns to its original form.
This change in morphology is termed elastic deformation (Bird and Ross, 2012), in
bone it is linearly related and proportional to the applied force within the physiological
range of deformation (Currey, 2006). However, if the deformation exceeds the elastic
limit, then plastic deformation occurs and bone no longer recovers its original form. In
plastic deformation there is no proportionality between applied force and deformation
(Bird and Ross, 2012). Thus, bone is ductile in contrast to brittle materials, which
present no plastic or post-yield deformation and so, fracture (Figure 1-2; Currey, 2006;
Bird and Ross, 2012). The yield point (Figure 1-2) marks the limit of elastic
deformation, at which plastic deformation begins. Before this point on the stress-strain

curve it is linear. Its slope in this linear region is the modulus of elasticity (Young’s
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modulus, denoted by E), and is expressed in Pascals (Pa), which are Newtons per
square metre. The ultimate strength of a material is the highest point on the stress-strain

curve, and this often does not coincide with the failure point (Bird and Ross, 2012).
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Figure 1-2: Hypothetical stress-strain curves of a ductile (A) and a brittle

material (B).

Because of its complexity at the microstructural level, and due to variations in
density, mineralization, cortical and trabecular bone distribution and organization, bone
is an inhomogeneous structure that presents regional variation in its material properties
(Currey, 2006). As such, studies have reported differences in material properties within
bone tissue (e.g. interstitial lamellae and secondary osteons; Rho et al., 1999), within
the same bone (e.g. mandible; Dechow et al., 1993; Dechow et al. 2008) and between
bones (e.g. mandible, cranium and femur; Dechow et al., 1993; Dechow et al., 2008).
Differences in material properties within and between bones have been associated with
functional differences (Dechow et al., 1993; Dechow et al., 2008).

Another important material property of bone is anisotropy, thus presenting
differences in strength according to the direction of the applied force (e.g. a long bone
is stiffer if a force is applied along its shaft rather than perpendicular to it). Bone
anisotropy 1is associated not only with gross morphology but also with bone
microstructure, e.g., the three dimensional orientation of osteons (Currey, 2006;
Dechow et al., 2008). Thus, a study using nanoindentation to measure modulus of
elasticity reported values of 22.4 GPa in longitudinal loading of cortical bone tissue
(average of osteons and interstitial lamellae) and of 16.6 GPa in transverse loading

(Rho et al., 1999).
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Lastly, bone is viscoelastic, i.e. its modulus of elasticity depends on the rate at
which it is strained (strain-rate). It has been demonstrated that increases in strain rate
result in increases in modulus of elasticity of bone but the increase is very small under
normal physiological loading conditions (McElhaney, 1966; Currey, 2006).

It should be noted that the material properties reported for bone in different
studies are not always consistent. This has been attributed to two main factors,
differences in tested specimens and techniques used. Regarding the latter, two main
approaches have been used, mechanical and ultrasonic. While mechanical testing
directly assesses the elastic properties from resulting deformations, ultrasonic testing
measures the velocity of sound waves travelling through bone and commonly reports a
higher modulus of elasticity (Kim and Walsh, 1992).

Despite differences in results due to methodology and specimen choice, it is
clear that the material properties of bone vary according to the scale at which it is
examined. Microstructurally bone tissue, which includes trabecular and cortical tissue,
has been characterized as a fibre-reinforced composite, with tensile strength and post-
yield ductility provided by the collagen fibres and stiffness by the mineral component,
hydroxyapatite (Guo, 2001; Ethier and Simmons, 2007). Even though both cortical and
trabecular bone are lamellar, the latter is slightly less stiff than the former (e.g. the
elastic modulus in cortical bone ranges from 16.6 to 25.7 GPa while in trabecular bone
material it ranges from 15 to 19.4 GPa; Rho et al., 1999) due to structural and
compositional differences (Guo, 2001). Trabecular bone material has lower density,
higher water content and lower calcium content than cortical bone, thus making it less
stiff (Guo, 2001).

Compositional differences have been associated with a higher remodelling rate
in trabecular bone and the fact that freshly remodelled bone is less mineralized (Guo,
2001). Furthermore, at a larger scale cortical bone and cancellous bone (bulk) tissue
(trabeculae and the spaces between them) clearly have different material properties due
to the large differences in porosity and organization of the bone tissue (see above). The
modulus of elasticity for bulk cortical bone is about 16GPa while that of cancellous
tissue is about 1 GPa (Humphrey and Delange, 2004). These values are approximations
and do not portray the complexity and regional variability that both cortical (see above)
and cancellous bone tissue present. The mechanical properties of the latter, as a bulk
material, are a function of the arrangement of the trabeculae and of the apparent density

(mass of dry bone divided by volume of specimen) (Keaveny et al., 2001; Currey,
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2006). Thus, e.g., studies have reported moduli of elasticity in human cancellous bone
tissue that range from 4 to 350 MPa in the lower limb (Hodgskinson and Currey, 1992)
and 3.5 to 125.6 MPa in the mandible (Misch et al., 1999).

1.2.3 Bone mechanical adaptation

Bone growth and development is influenced by epigenetic factors such as the
mechanical loadings experienced during ontogeny (Moss, 1997a, 1997b; Carlson,
2005). Mechanical loading causes deformation, which is detected at the cellular level,
triggering a response that ultimately results in bone mechanical adaptation (Currey,
2006; Ruff et al., 2006; Klein-Nulend and Bonewald, 2008).

Deformation detection and mechanotransduction, i.e. the process by which
deformation triggers electrical and/or bio-chemical signals (Burger and Klein-Nulend,
1999; Bonucci, 2009), are not fully understood (Burger and Klein-Nulend, 1999;
Skerry, 2000; Robling et al., 2006; Ethier and Simmons, 2007; Klein-Nulend and
Bonewald, 2008), however it is widely accepted that the osteocyte — bone lining cells —
osteoblast network is fundamental in this process (Robling et al., 2006; Klein-Nulend
and Bonewald, 2008; Bonucci, 2009). Several mechanisms have been suggested by
which deformation is detected at the level of osteocytes, which include direct
deformation of the cells along with bone, fluid flow or hydrostatic pressure with
"measurement” of bulk and shear strains, electric and magnetic transduction, oxygen
tension and osteocyte hypoxia (Robling et al., 2006; Klein-Nulend and Bonewald, 2008;
Bonucci, 2009). In response to deformation a cascade of biochemical processes, that
may include dedifferentiation of bone lining cells into osteoblasts, ultimately results in
bone (re)modelling and bone mechanical adaptation (Klein-Nulend and Bonewald,
2008; Bonucci, 2009).

Regardless of the precise mechanotransduction mechanism, bone mechanical
adaptation may arise through modelling or remodelling processes. Bone modelling, in
which there is independent action of osteoblasts and osteoclasts, contrasts with
remodelling, where these are coordinated (Robling et al., 2006). Bone deposition or
resorption may occur in the periosteal and/or endosteal surfaces and usually there is a
change in bone size and/or shape (Currey, 2006). Bone modelling is age dependent and
becomes much less marked once skeletal maturity is achieved (Robling et al., 2006).

Bone remodelling does not affect bone size or shape and occurs through the coupled
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action of osteoblasts and osteoclasts (Hall, 2005), which form the basic multicellular
unit (Ortner, 2003; Robling et al., 2006). In response to deformation of the bone matrix,
osteocytes produce nitric oxide, thereby regulating bone deposition via the osteoblasts
and bone resorption via the osteoclasts (Bacabac et al., 2008). That bone deposition
(Jones et al., 1977; Kannus et al., 1995) or bone resorption (Nordstrom et al., 1996;
Goodship et al., 1998) occurs due to mechanical loading, thus changing bone mass, is
clearly demonstrated. But bone adaptation may also occur via alterations in bone
mineral content (Kannus et al., 1995; Valdimarsson et al., 2005) and in mineral density
(Kerr et al., 1996; Valdimarsson et al., 2005). These bone mechanical adaptations occur
throughout life, but the potential for adaptation to the mechanical environment
decreases with age (Ruff et al., 2006). This reduction may be due to diminished
capacity of adult mesenchymal cells to differentiate into osteoblasts (Nishida et al.,
1999) and/or reduced sensitivity of osteoblasts and osteocytes to mechanical signals
(Turner et al., 1995; Stanford et al., 2000).

Bone mechanical adaptation seems to occur when there are significant
deviations from a "minimum effective strain" (Frost, 1987) or "optimum customary
strain level" (Skerry, 2000). In most sites of the skeleton, this is hypothesized to be in
the range of 1500 - 2500 uE (Frost, 1987) to 3000 uE (Skerry, 2000). If deformations
reach that threshold deposition of bone occurs. On the other hand, if strains are lower
than a certain minimum, bone resorption occurs (Turner, 1998) (Figure 1-3). However,
peak strain is not the only variable that triggers bone adaptation. Other factors that have
been demonstrated to cause bone adaptation include dynamic vs. static loading (Lanyon
and Rubin, 1984; Turner, 1998), strain rate (Mosley and Lanyon, 1998) and strain
frequency (Judex et al., 2007).

Even though most sites in the skeleton share a similar optimal strain level, this
threshold is hypothesized to be site-specific, based on differences in strain experienced
by different skeletal elements. Recorded strains in the cranial vault appear to be 10
times lower than those in the long bones (Hillam et al., 1995). If bone remodelling
thresholds in the vault were similar to the remaining post-cranial bones this would
result in severe osteoclasis. Thus, site-specific patterning information has been
suggested, which would allow cells to adapt to site-specific loads (Skerry, 2000; Currey,
2006). This hypothesis is supported by studies that compared the calvarial and lower
limb osteocyte morphology in rats and demonstrated differences in size, shape and

orientation of these cells (Vatsa et al., 2008; Himeno-Ando et al., 2012). In the lower
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limb osteocytes are larger, longer and flatter than in the vault, where they are smaller
and more spherical. Furthermore, in the lower limb, osteocytes are aligned with the
principal direction of loading whereas in the vault, in which loads are multidirectional
due to forces exerted by intracranial pressure and masticatory function, they show no
consistent orientation. Because studies using osteocytes show that rounder cells are
more mechanosensitive than flat ones these results support the hypothesis of site-
specific osteocyte mechanosensitivity (Bacabac et al., 2008; Vatsa et al., 2008;

Himeno-Ando et al., 2012).
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Figure 1-3: Feedback model of bone function adaptation (adapted from Lanyon,

1982).

In contrast to these findings, using Finite Element Analysis, Witzel (2011)
modelled a cranium as an homogenous solid in which the only details were the eye
sockets, the nose cavity, the brain cavity and the form of the dental arcade. Forces were
then applied that simulated biting and the acceleration of the brain. In accordance with
principles of bone mechanical adaptation regions that experienced high stresses and
strains were kept and regions that experienced low stresses and strains were removed.
After several iterations of this algorithm simulating adaptation, the final result was a
structure that clearly resembles a Neanderthal cranium (Witzel, 2011). In this study,
and another that used the same approach but with a Diplodocus cranium (Witzel and
Preuschoft, 2005), no site specific mechanosensitivity was assumed, and bone was
removed throughout the cranium based on the same stress or strain level. Thus, these

results seem to support a generalized threshold model. The discordance in views with
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respect to calvarial loading might be because the hypothesis of generally low strains in
the calvarium has not been experimentally tested in relation to head acceleration and
deceleration (which via the meninges acting on the inner table would strain the

calvarium), but rather mastication.

1.3 Cranial form and function

Like any other skeletal element, crania fulfil mechanical functions, such as
housing and protecting organs and providing a skeletal system that enables chewing
(Lieberman, 2011). Thus, the association between cranial form and masticatory
function, has principally focused on two areas, the ability to generate bite forces (Anton,
1990; O'Connor et al., 2005) and the ability to resist those forces (Rak, 1983; Rak,
1986; Demes, 1987).

1.3.1 Production of bite force

Bite force in extant species is directly measurable using force transducers while
biting. This approach has been widely used to measure bite force in living humans in
which large differences have been recorded (Braun et al., 1995; Sinn et al., 1996;
Kikuchi et al., 1997; Paphangkorakit and Osborn, 1997). However in extinct species
this is not possible and alternative approaches are necessary. Thus, researchers use
skull morphology (bony proxies) to estimate muscle cross sectional areas (Demes and
Creel, 1988; Anton, 1990; O'Connor et al., 2005; Eng et al., 2013), which, depending
on pennation angle, are related to maximal force generation (Josephson, 1975; Weijs,
1980; Gans and de Vree, 1987). While this technique has limitations due to differences
between cross sectional areas estimated via bony proxies and actual physiological
muscle cross section (Eng et al., 2013; Toro-Ibacache et al., 2015b) it remains the only
approach available to estimate muscle forces in extinct species. The force generated by
masticatory muscles is then transferred to the teeth and converted into bite force by the
masticatory lever system, which is dependent on skull morphology (i.e. the relative
positions of muscle origins, muscle insertions and teeth). As such, researchers have
measured the in and out-levers of the masticatory lever system to assess its efficiency

(Demes and Creel, 1988; Anton, 1990; O'Connor et al., 2005; Eng et al., 2013).
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1.3.2 Resisting biting

The generated bite force is transmitted to food items and the cranium
experiences an equal bite reaction force. Thus, crania have to be adapted to withstand
masticatory forces. In order to assess and explain how the cranium resists occlusal
forces researchers have used several approaches, including simple engineering analyses
of the cranium considered in terms of vertical and horizontal column-like structures
that buttress the face and channel bite reaction forces (Gorke, 1904; Richter, 1920;
Endo, 1965; Endo, 1966), more sophisticated modelling of crania as a cylinder that is
twisted during biting (Greaves, 1985; Greaves and Mucci, 1997), direct measurement
of strains experienced during biting using strain gauges (Hylander et al., 1991b;
Hylander et al., 1992; Ross and Hylander, 1996; Ravosa et al., 2000a; Ravosa et al.,
2000b; Ross, 2001; Ross et al., 2011), and more technically complex simulation of
biting and measurement of strains using finite element analysis (Gross et al., 2001;
Ross et al., 2011; Janovic et al., 2015).

Traditionally dissipation of occlusal forces was explained as channelling of
those loads throughout the face along vertical and horizontal pillars made of thick
cortical bone, or buttresses (Cryer, 1916). Schematization of those buttressing systems
led to the proposal of several frame models (Figure 1-4) to explain how crania
dissipated occlusal loads (Gorke, 1904; Richter, 1920; Endo, 1966). Endo compared his
frame model and its predictions to experimental strain data from a series of innovative
studies in which biting was simulated using dry crania and resulting strains measured
using strain gauges (Endo, 1965; Endo, 1966). Due to the downward pull of temporalis
and masseter muscles and the upwardly directed bite force, it was found that during
incision the midline nasal element would experience axial compression in the sagittal
plane while the lateral orbital elements would mainly experience bending moments and
tension. In posterior biting the results are similar, but with slight tension in a small area
of the inter-orbital element and slight compression in the ipsilateral lateral orbital
element. Furthermore, relatively high strains on the brow-ridge were recorded during
incision, leading Endo to propose that the brow-ridge was a stabilizing structure of the
craniofacial skeleton during biting, while it was subjected to bending due to the
downward pull of the contracting masticatory muscles and the upward biting force

(Endo, 1965).
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Figure 1-4: Buttressing systems proposed by different researchers. A: Gorke's
model (adapted from Rak, 1983); B: Richter's model (adapted from Rak, 1983); C:
Endo's model (adapted from Russel, 1985); D: Seven pillar buttressing system
proposed by several researchers; vertical buttresses represented by the black arrows on
the right side (pterygomaxillary buttress not visible) and horizontal buttresses

represented by the grey arrows on the left side (adapted from Janovic, 2015).

Assessing the mechanical relevance of the postorbital bar as a torsion resisting
helical strut in ungulates and carnivores, Greaves (1985) proposed the cylindrical
model of the craniofacial skeleton. He realized that during masticatory function there is
asymmetric bilateral activation of the muscles. The working muscles exert a greater
force than the balancing ones, thus twisting the skull towards the working side. At the
same time a reaction force is generated at the biting point that twists the skull towards
the opposing side. The craniofacial skeleton is, thus, subjected to torsion in which the
braincase rotates counter wise to the facial skeleton, causing compression in the post-
orbital bar of the working side and tension in the post-orbital bar of the balancing side
(Greaves, 1985). However, in a later study it was proposed that this model does not
apply to primates because masticatory muscles produce small twisting forces (Greaves
and Mucci, 1997).

Despite frame and cylinder models provide theoretical grounding they do not
allow direct assessment of the deformation crania undergo during biting. Thus,
following Endo's approach, several studies have used strain gauges to measure strains.
Although in-vivo studies in primates have only used non-human species, ranging from
the strepsirrhines Otolemur (Ravosa et al., 2000a; Ravosa et al., 2000b; Ross, 2001)
and Aotus (Ross and Hylander, 1996; Ross, 2001) to the cercopithecides Macaca
mulatta (Ross, 2001; Ross et al., 2011), Macaca fascicularis and Papio anubis

(Hylander et al., 1991b), they still provide relevant insights. Due to morphological and
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material property differences the results vary according to the species under analysis
(Ross, 2001). Despite this, it is clear that crania do not experience a simple loading
regime but rather, a complex loading with modes of deformation that vary between
different anatomical regions (Ross, 2001; Lieberman, 2011). For the cranium as a
whole, the twisting cylinder model (Greaves, 1985) in primates is supported by the
results from the Otolemur (Ross, 2001) and inconsistent with the results from macaques
and baboons (Hylander et al., 1991b). Endo's frame model is partially supported by the
results of Ross (2001) for Aotus and Macaca mulatta. Notwithstanding those
differences, data consistently show a strain gradient in which the lower face
experiences high strains that diminish towards the upper face (Hylander et al., 1991b;
Ross and Hylander, 1996; Ravosa et al., 2000b; Ross, 2001), suggesting that occlusal
loads mainly deform skeletal material close to the bite point rather than more widely in
the neurocranium, with forces transmitted via the craniofacial haft. In fact, the brow-
ridge has been shown to experience strains 50% lower than the mid-face (Hylander et
al., 1991b; Hylander et al., 1992), thus suggesting that it is not an adaptation to biting
but the result of spatial determinants (Ravosa et al., 2000c¢).

With increased computational power, researchers have started using finite
element analysis to reexamine how occlusal forces are dissipated (Gross et al., 2001;
Janovic et al., 2015). While Gross et al. (2001) do not support models proposing that
occlusal force dissipation occurs via a buttressing system, Janovic et al. (2015) partially
do. In a reexamination of loading regimens based on experimental strain data and a
validated Macaca fascicularis FE model, Strait et al. (2011) caution that simple
descriptions do not portray the full complexity of the deformation regime, which is a
function of the complexity of the loading regime, geometry and material properties of
the cranium. Nonetheless, they summarize and "describe the global deformation of the
macaque facial skeleton during mastication as ‘bending in a frontal plane’ caused in
larger part by torsion of the zygomatic arch about its long axis and bending of the arch
in sagittal planes" (Ross et al., 2011, p.138). This deformation regime produces strains
that are generally consistent with Endo's (1965, 1966) predictions of axial compression
of the inter-orbital region and bending of the supra-orbital ridge (Ross et al., 2011).

Researchers have also tried to predict how fossil hominin crania resist biting.
Because physical mechanical loading is not possible in fossils, two main approaches
have been used, anatomical simplifications with associated predictions (Rak, 1983; Rak,

1986; Demes, 1987; Trinkaus, 1987b) and, more recently, FEA (Wroe et al., 2007;
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Strait et al., 2009; Strait et al., 2010; Wroe et al., 2010). Most studies have focused
Australopithecus africanus (Rak, 1983; Strait et al., 2009; Strait et al., 2010),
Paranthropus boisei (Rak, 1983; Wroe et al., 2010) and Homo neanderthalensis (Rak,
1986; Trinkaus, 1987b), species that due to their cranial anatomy have been said to be

adapted to generate and resist high occlusal loads.

1.3.3 Cranial form, function, modularity, integration and equifinality

The concept of equifinality relates to different processes that produce similar or
identical outcomes (Wood, 2011) and it has recently been applied in human evolution
by Churchill (2006, 2014), aiming to know if Neanderthal cranial and post-cranial
anatomy is adaptated to thermoregulation or high ventilatory requirements due to
intense physical activity. Equifinality applies particularly to the skull because it is
composed of several modules that are, nonetheless, tightly integrated (Lieberman, 2011;
Klingenberg, 2013). Thus, evolutionary changes acting on a specific module will
inevitably impact on adjacent structures, making it extremely difficult to distinguish
between selection, evolutionary by-products (or spandrel, sensu Gould and Lewontin,

1979) or genetic drift (Lieberman, 2011).

That the cranium is morphologically composed of a set of relatively
independent functional components, or modules, was proposed by Van der Klaauw
(1948 - 52). Modules are defined as structures that are tightly integrated internally and
are relatively independent from other modules. Thus, from a GM perspective, they
present levels of internal covariation that are larger than when including other
structures (Klingenberg et al., 2003; Mitteroecker and Bookstein, 2008; Klingenberg,
2010; Klingenberg, 2013). This relative independence allows evolvability and mosaic
evolution without compromising the functional or structural integrity of other modules
and of the whole system into which they may eventually become integrated (Wagner
and Altenberg, 1996; Bastir, 2008; Mitteroecker and Bookstein, 2008; Klingenberg,
2013) because evolutionary changes in one module tend to impact locally (Mitteroecker
and Bookstein, 2008).

But despite their relative independence cranial modules share structures,
developmental precursors, an evolutionary history and functional demands (Lieberman,

2011; Klingenberg, 2013). Moreover, these complexes are "coordinated in their sizes
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and shapes to make up a functional whole" (Klingenberg, 2013, p.1) and changes in
one module inevitably impact on nearby modules (Lieberman, 2011). Thus, clear
identification of modules is hampered by covariation between such structures (or
integration) and by different levels of modularity (developmental, genetic, functional
and evolutionary; Klingenberg, 2010) that coexist and interact with each other (e.g.
functional modularity relates to developmental modularity because function impacts on
growth and development; Klingenberg, 2010).

Because of this tight integration of cranial modules it is hard to distinguish if
evolutionary changes have arisen through selection acting on a given module or as an
evolutionary by-product whereby the present module is modified because of selection
acting elsewhere and impacting on it through integration (Gould and Lewontin, 1979;
Lieberman, 2011). For example, the derived modern human chin has been associated
with adaptation to mechanical demands during biting (Daegling, 1993; Dobson and
Trinkaus, 2002; Groning et al., 2011b), size reduction of the dentition (Wolff, 1984),
sexual dimorphism (Horowitz and Thompson, 1964; Thayer and Dobson, 2010),
development of speech (Ichim et al., 2007a), and spatial factors (Holton et al., 2014;
Pampush and Daegling, 2015). This profusion of possible explanations for the chin
demonstrates the difficulty in distinguishing between evolutionary adaptations and by-
products. Moreover, cranial morphology has also been said to be impacted by genetic
drift (Ackermann and Cheverud, 2004). Thus, the concept of equifinality applies
particularly to skulls in general, and to the example of the human chin in particular,
which has been suggested to be the result of natural selection, genetic drift or an
evolutionary by-product. Any or all of these processes might act to result in a chin.

It is, therefore, not clear how to unequivocally infer whether morphological
change is due to changes in one or several aspects of function or shifts in
developmental and evolutionary processes (Lieberman, 2008; Lieberman, 2011)
because different processes acting on different cranial components may give rise to
similar morphological outcomes (i.e. equifinality). Lieberman (2008, 2011) provides a
good example regarding masticatory function, with regard to the derived orthognathic
modern human face. Retraction of the facial skeleton in H. sapiens leads to increased
mechanical advantages and therefore higher efficiency in converting muscle force into
bite force, which might suggest adaptation to increased biting efficiency. However, that
increase is accompanied by an hypothesized decrease in the ability to resist occlusal

loads, enamel thinning and decrease in muscle force. Thus, Lieberman suggests that the
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increased efficiency of modern humans in converting muscle force into bite force is a
spandrel. Nevertheless, morphological changes in one module may impact on the
function of other components, regardless of what originally drove those changes.
Furthermore, evolutionary changes may be driven by specific agents and later be
picked up by other functions (see concept of exaptation, Gould and Vrba, 1982). Thus,
it is of relevance to assess the functional (masticatory, in the case of this dissertation)
impact of morphological evolutionary change, even if not testing for the primary reason

a form developed.

1.4 Cranial form in Homo heidelbergensis and Homo sapiens

“It is among the truly basic and universal facts of nature that all species vary”.
Simpson (1961, p. 177) in Antén (2003)

This section provides a general morphological description of the species that

will be analyzed in the dissertation.

1.4.1 Homo heidelbergensis

Homo heidelbergensis has a generally long and low cranial vault. The cranial
base angle averages about 142.5°, the endocranial mean volume is 1263 cm® and the
encephalization quotient ranges from 4.3 to 4.7. The frontal bone is long and low,
sloping smoothly from an almost non-existent post-orbital sulcus towards the sagittal
suture where, at bregma, the vault presents the highest point (Schwartz and Tattersall,
2003; Lieberman, 2011). The temporal squama is high and arched (Rightmire, 2008)
and the parietals are also arched, presenting some bossing (Brduer, 2008). In the
slightly keeled (Schwartz and Tattersall, 2003) and coronally enlarged frontal (Brauer,
2008), there is moderate post-orbital constriction, which is significantly reduced when
compared to previous hominins. Specimens such as Petralona, Kabwe 1 and Saldanha
present greatly expanded frontal sinuses (Rightmire, 2008). The massive supraorbital
region is tall, double arched and confluent across the glabella. The tallest point is
located at the middle of each of the arches, significantly above glabella (Schwartz and
Tattersall, 2003). From that point it drops inferiorly both laterally and medially. The

large brow-ridge projects above the orbital cavities, which are very large, sub-squared
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and present downward and outward sloping in the inferior margins (Schwartz and
Tattersall, 2003). The face is large, projecting anteriorly to the anterior cranial fossa,
but less prognathic than other ancestral species. When compared to Homo erectus it is
approximately 11% bigger (Rightmire, 2008). This difference results from increases in
antero-posterior length and supero-inferior height. The zygomatics are gracile, with the
root usually placed over M1/M2 (Schwartz and Tattersall, 2003; Lieberman, 2011).
The margins of the nasal cavity are vertical and in some specimens the nasal walls meet
the infraorbital surface at a shallow angle, forming a shallow concavity (Figure 1-5;

Rightmire, 2008).

Figure 1-5: Standardized views of Kabwe 1 (Homo heidelbergensis). See text for

description of key anatomical features.
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1.4.2 Homo sapiens

Modern humans present a small, non-projecting and orthognathic face located
under the anterior cranial fossa (Figure 1-6). The cranial vault is spherical, the cranial
base angle particularly flexed and the oral cavity small. The brow ridges are small and
gracile (Lieberman, 2011). While the endocranial volume of early modern humans
averages 1495 cm’, in recent H. sapiens the average is 1350 cm?, corresponding to an
encephalization quotient of 5.3 (Lieberman, 2011). This big endocranial capacity is
associated with a spherical neurocranium, which has been regarded as an
autapomorphy of H. sapiens (Lieberman et al., 2002). The tall, wide and short cranial
vault presents long, wide and significantly curved parietals. The maximum breadth at
the parietals matches or exceeds the width at the mastoid area. The occipital region is
long and does not project significantly posteriorly. The forehead is high with a steep
frontal squama, below which the brow ridge is bipartite and gracile, with clearly cut
medial and lateral regions above the supra-orbital notch. There are no post-orbital
sulcus and constriction (Lieberman et al., 2002; Lieberman, 2011).

The small face has been regarded as one of the major derived features in the
cranium of H. sapiens, in which the root of the remarkably gracile and receding
zygomatics is usually located above M1/M2 (Lieberman et al., 2002; Lieberman, 2011).
The face is mostly retracted under the anterior cranial fossa and thus lacks the
prognathism of previous species. This has been said to be the result of its small size,
especially antero-posteriorly, and of the particularly flexed cranial base angle
(Lieberman et al., 2002; Lieberman, 2011). This facial retraction of modern humans
has been related to other anatomical specificities such as the canine fossa, a short space
for the oropharynx and rectangular orbital cavities (Lieberman et al., 2002; Lieberman,
2011). Enlow and Hans (1996) proposed that morphological changes in the brain of our
species explain the general morphology of our face. They suggest that enlargement of
the brain (e.g., frontal and temporal lobes) causes increased flexure of the cranial base
and anterior rotation of the frontal bone, resulting in a vertical forehead. This causes
rotation of the orbits to a horizontal position, parallel to the ground. The enlargement of
the temporal lobes causes the orbits to rotate towards the midline of the skull, thus
decreasing inter-orbital area and precluding the presence of a significant nasal
protrusion. Reduction in nasal projection causes reduction of the palate and, therefore,

reduced prognathism. In summary “the face has become rotated down by the expanded
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anterior cranial floor as the floor rotates downward as a result of the enlargement of
the frontal lobes” (Enlow and Hans, 1996; p. 154).

Tattersall and Schwartz (2008) have suggested a list of autapomorphic cranial
features in Homo sapiens that includes extension of the vaginal process to the lateral
margin of the ectotympanic tube; approximation of the vaginal process to the mastoid
process; postero-medial placement of the stylomastoid foramen in relation to the
extremely laterally placed styloid process; high and narrow occipital plane of the
occipital bone; retention of a arcuate eminence on the superior surface of the pars
petrosa; fully segmented sutures with deep interdigitation; bipartite supraorbital area
undercut at the supraorbital notch; postero-anterior thickening of the mandibular
symphysis; inverted T-shaped chin; unclosed-off subarcuate fossa; back and down

tilting inferior orbital plane.
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1cm.

Figure 1-6: Standardized views of the cadaveric H. sapiens specimen used in

chapters two, three and five. See text for description of key anatomical features.

1.5 Measuring cranial form and mechanical function

Hominin cranial biomechanical studies (Rak, 1983; Rak, 1986; Demes, 1987;
Trinkaus, 1987b; Strait et al., 2007; Strait et al., 2009; Strait et al., 2010; Wroe et al.,
2010; Benazzi et al., 2015; Smith et al., 2015b; Ledogar et al., 2016) are based on the
relationship between skeletal form and function (Hildebrand, 1995), and rely on the
ability to measure morphology and function. Morphometric approaches to quantify
form and its covariances, including with function, have changed dramatically over the
last three decades, focusing on landmark coordinates rather than measurements
between landmarks and becoming increasingly reliant on computer based analysis. This

section gives a brief overview of morphometric methods used to study form and how it
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covaries with other interesting variables such as measures of function. It then reviews
some approaches to the study and quantitative description of skeletal function. This

discussion introduces methods applied later in this dissertation.

1.5.1 Morphometrics

Morphometrics, or the quantitative analysis of form (Rohlf, 1990), has typically
relied on linear measurements, which are basically measures of size. Even though size
and shape are intimately linked in biological processes, in statistical shape analysis
form is defined as size and shape (Zelditch et al., 2004). This partitioning is relevant
when considering, e.g., the effect of size on shape (allometry). Size is a vague term,
meaning whatever the researcher declares, e.g., length or weight. Shape is defined as
the geometrical information that is invariant to location, orientation and scale (Zelditch
et al., 2004). As such, in order to extract information about shape, researchers have
used ratios and angles in addition to lengths (Bass, 1995; Slice, 2005) and, in traditional
multivariate morphometrics, these are jointly analyzed using multivariate statistical
methods, including the computation of distances, ordination in e.g. principal
components analysis or canonical analysis, and in studies of covariation using methods
such as regression. However traditional multivariate morphometrics usually does not
employ data that fully describe geometry and so do not allow visualization of
morphology (Rohlf and Marcus, 1993; Adams et al., 2004; Slice, 2005). Further, ratios,
and scaled measurements may describe shape but the distances underlying the resulting
shape spaces do not scale linearly with linear increments of landmark displacement
between specimens and statistical power is poor (Rohlf and Marcus, 1993).

In order to overcome these limitations, morphometrics underwent a revolution
in the 1980s and several new techniques were created that can generally be grouped
into outline (Fourier analysis), coordinate-free (Euclidian distance matrix analysis;
EDMA) and superimposition based (geometric morphometrics) methods (Adams et al.,
2004; Slice, 2005). Different superimposition methods were proposed, but with
maturing understanding of shape theory and shape spaces geometric morphometrics
(GM) it was realized that Procrustes analysis provides a uniquely well behaved shape
space, a very good estimate of the mean shape and of the shape variance-covariance
matrix. On the other hand Fourier analysis turns out, as expected, to be best applied to

the description of cyclical phenomena such as motion or texture rather than shape
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(O'Higgins, 1997). EDMA suffers most of the problems of traditional morphometrics,
in that it has low statistical power and the underlying shape space is poorly behaved in
terms of how distance increases with shape differences. For these reasons GM has
become the standard approach for morphometric analysis of landmark data (Adams et

al., 2004).

1.5.1.1 Geometric Morphometrics

GM has been defined as the statistical analysis of covariations between shape
and other variables (Bookstein, 1997). In order to capture shape GM relies on
landmarks, which are equivalent points between specimens that are assumed to have
some biological equivalence and relevance. Landmarks have been classified according
to their characteristics. Type 1 landmarks are those that are identified by discrete points
at which there is juxtaposition of at least three different structures, such as bregma.
Type 2 landmarks are those defined by points of minimum or maximum curvature,
such as the tip of a canine. Type 3 landmarks are those that are defined relative to other
structures, such as “the point furthest away from the tip of the snout along the
dorsoventral axis” (Zelditch et al., 2004, p.31). Due to their nature, type 1 landmarks
are the most reliable and least likely to induce error in landmarking and thus
subsequent analysis (O'Higgins, 2000; and see Oxnard and O'Higgins (2009) for a
reflection about the nature of landmarks and their appropriate selection).

A GM study has four main stages, clarification of the hypothesis which then
guides acquisition of morphology (landmarking), registration (superimposition) and
analysis.

The first of these, the development and statement of a hypothesis, is not unique
to GM and so is not considered further here. It is a vital step, however since all the
following steps are derived from this; what to measure and how, as well as what

analyses to carry out (Oxnard and O’Higgins, 2009).

1.5.1.1.1 Landmarking

Landmarking corresponds to the acquisition of the geometry of specimens via a

set of 2D or 3D landmark coordinates. The set of landmarks depends on the research
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question (hypothesis) and on what the researcher find most appropriate. Thus, sets of
landmarks often differ between studies addressing very similar questions.

Landmark coordinates can be acquired on the real specimens using digitizing
arms or virtually using 2D images or 3D surfaces from surface scans, CT scans or MRI

scans.

1.5.1.1.2 Registration

Once landmarking is complete for all specimens, landmark datasets are
superimposed in order to deal with the effects of location, scale and orientation
(Zelditch et al., 2004). Thus, sets of landmarks are translated, scaled and rotated
according to registration criteria. Several superimposition methods exist and choice of
method should be according to the research question because different methods lead to
different shape spaces (O'Higgins, 2000). Even though, when variations are small,
different superimposition methods give approximately similar results (O'Higgins, 2000).
The most commonly used method is Generalized Procrustes Analysis (GPA). GPA
results in landmark configurations being represented in Kendall’s shape space, which
has well behaved and well understood statistical properties (Dryden and Mardia, 1998).
First, all specimens are translated so that their centroids (the mean of all coordinates in
a configuration) overlie at the origin of the coordinate system. Second, all specimens
are scaled to centroid size = 1 (the square root of the sum of squared distances of all
landmarks to centroid). Lastly, rotation minimizes the squared distances between
equivalent landmarks relative to a mean shape, which is calculated iteratively from all
specimens (consensus). The new landmark coordinate configurations are the shape
variables that are used in subsequent analyses and which quantify dissimilarity among
specimens using Procrustes distances (square root of summed squared differences
between shape variables).

Scaling removes centroid size differences and leads to an analysis of shape
alone, but size and shape are intimately linked in biological processes. Thus, several
approaches have been used in order to consider both size and shape. Procrustes form
space, as defined by Mitteroecker et al. (2004), uses the natural logarithm of centroid
size to augment Procrustes shape coordinates with information about centroid size. Size

and shape space, as used by O'Higgins and Milne (2013), when analyzing deformation
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in landmark configuration in mechanical loading simulations, reintroduces scale by

multiplying the shape variables by centroid size before further analysis.

1.5.1.1.3 Analysis

Commonly used statistical methods are Principal Component Analysis (PCA),
multivariate regression and Partial Least Squares (PLS).

PCA is a data reduction method that can summarize the distribution of data that
exists in a high dimensional space using a lower number of independent principal
components that represent morphological variance. The extent to which PCA is
effective in this depends on the extent to which the original variables covary. This
approach is useful in shape analysis of biological specimens because the original shape
variables (landmarks after registration) are not biologically nor statistically independent,
rather they are genetically, developmentally and functionally linked (Zelditch et al.,
2004). By reducing dimensionality to a new set of uncorrelated principal components
(PCs), the patterns of variation are easier to interpret, requiring far fewer plots of data
and the reduced dimensionality facilitates understanding and exploration of
morphological variation in the sample (Zelditch et al., 2004). PCs are (by convention)
ranked (sorted) according to the percentage of total variance each explains. The
morphological features of variation they explain can be visualized by warping the mean
along PCs, thus facilitating understanding (Mitteroecker and Gunz, 2009). Nonetheless,
it should be cautioned that PCs are statistical entities rather than variables designed a
priori to express some aspect of morphology. Adding or removing specimens or
landmarks can have a dramatic effect on the variance covariance matrix of a sample
and so on the orientation of PCs in shape space. In consequence the biological
interpretation of the aspects of shape represented by any one PC should be undertaken
with caution, because these aspects are somewhat arbitrary, in being sample dependent
(Mitteroecker and Gunz, 2009). PC scores may be plotted in two or three dimensions
and PCA has been used to assess intra and inter-specific group differences (Delson et
al., 2001; Bastir et al., 2007; Harvati et al., 2010; Baab et al., 2013) and ontogenetic
trajectories (Collard and O'Higgins, 2001; Cobb and O'Higgins, 2004, 2007; Bastir et
al., 2008; Freidline et al., 2012).

Like univariate regression, multivariate regression predicts the dependent

variable from two or more independent ones. Thus, there is an assumption that the
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independent variables impact on the dependent variable (Sokal and Rohlf, 1995;
Monteiro, 1999) and the variables are therefore treated asymmetrically. Multivariate
regression has been used to study the impact of size on shape (Mitteroecker et al., 2004;
Franklin et al., 2007).

PLS is used to analyze patterns of covariation among previously selected
‘blocks’ (Rohlf and Corti, 2000) of data (e.g. face vs neurocranium). Even though it
examines the association between two blocks it treats them symmetrically, thus not
assuming a dependent and an independent set of variables as in regression analysis
(Zelditch et al., 2004). It assumes that there is an underlying (latent) cause impacting on
both blocks rather one determining the other (Zelditch et al., 2004). PLS has, therefore,
been applied to studies of integration and modularity (Bastir and Rosas, 2005;
Mitteroecker and Bookstein, 2008; Neaux et al., 2015), to determine the relevance of
biomechanical (Noback and Harvati, 2015b, 2015a) and ecological (Monteiro et al.,
2003; Noback et al., 2011) factors on form.

1.5.1.1.3.1 Visualising differences in size and shape

A highly effective way of visualizing the differences in size and shape between
two configurations of landmarks (a reference and a target) is to use a transformation
grid (Thompson 1917/8). A regular grid is superimposed over the reference form and it
is then scaled, translated, rotated and stretched such that landmarks on the target come
to lie in equivalent positions in the target grid. The most commonly used approach to
drawing such grids is based on the Thin Plate Spline (Bookstein, 1989).

The transformation grids of Thompson (1942) allow assessment of how one
configuration of landmarks differs relative to another (Zelditch et al., 2004). The TPS,
used to draw these grids, is a mathematical interpolation that is driven by the
displacements of the actual landmarks and is thus a mathematical abstraction (Zelditch
et al., 2004). In consequence, while the grid describes exactly the shape differences at
landmarks the differences in the spaces between landmarks are simply interpolated
using a mathematical rather than a biological model (such as a simulation of cell
division or bone remodelling). Notwithstanding, TPS facilitates understanding of shape
changes because it provides a graphical display of those changes in an intuitively
appealing way that allows registration and scaling differences to be easily ignored

(Zelditch et al., 2004).
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1.5.2 Quantifying masticatory system mechanical function

Studies of hominin cranial mechanical function have focused on assessments of
the ability to generate bite force (Demes and Creel, 1988; Anton, 1990; O'Connor et al.,
2005; Eng et al., 2013) and to resist biting (Rak, 1983; Rak, 1986; Trinkaus, 1987b;
Wroe et al., 2007; Strait et al., 2009; Strait et al., 2010; Wroe et al., 2010).

The prediction of what bite force can be produced in skeletal/fossil remains has
relied on the use of bony proxies to measure muscle size and infer muscle force due to
the relationship between muscle size, intrinsic muscle fibre strength and muscle force
(Josephson, 1975; Weijs, 1980; Gans and de Vree, 1987). Although this provides an
estimate of the maximum force that can be produced by muscles it does not predict bite
force because muscle force is converted into bite force through the masticatory lever
arm system. Thus, researchers have tried to predict maximal bite force by estimating
muscle size and measuring the mechanical advantages of the main jaw-elevator
muscles (Demes and Creel, 1988; Anton, 1990; O'Connor et al., 2005; Eng et al., 2013).
More recently bite force has increasingly been predicted using FEA (Wroe et al., 2010).
This estimate is, of course, dependent on the input of variables, such as muscle forces,
force vector directions and cranial geometry (see 1.5.2.1, Finite Element Analysis for a
description of the modelling process). The resulting predicted bite force takes account
of all these variables and has the potential to provide an accurate estimation.

Analysis of the ability of the craniofacial skeleton to resist biting has until
recently relied on either engineering analysis of geometrically simplified crania (Rak,
1983; Rak, 1986; Demes, 1987; Trinkaus, 1987b) or direct strain measurement using
strain gauges in primates (Hylander et al., 1991b; Ross and Hylander, 1996; Ravosa et
al., 2000b; Ross, 2001) including hominins (Ravosa et al., 2000c). Although these
approaches are informative and provide insights into how crania resist biting, they do
not allow a direct assessment. Thus researchers started using FEA to predict stresses
and strains experienced by crania during biting (Strait et al., 2007; Strait et al., 2009,
Strait et al., 2010; Wroe et al., 2010; Benazzi et al., 2015; Smith et al., 2015b; Ledogar
et al., 2016). A review of FEA and the modelling process is provided below in 1.5.2.1,

Finite Element Analysis and sub-sections.
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1.5.2.1 Finite Element Analysis

Finite element analysis is a numerical tool for solving engineering or
mathematical physics problems (Logan, 2007). It developed in engineering but recently
it has been applied to hominin biomechanics to analyze skeletal elements from a
mechanical perspective and assess how they resist loading (Strait et al., 2007; Strait et
al., 2009; Strait et al., 2010; Wroe et al., 2010; Benazzi et al., 2015; Smith et al., 2015b;
Ledogar et al., 2016).

FEA is commonly divided in three main stages. Pre-processing deals with the
discretization of the structure under investigation and allocation of boundary conditions.
The solution phase consists of the mathematical solution of the applied boundary
conditions and resulting stresses and strains experienced by the structure. Post-
processing consists of interpretation and analysis of results. A validation phase should
also be included that ensures that the solution approximates the real results (Richmond

et al., 2005; Kupczik, 2008). This section presents an overview of this process.

1.5.2.1.1 Pre-processing

1.5.2.1.1.1 Model creation

Three dimensional FE models based on CT scans have been recognized as most
reliable because bone is well imaged and internal architecture is captured (Marinescu et
al., 2005). Nonetheless models may be also based on surface scans, MRI scans or
computer-aided design (Richmond et al., 2005). CT based FE models are built through
a segmentation process that uses differences in bone density, and thus grey levels and
Hounsfield Units, to extract (label) the relevant structures from the scanned volume
(Weber and Bookstein, 2011). This segmentation process may use global or regional
thresholds, which can be calculated using a variety of approaches (Spoor et al., 1993;
Coleman and Colbert, 2007). Use of global thresholds inevitably excludes bones that
present low density. Thus, regional thresholds can be calculated for and applied to
different anatomical areas that present significant density differences. Lastly, the
manual approach consists of manually labelling the voxels one wishes to segment. This
subjective approach is not completely reproducible. Notwithstanding, it is a necessary
complementary approach in cases where automated global and regional approaches do

not entirely segment the relevant structures. Moreover manual segmentation is often
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also necessary when working with fossils that have sedimentary matrix that presents
similar density to bone and so is not easily differentiated by a single threshold. Once
segmentation is complete the mesh that constitutes the FE model is created. The mesh
is the full set of elements into which the real structure is divided, or discretized
(Richmond et al., 2005). The elements are inter-connected by nodes and may present
different forms. Voxel-based models present cubic elements and can be created via the
rapid direct conversion of the segmented volume (of CT voxels, which may themselves
be cubic) into a mesh (Fagan et al., 2007). Mesh density is fundamental in FEA
because the greater the number of elements in the mesh the greater the potential
precision. Low mesh density was an issue in the past, but now advances in computing
power allow the solution of meshes that are sufficiently dense (with hundreds of

thousands to millions of elements) to yield reliable results (Richmond et al., 2005).

1.5.2.1.1.2 Material Properties

Once the mesh is created, elements are allocated material properties, which
impact on the deformation they will experience (Marinescu et al., 2005; Strait et al.,
2005). Bone mechanical properties that are modelled include Young’s modulus of
elasticity, the shear modulus and Poisson's ratio (see section 1.2.2 Bone mechanical
properties for a review of these properties) and are commonly derived from mechanical
or ultrasound testing (for a review see Currey, 2006).

Allocation of mechanical properties is a non-trivial process because bones in
general, and crania in particular, are mechanically heterogeneous and therefore present
significant regional variance in their mechanical properties (Dechow et al., 1993;
Peterson and Dechow, 2003b). Thus, some researchers have modelled crania using site-
specific material properties in order to reproduce that complexity (Strait et al., 2005;
Strait et al., 2007). Because every element is allocated properties it is theoretically
possible to represent the full material complexity of a mechanically heterogeneous
structure. However, this would require knowledge of those properties in the real
specimen at the same scale, which is not presently possible. Thus, allocations of
material properties are inevitable simplifications of the complexity of the real

specimens.
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1.5.2.1.1.3 Boundary conditions

Boundary conditions represent the constraints and loads applied to the FE
model (Rayfield, 2007). The constraints, also referred to as kinematic or essential
boundary conditions, anchor the model in space and prevent its rigid movement when
loaded (Richmond et al., 2005). The loads, also known as natural or nonessential
boundary conditions, represent forces applied to the model (Richmond et al., 2005).
Both loads and constraints should mimic the real boundary conditions the structure
under investigation undergoes during real mechanical loading. As such, when
simulating cranial masticatory function researchers usually constrain the models at the
glenoid fossae and the tooth, or teeth, at which the bite is being simulated (Strait et al.,
2007; Kupczik et al., 2009; Strait et al., 2009; Strait et al., 2010; Fitton et al., 2012;
Fitton et al., 2015). Loads are usually simulated by modelling the main jaw-elevator
muscles, i.e. temporalis, masseter and medial pterygoid (Strait et al., 2007; Kupczik et
al., 2009; Strait et al., 2009; Strait et al., 2010; Fitton et al., 2012; Fitton et al., 2015),
and special attention is required in the estimation of direction and magnitude of the
muscle force vectors (Richmond et al., 2005). In skeletal remains, vector direction may
be estimated according to bony proxies that indicate the origin and insertion, and thus
line of action, of the modelled muscles (O'Connor et al., 2005). Alternatively, in
cadavers it can be based on direct evidence of muscle origin and insertion (Richmond
et al., 2005). Force magnitude estimation has been based on the association between
physiological cross sectional areas (PCSA), intrinsic muscle strength and total muscle
force (O'Connor et al., 2005). PCSAs have been obtained in dissections (van Eijden et
al., 1997; Antén, 1999), CT (Weijs and Hillen, 1986; Cox and Jeffery, 2011; Toro-
Ibacache et al., 2016b) and MRI scanning (Hannam and Wood, 1989). Data on muscle
cross sectional areas can be used to infer maximum contractile force. EMG data reflect
the degree and timing of muscle activations and can be applied to cross sectional data
to estimate actual force production (Ross, 2005). When dealing with skeletal/fossil
remains, force magnitudes may be based on estimates of muscle size, and thus muscle
forces, using bony proxies (Antdén, 1990; O'Connor et al., 2005). However this
approach is limited due to low correlations between estimated cross sectional areas and
physiological cross sectional areas (Toro-Ibacache et al., 2015b).

When boundary conditions approximate the real loading environment, the
resulting predictions of relative cranial stresses and strains have been shown by

validation studies (Bright and Rayfield, 2011; Toro-Ibacache et al., 2016a), to be
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reasonable approximations to the relative stresses and strains experienced during biting
in experimental simulations using real crania. Ideally such validations should be

conducted with every FEA study.

1.5.2.1.2 Solution and post-processing

The solution phase corresponds to the mathematical calculation of node
displacements due to applied loading and calculation of resulting stresses, strains and
deformations (Richmond et al., 2005). High fidelity models require considerable
computing power and are solved using high performance workstations with tens of
processors or high performance clusters with hundreds of processors (Rayfield, 2007).

Once solution is achieved post-processing is undertaken according to the
questions to be answered. Most studies in hominin cranial biomechanics are interested
in the ability of the craniofacial skeleton to resist biting and examine the stresses and
strains that the models undergo during simulated masticatory system loading (Strait et
al., 2007; Kupczik et al., 2009; Strait et al., 2009; Strait et al., 2010; Fitton et al., 2012;
Fitton et al., 2015). Thus, strain contour plots are generated to allow a visual and
qualitative assessment of differences in performance and stress/strain magnitudes are
extracted at specific sites to allow quantification of those differences (Strait et al., 2007;
Kupczik et al., 2009; Strait et al., 2009; Strait et al., 2010; Fitton et al., 2012; Fitton et
al., 2015).

1.5.2.1.3 Validation and sensitivity analysis

FEA predicts, with error, the stresses and strains experienced by a structure
under loading. The solution is only useful if it is accurate enough to answer the
question at hand (Richmond et al., 2005). Thus, it has been recommended that FEA
studies should include a validation process that ensures results adequately approximate
reality (Richmond et al., 2005; Ross, 2005). Most validation studies typically compare
peak strains between in-vivo and/or ex-vivo data with the FEA results. Measurement of
strains in the real structures has mainly relied on strain gauges (Daegling and Hylander,
2000; Vollmer et al., 2000; Richmond et al., 2005; Strait et al., 2005; Ichim et al.,
2007a; Kupczik et al., 2007; Bright and Rayfield, 2011; Szwedowski et al., 2011), but

recently digital speckle pattern interferometry (DSPI) has been used to measure strains
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in ex-vivo skeletal structures (Groning et al., 2009; Bright and Groning, 2011; Groning
et al., 2012a; Toro-Ibacache et al., 2015a) and overcome limitations inherent to strain
gauge based validation studies (Richmond et al., 2005; Yang et al., 2007; Groning et al.,
2009; Bright and Rayfield, 2011; Evans et al., 2012; Groning et al., 2012a).

Because boundary conditions impact decisively on the accuracy of FEA
predictions, several studies have been undertaken in order to assess the sensitivity of
the model to changes in those conditions (Sellers and Crompton, 2004; Ross, 2005;
Ross et al., 2005; Strait et al., 2005; Kupczik et al., 2007; Cox et al., 2011; Reed et al.,
2011; Fitton et al., 2012; Groning et al., 2012b; Fitton et al., 2015). These sensitivity
studies have focused mainly on how variations in material properties (Strait et al., 2005;
Kupczik et al., 2007; Cox et al., 2011; Reed et al., 2011; Groning et al., 2012b),
constraints (Cox et al., 2011) and muscles forces, muscle vector directions and muscle
activation patterns (Sellers and Crompton, 2004; Ross et al., 2005; Cox et al., 2011;
Fitton et al., 2012; Groning et al., 2012b) impact on model accuracy and precision.

Most validation studies have reported a degree of success when considering
relative strains (Bright and Rayfield, 2011; Ross et al., 2011; Toro-Ibacache et al.,
2016a). Conversely, precise prediction of absolute strains is commonly not achieved.
Despite this limitation FE models are still useful to answer broad questions that do not

require accurate prediction of absolute strains.



2 Validation study of a voxel-based finite
element model of a cadaveric human

cranium approximating a molar bite



2.1 Introduction

The legitimacy of Finite Element Analysis (FEA) is grounded on the premise
that FE Models (FEM) reflect the mechanical behaviour of the real structures they
replicate, that they produce valid results. To assess validity, results from the FE model
should match those obtained from the real specimen when the same loading regimen is
applied (Richmond et al., 2005; Rayfield, 2007; Kupczik, 2008; Grine et al., 2010b;
Bright and Rayfield, 2011). As such, validation studies have typically compared the
strain magnitudes and/or vector orientations experienced by real specimens with those
predicted by the virtual model (Bright and Rayfield, 2011; Szwedowski et al., 2011).
While some studies have measured strains experienced by skeletal elements in vivo
(Rubin and Lanyon, 1982; Ross, 2001), usually measurements are taken from
postmortem material (Richmond et al., 2005; Strait et al., 2005; Kupczik et al., 2007;
Groning et al., 2009; Bright and Rayfield, 2011; Szwedowski et al., 2011).

Until recently the most viable option to measure deformations was to affix
strain gauges to bone (Daegling and Hylander, 2000; Vollmer et al., 2000; Richmond et
al., 2005; Strait et al., 2005; Ichim et al., 2007a; Kupczik et al., 2007; Bright and
Rayfield, 2011; Szwedowski et al., 2011). However, these present some limitations
(Richmond et al., 2005), which include technical difficulties associated with fixing
gauges (Groning et al., 2009) and limits to the number of gauges that can be applied
and so the impossibility of dense measurement of strains over regions of interest (Yang
et al., 2007; Groning et al., 2009; Bright and Rayfield, 2011; Evans et al., 2012;
Groning et al.,, 2012a). To overcome these limitations Digital Speckle Pattern
Interferometry (DSPI) has been applied to measurement of bone surface strains in
validation studies (Groning et al., 2009; Bright and Groning, 2011; Groning et al.,
2012a; Toro-Ibacache et al., 2016a). This is an optical full-field strain measurement
technique that allows strains to be directly measured over a small area (several cm?),
determined by the field of view of the device.

In order to improve accuracy of FE strain prediction and better understand the
modelling process, sensitivity analyses are carried out to assess how differences in
model building approaches impact predicted strains and forces. Previous studies have
examined the effects of variations in: model geometry (Strait et al., 2005), model

constraints (Marinescu et al., 2005; Cox et al., 2011), material properties (Marinescu et
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al., 2005; Bright and Rayfield, 2011; Szwedowski et al., 2011), muscle loading
magnitudes and vector directions (Marinescu et al., 2005; Ross, 2005; Fitton et al.,
2012), PDL segmentation (Groning et al., 2011a; McCormack et al., 2014), modelling
of cranial sutures (Kupczik et al., 2007; Wang et al., 2008; Wang et al., 2010a; Wang et
al., 2010b; Wang et al., 2011) and static vs dynamic loading (Wang et al., 2011).

Most validation studies have reported a degree of success in predicting skeletal
behaviour using FEA. This said, models often fail to accurately reproduce absolute
strain magnitudes while relative strains between different regions of the model are
generally consistent with relative strains from experimental loadings of the real
specimen (Strait et al., 2005; Kupczik et al., 2007; Bright and Rayfield, 2011; Toro-
Ibacache et al., 2016a). With regard to the cranium, it has been suggested that
differences between the performance of in silico models and actual skeletal material
may be related to regional differences in material properties, to the presence of
complex patterns of orthotropy and the difficulty in correctly reproducing variations in
cortical bone thickness and cancellous bone architecture, given the constraints of
imaging and model building (Ross, 2005; Strait et al., 2005; Bright and Rayfield, 2011;
Szwedowski et al., 2011). This suggestion arises from studies that report regional
differences in material properties of cortical bone in the human craniofacial skeleton
(Peterson and Dechow, 2002; Peterson and Dechow, 2003a; Peterson et al., 2006;
Dechow et al., 2010). On the other hand, strain orientation in validations is usually
consistent between virtual and physical specimens (Bright and Rayfield, 2011; Toro-
Ibacache et al., 2016a). With regard to issues with resolution and so segmentation of
cortical and trabecular bone, sensitivity analyses suggest that these mainly affect strain
magnitudes (overall model stiffness), but less so strain vector orientations and relative
strains (Parr et al., 2012; O'Higgins and Milne, 2013; Fitton et al., 2015; Toro-Ibacache
etal., 2016a).

While it would be desirable to have virtual models that exactly reproduce the
performance of the real specimens, this can only be known for certain if experimental
data for the full surface are available to guide model building. In most cases this is not
possible, yet FE models are still useful to predict relative strains within and among
models which renders FEA a useful approach with respect to many questions (Strait et
al., 2005; Bright and Rayfield, 2011; Milne and O'Higgins, 2012; O'Higgins and Milne,
2013), including the comparative cranial and post-cranial biomechanics of hominoids

(Richmond, 2007; Wroe et al., 2007; Wroe et al., 2010), hominins (Strait et al., 2009;
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Strait et al., 2010; Wroe et al., 2010) and recent human populations (Piischel, 2013).
The answer to the question “is a model valid?” is, therefore, dependent on the future
application of the model and the questions to be addressed (Strait et al., 2005; Bright
and Rayfield, 2011).

Thus, this study will assess if cranial FE models provide valid predictions of
distributions of regions of relatively high and low strains, irrespective of overall strain
magnitudes (relative strains) and/or of absolute strain magnitudes as well. To that end,
strains predicted by FEA are compared to those experienced by the real cranium, based
on which the FE model was created, under controlled experimental conditions. Based
on previous studies that found similarities in strain pattern between experimental and
FEA results, but discrepancies in overall magnitudes (Strait et al., 2005; Kupczik et al.,
2007; Bright and Rayfield, 2011; Toro-Ibacache et al., 2016a), it is predicted that
absolute strains will differ between the two and that strain pattern will be similar.
Hence, it is hypothesized (Hol) that there are small or negligible differences in the
magnitudes and orientations of strains between the actual cranium under controlled
experimental loading conditions and the FE model under simulated loading. Further, it
is hypothesised (Ho2) that there are small or negligible differences in the distribution of
regions of relatively low and high strains, irrespective of overall magnitude (here
referred to as strain pattern) between predicted and experimentally measured strains. It
is predicted that Hol will be falsified and that Ho2 will not be falsified.

The present validation study follows on from a previous study by Toro-Ibacache
et al (2016a) that investigated the validity of predicted strains in a human cranium
arising during loading and how modelling decisions impacted on model behaviour. In
this study, as in that of Toro-Ibacache et al. (2016a), full field strains are measured over
the infra-orbital regions using DSPI technology. Validity of model behaviour is
investigated under an approximation to a molar bite whereas Toro-Ibacache et al.
(2016a) approximated an incisor bite (see details of loading and constraining below).
These validation studies are relevant for fossil FE studies, in which validation is not
possible, because they assess if FE modelling decisions provide reliable relative strain

magnitudes.
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2.2 Materials and Methods

In this study the strains experienced by the infra-orbital region of a real human
cranium under mechanical loading were compared to those of an FE model under
equivalent virtual mechanical loading. Loading and constraining approximate a molar
bite but could not replicate physiological loading (see details of loading and
constraining conditions below).

The cranium is that of a 74 year old male from Hull, England, and its use for
research was approved under the Human Tissues Act 2004 (available at
www.hta.gov.uk) and by the relevant HYMS Ethics committee while it was cared for
and handled during all experimental stages in accordance with the act and regulations.
The same cadaveric head was previously used by Toro-Ibacache et al. (2016a) for
validation of masticatory function in an approximation to an incisor bite. In that study
the head was dissected, segmented, modelled as an FE model and mechanically loaded
to approximate the simulation of an incisor bite. The cranium was extremely well
preserved, with no missing skeletal elements (see Figure 2-1), and with wet bone,

therefore being suitable for simulation of masticatory function in a living individual.

2.2.1 In vitro experiment

The cranium was constrained by resting it on the two mastoid processes and the
meso-lingual cusp of the first left molar (see: Figure 2-1). A total compressive vertical
force of 750N was applied in increments of 75N by a universal material testing
machine (Lloyd's EZ50, Ametek-Lloyd Instruments Inc., UK) to the frontal bone,
15mm. anterior to bregma. The mastoids acted as a fulcrum at which the skull rotated
upon the downward compressive force on the frontal bone. The tooth acted as a biting
point, transferring the load onto a 5 kN load cell (Omega DP25B-S; Omega
Engineering Inc., Stamford, CT, USA) previously calibrated and repeatedly checked
and recalibrated between experimental runs, by applying known compressive loads
with the Lloyd’s testing machine described above. The cell was used to measure the
reaction force at the tooth during loading and control if it scaled linearly with the

compressive force applied by the testing machine.
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Figure 2-1: Experimental set-up of the skull used in the validation study.

A Q100 DSPI measuring system (DANTEC Dynamics GmbH, Ulm, Germany),
which provides a maximum field of view of 25 X 33 mm, was used to measure the
strains experienced by the infra-orbital plate during mechanical loading. That region
was covered with a thin layer of white spray (DIFFU-THERM developer BAB-BCB;
Technische Chemie KG, Herten, Germany) to prevent light reflection. The DSPI sensor
was then attached to a tripod that was glued to the infra-orbital plate using an acrylic-
based adhesive (X60; HBM Inc., Darmstadt, Germany). The software Istra Q1002.7
(DANTEC Dynamics GmbH, Ulm, Germany) was used to characterize the surface of
the area of interest before loading (Figure 2-2a) and create phase maps prior to and
during loading (Figure 2-2b) that were used to estimate maximum (€1) and minimum
(€3) principal strain magnitudes and directions. The software then converts the strains
into 2D (Figure 2-2c¢) strain contour plots. A 3D strain contour plot surface is also
created that may be superimposed onto the surface of the virtual model (Figure 2-2d).
Two sets of experimental rounds were run. The first set did not provide reliable data
and was therefore discarded and appropriate adjustments to the setup were made to

increase stability and reliability. The second, and valid, set had a total of 8 experimental
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rounds. In each experimental round the cranium was loaded with a total of 750N in 10
increments of 75 N, as previously described. In between rounds the load was removed
and the cranium was checked to ensure it did not move and that the load was
completely removed. The second set of experimental rounds is the data presented in the

results and discussion.

Figure 2-2: Data from DSPI. A — Camera view with border. B — Phase map with

border. C — 2D strain contour plot. D — 3D strain contour plot.

Consistency of results between experimental rounds and their validity was
assessed visually using 2D strain contour plots that display strain magnitudes and
directions. This provides a visual assessment of differences but no quantification. Thus,
strain magnitudes were extracted along two lines (Figure 2-3) that cross the field of
view of the DSPI device. Strain magnitudes were used to perform a PCA (Principal

Component Analysis) and to plot graphs.

2.2.2 FE experiment

The FE model was based on a CT scan of the cadaveric head, performed before
dissection and mechanical testing, using a Siemens 16-channel multidetector CT
scanner equipped with a STRATON tube (Siemens Somatom Sensation 16; Siemens
Healthcare, Erlangen, Germany) at 120 kV and 320 mA with an H60s edge-enhancing
kernel, with an original voxel size of 0.48 X 0.48 X 0.7 mm. that was later resampled to
0.349 X 0.349 X 0.349 mm. Three materials were orgininally segmented by Toro
Ibacache et al. (2016a), cortical bone, trabecular bone and teeth. Further segmentation
was performed by thinning cortical bone in regions that presented cancellous bone. The

cortical bone segmented from the internal surface of the cortical shell was subsequently
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allocated to cancellous bone, which was segmented as a bulk material. This additional
segmentation was performed to make the model less stiff because preliminary FE
simulations yielded strains that were lower than the ones presented in this study, thus
increasing the difference in strain magnitudes between the experimental data and the
FEA results. The model was later exported as a BMP image stack and directly
converted into a voxel based finite element mesh using the bespoke software vox2vec.
Pre and post-processing used the custom FEA program VoxFE (Fagan et al., 2007; Liu
et al., 2012). Isotropic material properties were allocated to all materials. Young’s
modulus of cortical bone was calculated by nanoindentation (cortical bone 16.3+3.7
GPa — 21.9+£2.7 GPa) as previously reported by Toro-Ibacache et al. (2016a) and within
the range of previously reported values (Dechow et al., 1993; Schwartz-Dabney and
Dechow, 2003). Trabecular bone was allocated an elastic modulus of 56 MPa,
according to Misch et al. (1999). Teeth were modeled as single structures with a
modulus of 50 GPa, within the published values for enamel (for a review see He et al.
(2006), He and Swain (2008)). All materials were allocated a Poisson’s ratio of 0.3.

The model was virtually positioned similarly to the real cranium so that the
force vectors of the compressive loads applied matched in the real and virtual
structures. Constraining of the model replicated the constraints applied to the real
cranium. Thus, constraints were applied to both mastoid processes (x, y and z axes) and
to the meso-lingual cusp of the first molar (z axis).

Even though these constraints match those applied to the real cranium it was
theoretically possible that the cranium might have moved during loading. Hence,
variations of these constraints (Table 2-1) were applied to assess the best match
between measured and predicted strains. Project 1 matches the applied constraints.
Project 2 varies the constraint of the left mastoid to verify there was no slipage of the
mastoid constraint at that point. Projects 3 and 4 are similar to project 1 but vary
position of the tooth constraint to ensure there was no movement of the cranium or of
the force transducer. Project 5 is similar to project 1 but applies an extra constraint (in
the horizontal x and y axes, allowing free movement inferiorly in z) to the frontal bone,
at the point of compressive force application, to ensure the cranium was not constrained
at that point. The 750N force was applied 15 mm anterior to bregma as in the in vitro

mechanical testing.
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Table 2-1: FEM projects for left molar simulation.

Right Left Left first molar Frontal
mastoid mastoid Location Axes bone
Project 1 X,V,Z X,V,Z Meso-lingual cusp zZ 0
Project 2 X,Y,Z z Meso-lingual cusp X,V,Z 0
Project 3 X,Y,Z X,Y,Z Meso-buccal cusp 4 0
Project 4 X,Y,Z X,Y,Z Slope of the meso-lingual cusp z 0
Project S X,V,2Z X,V,2Z Meso-lingual cusp z X,y

Strain magnitudes and directions of the different projects were qualitativelly
compared by visual assessment of strain contour plots of €1 and €3. Differences in
magnitudes were compared quantitatively by plotting graphs of extracted strain
magnitudes of €1 and €3 along two lines equivalent to the ones traced in the in vitro
simulation (see above). The lines were created in Avizo using the 3D strain contour
plot surface as reference. The surface was overlaid on the appropriate infra-orbital
region and landmarks placed at every millimetre along the lines. The landmarks were

then exported and used to extract strain magnitudes.

2.2.3 Invitro vs. FE experiment

Comparison between real and predicted strains is only meaningful if the same
loading regimen is applied because differences in force magnitude and/or direction
would potentially result in different strain distributions, magnitudes and directions.
Thus it was necessary to verify the force vectors had the same orientation in the real
and virtual experiments. To that end reaction forces registered by the force transducer
placed under the tooth were compared to the reaction forces calculated at the tooth of
the FEM. Congruence of results can be interpreted as indicative of equivalent
orientations of applied force vectors.

After comparison of tooth reaction forces, the deformations of the crania were
compared. In vitro and predicted strain directions and magnitudes results were
qualitativelly assessed by visually comparing strain contour plots of maximum and
minimum principal strains and strain vector directions. Quantitative assessment of
differences between measured and predicted strain magnitudes relied on plotting
magnitudes extracted along the two previously described lines (see above and Figure

2-3). The different experimental rounds were arithemeticaly averaged and + two
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standard deviations were computed. This provided a range against which FEA results
were compared.

Differences in strain magnitudes between FEA and experimental results are
considered meaningful if there are clear visual differences between strain contour plots
and if strain magnitudes of the FEA results fall outside of the + two standard deviations
interval. Strain patterns are considered meaningfully different if there are no
correspondences of where high and low strains are anatomically experienced between
FEA and experimental results. Differences in strain orientations are considered
meaningful when visual inspection of the orientation of strain vector shows clear

differences between experimentally measured strains and FEA results.

Line |

Line 2

Figure 2-3: Lines used to extract strain magnitudes and compare results between

measured and predicted strains.

2.3 Results

As previously described, comparison of deformations uses strain contour plots
of €l and €3 and scatter plots of strain magnitudes extracted from two lines located in
the infra-orbital region that are equivalent between the DSPI and FEA outputs. In the
comparison, directions, magnitudes and patterns are considered. Directions refer to the

orientation of the strain vectors. Magnitudes in the strain contour plots are colour coded.
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Thus, similar colours indicate similar magnitudes. ‘Strain pattern’ here refers to the
spatial distribution of regions where high and low strains are experienced. It is
compared using strain contour plots and scatter plots. In the strain contour plots strain
pattern is similar if the spatial distribution of regions of relatively high and low strains
is equivalent, even if magnitude differs. In the scatter plots strain pattern is similar if

the line topography is similar, even if presenting different magnitudes.

2.3.1 In vitro experiment

The first step in assessing the DSPI results is to exclude outlying data from runs where
error occurred. This error is not evident during the experiment and might comprise
slippage of constraints, ‘locking’ of the skull between load and constraint and other
causes. To identify such error requires comparison of repeated runs to exclude outliers.
Results show that rounds 7 and 8 are clear outliers and these were thus discarded from
further analysis. Strain magnitudes and strain patterns are clearly different from the
remaining rounds presenting atypical strain peaks. This is visible on the strain contour
plots (Figure 2-4) and scatter plots (Figure 2-5 and 2-6), which present different strain
magnitudes, patterns and directions in €1 and €3. Moreover, the PCA plot shows that
these rounds do not group with any others (Figure 2-7).

Even though the strain contour plots and scatter plots show similar strain
patterns in rounds 1 to 6 (Figure 2-4 to 2-6), rounds 3 and 4 present higher strain
magnitudes in €l and lower in €3. This difference in strain magnitudes sets these two
rounds apart in the PC plot. This inconsistency suggests experimental error with the
DSPI and so rounds 3 and 4 were also discarded. From the remaining six rounds, 1, 2, 5
and 6 were considered reliable

The lower plots of figures 2-5 and 2-6 exclude the outlying rounds, presenting

plots of rounds 1, 2, 5, 6. These are very consistent in strain magnitudes and pattern.
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Figure 2-4: 2D strain contour plots of the DSPI output, all experimental rounds.
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only reference rounds (1, 2, 5, 6; bottom).

=1 (ug

00y

oo

2000

100

All rounds of experimental loading (line 2)

Line length (mm.)

Reference rounds of experimental loading (line 2)

ﬁ&'v”;i‘ :

Line length (mm.)

£3 (uz)

3 (ue)

1004

All rounds of experimental loading (line 1)

2000

-JH0
Line length (mm.)
Refi ¢ rounds of experi IHoading (line 1)

L
0

5 1n - 30
500
1000

Line length (mm.)

=a—ound |
=+—Round 2
=+=Round 3
=+=Round 4
=—Round 3
=e—ound 6
~==Round 7
—+=Round 8

Figure 2-6: DSPI €1 and €3 scatter plot of line 2 including all rounds (top) and

only reference rounds (1, 2, 5, 6; bottom).



Recent hominin cranial form and function | 63

6
.
®Round 8 41 Round 4
gl
= ®Round 3
Round 1 Round 2
P SRR § © o W . . .
S Rgmnd 6 _3 * "Round 3 3 z 3 % v &
i -2
a
e -4
o
-6
-8
-10
®*Round 7
PC 1 (50.35%)
18
15
®Round 7 12
S o
-
a 6
f"‘_l'
(] 3
E R ALl
20 -16 -12 Round 6e -4 Round Seoe° "4 7 § ORountEoud 3
3
®*Round 8 -6
-9

PC 1 (55.03%)

Figure 2-7: PCA of €l (A) and €3 (B) of DSPI rounds 1 — 8.

Despite the differences in deformation between experimental rounds, reaction
forces at M1 were very consistent during all increments of all rounds, varying between

411 N and 432 N when total force was applied (Figure 2-8).
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Figure 2-8: Forces measured by the load cell placed underneath the first left

molar during the load increments of each experimental round.

2.3.2 Predicted strains

Qualitative assessment of the impact of varying kinematic boundary conditions
was based on visual assessment of strain contour plots generated for €1 and €3 of all
projects. Figure 2-9 shows that varying boundary conditions impact principally on
strain magnitudes rather than strain pattern. Thus, all models present similar spatial
distribution of high and low strains, even though with different magnitudes. When
considering €1 on the infra-orbital and alveolar region of the working side (left) of the
cranium it is clear that strains are relatively high over the whole infra-orbital area,
including the inter-radicular areas of the dental arcade and above the apices of teeth.
Highest strains are located directly above the bite point, above and around the premolar
and above and around the canine, with significant straining of the lateral area of the
nasal cavity. The strain contour plot of €3 presents a pattern generally similar to €1,
with relatively high strains in the infra-orbital region. The higher strains envelop the
bite point from above the second molar to the premolar, with a discontinuity just above
the first molar. Another high strain area is found above the canine and lateral to the
nasal cavity (Figure 2-9). Changes in the constraints did not impact on the orientation

of the strain vectors, with no evident differences found between projects (Figure 2-10).
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Quantitative assessment of strain differences relied on plotting strain
magnitudes experienced along the two lines that were created in the infra-orbital region
(Figure 2-3). Figure 2-11 (top) shows that line one presents two strain peaks with
strains dropping in-between and a wide diffuse higher strain area. Figure 2-12 and 2-13
show that these high strain areas correspond to the inter-radicular area between the
lateral incisor and the left canine; the area next to/above the apex of the premolar;
above the apices of the first and second molars, next to the corresponding maxillary
sinus and zygomatic root. Variations in the constraints impacted mainly on strain
magnitudes and not on strain pattern. Line 2 (Figure 2-11, bottom) is less irregular with
two lower strain areas, that anatomically correspond to the margin of the nasal cavity
and the area above the premolar and first molars’ root. The higher strains are located
above the left canine root and, especially, the bite point at the left first molar (Figure

2-11 to 2-13).
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Figure 2-9: Strain contour plots of the FEA projects 1 — 5 with varying

boundary conditions.
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Figure 2-10: Strain contour plots, with strain vector orientations, of infra-orbital

and sub-nasal region of FEA projects 1 — 5 with varying boundary conditions.
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Figure 2-11: Scatter plot of projects 1 - 5 (varying boundary conditions) of the
FE model of line 1 (top) and 2 (bottom), using €1 and &€3.

2.3.3 Real vs Predicted Strains

Reaction forces measured during the consistent experimental rounds at the tooth
were averaged to be used as reference for the FEA projects. The mean reaction force is
424 N and that of the reference FEA project (project 1) is 425.61 N. Thus, the

difference is negligible (0.38%) and the loading regimens considered equivalent.
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Table 2-2: Reaction forces registered at first left molar in the experimental
rounds and in each FEA project. Reaction force of experimental rounds was averaged

to serve as reference for the FEA projects.

Experimental rounds | Reaction force (N) FE projects | Reaction force (N)
Round 1 411 Project 1 425,61
Round 2 425 Project 2 440,24
Round 5 432 Project 3 401,27
Round 6 428 Project 4 416,72

Mean 424 Project 5 265,49

When comparing the strain contour plot of the DSPI with the FE model there is
a slight mismatch in the anatomical regions where the highest/lowest strains are
experienced. This is visible, e.g., on the alveolar bone overlying the root of the left
canine. In the 3D contour plot of the DSPI the alveolar bone experiences high strain in
the mesial region and low strain in the lateral. In the FEA strain contour plot the
alveolar bone over the root of the canine shows low strain and high strains are located
in the inter-radicular regions. This mismatch also occurs in the scatter plots of extracted
strain magnitudes (Figure 2-12 and 2-13). Despite this difference, comparison between
the DSPI output within the corresponding area of the FEA results shows some
similarities (Figure 2-12 and 2-13). In €1, these consist of a region of strain peaks that
generaly envelops the left canine and premolar, rising from the inter-radicular area
between the lateral incisor/canine and the premolar/first molar and converging medially
to the infra-orbital foramen. This high strain drops in the region overlying the roots of
the premolar and, especially, of the canine. Above the first molar, at the root of the
zygomatic process of the maxilla, there is a low strain area, more distinct in the real
specimen, that then increases strain both laterally and medially (Figure 2-12 and 2-13).
In €3 the main difference between the DSPI output and the FE model are the lower
relative strains displayed by the real specimen around the first molar and above the
canine. In the remaining areas there are similarities between the models, with a
relatively highly strained region that extends from the root of the zygomatic process to
the inferior lateral border of the nasal aperture. In this region there are also foci of low
strains, both in the real and virtual specimens, such as in the maxillary zygomatic

process, the area next to the infra-orbital foramen and over the premolars root (Figure

2-12 and 2-13).
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Figure 2-12: DSPI 3D strain contour plot (superimposed on cranium) and FEA

strain contour plot (project 1).
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Figure 2-13: DSPI (top) and FEA (bottom) strain contour plots of €1 (left) and
€3 (right). Numbered points correspond to matching peak strain areas between
measured and predicted strains. Precise magnitudes and distributions along plotted lines

are shown in Figure 2-15.

Figure 2-14 shows some similarities but not full consistency between DSPI and
FEA strain vector directions (note the vectors from FEA are automatically scaled by the
software according to magnitude while those from DSPI are not). Similarities in €1 are
generally found in the bottom half of the strain contour plot, with differences being
more pronounced in the top half. In €3 similarities are found in the left half of the plot,
where supero-inferior compression (vectors oriented obliquely to the orientation of the
contour plot) predominates. Differences in vector directions are found over the root of

the canine (bottom centre).
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Figure 2-14: DSPI (left column) and FEA (bottom column) strain contour plots

of €l (top row) and &3 (bottom row), with strain vector directions.

In order to quantitatively compare real and predicted strain magnitudes these
were extracted along lines 1 and 2 (Figure 2-3). In line 1 there are differences in the
absolute values of €1 between the predicted and the real strains. These differences are
most significant throughout ca. the first third of the line. Despite these absolute
differences, the general strain pattern is comparable. Thus, DSPI and FE results present
the same strain peaks around the canine (first and second peaks of the line). When
considering the second and third peaks both DSPI and FEM outputs almost match in
absolute values, with differences consisting in the absence of a significant drop in the
predicted strains in between the second and third peaks. In €3, there are also differences
in the absolute values, with predicted strains being lower than real strains. Despite these
differences the overall pattern of €3, between real and predicted strains, is similar, with
a generally flat and regular line. The main differences between DSPI and VoxFE

outputs are in the peak of predicted strains next to the premolar (= 15 mm), which is
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absent in the DSPI output, and the flatness of the first third of the line of the predicted
strains (over the canines root), which is more irregular in the real strains (Figure 2-15).

In the scatter plot of €1 from line 2 there are two main differences between real
and predicted strains. The first is the significant drop in the real strains at = 7-8 mm,
that anatomically corresponds to the area above the apex of the canine. In the FE model
these low strains are directly over the tooth root, not extending upwards. The second
difference is the drop in the predicted strains at about the apex of the premolar (= 20
mm). Despite these two local differences the predicted absolute strains are mostly
within the range of the real ones, with a generally similar pattern between the two. In
€3, both DSPI and FE extracted strains present a remakable match. The only difference
is found in the high strains experienced by the FE model just next to the bite point (+
23-25 mm, Figure 2-15, labeled as point 2).
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Figure 2-15: DSPI and FEA output scatter plots of line 1 (left) and 2 (right).
Top scatter plots depict €1 and bottom plots €2. The DSPI output includes the mean of
series 1, 2, 5 and 6, and + 2 standard deviations. Numbers above and below lines

represent peak strains that anatomically correspond to the number in Figure 2-13.
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2.4 Discussion

This study aimed to assess the validity of an FE model of a cadaveric cranium
approximating a molar bite. To this end the real specimen and the FE model were
loaded with similar boundary conditions and resulting strains were compared between
the two.

The real cranium was subjected to eight rounds of compressive loads and
resulting strains were measured using DSPI to be used as reference for comparison with
the FE model. Rounds 1, 2, 5 and 6 were consistent and used as the reference (Figure
2-4 to 2-7). The remaining four rounds (3, 4, 7, 8) were considered invalid due to
inconsistency in strain magnitudes, patterns and directions (Figure 2-4 to 2-7). Rounds
3 and 4 present a similar pattern but inconsistent magnitudes relative to rounds 1, 2, 5
and 6. This inconsistency may be due to some undetected interference with the DSPI
reading. Rounds 7 and 8 present atypical patterns, magnitudes and directions. It is
possible that the bone in the region of the maxilla cracked due to successive loading
(this cranium was used in a previous validation study by Toro-Ibacache et al. (2016a)
and was subjected to over 20 experimental rounds in total), thus leading to an
extremely high strain peak in round 7 and several smaller peaks in round 8 that may
represent bone failure.

The FE model was loaded similarly to the real cranium. Furthermore, to verify
kinematic boundary conditions applied to the FE model were the same as those
experienced by the real cranium, constraints were varied to simulate possible
movements of the cranium during loading. Changes in the constraints did not impact on
strain distributions and directions, but rather on magnitudes, both in €1 and €3. This is
visible in the strain contour plots (Figure 2-9 and 2-10) and in the graphs plotting strain
magnitudes extracted along line 1 and 2 (Figure 2-11).

To compare results it was first important to verify if the direction of applied
forces was consistent between real and virtual loads. This is relevant because
differences in direction of applied force would result in different loading regimens and
hence impact on strains. To that end bite forces were compared between real and virtual
experiments. The mean bite force of the real valid rounds (mean of 1, 2, 5, 6 = 424 N)
was similar to the bite force of the reference FE project (project 1 = 425.61 N) with a
difference of 1.61 N (0.38%; Table 2-2).
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When comparing the distribution of strains between the 3D DSPI output and the
FE results there is a degree of mismatch between the two (Figure 2-12 and 13). This is
evident, e.g., on the bone overlying the root of the canine. In the DSPI 3D plot this
region presents high strains in the mesial half and low strains in the lateral half. In the
FE strain contour plot there are low strains over the whole bone overlying the root of
the canine. This mismatch is also found in the scatter plots of extracted strain
magnitudes (Figure 2-14) and may be due to fine topographical differences of the strain
contour plots and cranial morphology related to the DSPI image acquisition, generation
of the DSPI 3D contour plot and FE model creation process. In particular, it is unclear
if it is necessary, and if so, how, to incorporate material representing periodontal
ligaments between teeth and their sockets in FE models. This would have a dramatic
effect locally on strain magnitudes (Groning et al., 2011a; Wood et al., 2011).

Despite this, the 3D contour plot of the real strains presents similarities with the
FEA output. In both, €1 magnitudes peak in the region of the canine and premolar
alveolar bone, rising through the facial skeleton and converging towards the
nasomaxillary butress (next to the infra-orbital foramen), with strains dropping over
and close to the root of the canine and less so over the premolar root. Similarly, the
strains are also lower in the zygomatic root, although clearly lower in the real specimen
than in the FE model. The main difference between the two is that the low strain field
over/near the canine is larger, extending more superiorly in the real specimen. In €3
both the real and virtual experiments yielded a high strain area that extends from the
border of the nasal aperture to the root of the zygomatic process with “islands” of lower
strains located close to the infra-orbital foramen and body of the maxillary zygomatic
process. The main difference between the two lies in the higher relative strains
experienced by the virtual model, particularly in the apex of the first molar, above the
canines’ apex, and the inter-radicular spaces. The direction of strain vectors
experienced by the real cranium and the FE model presents similarities but is not fully
consistent throughout the whole infra-orbital region (Figure 2-14).

Quantification of strain differences relied on plotting the strain magnitudes
extracted from two lines (Figure 2-15). In €1, line 1 is generally flatter in the FE model
than in the DSPI output. Nonetheless it presents the same general pattern with
differences being mainly the absence of negative strains over the canine root and at the
root of the zygoma. In €3 the strain magnitudes are lower throughout most of the line,

which is generally flatter, especially in the first third over and around the canine root.
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In line 2, the absolute predicted strains lie within the interval of the real ones along
most of the line, with striking similarities between them in €3.

Hence, the Hol (magnitudes and directions of predicted strains do not differ
meaningfully from the real ones) is falsified. Magnitudes in line 1 present clear
differences, despite similarities in line 2. Directions present similarities but not full
congruence between real and FEA results.

Ho2 (the pattern of predicted strains does not differ meaningfully from the
pattern of real strains) is partially falsified because, despite some differences, the
pattern of strain distributions in the experiment and FE simulation is generally similar.

The results presented here are therefore somewhat consistent with those of
Toro-Ibacache et al. (2016a), who used the same cranium and a similar experimental
setting (although the constrained tooth was the first left incisor and not the first molar)
and reported successful prediction of general strain distribution but not of precise
absolute magnitudes. Despite that it should be noticed that Toro-Ibacache et al. (2016a)
found a better match between real and predicted strains than the present study does.
Our results and those of Toro-Ibacache et al. (2016a) are consistent with those of other
studies that report successful prediction of general strain patterns but not of precise

absolute strain magnitudes.

The present findings and previous work of others therefore suggests that while
craniofacial FEA is useful to predict general patterns of strain distribution, at present it
lacks the ability to predict fine details of strain distributions and absolute strains (Strait
et al., 2005; Kupczik et al., 2007; Bright and Rayfield, 2011; Toro-Ibacache et al.,
2016a).

These limitations are related to the resolution of medical CT imaging (which is
typically used in FE model building) and the extreme complexity of cranial material
properties. Medical CTs are unable to image fine anatomical details due to voxel size.
Indeed some bony structures (e.g., trabeculae in cancellous bone and bones such,
ethmoidal cells, vomer) are much thinner than individual voxels. This leads to
imprecision in the segmentation of details of cranial external form and loss of fine
detail of the extremely complex internal anatomy of the cranium. Material properties of
cranial bone are heterogeneous, with modulus of elasticity varying between individuals
and dependent on the direction of applied force, hence material properties are also

anisotropic, within crania and within the same bone. Teeth also present extremely
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complex material properties, with clear differences between tissues (i.e., enamel, dentin,
cement) and within the same tissue (see Naveh et al., 2012 for a review of the elastic
modulus of different dental structures). Despite efforts to reproduce the complexity of
cranial material properties (Strait et al., 2005), FE modelling still simplifies the full
complexity of the real structures, and so does this validation study. Simplifications in
this study include modelling of trabecular bone as a bulk material, allocation of
isotropic properties to all materials and teeth modelled as single structures with
Young's modulus of enamel. Moreover, absence of the periodontal ligament (PDL) also
impacts on model performance and congruence of results.

Modelling of trabecular bone as a bulk material is expected to impact on strains
because the cancellous spaces are infilled with material that does not replicate the
directional anisotropy of stiffness of cancellous bone. Parr et al. (2012) show that
infilling hollow spaces of a varanoid lizard mandible impacts on strain magnitudes,
reducing them, but not on pattern. Parr et al. (2013) also reported that modelling
trabecular networks, as opposed to modelling cancellous bone as a solid, impacts on the
overall stiffness of the skeletal structures and, therefore, on strain magnitudes. Thus
modelling of trabecular bone as a bulk material likely partially explains strain
magnitude differences between the real and predicted strains.

Bone presents complex patterns of orthotropic material properties that vary
within the same bony structure (Peterson and Dechow, 2003b; Peterson et al., 2006)
and the use of isotropic material properties has been considered as one of the possible
sources of error between in vitro and in silico experiments (Bright and Rayfield, 2011;
Szwedowski et al., 2011). Studies have demonstrated that the use of orthotropic
material properties yields more accurate results than isotropic (Marinescu et al., 2005;
Strait et al., 2005), however the differences seem to impact on magnitudes and not on
pattern of strains experienced (Strait et al., 2005). Hence, allocation of isotropic
material properties to the FE model probably partially explain differences in strain
magnitudes between real and predicted strains, and less so on strain patterns.

It has been suggested that teeth act as load bearing structures that also increase
mandibular rigidity (Daegling et al., 1992; Marinescu et al., 2005), thereby limiting the
strain magnitudes an FE mandible model experiences during loading (Marinescu et al.,
2005). Segmentation and modelling of the teeth as single structures with high Young’s
modulus (see Naveh et al., 2012 for a review of the elastic modulus of different dental

structures), as opposed to modelling them more realistically as a composite of stiff
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enamel and less stiff dentine, might have stiffened the model in the region of the roots,
impacting especially on the structures that overlie and surround them, such as the
alveolar bone and inter/intra-radicular septa (with particular emphasis in the canine).

Another issue that arises in building FE models of the cranium concerns
modelling of the PDL. Imaging of the PDL using medical CTs is hampered by its very
small dimensions. Indeed the thickness of this ligament (0.15 - 0.38 mm.) is smaller
than the typical voxel size resolution (0.50 - 1.00 mm; Weber, 2005). These imaging
limitations do not allow modelling of this structure according to its correct dimensions.
Furthermore, PDLs have extremely complex material properties that vary throughout
the ligament due to, e.g., significant variation in the orientation of fibres (Groning et al.,
2011a; Naveh et al., 2012; Hand and Frank, 2014; McCormack et al., 2014). Despite
these difficulties the impact of modelling vs. not modelling the PDL as bulk material
(ignoring its detailed anatomy) has been debated recently. While it has been
consistently demonstrated that incorporating a cap of voxels with low Young’s
modulus between tooth root and socket to represent the PDL impacts in the nearby
alveolar bone increasing the strains (Groning et al., 2011a; Wood et al., 2011), the
effect on structures that are more distant is less clear, with some researchers
demonstrating it impacts significantly (Groning et al., 2011a) and others demonstrating
it does not (Wood et al., 2011). Our results show a discrepancy in strain magnitudes
between real and predicted strains in structures near teeth (line 1). Notwithstanding,
that discrepancy diminishes with increasing distance from the roots. Hence, our
findings seem consistent with the hypothesis that modelling of the PDL has little
impact on structures distant from teeth and the errors in strain prediction noted over the
tooth roots may well be mitigated in future studies by using high enough resolution to
incorporate a representation of the PDL.

Improvement in FEA for investigating craniofacial mechanics is therefore
dependent to considerable degree on advances in scanning technology that increase
resolution. Thus, higher resolution scans would enable imaging of fine anatomical
details, and facilitate allocation of more precise, heterogeneous, material properties
(which have been shown to be individual specific, and can be estimated from voxel
grey level — Hounsfield number). Even with such advances FEA will still demand
many approximations, albeit at finer levels of detail and as such validity will continue
to be an important question when considering the results of FEA studies. Despite this,

present FEA studies based on medical CTs are useful to address broad questions about
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cranial strain distributions but lack detail that allows them to focus on finer questions

and predict absolute strains.

This chapter assessed the reliability of an FE model based on a complex
segmentation that is possible in well preserved crania. However, fossils are often
fragmented and invaded by sedimentary matrix, precluding such complex segmentation
and subsequent FE modelling. Thus, the next chapter assesses the impact of

simplification of segmentation and material properties.



3 Sensitivity analysis of a voxel-based finite
element model of a cadaveric human

cranium



3.1 Introduction

Ideally, the geometry and material properties of Finite Element Models (FEM)
should replicate reality as closely as possible. CT based models are approximations to
the original geometry and presently offer the best route to accurately model geometry
(Marinescu et al., 2005), but CT scans have limitations. Even though medical CTs can
offer resolutions down to 200 pm, commonly resolution ranges from 0.5 to 1 mm
(Brant and Helms, 2012). While this is satisfactory to model gross morphology it does
not allow proper segmentation and representation of, e.g., trabecular networks and the
periodontal ligament (PDL) because the width of these structures is typically narrower
than the dimensions of voxels. Moreover, the material properties of bone are
heterogeneous and extremely complex. Bone is anisotropic, ductile and viscoelastic,
with these properties varying between individuals, and between and within bones in the
same individual (Dechow et al., 1993; Peterson and Dechow, 2003b; Currey, 2006;
Peterson et al., 2006). Thus, despite efforts to incorporate as much complexity as
possible in models (Strait et al., 2005), they inevitably simplify real structures. In the
extreme it would require a priori knowledge of all points in a given specimen to model
full complexity. This is impossible to achieve with current 3D imaging, even at the
resolution of a Synchrotron; simplification is always necessary.

Acknowledging modelling limitations, and associated uncertainty, researchers
have been interested in understanding the impact of errors and simplifications in FE
modelling. This can be examined via sensitivity analyses in which the impact of
uncertainty in input variables is assessed on the output (Saltelli et al., 2008). Such
studies consist in varying one (local sensitivity analysis), or several (global sensitivity
analysis), input variable(s) and examining how those variations impact the output
(results) of the model (Saltelli et al., 2008). In skeletal FEA studies, input parameters of
analysis have commonly included anatomical variables that are known to vary notably
and impact FEA predictions. Thus, sensitivity studies in cranial FEA have focused
muscle force magnitudes, directions and activation patterns (Sellers and Crompton,
2004; Ross, 2005; Cox et al., 2011; Fitton et al., 2012; Groning et al., 2012b),
variations in bone material properties (Strait et al., 2005; Kupczik et al., 2007; Cox et

al., 2011; Reed et al., 2011; Groning et al., 2012b), modelling of cranial sutures
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(Kupczik et al., 2007; Wang et al., 2010b; Reed et al., 2011), modelling the PDL
(Wood et al., 2011; Groning et al., 2012b; Holland, 2013; McCormack et al., 2014),
impact of variations in modelling of trabecular bone (Parr et al., 2013) and model
constraints (Cox et al., 2011).

Such studies are of particular relevance for FEA of fossils, in which validation
is not possible. FEA applied to fossils has become popular (Rayfield, 2007; Strait et al.,
2009; Strait et al., 2010; Wroe et al., 2010; Cox et al., 2015; Smith et al., 2015b;
Ledogar et al., 2016) and models are often based on medical CT scans. However, those
specimens are often fragmented and invaded by sedimentary matrix that, due to
mineralization processes, is undistinguishable from bone in scans. This often precludes,
for example, segmentation of sedimentary matrix from bone and does not allow
modelling of fossils with full anatomical complexity. Model simplification is therefore
useful and necessary to overcome these limitations (Fitton et al., 2015). Moreover,
increasing model complexity demands higher computational power to carry out FEA
(Groning et al., 2012b) and this leads to a tension between degree of simplification and
available computational power. Assessment of the impact of these simplifications
typically relies on evaluation of differences in variables of interest resulting from FEA.
Thus, researchers commonly focus on stress/strain magnitudes and directions and
compare how different modelling decisions impact on those variables (Strait et al.,
2005; Reed et al., 2011; Szwedowski et al., 2011; Wood et al., 2011; Groning et al.,
2012b), although bite force (Sellers and Crompton, 2004) has also been used to assess
model sensitivity.

While stress/strain FEA outputs are informative at a localized level (elements or
nodes of elements) they do not allow assessment of how the model deforms as a whole
and quantification of such large scale deformations. Geometric morphometrics (GM),
on the other hand, uses configurations of landmark coordinates and multivariate
statistics to assess how specimens differ, thereby quantifying morphological differences.
Thus, it has been proposed that GM can be used to measure and describe global
deformations (as well as local ones, if desired) of models under loading (O'Higgins et
al., 2011; O'Higgins et al., 2012) and this approach has been applied in several studies
(Cox et al., 2011; Groning et al., 2011a; Groning et al., 2012b; Holland, 2013; Prda,
2013; Fitton et al., 2015; Toro-Ibacache et al., 2016a). Fitton et al. (2015) investigated
the effects of simplifying details of internal anatomy (presence/absence of the maxillary

sinus) and material properties of teeth in a Macaca fascicularis cranium, concluding
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that this does not impact significantly on large scale deformations but it does have
localized effects in strain distributions. Toro-Ibacache (2016a) addressed the impact of
different segmentation protocols and of simplifying material properties of a cadaveric
human cranium. They concluded that segmentation protocols can have a significant
impact on large scale deformations but that simplifying material properties
(differentiating trabecular bone from cortical bone vs. not differentiating between the
two) had little impact on mode of deformation, while impacting magnitudes by
decreasing them.

Hence, this study assesses how uncertainty and limitations in the creation of an
FE model, and subsequent allocation of material properties, impacts its mechanical
performance. This local sensitivity analysis is performed because an FE model of a
fossil specimen (Kabwe 1) is used in chapters five, six and seven. Despite very well
preserved, this fossil cranium has missing anatomical regions and has been invaded by
sedimentary matrix, which precludes, e.g., accurate differentiation of cancellous and
cortical bone is some regions. Thus, it is of relevance to assess the impact of
simplification of the segmentation process and subsequent allocation of material
properties. To that end the cadaveric Homo sapiens cranium that was used in the
previous chapter will be simplified and strains magnitudes will be compared among
models, along with modes of deformation. Furthermore, how varying kinematic
boundary conditions (constraints) impacts on strain magnitudes and modes of
deformation is also investigated. Based on previous research that found that
simplification of material properties has limited effect on modes of deformation, but
larger impact on overall strain magnitudes (Fitton et al., 2015; Toro-Ibacache et al.,
2016a), it is predicted that model simplification will have a meaningful impact on strain
magnitudes but limited to negligible impact on mode of deformation. Similarly, it is
also predicted that alterations in constraints will have negligible impact on modes of
deformation but a more relevant impact on magnitudes of deformation. Thus, it is
hypothesized that (Hol) variations in model segmentation have a limited or negligible
impact on strain magnitudes, (Ho2) variations in model segmentation have limited or
negligible impact on the spatial distribution of regions of relatively high and low strains
(strain pattern), (Ho3) variations in constraints have limited or negligible impact on
strain magnitudes, (Ho4) variations in constraints have limited or negligible impact on
strain patterns. It is predicted that Hol and 3 will be falsified, and that Ho2 and Ho4 will

not be falsified. Because FE models are used later in this thesis to predict deformations
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during simulated masticatory function, this study should address impacts that are
relevant at a biological level (i.e. deformations that relate to bone biology and bone
deposition and/or resorption). However, this is difficult to define precisely because the
exact magnitudes that trigger bone deposition or resorption are not known (Skerry,
2000; Currey, 2006). Thus, relevant and/or negligible changes are considered within
the range of deformations of this study. Changes in strain magnitudes are considered
meaningful if they are large enough to change the anatomical distribution of where high
and low strains are experienced, and negligible if not. Changes in mode of deformation
are considered meaningful if they are large enough to preclude identification of specific

"bites" (see materials and methods).

3.2 Materials and Methods

In order to test the influence of segmentation on deformations resulting from
FEA, three models were created. The reference specimen (model 3) is based on the
previously validated human cranium in an approximation to an incisor bite (Toro-
Ibacache et al., 2016a), loaded in this study to simulate a molar bite approximation
(chapter 2). This model presents three materials (trabecular bone, cortical bone and
teeth) with specific material properties. Descriptions of model building protocols can
be found in chapter 2 and in Toro-Ibacache et al. (2016a). Simplifications of this
reference model were then created by reducing the number of materials and hence the
complexity of material properties. A two materials model (model 2) was created with
only cortical bone and teeth, by adding trabecular bone to cortical bone. A one material
model (model 1) was created by adding trabecular bone and teeth to cortical bone

(Table 3-1).

Table 3-1: Description of FE models used in the sensitivity study. Material

properties are in GPa.

Model | Voxelsize Elements Corticalbone Teeth Trabecular bone
1 material 0.350 9255609 17 No No
2 material 0.350 9255609 17 50 No
3 material 0.350 9255609 17 50 0.056
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The boundary conditions were adapted from the previous validation study
approximating a molar bite (chapter 2) with the model being constrained at the two
mastoid processes and the first left molar to simulate the bite point. This is a non-
physiological loading, chosen to allow the results of this sensitivity analysis to be
compared with those of the validation study. The force was applied as a 750N load to
the frontal bone (15 mm anterior to bregma). The constraints were originally varied in
the validation study to control for possible movement of the cranium during loading.
Here the same variations were applied to assess how they interact with segmentation to
impact on strain magnitudes and modes of deformation. Thus, the constraints of the
reference project (project 1) were varied by changing the constrained axis of one
mastoid (project 2) and the position of the bite point (projects 3 and 4; Table 3-2).
Project 5 of the validation chapter (one additional constraint at the point of force
application) was discarded because it resulted in clearly different strain magnitudes. In

total, 12 projects were created (4 different boundary conditions in each of 3 models).

Table 3-2: VoxFE projects for LM1 bite.

Right Left Left first molar
mastoid mastoid Location Axes
Project 1 X,V,Z X,Y,Z Meso-lingual cusp V4
Project 2 X,y,Z z Meso-lingual cusp X, Y, Z
Project 3 X,Y,Z X,Y,Z Meso-buccal cusp z
Project 4 X,Y,Z X,Y,Z Slope of the meso-lingual cusp 4

The impacts of varying segmentations (material properties) of models and
boundary conditions were first assessed by visual inspection of the strain contour plots.
Quantitative assessment is based on maximum (g1) and minimum (€3) principal strain
magnitudes at thirty two points over the face (Figure 3-1). These magnitudes are
compared to quantify the impacts of simplifying material properties and varying

boundary conditions on principal strains.
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Figure 3-1: Landmarks for extraction of strain magnitudes.

To assess the sensitivity of global modes of deformation to these varying
parameters, a principal component analysis (PCA) of changes in model sizes and
shapes due to loading was performed using 51 landmarks (Figure 3-2). An additional
"incisor bite" was simulated to allow the magnitudes of ‘error’ due to varying
modelling parameters to be calibrated in relation to the magnitude of differences
resulting from application of a different bite point. The "incisor bite" used the reference
model 3 and project 1 and differs only in that the constraint at the molar was replaced

by a similar constraint at the left central incisor.



Recent hominin cranial form and function| 87

Figure 3-2: 51 landmarks used for size and shape analysis of global

deformations.

3.3 Results

Visual inspection of the strain contour plots from the 12 projects shows that
simplification of material properties and changes in the boundary conditions impact on
strain magnitudes, but not markedly on the distribution of regions of high and low
strains (strain pattern), experienced by the models. The higher strain areas are
invariably located in the same anatomical regions. Thus, in all models in the
neurocranium there is a clear region of high strain along the coronal suture that extends
towards the anterior area of the temporal fossa and with a region of high strain at the
orbital rim. There are also relatively high strains in the glabellar region that extend
downwards along the naso-maxillary buttress. The infra-orbital region also presents
generally high strains, with higher strains located above and next to the bite point and
above the root of the canine (Figure 3-3).

Plotting the strain magnitudes extracted from the 32 points in the face shows
overlap among the three models in the four projects. Despite this it should be noted that
the alveolar region (points three, eighteen and especially ten) shows strain differences,
with model 3 presenting higher strains than the remaining models at a few loci (Figure

3-4).
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Figure 3-4: Line plots of facial €] and €3 values in 4 models with different

boundary conditions (projects 1-4).

Analysis of large scale deformations using the constraints defined for project 1
(the reference project) shows that simplification of model 3 (to models 2 and 1; two
then one material) impacts on magnitude (distance from unloaded model) and a little
less so on mode of deformation (divergence between vectors from unloaded to loaded
models). The effect of reducing materials from 2 to 1 is minimal. Anatomically, the
difference in mode of global deformation between model 3 and the two simplified
models corresponds to a greater degree of torsion of the face towards the working side,
which is seen as a relatively more superior deflection of the teeth and palate and greater
supero-inferior shortening of the left orbit in model 3. These results are consistent with
the graphs of facial strains (Figure 3-4) that show higher strains in model 3 and greater
differences at points at or near the alveolus. The impact of model simplification on
mode of deformation is small compared to the impact of varying bite point (molar to

incisor) (Figure 3-5).
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Figure 3-5: PCA of large scale deformations of project 1. Model 1 is not visible

because it is in the same location in the plot as model 2. Deformations are magnified by

a factor of 500 to facilitate visualization.

Figure 3-6 plots PCs 1 and 2 of the joint size and shape analysis of all projects
and models. Scatters of models (segmentation varied) are similar to those in figure 3-5,
however the differences among projects (constraints varied) are small compared to
those among models and these tend to differ more in mode (scatter more or less
orthogonal to the vector connecting unloaded and loaded models). Thus, model
simplification impacts principally on magnitude of deformation in all projects and the

different constraints have a smaller impact, mainly on mode.
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Figure 3-6: PCA of large scale deformations experienced by all models under
differing kinematic boundary conditions. Deformations are magnified by a factor of

500 to facilitate visualization.

3.4 Discussion

To allow direct comparability with the results of the validation study, the
loading applied in this sensitivity analysis is identical to that adopted from the
validation chapter (chapter 2). This means that the results of the sensitivity analysis are
not directly applicable to physiological loading scenarios but this is unlikely to be the
case since the resulting modes of deformation in the face differ little from those
resulting from physiological loading of the same model as assessed by comparing the
strain maps for single material model (Figure 3-3) with those of the physiologically
loaded model (chapter 5, Figure 5). The major differences are over the zygomatic arch,
which is not loaded via masseter in this chapter, and so shows lower strains and in the
calvarium which is not physiologically loaded in the sensitivity study. The face itself,
in being distant from the loads and constraints in both models behaves similarly and so

the results of this study are likely highly applicable.
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When considering strain contour plots, variations in model segmentation and
boundary conditions impact deformation. Segmentation has a clear effect on degree of
deformation while the impact on mode is less evident. Thus, the spatial distribution and
anatomical locations of regions of relatively high and low strains (see results for
detailed description) varies little, despite differences in magnitudes.

These results are quantitatively confirmed by plotting the strains extracted at 32
points on the face, in which a significant overlap is found between strain magnitudes in
the different models in each project. However, point ten displays a significant reduction
in strain in models 1 and 2 relative to model 3, showing that these are considerably
more stiff near the bite point. This results in a different pattern of strain distribution in
that region, where they become relatively low compared to the reference three materials
model. The validation study of Chapter 2 revealed that the strains in the model near the
bite point do not accurately predict experimentally derived strains. Thus, validity of
predicted strains in the region of the bite point and surrounding alveolus is poor and in
simplified models these regions are best ignored because predictions are very unlikely
to be accurate. In contrast, when considering the remaining facial skeleton strains
sampled at the remaining 31 points are not markedly different among segmentations.

As expected, Hol (variations in model segmentation will have little to negligible
impact on strain magnitudes) and Ho3 (variations in constraints will have little to
negligible impact on strain magnitudes) were falsified and so, rejected. Ho4 (variations
in kinematic boundary conditions will not impact meaningfully on the strain patterns)
was largely unfalsified. On the other hand, Ho2 (variations in model segmentation will
not impact meaningfully on the strain pattern) was falsified, particularly because of
strain magnitudes predicted at point 10 in models 1 and 2. If point 10 is ignored, the
hypothesis is not falsified.

These results suggest that if models are to be used to analyze structures near
teeth then simplifications have clear impact. If, on the other hand, one wishes to use
models to address general and broad questions then the simplifications applied in this
study have low impact. This sensitivity of alveolar strains near the bite point is
consistent with the findings of other researchers who have investigated, e.g., the
relevance of modelling the PDL. Despite a significant dispute in the literature, several
studies show that modelling the PDL has a marked local effect but less so in distant
structures (Groning et al., 2011a; Groning et al., 2012b; Holland, 2013). Thus, it is
possible that modelling the PDL might have given better local results, despite probably
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having low impact in distant structures and on large scale deformations. However,
resolution of scanning limits the anatomical accuracy with which a PDL could be
represented and the consequent necessary simplifications, themselves require further
sensitivity analyses before an attempt is made to incorporate a representation of the
PDL.

Another factor that might have affected the results near the biting tooth is the
stiffening effect of dental roots (Daegling and Hylander, 1998; Marinescu et al., 2005)
and which was briefly addressed in chapter 2. As mentioned, teeth were modelled as
single structures with the material properties of enamel. This is far from the real
complexity of teeth, and over estimates their rigidity (for a review of material
properties of teeth see Naveh et al.(2012)).To improve local prediction of strain
magnitudes over the alveolar processes highly detailed modelling of the PDL and
different dental tissues will be required (McCormack et al., 2014)

The results of this study are consistent with previous studies showing that
altering the stiffness of the model (by changing the modulus of elasticity of specific
materials) has greater impact in magnitudes of deformation than altering kinematic
boundary conditions, which impact mainly mode of deformation (Cox et al., 2011;
Fitton et al.,, 2015). In this study, the more compliant model three experiences
maximum principal strains up to 391% higher, and 38% higher on average, than the
stiffer model two (in which cancellous bone was allocated the modulus of elasticity of
cortical bone). The minimum principal strains are 56% higher on average, and up to
919% higher, in model two than in model three. The GM analysis of global modes of
deformation show a consistent result in which model three deforms more than models
one and two. In the sensitivity analysis performed by Cox et al. (2011) magnitude of
global deformation was found to be more affected by changes in the modulus of
elasticity than changing bite point or angle of bite, which mainly impacted mode of
deformation. In the study of Fitton et al. (2015), an anatomically detailed Macaca
fascicularis model was progressively simplified by infilling trabecular spaces, foramina
and maxillary sinuses. Such alterations caused an average decrease of approximately 4
to 10% in principal strain magnitudes experienced by the most solid model, and thus
have a lower impact than the one found in this study. In the study of Fitton et al. (2015)
global modes of deformation were impacted more by changes in bite point than by the
aforementioned changes, FEA studies also consistently note that element size and mesh

density impacts significantly FEA outputs, reporting errors of up to over 80% in Von
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Mises stress when element size increases by 20 times (More and Bindu, 2015). While
size and number of elements has significant impact on FEA outputs, results converge as
mesh density increases with differences becoming increasingly smaller and negligible.
This is consistent with the results of Toro Ibacache et al.(2016a), who report similar
principal strain magnitudes in two models of the same human cranium which differ in

element size (0.48 and 0.35) and number (3504595 and 9241525).

This and previous chapter examined the impact of modelling on the reliability
of FEA results, allowing an assessment of the resolution of the data provided. The next
chapter describes the reconstruction of the other FE model used in this dissertation,

Kabwe 1.



4 Virtual reconstruction of Kabwe 1



4.1 Introduction

Fossil specimens are usually fragmented, distorted and invaded by sedimentary
matrix, thus limiting subsequent research on morphological evolution and disparity
(Neeser et al., 2009; Arbour and Brown, 2014). This has led researchers to physically
reconstruct fragmented hominin crania, such as OH 5 (Leakey, 1959; Tobias, 1967) or
Zhoukoudian (Weidenreich, 1937; Tattersall and Sawyer, 1996). However, physical
reconstruction is heavily based on anatomical expertise and involves multiple
assumptions, making it a subjective process with limited reproducibility (Benazzi et al.,
2009c). Moreover, the Le Moustier Neanderthal cranium is an unfortunate example
showing that physical reconstruction using original specimens may be detrimental to
the long term preservation of fossils (Weber and Bookstein, 2011).

To overcome such limitations, with the advent of ready access to computing
power and new specialist software, researchers started reconstructing specimens using
computer based approaches. Virtual reconstruction is now a common procedure that
has been applied not only to hominin fossils (Kalvin et al., 1995; Zollikofer et al., 1995;
Ponce De Leon and Zollikofer, 1999; Neubauer et al., 2004; Zollikofer et al., 2005;
Gunz et al., 2009; Grine et al., 2010a; Benazzi et al., 2011a; Kranioti et al., 2011;
Watson et al., 2011; Benazzi et al., 2014), but also in the context of biological and
forensic anthropology (Benazzi et al., 2009a; Benazzi et al., 2009b; Benazzi et al.,
2009c) and cranial surgery (Benazzi et al., 2011b; Benazzi and Senck, 2011). Such
reconstructions are commonly based on CT scans, which provide detailed imaging of
bone and capture external and internal anatomy. This is potentially fundamental for
finite element analysis (FEA) because model geometry is a decisive aspect in the
reliability of results (Strait et al., 2005).

CT scan based reconstructions start with segmentation, during which the
relevant structures are identified and labeled within the scanned volume based on
differences in density, and thus on grey level Hounsfield Units (Weber and Bookstein,
2011; Weber, 2015). Segmentation choices depend on the intended further use of the
model. If used only for visualization purposes in which detailed internal anatomical
reconstruction is of no concern, single thresholds (set values of Hounsfield Units) that
segment most of the structure can be used. Such thresholds may be set manually or

calculated using a variety of approaches (Spoor et al., 1993; Coleman and Colbert,
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2007), but will either exclude bones that are too thin to be selected or overestimate
bone thickness. Thus, if detailed anatomy is important complex approaches that
combine global, regional and manual thresholding are necessary (Weber and Bookstein,
2011). In such cases one may set a global threshold and then subsequently apply
thresholds to specific anatomical regions that were not selected by previous
thresholding. Finally, manual segmentation is usually necessary for fine details that
were not picked up by the previous approaches.

Once the segmentation process is finished, reconstruction of missing anatomical
regions begins. This process usually combines imaging software (e.g. Avizo/Amira)
and geometric morphometrics (GM) to approximately restore the original geometry of
an incomplete/distorted specimen (Weber and Bookstein, 2011; Weber, 2015). In
specimens that preserve one side intact the most straightforward approach is to use
bilateral symmetry (Gunz et al., 2009). In such cases it is possible to reflect the
preserved regions onto the incomplete side and use them to replace the missing areas
(Gunz et al., 2009). However, no skeletal structures are completely symmetric and
present different magnitudes of asymmetry (Quinto-Sanchez et al., 2015). Thus,
reflected regions will not fit perfectly the remaining preserved anatomy. To overcome
this mismatch, and account for asymmetry, it is possible to use the thin plate spline
(TPS) function to warp the reflected structure onto the remaining preserved anatomy
(Gunz et al., 2009). Even though this is a desirable approach, fossils often lack
preserved structures on both sides or along the midline, thus precluding reflection. In
these cases reference based reconstruction (Gunz et al., 2004; Gunz et al., 2009) should
be used. The choice of reference specimen should be considered carefully so as to not
bias the reconstruction and it has been suggested that references should be species
specific (Zollikofer and Ponce de Leon, 2005; Gunz et al., 2009; Senck et al., 2015).
Such reconstructions may be statistical or geometric (Gunz et al., 2004; Gunz et al.,
2009; Neeser et al., 2009). Statistical reconstruction uses patterns of covariance in a
given sample to predict the location of missing landmarks via multivariate regression
(Gunz et al., 2009; Neeser et al., 2009). Geometric reconstruction uses the TPS
function to estimate the position of the missing landmarks based on known ones (Gunz
et al., 2004; Gunz et al., 2009). The latter has the advantage of requiring one single
specimen, which may be a particular individual or a mean specimen calculated from a
given sample using GM (Gunz et al., 2009) but omits information on intra-specific

covariations. However, Senck and Coquerelle (2015) show that using mean specimens
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yields good results when reconstructing large portions of incomplete specimens.
Further where sample sizes are limited to one or a few specimens, as with fossils, TPS
based warping can be applied, whereas statistical approaches cannot.

Reconstruction choices impact on the final result and hence have to be
considered carefully (Gunz et al., 2009; Senck et al., 2015). One option is to exclude
fragmentary or damaged specimens from analysis, however when dealing with fossil
remains the number of specimens is commonly very low and their exclusion may be
detrimental for the study. In fact, in a study that examines the impact of different
reconstruction approaches and of exclusion of incomplete specimens on morphological
analysis, Arbour and Brown (2014) show that it is better to estimate missing landmarks,
and thus reconstruct missing anatomy, than to exclude incomplete specimens.

In this chapter the steps are presented that were used to make a full
reconstruction of Kabwe 1, a middle Pleistocene hominin cranium (dating from 150 -
250 thousand years before present) that has been classified as Homo heidelbergensis
(Stringer, 2012). Despite missing some parts of the right side of the cranium and other
localized bony structures (e.g., ethmoidal cells, orbital region of the maxilla and
ethmoid) it is one of the best preserved crania in the hominin fossil record, presenting
no distortion (Schwartz and Tattersall, 2003). The reconstruction is used in subsequent
chapters to carry out finite element analyses (FEA) where detailed anatomical
reconstruction is of concern. Thus internal and external anatomy was carefully

reconstructed.

4.2 Materials and Methods

The cranium of Kabwe 1 is remarkably well preserved but presents some
missing anatomy due to taphonomic and pathological processes (Schwartz and
Tattersall, 2003). Such missing areas include a large portion of the right side of the
cranial vault and base (parts of the right temporal, right parietal and occipital), right
zygomatic, maxilla, teeth and small portions of the orbital cavities (Figure 4-1).
Reconstruction was based on a CT scan (courtesy of Robert Kruszynski, Natural
History Museum, London) performed with a Siemens Somatom Plus 4 CT scanner,
with voxel size of 0.47 x 0.47 x 0.50 mm and 140 kVp, and was divided in four main
phases (Figure 4-2). In the first phase the existing anatomy was segmented from the

scanned volume. This was followed by reconstruction of the left side of the vault,
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which was then used to reconstruct the large missing region on the right side of the

cranium. Lastly, all remaining missing features were reconstructed.

Figure 4-1: Standardized views showing missing bony structures of the cranium

of Kabwe 1. Note that, despite some missing portions, the cranium is extremely well

preserved and presents no distortion.
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Phase 1
Segmentation

Phase 2
Reconstruction of left side of vault

Phase 3
Reconstruction of right side of vault

Phase 4
Reconstruction of remaining anatomy

Figure 4-2: Workflow of the reconstruction of Kabwe 1.

Segmentation was performed in Avizo 7.0 and used a combination of
approaches. First, the half maximum height value (HMHYV; Spoor et al., 1993) was
calculated and applied to the whole volume to threshold segment it. This inevitably
excluded thin bones, requiring the use of regional thresholds as a second step, applied
to specific anatomical regions, such as regions of the ethmoid bone. This allowed semi-
automated segmentation of more, but not all, of the bony anatomy without
overestimating bone thickness. Thus, manual segmentation was required for fine details
of thin bones. Teeth were segmented separately, which required calculation of specific
thresholds to avoid overestimating their dimensions. Last, it was necessary to remove
sedimentary matrix that had invaded the cranium. This required a manual approach due
to overlap of grey values between matrix and bone.

Once segmentation was complete, the left half of the cranium was mirrored to
reconstruct the missing large right portion of the cranium that includes parts of the
parietal, temporal, occipital and zygomatic bone. Because of asymmetry the reflected
region did not fit the remaining preserved anatomy perfectly. Thus it was necessary to

warp it to the preserved structures using the TPS function. This allowed an almost
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perfect fit between reconstructed and preserved anatomy that required minimal manual
editing. After warping only the reconstructed regions were preserved and the remaining
reflected hemi-cranium was discarded. The alveolar process of the right hemi-maxilla
was also restored by reflecting the preserved contra-lateral region. Regions that
presented gaps (orbital surfaces of the maxilla and ethmoid, periapical regions of the
maxilla, left temporal bone, occipital bone, nasal cavity walls, ethmoid bone and vomer)
were reconstructed using a combination of manual editing and the software Geomagic
2011 (courtesy of Dr W Sellers, University of Manchester) to interpolate between
existing bone edges. The missing portion of the occipital bone, affecting the superior
nuchal line, was reconstructed using the occipital of a modern human cranium,
manually editing it to adjust its morphology. Editing was performed in Geomagic 2011.
Teeth were restored by reflecting existing antimeres. When this was not possible

portions of teeth from a modern human were used to reconstruct incomplete teeth.

4.3 Results and discussion

The reconstruction of Kabwe 1 allowed restoration of missing anatomical
regions (Figure 4-3 and 4-4) and creation of a model for further use in FEA. While it
was carried out as objectively as possible, any reconstruction, physical or virtual,
requires assumptions and a certain degree of subjectivity (Gunz et al., 2009). Thus
other reconstructions will likely yield different results, but disparities are likely very
small in most regions because segmentation was mainly based on global and regional
HMHVs and restoration was highly constrained by existing structures and the use of
GM based approaches.

The segmentation process relied mainly on global and regional thresholds that
were selected using HMHVs. This provides a generally objective approach but depends
on the sites at which the values are measured and it does not segment the whole
cranium without further manual segmentation if bone thickness is not to be
overestimated. Thus, while it is generally reproducible, minor differences relative to
other possible segmentations are to be expected due to differences in sites where grey

levels are measured and in manual segmentation decisions.
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Figure 4-3: Standardized views showing the original (dark grey) and the

reconstructed (translucent grey) crania of Kabwe 1.
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Figure 4-4: Standardized views showing the reconstructed cranium of Kabwe 1.

Reconstruction of the large missing portion on the right side of the vault and
base used the reflected left side, which was then warped based on the TPS function to
account for asymmetry. This procedure is expected to yield good results and
outperform statistical reconstruction based on multivariate regression because it used
the same individual and the reflected region was warped to the existing anatomy. The
TPS warping used classical landmarks and no sliding semi-landmarks. While these
potentially improve warping results, only minor differences are to be expected because
the reference is individual specific (reflected left hemi-cranium), TPS warping used
several landmarks in the vicinity of the restored region and the reflected warped portion
fitted the target region almost perfectly.

While it would be preferable to use species specific homologous structures to
restore teeth and the occipital we did not have access to other Homo heidelbergensis

specimens (the Petralona cranium would have been the best specimen for this
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procedure, despite not preserving anterior teeth, but the available CT scan is low
resolution). In the absence of such specimens a modern human was used and its
morphology was manually edited after warping to account for morphological
differences in the nuchal line region of the occipital. Furthermore, reconstruction was
only performed to approximately the midline and the contra-lateral side was
reconstructed with the reflection/TPS based warping procedure. Visual assessment of
the smoothness of the reconstruction provides confidence that the original morphology
is likely closely approximated and that the results of using other approaches may differ
only slightly. Likewise, the reconstruction of teeth is susceptible to error, one major
source of which is the selection of reference specimens.

The use of Geomagic to fill small gaps (in the occipital bone, alveolar region of
the maxilla, orbital cavities and temporal bone), proved very efficient and visual
assessment shows smooth reconstructions. The region in which reconstruction was
most subjective was in defining the cells of the ethmoid bone, this was performed
manually. An alternative approach would have been to use the ethmoid bone of a
modern human (to the best of our knowledge no other closely related fossil hominin
has this bone fully preserved), warping its ethmoid to replace the existing incomplete
bone. While this would have been more objective the bone forming the ethmoid sinus is
extremely thin and has limited load bearing significance during biting (Ross, 2001).
Moreover, because it is so thin warping would likely have required further manual
editing. Thus, while results would have been different they would probably have had
minor, if any, impact on subsequent FEA.

As mentioned above, any reconstruction is subjective (Gunz et al., 2009). Thus,
several studies have assessed the impact of reconstruction approaches and compared
the impact of using TPS based estimation of missing landmarks vs. multivariate
regression vs. mean specimen (Gunz et al., 2009; Neeser et al., 2009; Arbour and
Brown, 2014), reference specimen selection (Gunz et al., 2009; Neeser et al., 2009),
sample size of reference sample (Neeser et al., 2009) and number of missing landmarks
(Arbour and Brown, 2014). Based on these studies we believe that the present
reconstruction reasonably approximates the original morphology. Nonetheless, a
comparative study assessing the impact of reconstruction choices is desirable and this
has not yet been done in the context of FEA. This is likely because finite element
model creation is complex and highly time-consuming, which is why this was not done

in the present reconstruction. However, the impact of morphological reconstruction



Recent hominin cranial form and function| 105

choices on resulting stresses and strains (commonly used parameters in comparing FEA
results) will be a function of the morphological differences among reconstructions, if
all other parameters (i.e., material properties, constraints, muscles forces and directions)
are kept constant. Thus, differences in stresses and strains between reconstructions will
increase as morphological differences increase. Despite this prediction, future work

should include sensitivity studies assessing the impact of reconstruction choices.

These first three chapters focused on methodological questions related to the
reliability of FEA results and modelling protocols. The next three chapters will focus
on biologically pertinent questions related to cranial form and function in recent
hominins. The next chapter compares the functional performance of H. sapiens with
that of its hypothesized ancestral species, H. heidelbergensis, to examine if cranial

morphological differences in these species are driven by biting mechanics.



5 The biting performance of H.

heidelbergensis and H. sapiens



5.1 Introduction

Homo heidelbergensis is a middle Pleistocene fossil hominin that has been
proposed as the ancestral species of Homo sapiens and Homo neanderthalensis
(Rightmire, 1998; Stringer, 2002; Rightmire, 2008; Rightmire, 2009; Stringer, 2012)
but see (Briuer, 2001, 2008, 2012)). It has a long but low cranial vault with a mean
cranial capacity of 1263 cm® (Schwartz and Tattersall, 2003; Lieberman, 2011), a very
large face (Rightmire, 1998; Freidline et al., 2012) and presents an extremely enlarged
double-arched brow-ridge that overhangs ‘square’ orbits that slope inferiorly and
laterally at the inferior margins (Schwartz and Tattersall, 2003). The sub-nasal region is
prognathic and significantly taller than that of H. sapiens. The maxillary root of the
zygomatic arch is usually located above the first or second molar (Schwartz and
Tattersall, 2003; Lieberman, 2011) and the relatively convex infraorbital region lacks
the concave canine fossa found in H. sapiens (Freidline et al., 2012). Structurally, these
anatomical features of H. heidelbergensis are not significantly different from those
found in Neanderthals (Lieberman, 2011). This has resulted in Kabwe 1 having been
classified as a Neanderthal in the past (Tappen, 1978).

The more gracile modern human cranium differs from crania of H.
heidelbergensis and H. neanderthalensis in several ways. When compared to these
species, H. sapiens has an enlarged (relative to H. heidelbergensis, not Neanderthals),
more globular cranial vault, with a mean cranial capacity of 1350 cm?, and a small
gracile and orthognathic face, with reduced interorbital space, that is retracted under the
anterior cranial fossa. This facial reduction in H. sapiens is associated with the presence
of a canine fossa, a short oropharynx and more rectangular orbital cavities (Enlow and
McNamara, 1973; Enlow and Hans, 1996; Lieberman et al., 2002; Trinkaus, 2003;
Lieberman, 2011). Additionally, recent H. sapiens is said to have generally reduced
masticatory muscle cross-sectional areas, relative to H. neanderthalensis, based on
assessment of bony proxies (Antéon, 1990; O'Connor et al., 2005). Conversely,
O'Connor et al. (2005) estimate generally comparable muscle cross-sectional areas in
Pleistocene and recent robust modern humans relative to Neanderthals. When
compared to H. heildelbergensis, Eng et al. (2013) estimate slightly larger mean

temporalis and masseter muscles, but smaller medial pterygoid, in H. sapiens.
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This general gracilization of the craniofacial complex led to the view that
modern humans produce lower bite forces and are less able to withstand masticatory
strains than other hominins (Wroe et al., 2010; Lieberman, 2011). Few studies have
compared the biting performance of H. heidelbergensis and H. sapiens, but H.
heidelbergensis has been proposed to generate slightly higher bite forces at the first
molar than recent modern humans, absolutely and relative to crown area, and slightly
lower at the first incisor, despite having a less mechanically advantageous masticatory
system (Lieberman, 2011). Conversely, Eng et al. (2013) estimate clearly higher bite
forces at the second molar in Pleistocene and recent modern humans than in H.
heidelbergensis, absolutely and relative to occlusal area. There is, on the other hand,
significant research on the masticatory biomechanics of H. neanderthalensis (Rak,
1986; Demes, 1987; Trinkaus, 1987b; Demes and Creel, 1988; Anton, 1990; Spencer
and Demes, 1993; Antén, 1996; O'Connor et al., 2005; Clement et al., 2012). It has
been proposed that Neanderthals were adapted to generate and withstand high and/or
repetitive occlusal loads at the anterior dentition (the anterior dental loading hypothesis
(Rak, 1986; Demes and Creel, 1988; Clement et al., 2012)). This has supported the
notion that H. sapiens is less adapted to generate and withstand high anterior bite forces
(Lieberman, 2011). However, several studies have found that H. sapiens is relatively
more efficient at generating bite forces than Neanderthals (Anton, 1990; O'Connor et
al., 2005; Lieberman, 2011). This is because even though H. sapiens has been
estimated to present generally smaller (in recent gracile specimens; Anton, 1990;
O'Connor et al., 2005) or comparable (in Pleistocene and recent robust specimens;
O'Connor et al., 2005; Eng et al., 2013) masticatory muscles, and therefore muscle
forces than Neanderthals, it displays more effective muscle mechanical advantages due
to its retracted and shorter face and the more anteriorly positioned masticatory muscles
(Trinkaus, 1987b; Anton, 1990; O'Connor et al., 2005; Lieberman, 2011; Eng et al.,
2013). As such, bite forces calculated for modern humans are comparable (in
Pleistocene and recent robust specimens; O'Connor et al., 2005; Eng et al., 2013) or
higher (in recent specimens; Antén, 1990; Eng et al., 2013) than those calculated for
Neanderthals.

While there is some debate about the bite force production capability of these
species, it seems that H. sapiens is not well adapted to withstand masticatory stresses
and strains. Even though this has only been briefly addressed in H. heidelbergensis, it

has been proposed that it resists masticatory stresses and strains better than H. sapiens
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due to the larger face (Lieberman, 2011). Likewise, Neanderthals have been said to be
better adapted for resisting biting loads than H. sapiens, especially anterior dental
loading. This is because Neanderthals present a taller, more inflated and more
parasagitally orientated infraorbital region that lacks a canine fossa and large anterior
teeth, while modern humans have shorter facial height, a coronally orientated
infraorbital region, a canine fossa and small anterior teeth (Rak, 1986; Demes, 1987;
Lieberman, 2011).

The above studies analyzed biting performance using lever arm mechanics and
simplifications of skeletal facial anatomy, with which it is difficult to fully consider the
three dimensional anatomical complexity of the masticatory system. More recently
craniofacial biomechanical studies of hominins have used Finite Element Analysis
(FEA) (Strait et al., 2007; Strait et al., 2009; Strait et al., 2010; O'Higgins et al., 2011;
Witzel, 2011; O'Higgins et al., 2012). This approach involves the creation of 3D
models of the cranium that are then allocated bone material properties and loaded to
simulate muscle attachments, lines of action and forces, with constraints applied at
biting points and to fix the cranium in space (O'Higgins et al., 2011; O'Higgins et al.,
2012). Functional simulations using this approach lead to predictions of bite forces and
the stresses and strains experienced by the craniofacial complex. FEA has been used in
cranial biomechanical analyses of fossil hominins, such as Australopithecus africanus
(Strait et al., 2009; Strait et al., 2010) and H. neanderthalensis (Witzel, 2011). However,
there has only been one FEA study comparing the biting performance of different
hominin species (Wroe et al., 2010). In that study the ability to generate bite forces and
to resist them was compared among extant hominoids, fossil hominins
(Australopithecus africanus and Paranthropus boisei) and modern humans. As such,
the biting performance of H. sapiens has not yet been compared to that of its proposed
ancestor, H. heidelbergensis using FEA.

Thus, the present study assesses the biting mechanical impact of the
morphological differences found between modern humans and its putative ancestor by
comparing the biting performance of H. sapiens and H. heidelbergensis. Based on prior
work (O'Connor et al., 2005; Lieberman, 2011; Eng et al., 2013) it is expected that
differences will be found in: (i) bite force efficiency and possibly capability; (ii) the
ability to resist masticatory loading; (iii) the magnitudes and modes of deformation
experienced by the craniofacial complex. The study proceeds by testing the null

hypotheses that these do not differ.
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5.2 Materials and Methods

The crania of H. heidelbergensis and H. sapiens were compared based on the
following mechanical performance parameters in relation to biting: (1) the mechanical
advantages of the main jaw adductor muscles (temporalis, masseter and medial
pterygoid), (2) the bite forces generated and the bite force production efficiency (the
proportion of muscle force converted into bite force and into joint reaction forces), (3)
the magnitudes and modes of deformation of each cranium assessed locally using
strains and globally using geometric morphometrics.

The (1) mechanical advantages were calculated for the jaw adductor muscles
(temporalis, masseter and medial pterygoid) based on 3D landmarks on two H.
heidelbergensis (Kabwe 1 and Petralona) and one cadaveric H. sapiens (Figure 5-1).
Because masseter and, especially, temporalis are muscles with wide origins, their
mechanical advantages were calculated for their most anterior and posterior lines of
action to bracket the range in each. For temporalis a third line of action was also
defined, approximately in the centre line of the muscle, where it bulges and reaches its
most superior point. The mechanical advantages of a lateral incisor bite were also
calculated for H. sapiens and the results were averaged to render them comparable with
those of O'Connor et al. (2005) where the mechanical advantages were calculated for
the lateral incisor. Even though the H. heidelbergensis sample is small, Kabwe 1 and
Petralona are the best preserved skulls of this species, providing complete data. The
mechanical advantages were measured in only one H. sapiens specimen, but the results
for temporalis and masseter were consistent with those from other studies and only
slightly higher for medial pterygoid (O'Connor et al., 2005, and see results section).

The methodology for creating and loading the FE models is described below.
The (2) bite forces were calculated from the reaction forces at the bite points of one H.
heidelbergensis (Kabwe 1) and one H. sapiens (cadaveric specimen). The bite force
production efficiency reflects the proportion of net applied muscle force converted into
bite force and the proportion that contributes to reaction forces at the fulcrum at the
glenoid fossa. These are calculated as the ratio of the bite force and net muscle force
applied (Fb/Fm) and the ratio of the summed reaction forces at the glenoid fossae and
net muscle force applied (Fc/Fm) (Anton, 1990; O'Connor et al., 2005). The net muscle

force is calculated as the sum of the reaction forces at the constrained nodes and differs
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from the total muscle force due to the orientation of the muscle force vectors. The (3)
the magnitudes, directions and modes of deformation were calculated from the

displacements arising from the FEA.

Figure 5-1: Measurement of muscle moment arms (grey solid lines) and bite
lever arm (black solid line). The muscle moment arms were calculated as the
perpendicular distance from the fulcrum (glenoid fossa) to the respective muscle line of
action (grey dotted lines). The bite lever arm was calculated according to O'Connor et
al. (2005), as the perpendicular distance from the fulcrum to the vector of the bite force
applied (black dotted line). The hollow triangle indicates the constraint at the glenoid
fossae, where the joint reaction forces (Fc) were calculated; the solid triangle represents
the constraint at one of the three different bite points (left central incisor) where the bite

force (Fb) was calculated.

5.2.1 Finite Element Models

The virtual models of Kabwe land the cadaveric H. sapiens were created from
CT scans (see chapters 2 and 3 for a detailed description of model creation of the H.
sapiens specimen and chapter 4 for the reconstruction of Kabwe 1). After segmentation
and reconstruction both models were converted into voxel-based finite element models
and were used to simulate three different bites. Because the human cranium lacks one
of the pre-molars in the left and right hemi-arcades, tooth and bite point

correspondence is established in terms of position along the dental arcade rather than
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by tooth type. This decision was based on a sensitivity analysis in which the left first
molar of the H. sapiens was replaced by the left pre-molar. The results show that facial
strains are not significantly affected by this change, thus correspondence of position
along the dental arcade is more important than correspondence in tooth morphology.
The simulated bites used the first left tooth (left central incisor in both models), the
fourth left tooth (first left pre-molar in both models) and the fifth tooth (left first molar

in H. sapiens and second left premolar in Kabwe 1).

5.2.1.1 Skull reconstruction and model creation

5.2.1.1.1 Kabwe 1l

This section provides a summary of the reconstruction of Kabwe 1. For a full
description see chapter 4.

The cranium was reconstructed from a CT scan (courtesy of Robert Kruszynski,
Natural History Museum), with an original anisometric voxel size (0.4687501 x
0.4687501 x 0.50 mm), that was resampled to an isometric voxel size of 0.35 mm.
Automated, semi-automated and manual segmentation to refine fine details were
performed using Avizo® (version 7.0). This was followed by reconstruction of the
missing anatomical regions of the cranium, such as the right temporal, parts of the right
parietal, occipital, maxillae, ethmoid and teeth. Where possible, this was achieved by
mirroring present contralateral anatomical areas and warping them to the existing
structures. Geomagic® (Studio 2011) was used to fill small gaps using the surface of
surrounding structures as a reference for interpolation. When no contralateral structures
were present portions of the H. sapiens cranium were also used for reconstruction, by
warping them to fit. The cancellous bone spaces were infilled with material to form a
bulk material (see below, 5.2.1.1.2, Homo sapiens, for justification of infilling
cancellous spaces). The cranium was then directly converted into a voxel-based finite

element model using a bespoke software tool, vox2vec.

5.2.1.1.2 Homo sapiens
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The H. sapiens cranium was originally segmented by Toro-Ibacache et al.
(2016a) based on a CT scan of a cadaveric human head with an original isometric voxel
size of 0.484 mm and that was later resampled to an isometric voxel size of 0.350 mm.
Automated, semi-automated and manual segmentation of the skeletal structures was
performed and cortical bone, trabecular bone (as a bulk material) and teeth were
originally segmented as separate materials. The cranium was then directly converted
into a voxel-based finite element model using a bespoke software tool, vox2vec. It was
submitted to validation studies that approximate the simulation of incisor (Toro-
Ibacache et al., 2016a) and molar bites (Chapter 2) as well as a sensitivity study
assessing the impact of model simplification on performance (Toro-Ibacache et al.,
2016a;Chapter 3).

On the basis of these sensitivity studies, which showed a marked effect on
magnitude but a very small effect on mode of deformation, both models were
simplified by filling cancellous bone regions with material that has the same material
properties as cortical bone and allocating the same cortical bone properties to teeth (see
5.2.1.3, Material properties). This allowed comparability with the Kabwe 1 FE model
which is simplified because the CT scan lacks detail of cancellous bone architecture

and distribution.

5.2.1.2 Constraints

Similar constraints were applied to Kabwe 1 and the H. sapiens models using
the finite element analysis software tool, VoxFE (Fagan et al., 2007). Both temporo-
mandibular joints were constrained at 24 nodes (x, y and z axis) and a third constraint
(21 nodes, fixed in the z axis) was applied at the simulated bite point in each of the

masticatory simulations.

5.2.1.3 Material properties

A sensitivity study conducted using the H. sapiens cranium (Chapter 3) shows
that simplifying the model from the original three materials (cortical bone, trabecular
bone and teeth) with distinct material properties, to a model with one material with
properties of cortical bone has a major effect in reducing the magnitude of strains and

of global deformation with a much more limited effect on mode of deformation
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(relative strain magnitudes between regions and mode of global changes in size and
shape). Allocating to teeth the material properties of cortical bone rather than enamel
has a very localized effect in the alveolar region, altering mode and magnitude of
deformation (Chapter 3). These results are consistent with other studies using non-
human primates (Fitton et al., 2015) and show that using a one material model should
not yield unreliable results in terms of mode of deformation, but magnitude is likely
diminished to an unknown degree. Further this simplification resulted in only a 0.1%
increase in the estimated bite force. This is useful in the current (see chapter 4 for full
description of missing anatomy) and other contexts because fossils often lack
anatomical regions because of post mortem damage and are filled with sedimentary
matrix, precluding reliable reconstructions of anatomical details, such as the
distribution and architecture of trabecular bone (Fitton et al., 2015). By building a one
material model, reconstruction is facilitated, yet useful information can still be obtained
regarding mode but not the magnitude of deformation. Such models were created for
both H. sapiens and Kabwe 1, to which cortical bone material properties were allocated,
with a Young’s modulus of 17 GPa and Poisson’s ratio of 0.3. The modulus of
elasticity was derived from nanoindentation studies of cortical bone from the H.
sapiens skull (Toro-Ibacache et al., 2016a), following the protocol of Kupczik et al.
(2007) and it is within the range of previous studies (Dechow et al., 1993; Schwartz-
Dabney and Dechow, 2003).

5.2.1.4 Muscle loads

Loads were applied to the model to represent the actions of six muscles active
during biting: right and left temporalis, right and left masseter, right and left medial
pterygoid.

The H. sapiens cadaveric head had all the masticatory muscles preserved, as
well as the mandible. As such it was possible to accurately represent the specimen
specific muscle vectors and muscle forces as calculated from the actual muscle areas

and not from bony proxies (Toro-Ibacache et al., 2016a; Table 5-1).
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Table 5-1: Applied Muscle Forces (in Newtons).

Muscle Side
Left Right
Temporalis 168.02 170.67
Masseter 134.06 124.01
Medial pterygoid 124.01 117.49

Kabwe 1 does not have a mandible, which precludes direct estimation of the
lines of action and anatomical cross sectional areas (and so maximum forces) of
muscles that attach to the mandible (masseter and medial pterygoid). As such we
adopted the muscle forces estimated for the H. sapiens specimen, which renders muscle
loadings identical in terms of force magnitude between crania. The directions of muscle
force vectors were estimated by scaling a H. neanderthalensis mandible (Tabun 1

specimen) to the Kabwe 1 skull and using it to guide estimation.

5.2.1.5 Model solution, analysis and scaling

The FE models were solved using VoxFE (Fagan et al., 2007). The resulting
deformations of the two models were then compared by: (1) visual assessment of
contour plots of the two surface principal strain (¢l and €3) magnitudes over the whole
cranium and of strain vector directions over the infraorbital plate; (2) quantitative
comparisons of the surface strain magnitudes experienced at 41 homologous points in
the crania (see Table 5-2); (3) comparisons among the loaded models, of modes of
global deformation (changes in size and shape) relative to the mean (of the modern
human and Kabwe I) unloaded specimen using geometric morphometric (GM) analysis
of a set of 67 cranial landmarks (Table 5-2).

Because the ability to generate bite forces and to resist those bites is being
assessed in crania with different sizes and shapes, it is necessary to understand and
control for the effects of these differences by scaling the results as appropriate for each
analysis.

To compare absolute bite force generation capacity between the modern human
and Kabwe 1 is difficult because no data are available on the cross sectional areas of
masticatory muscles in the latter. For this reason the same muscle forces were applied

to the modern human and Kabwe 1 crania in all FEA biting simulations. To estimate
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actual performance in Kabwe 1 it was therefore necessary to scale the results of FEA
according to our best estimates of masticatory muscle cross sectional areas. This was
performed according to the cross sectional area of the left temporal fossa in each
specimen, a bony surrogate for temporalis cross sectional area and the only bony proxy
available for the masticatory muscles. This scaling is crude, being limited by the
assumptions that the temporal fossa area predicts muscle cross sectional area (which it
likely does not see Toro-Ibacache et al., 2015b) and that there exists a similar
relationship among the cross sectional areas of the different masticatory muscles in the

two individuals.

Table 5-2: Landmarks used for extraction and plotting of strains (landmarks 1 -

41) and for GM analysis of magnitudes and modes of deformation (landmarks 1 - 67).

Number | Landmark

1 Bregma

2 Lambda

3 Inion
4;42 | Asterion
5;43 | Porion

6; 44 | Pterion
7;45 | Frontomalare orbitale
8;46 | Frontomalare temporale
9;47 |Jugale
10; 48 | Zygotemporale superior
11; 49 | Zygotemporale inferior
12; 50 | Maxillofrontale
13; 51 | Zygoorbitale
14; 52 | Zygomaxillare
15; 53 | Superior rim of orbit
16; 54 | Infraorbital foramen

17 Nasion

18 Rhinion
19; 55 | Lateral Nasal Suture

20 Nasospinale
21;56 | Alare

22 Alveolare

23; 57 | External Alveolar Incisor 2

24; 58 | External Alveolar Canine
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25;59 | External Alveolar Premolar4
26; 60 | Zygomatic take-off
27; 61 | Inferior Distal Alveolar
28 Incisive Foramen
29 Palate maximum
30 Staphylion
31; 62 | Infratemporal crest
32 Basion
33 Opisthion
34; 63 | Lateral Edge of Foramen Magnum
35 Hormion
36 Glabela
37 Supraglabela
38; 64 | Inferolateral choanal corner
39; 65 | Anterior edge of anterior ethmoid foramen
40; 66 | Posterior edge of posterior ethmoid foramen

41; 67 | Inferiormost margin of nasal aperture

The FEA results present information on absolute performance in each model,
which is a useful comparison, allowing the assessment of how identical muscle forces
translate into bite and joint reaction forces and cranial deformation. However, the
crania differ in size, and in reality experience different muscle forces and so achieve
bite forces that differ because of differences in form and applied muscle forces. To
compare relative performance it is therefore necessary to take differences in size and

applied muscle forces into account.
) . F . al
Stress is the result of a force applied over an area (o = Z) and strain (g = T)

scales with stress, through Hooks law (Bird and Ross, 2012). As such, lower bite forces
result in lower stresses and strains at the bite point, and nearby structures. Likewise, if
the bite force is lower, or even the same, but the size of the face is bigger, the stresses
and strains in the face will be lower. As such, to compare relative performance, the
strains experienced by the cranium, as assessed by strain contour plots and strains
extracted at the landmarks, need to be scaled according to bite force and size
differences. Scalings can be applied singly or in combination in explorations of the
interactions between cranial size and applied muscle and resulting bite and joint

reaction forces.
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Although scaling of stresses and strains to account for size differences is well
understood (Dumont et al., 2009), the scaling of size and shape distances in GM
analysis due to size differences is not. Because both models present clear differences in
size, it is important to determine how such differences impact on the magnitude of
deformation as assessed by size and shape distances. Appendix A demonstrates that the
size and shape distances between loaded and unloaded models scale with length (such
as centroid size). It is worth noting that differences in magnitudes of deformation arise
when size is varied but differences in modes of deformation arise when shape is varied.
As such, scaling is only accurate when there are no shape differences between models.
As shape becomes more different, modes vary more and comparison becomes less
meaningful. This means that scalings for differences in size and applied muscle forces
between H. heidelbergensis and H. sapiens are inevitably approximations whose

validity is a function of the degree of difference in shape between them.

5.3 Results

5.3.1 Mechanical advantages

The estimated mechanical advantages are presented in table 5-3. Petralona and
Kabwe 1 present similar mechanical advantages that increase, as expected, from
anterior to posterior bites due to shortening of the lever arm while the muscle moment
arm is kept constant. The mechanical advantages of the cadaveric H. sapiens are within
the range of, or in the case of medial pterygoid, slightly greater than in the male sample
presented by O'Connor et al. (2005) for incisor 2 biting (the only bite point calculated
in that study); thus the maximum value for temporalis in O'Connor et al. (2005) is
0.307 and the mean value in this individual is 0.281; for masseter, maximum value in
O'Connor et al. (2005) = 0.484, mean value in this individual = 0.4836; medial
pterygoid, maximum value in O'Connor et al. (2005) = 0.469, value in this individual =
0.533. In the remaining bite points used in this study the mechanical advantages
increase from anterior to posterior bites, with H. sapiens always presenting greater
mechanical advantages than Kabwe 1 and Petralona. This indicates that it is more
efficient in converting muscle forces into bite forces (Table 5-3). Table 5-4 presents the

ratios of the mechanical advantages of Kabwe 1/Homo sapiens and Petralona/Homo
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sapiens and confirms that this H. sapiens cranium consistently presents greater
mechanical advantages for all muscles and bite points than either H. heidelbergensis

crania.

5.3.2 Bite forces and force production efficiency

The bite forces predicted for Kabwe 1 are 0.51 — 0.55 of those predicted for H.
sapiens (Table 5-5) when the same muscle forces are applied. Scaling for possible
differences in muscle areas, and therefore muscle forces, using the surface area of the
temporal fossa as a proxy results in a decrease in the discrepancy, but Kabwe 1 still
generates lower bite forces than H. sapiens (0.59 — 0.65). Thus, as expected, force
production efficiency is lower in Kabwe 1 than in the H. sapiens model, with 0.35 to
0.45 of the net applied muscle force being converted into bite force in Kabwe 1, while
0.46 — 0.65 of the muscle force is converted into bite force in H. sapiens. Thus, the
ratio of the joint reaction forces and muscle force is larger in Kabwe 1 (0.55 - 0.65)

than in H. sapiens (0.35 - 0.54; Table 5-6).



Table 5-3: Mechanical advantages of the main masticatory muscles in Kabwe 1, Petralona and Homo sapiens.

TEMPORALIS TEMPORALIS TEMPORALIS MASSETER MASSETER MEDIAL
TOOTH (ANTERIOR) (MIDDLE) (POSTERIOR) (ANTERIOR) (POSTERIOR) PTERYGOID
Incisor 1 0.31 0.19 0.06 0.37 0.22 0.37
Kabwe 1 Pre-molar 1 0.39 0.24 0.08 0.47 0.28 0.47
Pre-molar 2/Molar 1 0.42 0.26 0.09 0.51 0.31 0.52
Incisor 1 0.28 0.20 0.07 0.35 0.25 0.36
Petralona Pre-molar 1 0.35 0.25 0.08 043 0.31 0.45
Pre-molar 2/Molar 1 0.38 0.27 0.09 0.47 0.33 0.49
Incisor 1 0.34 0.33 0.12 0.56 0.34 0.50
Homo
] Pre-molar 1 0.43 0.43 0.15 0.73 0.44 0.64
sapiens
Pre-molar 2/Molar 1 0.50 0.49 0.18 0.84 0.51 0.74
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Table 5-4: Ratios of the mechanical advantages of the main masticatory muscles in Kabwe 1, Petralona and Homo sapiens.

TEMPORALIS TEMPORALIS TEMPORALIS MASSETER MASSETER MEDIAL
TOOTH (ANTERIOR) (MIDDLE) (POSTERIOR) (ANTERIOR) (POSTERIOR) PTERYGOID
Incisor 1 0.91 0.57 0.52 0.66 0.64 0.75
Kabwe 1/ Pre-molar 1 0.89 0.56 0.51 0.65 0.63 0.74
H. sapiens Pre-molar
2/Molar 1 0.85 0.53 0.48 0.62 0.60 0.70
Incisor 1 0.84 0.61 0.56 0.62 0.72 0.73
Petralona/ Pre-molar 1 0.80 0.58 0.54 0.59 0.69 0.70
H. sapiens Pre-molar
2/Molar 1 0.76 0.55 0.51 0.56 0.66 0.66




Table 5-5: Bite reaction forces generated by H. heidelbergensis (Kabwe 1) and
Homo sapiens FE models. Unscaled, assuming identical muscle cross sectional areas
and scaled using larger cross sectional areas to account for the larger area of the
temporal fossa in Kabwe 1 (see text). The last row presents the ratio of bite forces

between the unscaled Kabwe 1 model and that of H. sapiens.

Specimen Bite point

Incisor 1 Premolar 1 Premolar 2/molar 1

Kabwe 1 (unscaled) 184.29 219.59 241.37
Kabwe 1 (scaled for surface area of temporal fossa) 217.24 258.86 284.53
Homo sapiens(unscaled) 332.60 404.29 477.23
Ratio (Kabwel unscaled/ H. sapiens) 0.55 0.54 0.51

Table 5-6: Force production efficiency calculated from the FE models of Kabwe

1 and Homo sapiens.

Specimen (bite point) Force production efficiency
Fb/Fm Fc/Fm
Homo sapiens (21) 0.46 0.54
Homo sapiens (24) 0.56 0.44
Homo sapiens (25) 0.65 0.35
Kabwe (21) 0.35 0.65
Kabwe (24) 0.41 0.59
Kabwe (25) 0.45 0.55

Fb = bite force; Fc = joint reaction forces; Fm = Total muscle force.

5.3.3 Strains

Again, as expected, visual assessment of the principal strain contour plots for
the two models (Figure 5-2) shows that H. sapiens experiences significantly higher
strains than those that arise in Kabwe 1 when the same muscle forces are applied. The
difference is reduced after scaling principal strains for differences in the surface area of
the face and bite force, however the scaled Kabwe 1 strains are still generally lower
than in H. sapiens. The strain contour plots show that in both H. heidelbergensis and H.
sapiens the largest strains are found in generally similar anatomical areas, such as
directly above the bite points, the zygoma, the post-orbital bar and the pterygoid fossae.
Despite these similarities, the interorbital and brow-ridge region of H. sapiens appears

considerably more strained than that of Kabwe 1 (Figure 5-2).
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Figure 5-2: Strain contour plots of the solved FE models Kabwe 1 and Homo
sapiens. (A) H. sapiens; (B) Kabwe 1 with strains unscaled; (C) Kabwe 1 with strains

scaled according to bite force and size (facial surface area) differences.

As expected when the same muscle forces are applied, Kabwe 1 experiences
lower strains than the H. sapiens model as measured at the 41 landmarked points
(Figure 5-3). After scaling for facial size and bite force, differences between the models
decrease markedly, but overall, Kabwe 1 still experiences lower strains than the
cadaveric human model in most anatomical regions. In €1 the exceptions are located in
the nasal region (landmarks 18, 20), alveolar region (landmarks 24, 25), the palate
(landmarks 28, 30) and the base of the skull (landmarks 32 — 35). In €3 Kabwe 1
experiences higher strains mainly in the nasal region (landmarks 18, 20, 21) and the
root of the zygomatic (landmark 26). The pattern of variation among landmarks in
strain magnitudes is generally similar between the two models, however, as described
above, some regions experience relatively higher strains in one model than in the other.
These differences in relative straining between the models show that Kabwe 1 and H.

sapiens experience, to some extent, different patterns of straining. Nonetheless, the
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strains are somewhat greater overall in the human model both before and after scaling

according to the ratios of facial areas and bite forces (Figure 5-2).

First incisor (strains unscaled) First incisor (strains scaled for bite force and surface
600,00

area of face)

600.00 +
. :“
e ! H
300.00 + HI: T 1
! ¥ Vo ] 300,00 +
I v i~ i
1 v ] 4
- \ i’
;..,' . ] Lot
£ 000 - S w
o . % 3 g 000
# vy ! -
VIS ] \
-300.00 - Y -300.00 +
I{.'
H
-600.00

=600.00
Landmarks

Landmarks

First premolar (strains unscaled) First premolar (strains scaled for bite force and
600.00

surface area of face)

. 600.00
30000 A
300.00 +

1
[
]

]

1}

-300.00 +

-600.00 -

-600.00 -
Landmarks

Landmarks

Second premolar/first molar (strains unscaled) Second premolar/first molar (strains scaled for bite
600.00

force and surface area of face)

600.00 -
M
300,00 + cr Y
ny \ : 300.00 +
re 1., )
: [} )
o ')
€ 000 - - z =
: : 350749 313335 303941 2 000
AV AY ] v
Y
-300.00 + -300.00 -
-600.00 -

-600.00 -~

Landmarks

=== Homo sapiens £l
=== Homo sapicns £3

— Kabwe | £l

Kabwe 1 €3
Figure 5-3: Strains experienced by the FE models at the 41 points sampled by
landmarks. The strains of Kabwe 1 were scaled in the graph plots in the second column

to account for differences in bite force produced and surface area of the face.

Figure 5-4 shows that, despite some similarities, the directions of the maximum
(el) and minimum (€3) principal strain vectors differ between the models in the

different bites simulated over the infra-orbital plate, with vector directions being more
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regular in Kabwe 1 than in the modern human, probably due to its more inflated and
less irregular morphology.

In €1 Kabwe 1 shows strain vectors mainly oriented along or diagonally to the
transverse plane and antero-posteriorly. In the modern human there is a significantly
larger proportion of vectors oriented vertically, especially in the incisor bite and over
the more irregular surface regions such as the canine jugum, the canine fossa, the more
angulated zygomatic root and in the supero-lateral border of the nasal cavity. In €3
Kabwe 1 shows vectors mainly oriented vertically and diagonally with respect to the
sagittal plane. In the modern human there is a significantly larger proportion of vectors
oriented horizontally, once again especially in the incisor bite, with a marked transition
over the more irregular areas such as the canine jugum, the canine fossa, the more

angulated zygomatic root and the upper lateral border of the nasal cavity.
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Figure 5-4: Principal strain magnitudes and directions at the infra-orbital plate

in H. sapiens and Kabwe 1 under different simulated bites.

5.3.4 Magnitudes and modes of global deformation

In the size and shape analysis of global deformations (Figure 5-5) H. sapiens
and H. heidelbergensis present different magnitudes and modes of deformation, with H.
sapiens generally deforming more than H. heidelbergensis (larger distance from the
mean unloaded cranium). The modern human cranium consistently presents lower PC 1
(69% of variance) values and higher PC 2 (19% of variance) and PC 3 (10% of
variance) values in the same bite than Kabwe, with no overlap between the two
specimens (Figure 5-5A). Warping from the unloaded cranium to the loaded crania
shows that loading the central incisor causes the anterior palate to displace superiorly,

resulting in shortening and widening of the nose and orbits, as well as infero-medial



Recent hominin cranial form and function| 128

deflection of the zygomatic arches. The first pre-molar bite causes infero-medial
deflection of the zygomatic arches and rotation of the palate, together with the lateral
margin of the nose, towards the working side (left). This results in an asymmetry
between the working and balancing sides of the cranium visible in the shorter and
wider left orbit. The second pre-molar bite results in deformations similar to those in
the first pre-molar bite, with a more posterior location of the point where the rotation is
caused in the palate (note the more posterior deflection of the palate and dental arcade
in this bite than in the PM 1 bite in Figure 5-5A). Figure 5-5B shows differences in
deformation during the same simulated bites in Kabwe 1 (reference) and the modern
human (target). Since these diagrams show differences in deformation they should be
read as follows: relative to Kabwe 1, the modern human presents more inferior
deflection of the zygomatic arches in posterior biting and greater deformation of the
external aspect of the nasal cavity (less so in anterior bites). In the first incisor bite, H.
sapiens develops less anterior displacement of the subnasal region (seen as a relative
infero-posterior displacement of the grid). In P! and P>/M! bites the H. sapiens cranium
also shows more rotation/deformation of the palate about the antero-posterior axis, i.e.
more vertical displacement of the working side (seen in the higher position of the

canines and in the superior deflection of the transformation grid in this region).
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Figure 5-5: Size and shape analysis of modes and magnitudes of deformation of
the models with the magnitudes of deformation of Kabwe 1 scaled according to the
ratios of bite forces and facial centroid sizes. Reference cranium used for warpings is
the mean unloaded cranium calculated from the unloaded Kabwe 1 and H. sapiens
crania; (A) Size and shape PCA plot with warpings of different load cases of H. sapiens
relative to the mean unloaded model; (B) Surface warpings with transformation grids
located at the nasal cavity (first row), zygomatic arches (second row) and midline (third
row) illustrating the differences in deformation due to biting between Kabwe 1
(reference) and H. sapiens (target). Warpings in 5-6A magnified by a factor of 500 and
5-7B by a factor of 1000 to facilitate visualization.
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5.4 Discussion

The present comparisons of mechanical advantages and force production
efficiencies show that H. sapiens is more efficient at converting muscle force into bite
force than H. heidelbergensis. This is because the retracted and orthognathic face of H.
sapiens shortens the bite out-lever relative to the muscle in-lever arms of H.
heidelbergensis, as has previously been found by Eng et al. (2013). This is similar to
the findings of previous studies comparing H. sapiens and H. neanderthalensis (Anton,
1990; O'Connor et al., 2005). Consistently, it was found that a greater proportion of
muscle force is converted into bite reaction forces and less into reaction forces at the
glenoid fossa in H. sapiens than in Kabwe 1. Also consistent with what was found by
Eng et al, (2013), the predicted bite forces of H. sapiens are considerably higher than
those for H. heidelbergensis. When the same muscle forces are applied, bite forces
estimated for Kabwe 1 range from 184.29 N to 241.37 N, whereas those estimated for
H. sapiens range from 332.60 N to 477.23 N, and so 80% - 98% greater than in Kabwe
1. These comparisons do not take into account differences in muscle forces that may
have existed between H. heidelbergensis and H. sapiens. To do so the forces in Kabwe
1 need to be estimated. However, as noted earlier, this can only be done crudely based
on scaling of the forces in H. sapiens, with the assumptions that temporal fossa area
predicts muscle cross sectional area (which it likely does not, see Toro-Ibacache et al.,
2015b) and that a similar relationship is present among the cross sectional areas of the
different masticatory muscles in the two individuals. This noted, the surface area of the
temporal fossa is only 18% bigger in Kabwe 1 than in H. sapiens, suggesting that the
temporalis in Kabwe 1 has the potential to generate bite forces about 18% higher than
modelled. Error in this estimate of the temporalis anatomical cross sectional area,
together with the larger than average medial pterygoid mechanical advantage in the
modern human, likely impact on the estimates derived here for the differences in
predicted bite forces between H. heidelbergensis and H. sapiens. However, even when
considering these differences, our simulation of Kabwe 1 biting still generates bite
forces that are lower or, at best, nearly as high as those of H. sapiens.

Hence, the results show that Kabwe 1 was unable to generate higher bite forces
than modern humans. Because Kabwe 1 produces lower (or equivalent, at best) bite

forces than the modern human and because it has larger molars (approximately 20%
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larger molar occlusal area, based on measurements of the two first molars), it presents a
lower ratio of bite force/molar occlusal area. Demes and Creel (1988) show that
occlusal molar area correlates with bite force, thus, according to this association, it
would be expectable to find that modern humans would produce lower bite forces than
H. heidelbergensis. In contrast, Lucas demonstrates an association between food items
material properties and occlusal area. Thus, these results might reflect technological
differences in food preparation prior to ingestion, consistently with Eng et al. (2013)
and Zink and Lieberman (2016).

The predicted lower strain magnitudes in the face of Kabwe 1 arise not only
because of lower bite forces but also because of size differences. As previously
reported (Freidline et al., 2012), the face of Kabwe 1 is significantly bigger (about 40%,
in surface area) than the face of H. sapiens. When strains were scaled according to the
ratio of facial surface areas and predicted bite forces the discrepancies between Kabwe
1 and H. sapiens were markedly reduced but the predicted principal strain magnitudes
were still generally greater in H. sapiens, with localized exceptions. This suggests that
Kabwe 1 was better able to resist biting forces than H. sapiens. This is likely due to the
generally robust skeleton of Kabwe 1 and to architectural differences similar to those
reported between H. sapiens and Neanderthals as being linked to resisting dental
loading (Rak, 1986; Demes, 1987). Those anatomical differences include the taller sub-
nasal and infra-orbital regions found in Kabwe 1, and the more sagittally orientated and
convex infra-orbital plate. These morphological differences may well also be related to
the differences found in strain directions.

The GM size and shape analysis of global magnitudes and modes of
deformation (Figure 5-5) shows that H. sapiens deforms differently and to a greater
degree than Kabwe 1. This is consistent with the strain contour plots and graphs (Figure
5-2, Figure 5-3) which show differences in which regions experience high and low
strains as well as the generally larger strain magnitudes in H. sapiens than in Kabwe 1,
even when differences in size and bite forces are accounted for.

It should be noted that this study compares two individuals, and does not
consider how variation in each species impacts on biting performance. However, the
clear morphological differences between H. heidelbergensis and H. sapiens make it
likely that within species variations do not account for what is observed. The present
findings are consistent with previous studies that have compared H. sapiens with H.

heidelbergensis and Neanderthals, in that modern humans appear more efficient at
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converting muscle forces into bite forces due to a retracted and orthognathic face
(Anton, 1990; O'Connor et al., 2005; Lieberman, 2008; Lieberman, 2011; Eng et al.,
2013). Anton (1990) and Eng et al. (2013) find that H. sapiens is able to produce higher
absolute bite forces than Neanderthals, while O'Connor et al. (2005) estimate that
Neanderthals generate higher absolute bite forces than recent gracile modern humans
and comparable to early and recent robust H. sapiens because of increased muscle
forces. Somewhat counter intuitively facial reduction in H. sapiens which increases
mechanical efficiency in bite force generation is accompanied by our face being less
able to resist masticatory, or para-masticatory, functional loading (Rak, 1986; Demes,
1987; Lieberman, 2008; Lieberman, 2011). This, together with a decrease in the
proportion of fast twitch muscle fibres (Stedman et al., 2004) relative to apes and size
reduction of masticatory muscles (Demes and Creel, 1988; Anton, 1990; O'Connor et
al., 2005) led Lieberman (2008) to propose that the increased mechanical advantages in
H. sapiens are likely a spandrel (sensu Gould and Lewontin, 1979) rather than an
adaptation.

Despite being modular, the human head is also a highly complex and integrated
structure that performs multiple functions (Bastir and Rosas, 2005; Lieberman, 2008;
Lieberman, 2011). This implies that evolutionary and adaptive changes in one
component of the cranium impact on other components (Lieberman, 2008; Lieberman,
2011). As such, changes in facial morphology throughout hominin evolution have been
related to multiple factors, including expansion of the brain and an increased cranial
base angle (Enlow and Hans, 1996; Lieberman et al., 2002; Lieberman, 2008;
Lieberman, 2011), thermoregulation and air conditioning (Coon, 1962; Wolpoft, 1968;
Carey and Steegmann, 1981; Franciscus and Trinkaus, 1988), pre-processing of food
(Carlson, 1976; Carlson and Van Gerven, 1977), stabilization of the head during
running (Lieberman, 2008; Lieberman, 2011) and size reduction of the dentition (Brace,
1967; Brace and Mabhler, 1971; Brace et al., 1987). Distinguishing the possibilities that
facial reduction, retraction and orthognathy are the outcomes of positive selection and
adaptation from the alternative that they are an evolutionary by-product (Gould and
Lewontin, 1979; Lieberman, 2008; Lieberman, 2011) is therefore extremely difficult.
In addition, genetic drift has also been suggested to impact on the overall cranial
morphology of early Homo (Ackermann and Cheverud, 2004) and in modern humans,
albeit less so in specific anatomical regions such as the nose (Roseman and Weaver,

2004) which fulfil functions related to metabolic aerobic demands (Lindsay, 1996;
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Bastir and Rosas, 2013), olfaction (Lindsay, 1996; Bastir and Rosas, 2013),
thermoregulation (Trinkaus, 1987a; Dean, 1988; Franciscus and Trinkaus, 1988) and
conditioning of respired air (Franciscus and Long, 1991; Yokley, 2009; Lieberman,
2011; Noback et al., 2011).

Reduction of the size of the nasal cavity in H. sapiens inevitably impacts on
mid-facial morphology and therefore in biting performance. This reduction may have
arisen through selection, although it is not clear what the selective pressure might have
been. Alternatively a large mid-face and tall, deep nasal cavity may have been
positively selected for in archaic Homo and a large nasal cavity required either for air
conditioning or to accommodate the metabolic demands of a possibly larger body in
archaic taxa relative to H. sapiens (Yokley et al., 2009; Lieberman, 2011; Churchill,
2014; but see Elliot et al., 2014 and Heyes and MacDonald, 2015 for limitations of
body mass estimation from skeletal elements) might have constrained (Reif et al., 1985)
the functioning of the masticatory system. Thus a larger mid-face leads to mechanical
advantages of the masticatory muscles in H. heidelbergensis that are less than those in
subsequent H. sapiens, where this constraint is released. If the morphology of the nose
was indeed constrained in H. heidelbergensis and the constraint was released in H.
sapiens, enabling mid-facial retraction, then the increased biting force production
efficiency of modern humans would be a by-product of changes in mid facial
morphology.

Another possible anatomical consequence of mid-facial reduction in H. sapiens
is the development of the chin. The morphology of the mandibular symphysis and the
appearance of the chin have been associated with multiple factors, such as size
reduction of the dentition (Wolff, 1984), sexual dimorphism (Horowitz and Thompson,
1964; Thayer and Dobson, 2010), and the development of speech (Ichim et al., 2007D).
A compelling idea is that the chin and the morphology of the human mandibular
symphysis are related to mechanical demands that arise during biting and mastication
(Daegling, 1993; Dobson and Trinkaus, 2002; Groning et al., 2011b). However, recent
studies suggest that the human symphysis and chin are not optimized to resist
masticatory system loads (Holton et al., 2014; Holton et al., 2015; Pampush and
Daegling, 2015). These studies raise the question of if the modern human chin and
symphysis do indeed represent adaptations, or are a by-product of facial reduction (with
or without secondary mechanical consequences) or the result of genetic drift. In a

recent study Pampush (2015) excluded the effect of genetic drift as cause for
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appearance of the chin in Homo, but was unable to differentiate between an adaptation
or an evolutionary by-product (spandrel).

Regardless of whether facial retraction in H. sapiens is an adaptation to increase
efficiency in generating bite forces, a by-product of other adaptation(s) or the product
of genetic drift, it is clear that the masticatory system more efficiently converts muscle

into bite forces, yet is less well able to resist these forces.

The next chapter assesses the mechanical significance of the frontal sinus and

how the mechanics of biting impacts on its morphogenesis.



6 The biomechanical significance of the

frontal sinus in Kabwe 1



6.1 Introduction

The human skull presents four sets of sinuses (maxillary, ethmoidal, sphenoidal
and frontal), that are defined according to the position of the ostium in the nasal cavity
and named by the bones they pneumatise (Rae and Koppe, 2004). These hollow spaces
in the skull start primary pneumatization by expanding into the cartilage walls of the
nasal fossae as early as 10 weeks post conception but develop at different times, by a
two stage process (Sperber, 2001; Rae and Koppe, 2004; Smith et al., 2005; Rossie,
2006). Primary pneumatization occurs pre-natally and gives rise to nasal recesses that
later develop into proper sinuses via secondary pneumatisation (Smith et al., 2005;
Rossie, 2006). The former consists of interstitial growth in the cartilaginous nasal
capsule with no expansion to contiguous structures. Secondary pneumatisation occurs
via invasion of adjoining bones by osteoclasts and subsequent resorption (Smith et al.,
2005; Rossie, 2006).

The frontal sinus begins its primary pneumatization at 3 - 4 months post-
conception by developing mucosal epithelial invaginations in the frontal recess of the
middle meatus of the nasal fossa (Sperber, 2001). Secondary pneumatization occurs
between 6 months and 2 years through invasion of the frontal bone by populations of
osteoclasts derived from the anterior and middle groups of the ethmoidal sinuses
(Scheuer and Black, 2000; Sperber, 2001; Lieberman, 2011) and its subsequent growth
results from resorption on the inner and deposition on the outer surfaces of the frontal
bone tables, resulting in cortical drift (Tillier, 1977; Lieberman, 2011). The inner table
integrates the functional matrix of the brain, adapting to it as it grows (Moss and Young,
1960). As such, by about 6 years of age the internal table of the frontal bone presents
approximately 95% of its total growth (Lieberman, 2011). On the other hand, the
external table, at the level of the brow-ridge and frontal sinus, presents a somatic
growth pattern (Lieberman, 2011). As frontal sinus development is thought to be
secondary to drift of the external table of the frontal bone (Lieberman, 2011) it
completes development after puberty, at the end of which the external table of the
frontal presents approximately 95% of its total growth (Tillier, 1977; Lieberman, 2011).

Among catarrhines, the frontal sinus is only present in African apes (Cave and
Haines, 1940) and it has, therefore, been interpreted as a synapomorphy of the group

(Rae and Koppe, 2004). In humans it presents significant intra and inter population
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form variation (Buckland-Wright, 1970; Tillier, 1977) and may present high
frequencies of absence in specific populations (Koertvelyessy, 1972; Greene and Scott,
1973). Fossil hominins also present significant form variation, with some individuals
presenting small frontal sinuses that are restricted to the region immediately behind the
glabella. Other individuals show extremely enlarged sinuses that extend laterally
beyond the supraorbital arch and supero-posteriorly invading the fontal squama, such
as Steinheim and Petralona (Seidler et al., 1997; Prossinger et al., 2003; Zollikofer et al.,
2008).

Despite multiple studies, sinuses are still poorly understood (Seidler et al., 1997;
Laitman, 2008; Marquez, 2008). Some researchers state that they serve no particular
function and are biological spandrels arising as a structural consequence of changes in
other bones and/or structures (Enlow, 1968; O'Higgins et al., 2006; Zollikofer et al.,
2008; Zollikofer and Weissmann, 2008) rather than because of a specific mechanism
acting to create them. Irrespective of how formed, others have suggested that sinuses
have one or more functions, such as olfaction, respiration, thermoregulation, nitric
oxide production, voice resonance, reduction of skull weight and craniofacial
biomechanics (Tillier, 1977; Blaney, 1990; Bookstein et al., 1999; Rae and Koppe,
2004; Laitman, 2008; Lundberg, 2008; Marquez, 2008). These views are not
necessarily opposed since a ‘spandrel’ might subsequently take on a function.

As with most biological structures (Lesne and Bourgine, 2011), the
morphogenesis of the frontal sinus is likely impacted by multiple factors. One such
factor, that has been suggested to determine the morphology of the upper face, and so
the morphogenesis of the brow-ridge and frontal sinus, is the spatial relationship
between the eyes and the brain. This spatial hypothesis predicts that if the eyes are
significantly anteriorly positioned relative to the brain then big brow-ridges develop to
fill the ‘gap’ and frontal sinuses develop within them (Moss and Young, 1960). Even
though this hypothesis is widely accepted, other studies have examined the extent to
which paranasal sinus morphology is also impacted by environmental conditions and
air conditioning by investigating possible associations in humans, other primates and
non-primates, between sinus size and environmental conditions. It was found that
human individuals from latitudes with colder temperatures present smaller frontal
(Koertvelyessy, 1972) and maxillary sinuses (Shea, 1977). Macaques (Rae et al., 2003)
and rats (Rae et al., 2006) from cold climates also present smaller maxillary sinuses,

but this decrease in size is associated with increased nasal cavity size. Thus, maxillary
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sinus size appears to vary secondarily to nasal size, leading researchers to conclude that
sinuses are not directly involved in air conditioning (Shea, 1977; Rae et al., 2003;
O'Higgins et al., 2006; Rae et al., 2006).

Several studies suggest that masticatory mechanics impacts on sinus
morphology, and thus on its morphogenesis. Witzel and Preuschoft (2002) and Witzel
(2011) used FEA and modelled the cranium as a block to investigate how the
mechanics of the masticatory system impact on skull morphology. They found that the
infilled regions where the sinuses are located experience low stresses and strains when
compared to other regions of the craniofacial complex. Because bone adapts to the
mechanical environment (Currey, 2006) these hollow spaces might be the consequence
of biomechanical bone adaption to these low stresses, enabling the cranium to resist
mechanical loading with minimum bone material (Witzel and Preuschoft, 2002; Witzel,
2011). The idea that sinuses occupy regions of low stress and so have no specific
mechanical role is supported by the work of Fitton et al. (2015) who noted minimal
effects on facial strains during FEA simulated biting in a macaque when the maxillary
sinus is infilled. Bookstein et al. (1999) and Prossinger et al. (2000) proposed that the
morphology of the frontal sinus in the Petralona skull, the thin internal and external
tables of the frontal bone in the brow-ridge area and the presence of a lamella
honeycomb-like structure in the sinus, are evidence that bone adapted to masticatory
function by reducing bone material and increasing stiffness (Bookstein et al., 1999;
Prossinger et al., 2000). In contrast, Greene and Scott (1973) suggest that the 95%
frequency of frontal sinus absence in the Wadi Halfa Mesolithic population is the result
of high masticatory mechanical demands.

However, several researchers refute an association between sinus morphology
and biomechanical loading. One of the main arguments has been that circumorbital
structures, such as the brow ridge and frontal sinus, experience very low magnitude
stresses and/or strains during masticatory system loading, thus precluding mechanical
bone adaptation to masticatory loading (Picq and Hylander, 1989; Hylander et al.,
1991b; Ravosa et al., 2000c; Hylander and Johnson, 2002). Rae and Koppe (2008)
demonstrated that maxillary sinus volume is not significantly different between the
frugivore Cebus albifrons and the hard object feeder Cebus apella which are closely
phylogenetically related. Thus, sinus size appears to be independent of different diets

that lead to different masticatory system loads.
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Irrespective of the putative functions of sinuses, the present study addresses the
biomechanical significance of the frontal sinus in Kabwe 1, and if masticatory system
mechanical loading might impact on its morphogenesis based on the principle of bone
adaptation to loads. This cranium displays a very prominent brow ridge and a very well
developed frontal sinus which presents a honeycomb-like structure within it. This is
similar to the Petralona skull in which the honeycombing is said to reflect loading
history (Seidler et al., 1997; Bookstein et al., 1999; Prossinger et al., 2000). Finite
Element Analysis (FEA) is used in order to test the following hypotheses: (1) removing
the honeycomb-like structure has limited to negligible impact on strain magnitudes and
directions experienced by the cranium during simulated biting; (2) infilling the frontal
sinus has limited to negligible impact on strain magnitudes and directions experienced
by the cranium. Based on the previous research of Witzel and Preuschoft (2002) and
Witzel (2011) it is predicted that infilling the sinus will not have a meaningfull impact
on the deformations experienced by the cranium. Conversely, based on previous
research that hypothesize the honeycomb-like structure found within the frontal sinus
of the Petralona cranium relates to loading history (Seidler et al., 1997; Bookstein et al.,
1999; Prossinger et al., 2000), it is predicted that hollowing the sinus will have a
meaningful impact on the deformations experienced by the cranium. Because the exact
magnitudes of deformation that trigger bone deposition or resorption are not clear
(Skerry, 2000; Currey, 2006), and because the FE model likely underestimates the
absolute magnitudes experienced by the cranium during masticatory loading to varying
degrees (see chapter 2), it is not possible to define exactly what negligible or
meaningful impacts are on strain magnitudes experienced by the models (i.e. what
increase or decrease in strain magnitudes would be necessary to trigger bone deposition
or resorption). Thus, meaningful or negligible impacts are considered within the strain
magnitudes experienced by this model. An impact is considered meaningful if strains in
the relevant region (material infilling the frontal sinus, walls of the sinus and
surrounding structures, such as the frontal bone) increase to a magnitude that
approximates the highest strains experienced by the model (e.g. near the bite point or
muscle origins). An impact is considered small or negligible if strains do not increase
considerably and remain noticeably below the maximum strains experienced by the

model.
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6.2 Materials and Methods

The Kabwe 1 skull was virtually reconstructed based on a CT scan of the fossil
that was provided by the NHM, London (courtesy of Robert Kruszynski). A brief
description of the reconstruction follows below, but the detailed description is
presented on chapter 4. After reconstruction the anatomy of the frontal sinus was
modified. The unmodified and modified reconstructions were then directly converted
into voxel based finite element models. These were used to simulate three different
bites (left central incisor, left second premolar, left second molar) to assess the
biomechanical performance of the facial skeleton with and without an infilled frontal

sinus during biting.

6.2.1 Skull reconstruction and model creation

A medical CT stack with originally anisometric voxel size (0.4687501 x
0.4687501 x 1 mm) was resampled to produce isometric voxels (0.35 mm.). Automated,
semi-automated and manual segmentation of the cranium was then performed using
Avizo® (version 7.0). Manual segmentation was required to exclude from the model
sedimentary matrix present in the maxillary and sphenoidal sinuses. Despite
outstanding preservation, several anatomical regions of the cranium required
reconstruction to repair damage from taphonomic and pathological processes. These
include the alveolar regions of the maxilla, the right and left temporal bones, the
occipital, the right parietal, the sphenoid, the orbital region of both maxillae and several
teeth. Where possible, reconstruction was performed by mirroring preserved
contralateral elements and warping them to existing structures. When small gaps were
present, Geomagic® (Studio 2011) was used to fill them using the surface of the
surrounding present structures as the reference for interpolation. Portions of a cadaveric
Homo sapiens skull were used to reconstruct part of the occipital and missing tooth
crowns where no antimeres were present.

Once the reconstruction was complete (model 2), the honeycomb-like structure
of the frontal sinus was removed (model 1) and the sinus was completely infilled
(model 3) (Figure 6-1). Voxel based finite element models were then generated by
direct conversion using the bespoke vox2vec software tool and imported into VoxFE to

be loaded and constrained (Fagan et al., 2007).
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Model 1 Model 2 Model 3

Figure 6-1: Coronal cross-section of models 1 - 3 used in biting simulations.
Model 1 presents a hollow frontal sinus in which the original bony struts were
removed; Model 2 presents the original frontal sinus with bony struts as captured by the

CT scanner; Model 3 presents an infilled frontal sinus.

6.2.2 Constraints

Identical constraints were applied to all models using the finite element analysis
software VoxFE (Fagan et al., 2007). They were constrained at each temporo-
mandibular joint (24 nodes in the X, y and z axis) and a third constraint was applied
successively at each of the bite points (left central incisor, left second pre-molar, left
second molar; 21 nodes in the z axis). These are used to fix the cranium in space and to

reflect the loading of the temporo-mandibular joints and teeth during biting.

6.2.3 Material properties

Prior sensitivity studies on a cadaveric human head (chapter 3) and in the
cranium of Macaca fascicularis (Fitton et al., 2015) have shown only minor and
localised effects when the same material properties (of cortical bone) are equally
applied to cortical bone, trabecular bone and teeth, rather than their own specific
material properties. These studies show that, with the exception of the alveolar bone,

model simplification results in similar spatial distributions of regions experiencing high
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and low strain magnitudes but, strain magnitudes are reduced on average.
Simplification results in a ‘stiffer’ model that deforms less but in a similar way (mode
of deformation) to a more complex model that distinguishes the material properties of
cortical bone, trabecular bone and teeth. This is relevant to the present study because
trabecular bone is neither well preserved nor imaged at sufficient resolution in the fossil
to accurately distinguish it from cortical bone in a finite element model. Thus in the
present study, teeth and trabecular bone were assigned the same material properties as
cortical bone in all the models. Cortical bone, trabecular bone and the teeth were
allocated isotropic properties, with a Young’s modulus of 17 GPa and a Poisson’s
ration of 0.3. The modulus of elasticity was derived from nanoindentation studies of
cortical bone in a cadaveric Homo sapiens skull (Toro-Ibacache et al., 2016a) following
the protocol of Kupczik et al. (2007). The resulting value of 17 GPa is within the range
of values found in previous studies (Dechow et al., 1993; Schwartz-Dabney and

Dechow, 2003).

6.2.4 Muscle loads

Loads were applied to the model to simulate the actions of six muscles active
during biting: right and left temporalis, right and left masseters, right and left medial
pterygoids. Lack of the mandible precludes direct estimation of the direction of muscle
force vectors and the use of bony proxies to estimate anatomical cross sectional areas
(and so maximum forces) of muscles that attach to the mandible (masseter and medial
pterygoid). However, given that three versions of the same model are to be compared, it
matters little that applied muscle force vectors approximate rather than replicate
physiological loadings. Much more important is that these forces are identical between
models and so do not, in themselves, produce differences in strains (modes and
magnitudes of deformation) between models. As such the maximum estimated muscle
forces from a Homo sapiens cadaveric head were applied identically to each model
(Toro-Ibacache, 2016a; Table 6-1). The directions of muscle force vectors applied to all
models were estimated by scaling a Homo neanderthalensis mandible (Tabun 1
specimen) to the Kabwe 1 skull to provide estimates of the locations of muscle

attachments on the mandible.
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Table 6-1: Forces applied by each muscle (in Newtons).

Muscle Side
Left Right
Temporalis 168.02 170.67
Masseter 134.06 124.01
Medial pterygoid 124.01 117.49

6.2.5 Model solution and data analysis

The finite element models were solved using VoxFE. Analysis and comparison
of the results employed three different approaches. (1) qualitative assessment of: (1a)
maximum (gl) and minimum (&3) principal strain magnitudes throughout the cranium
surface; (1b) maximum (gl), medium (¢2) and minimum (g3) principal strain
magnitudes through a mid-sagittal cross section; (1¢) directions of €1 and €3 over the
external surface of the frontal squama. (2) quantitative comparison of €l and €3
magnitudes at 42 points located on the surface of the frontal bone and 30 on the surface
of the facial skeleton that are common to all models (Figure 6-2). (3) analysis of global
modes of deformation of the cranium was assessed by Geometric Morphometrics (GM),
using 67 landmarks on the craniofacial skeleton (Table 6-2). Method 1 relies on visual
assessment of changes in the strain contour plots and of the directions of the vectors.
Method 2 quantitatively compares strain magnitudes by plotting magnitudes arising
from each simulated bite. Method 3 employs geometric morphometrics to compare
changes in size and shape between the unloaded and loaded models. This consists of an
initial generalized Procrustes analysis, followed by rescaling by centroid size. This is
followed by a PCA of the resulting size and shape coordinates (O'Higgins, 2000;
Zelditch et al., 2004). This analysis leads to a quantitative appraisal of differences in
global model deformations (changes in size and shape) in terms of modes and

magnitudes of deformation arising from loading.
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Figure 6-2: 30 facial points (left) and 42 points in the frontal bone (right) used

for extraction of €1 and €3 and biomechanical performance comparison among models.

Table 6-2: Landmarks used in the GM analysis of modes of deformation.

Number | Landmark

1 Bregma

2 Lambda

3 Inion
4;42 | Asterion
5,43 | Porion

6; 44 | Pterion
7,45 | Frontomalare orbitale
8;46 | Frontomalare temporale
9;47 | Jugale
10; 48 | Zygotemporale superior
11; 49 | Zygotemporale inferior
12; 50 | Maxillofrontale
13; 51 | Zygoorbitale
14; 52 | Zygomaxillare
15; 53 | Superior rim of orbit
16; 54 | Infraorbital foramen

17 | Nasion

18 Rhinion
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19; 55 | Lateral Nasal Suture
20 Nasospinale
21; 56 | Alare
22 Alveolare
23; 57 | External Alveolar Incisor 2
24; 58 | External Alveolar Canine
25; 59 | External Alveolar Premolar4
26; 60 | Zygomatic take-off
27; 61 | Inferior Distal Alveolar
28 Incisive Foramen
29 Palate maximum
30 Staphylion
31; 62 | Infratemporal crest
32 Basion
33 Opisthion
34; 63 | Lateral Edge of Foramen Magnum
35 Hormion
36 Glabela
37 Supraglabela
38; 64 | Inferolateral choanal corner
39; 65 | Anterior edge of anterior ethmoid foramen

40; 66 | Posterior edge of posterior ethmoid foramen

41; 67 | Inferiormost margin of nasal aperture

6.3 Results

The strain contour plots (Figure 6-3 and 6-5), the contour plots with overlain
strain vector directions (Figure 6-4) and the strain magnitudes extracted from the 42
points in the frontal bone and the 30 points in the face (Figure 6-6) consistently show
that hollowing out or infilling the frontal sinus impacts little or not at all on strain
magnitudes and has little or no impact on the strain directions experienced by the
cranium when simulating each of the three different bites.

Thus, the strain contour plots are very similar for each of the bites, with no
marked differences, both in €1 and €3, between the models with a completely hollow
frontal sinus (model 1) and a frontal sinus with trabeculae forming a honeycomb-like
structure (model 2). Slight, localized decreases in strain magnitude are observed

between the hollow and honeycomb models and the infilled sinus model. This is
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apparent in the outer table of the frontal bone for €1 (Figure 6-4). It should also be
noted that in the infilled sinus model strain magnitudes are consistently low within the
material infilling the sinus during all simulated bites (Figure 6-5). These results are
consistent with the plots of strain magnitudes extracted from the frontal bone, with
models 1 and 2 almost completely overlapping both in €1 and €3. Again as in the strain
contour plots, model 3 shows a decrease in the strain magnitudes experienced along,
and close to, the midline of the frontal bone (Figure 6-6), however when considering
the full range of strain magnitudes experienced by the cranium this decrease is
proportionately very small. Changes in the frontal sinus have even less, indeed almost
no, impact on the strain magnitudes extracted from the face (Figure 6-6).

Figure 6-4 shows that hollowing or infilling the sinus has little or no impact on
vector directions in €1 in all bites, with vectors being mainly oriented in the coronal
plane with an increasingly larger proportion of vectors oriented diagonally to the
coronal plane in posterior biting. In €3 changing the sinus has little effect, with vectors
predominantly oriented along the sagittal plane in anterior biting and diagonally to it in

posterior bites.
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Figure 6-3: Principal strain 1 and 3 contour plots showing the strain magnitudes
experienced over the cranium (norma superioris) under the three simulated bites (rows
1 and 2 show the incisor bite; rows 3 and 4 show the second pre-molar bite; rows 5 and
6 show the second pre-molar bite; left column shows the hollow sinus model; central

column shows the honeycomb model; right column shows the infilled sinus model).
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Figure 6-4: Principal strain 1 and 3 vector directions over the frontal sinus, on
the external surface of the frontal bone (norma superioris) under the three simulated
bites (rows 1 and 2 show the incisor bite; rows 3 and 4 show the second pre-molar bite;
rows 5 and 6 show the second pre-molar bite; left column shows the hollow sinus
model; central column shows the honeycomb model; right column shows the infilled

sinus model).
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Figure 6-5: Principal strain contour plots from the three simulated bites in the
three models (rows 1, 2 and 3 show the incisor bite; rows 4, 5 and 6 show the second
pre-molar bite; rows 7, 8 and 9 show the second pre-molar bite; left column shows the
hollow sinus model; central column shows the honeycomb model; right column shows

the infilled sinus model).
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Figure 6-6: Maximum (gl) and minimum (&3) principal strain magnitudes
experienced by the frontal bone, at 42 points (left column; see Fig 3), and over the face,
at 30 points (right column; see Fig 3). The first row shows the results from simulation
of the incisor bite; the second, of the second pre-molar; and the third, of the second

molar bite.

The results of the GM analysis of global modes and magnitudes of deformation
are, again, consistent with the pattern of differences in strain magnitudes predicted in
the different models during the three simulated bites. Figure 6-7 shows that changes in
bite point clearly impact much more than changes in the sinus, with models tightly

clustering by bite point rather than by type of sinus. The model that invariably deforms
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less in all bites is that with the infilled sinus, and the remaining two are very close to
each other (indeed the markers in the plot overlap). These findings reflect those from
the analyses of strains in indicating only local effects of experimental manipulation of

sinus anatomy.
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P
&
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Figure 6-7: Principal components analyisis of the modes of deformation
(changes in size and shape when loaded) of the different models in all bite simulations.

Deformations magnified by a factor of 1000 to facilitate visualization.

6.4 Discussion

The results show that experimentally manipulating frontal sinus anatomy, by
hollowing or infilling, does not impact significantly on the strain magnitudes and
directions, nor on the modes of deformation of the cranium in general. The strain
magnitudes experienced by the frontal bone are consistently low, especially in the
infilled sinus of model 3. Hollowing the frontal sinus does not cause strain magnitudes
to rise significantly and changes are restricted to the bone overlying the sinus.

These findings do not falsify the hypotheses that the manipulations of sinus
morphology would have limited to negligible effect with respect to much of the cranial
skeleton. There are small effects over regions of the frontal bone immediately overlying
the sinus. Thus, (1) strain magnitudes experienced by the cranium during simulated

biting are affected minimally and locally by removing the honeycomb-like structure
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and (2) strain magnitudes are affected minimally and locally by infilling the frontal
sinus.

Similar findings were made with respect to infilling cancellous bone spaces and
the maxillary sinus in a study of macaques (Fitton et al., 2015) and cavities in a
varanoid lizard mandible (Parr et al., 2012). The present results are consistent with
other studies that found low strain magnitudes in the frontal bone and/or circumorbital
structures due to masticatory system loading (Picq and Hylander, 1989; Hylander et al.,
1991b; Ravosa et al., 2000c; Hylander and Johnson, 2002; Kupczik et al., 2009).
However, this does not preclude mechanical adaptation of the frontal bone to loads
experienced during biting. Thus, the negative feedback loop, mechanostat model
predicts that bone remodels according to strain magnitudes experienced relative to
specific thresholds. If bone strains exceed a certain threshold bone deposition occurs,
thus increasing bone mass. If bone strains are below another threshold then bone
resorption occurs, thus decreasing bone mass (Frost, 1987, 1996; Turner, 1998; Frost,
2003). Even though it is not clear what that threshold is, and if it is generalized or site
specific (Hillam et al., 1995; Skerry, 2000; Currey, 2006), it has been widely
demonstrated that bone adapts to changes in mechanical loading via changes in mass
(Jones et al., 1977; Kannus et al., 1995; Nordstrom et al., 1996; Goodship et al., 1998)
and in mineral density (Kerr et al., 1996; Valdimarsson et al., 2005). As such, it is
possible to hypothesize that the low strains experienced by this region may trigger an
osteoclastic response and bone resorption, thereby impacting on the morphogenesis of
the frontal sinus. This hypothesis is consistent with the studies of Preuschoft and Witzel
(2002) and Witzel (2011), who modelled crania as block materials with no hollow
spaces, other than the brain cavity, and that found low strains in the regions where
sinuses arise. This led them to suggest that these hollow spaces might arise via bone
adaptation to low strains.

This possible adaptation of bony anatomy in relation to the frontal sinus is,
nonetheless, compatible with the structural/spatial models that state that sinuses arise as
a result of the spatial relationships of different components of the cranium (Enlow,
1968; Zollikofer et al., 2008; Zollikofer and Weissmann, 2008). The primacy of spatial
relationships is crystallized in the functional matrix hypothesis, which posits that the
morphology of the upper face results from the spatial relationships between the eyes
and the brain (Moss and Young, 1960). Given the consequences of these spatial

relationships on brow-ridge formation, it is possible that the low strain magnitudes
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subsequently experienced within the brow-ridge drive biomechanical bone adaptation
via bone resorption, thereby sculpting the frontal sinus. As with the spatial hypothesis,
this biomechanical interpretation of frontal sinus morphogenesis does not preclude, but
rather may work in concert with, other mechanisms that also underlie the initiation,
presence, shape and size of this structure, such as olfaction, respiration,
thermoregulation, nitric oxide production and role in facial ontogeny (Tillier, 1977;
Blaney, 1990; Bookstein et al., 1999; Rae and Koppe, 2004; Laitman, 2008; Lundberg,
2008; Marquez, 2008).

It should be noted that because infilling the sinus did not impact significantly on
the strains experienced by nearby regions, and in the cranium as a whole, there are
important consequences in relation to FE model simplification, which is always
necessary. Particular issues arise with fossils, which are often imaged at resolutions that
do not allow very detailed modelling of their internal anatomy and may be invaded by
mineralized sedimentary matrix that is not distinguishable from bone in CTs. This
study supports the application of simplifications, in particular infilling of the region of
the frontal sinus in such circumstances when building finite element models. This study
also supports the conclusions of a previous study in which simplifications of models by
infilling hollow trabecular bone and sinus spaces (Fitton et al., 2015) had little impact
on mode, but greater impact on the magnitude of model deformation.

These results also are important in relation to the validity of the strategy of
warping a base specimen to different target morphologies to speed up the model
building process (Sigal et al., 2008; Stayton, 2009; Sigal et al., 2010; O'Higgins et al.,
2011; O'Higgins et al., 2012). Warping of cranial models will inevitably result in
warped spaces within the bone that are very unlikely to represent the spaces that would
arise as a result of mechanical adaptation and as such models cannot be assured of
reliably predicting deformations when submitted to FEA. By infilling then warping, the
issue might be circumvented, albeit predicted strain magnitudes will inevitably be
lower than they should be, but modes of deformation can be expected to be
approximately the same (Fitton et al., 2015). This potential strategy requires detailed
sensitivity analyses before it can be adopted, but the evidence of this and previous

studies (Fitton et al., 2015) leads us to be optimistic.

In addition to informing about how masticatory mechanics impacts on the

morphogenesis of the frontal sinus, this chapter also shows that infilling the frontal
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sinus does not impact significantly on the deformations experienced by the cranium.
This is relevant for the next chapter, which examines the mechanical significance of the
brow-ridge, because manipulation of the morphology of the brow-ridge required

infilling of the sinus.



7 The biomechanical significance of the brow-

ridge in Kabwe 1



Recent hominin cranial form and function| 156

7.1 Introduction

The brow ridge is conventionally divided into three components: the glabellar
region (in the midline of the skull, approximately between the two eye sockets); the
supraciliary arches (above the medial part of the orbit); the supraorbital region (above
the lateral part of the orbit) (Lieberman, 2000). It has been considered to be an
anatomical trait of phylogenetic relevance and has been used in hominin phylogenetic
analyses. In such studies Homo sapiens is repeatedly noted as the only hominin species
that lacks a strongly developed browridge (Smith and Rayard, 1980; Russell, 1985;
Lieberman, 2000). All remaining hominin species present well developed brow ridges
often with associated post-orbital sulci and constriction. Despite this there is significant
variation in its morphology among diverse hominin species. For example, variation has
been noted in the antero-posterior and supero-inferior dimensions of the browridge,
supero-inferior positioning of the glabellar region and dimensions of the post-orbital
sulcus (Lieberman, 2000).

The growth and development of the brow ridge region differs from the
remaining cranial vault because it is below the circumcranial reversal line. Above this
line, the cranial vault grows by depositing bone at the sutures and the internal and
external tables as the brain grows. However, below this line, which includes the brow-
ridge on the external aspect of the frontal bone, the endocranium is mainly resorptive
and bone adapts to the growing brain via resorption of the internal tables and deposition
at the external tables (Enlow and Hans, 1996; Lieberman, 2011). Because the internal
table follows a neural growth trajectory it reachs approximately 95% of adult size by
the time of eruption of the first molar. On the other hand, externally, in the region of
the brow-ridge, the outer table of the frontal bone follows a somatic growth trajectory,
reaching approximately 95% of adult size by the end of the adolescent growth spurt.
This difference in growth trajectories is effected by differential drift between the
internal and external tables of the brow-ridge (Enlow and Hans, 1996; Lieberman,
2000; Scheuer and Black, 2000; Lieberman, 2011).

Different hypotheses that are not mutually exclusive have been proposed to
explain the differences in brow-ridge form among different species. The most widely

accepted is the spatial hypothesis which, in its most strict version, states that “the



Recent hominin cranial form and function| 157

presence or absence of supraorbital ridges is only a reflection of the spatial
relationship between two functionally unrelated cephalic components, the orbit and the
brain case” (Moss and Young, 1960; p. 281). The increased distance between these
functional matrices, due to their different growth trajectories, results in increases in the
size of brow-ridges (Moss and Young, 1960; Ravosa, 1988). The orientation of the
splanchnocranium in relation to the neurocranium also influences brow-ridge
morphology. More ventrally oriented faces are associated with bigger brow-ridges (e.g.
Gorilla) and more dorsally oriented with smaller brow-ridges (e.g. Pongo) (Moss and
Young, 1960; Biegert, 1963; Shea, 1985; Shea, 1986). Subsequent research has
supported this interpretation (Ravosa, 1988) and also shows that brow-ridges scale
allometrically, with individuals of bigger species growing proportionally bigger brow-
ridges (Ravosa, 1988; Ravosa, 1991; Freidline et al., 2012). Other proponents of the
spatial hypothesis add that the mechanical action of the masticatory system also
impacts on the morphology of the brow-ridge and state that it, along with other
structures, is part of the skull’s buttressing system (Weidenreich, 1941; Shea, 1986;
Ravosa, 1988).

The, ‘alternative’, mechanical hypothesis emphasizes the potential role of
mechanical loading in brow-ridge morphogenesis. It posits that the mechanical loadings
experienced by the skull during masticatory system loading impact decisively on the
morphology of the brow-ridge (Russell, 1985). This notion was deeply influenced by
the pioneering work of Endo in the 1960's (Endo, 1965; Endo, 1966) who simulated
biting in dry human skulls and measured, using strain gauges, the stresses and strains
experienced by the face. He found that during incision the brow-ridge experienced
relatively high stresses and strains when compared to other anatomical regions of the
face. In consequence he proposed that the brow-ridge acted as a beam subjected to
bending due to the downward force applied by masticatory muscles and upward forced
applied at the incisors during anterior dental action. This finding gave rise to other
studies in humans (Endo, 1970; Russell, 1985; Hilloowala and Trent, 1988b) and, in a
study using native Australian skulls, Russell (1985) suggested that anterior masticatory
loading is central in the development of the brow-ridge. Further studies that support the
mechanical hypothesis also focused on fossil hominin species (Oyen et al., 1979; Smith
and Rayard, 1980), galagos (Ravosa et al., 2000a), Macaca fascicularis (Hylander et al.,
1991b; Kupczik et al., 2009), Papio anubis (Hylander et al., 1991b), Pongo pygmaeus
(Hilloowala and Trent, 1988a), Gorilla gorilla (Hilloowala and Trent, 1988a) and Pan
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troglodytes (Hilloowala and Trent, 1988a). While proving influential, the mechanical
hypothesis was later disputed on the basis of in vivo studies of galagos, macaques and
papionins that failed to record elevated strains in the brow-ridge during masticatory
system loading (Picq and Hylander, 1989; Hylander et al., 1991b; Ravosa et al., 2000b;
Hylander and Johnson, 2002). More recently, in silico studies using an ontogenetic
sample of Finite Element Models (FEM) of Macaca fascicularis also predicted
relatively low strains in the brow-ridge of individuals of different ages (Kupczik et al.,
2009).

Despite the finding that strains are low over the brow-ridge, this structure could
still arise through bone biomechanical adaptation and play a role in stiffening the face.
This is because if it were adapted to loads it would be expected to show low strains
during physiological loading of the jaws. Thus after more than 40 years of research,
conflicting views exist with regard to the mechanisms that give rise to the brow-ridges
and their function. On the one hand, it has been suggested that the morphology of the
supraorbital region is highly conditioned by masticatory mechanical loading (Endo,
1966; Oyen et al., 1979; Russell, 1985; Hilloowala and Trent, 1988b, 1988a). On the
other, researchers who have recorded low strains in this area suggest that it does not
play a relevant biomechanical role and that its growth and development is mainly
related to mechanisms other than the response to masticatory stresses and strains (Picq
and Hylander, 1989; Hylander et al., 1991a, 1991b; Hylander and Johnson, 2002;
Kupczik et al., 2009).

In addition to the spatial, allometric and mechanical hypotheses, other
hypotheses have been proposed to explain large brow-ridges. These are less well
accepted but include protection from blows to the head (Tappen, 1973, 1978),
protection of the eyes in aquatic environments (Verhaegen, 2013), provision of
sunshade (Barton, 1895 in Clark and Willermet (1997)) and prevention of hair from
obscuring vision (Krantz, 1973).

Research into the mechanical role of the brow-ridge is hampered by the
impossibility of carrying out in vivo experimental manipulations such as excision of
this structure. However, recent advances in virtual functional simulation offer a way
forward. Thus using Finite Element Analysis (FEA) it is feasible to virtually
manipulate the morphology of the brow-ridge while simulating masticatory system
loadings to assess the impact of variations in form on functional performance. This

approach, already used by Strait et al. (2007) in a study about the mechanical
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consequences of variations in palatal thickness and suggested by Kupczik et al. (2009)
regarding the brow-ridge, would allow the mechanical relevance of this structure to be
assessed. This approach offers the possibility of assessing how variations in brow-ridge
morphology impact on the strains experienced by the remaining craniofacial skeleton.
Kabwe 1, a male Homo heidelbergensis dated 150 - 300 kya b.p. (Schwartz and
Tattersall, 2003), presents an extremely well developed brow-ridge that appears to be
significantly larger than is needed to fulfil spatial demands. As such, it is an especially
suitable specimen to experimentally manipulate, by progressively reducing the size of
the brow-ridge to the minimum required to bridge the gap between the face and
neurocranium. The present study manipulates brow-ridge morphology in this way to
assess the impact of different brow-ridge morphologies on the biomechanical
performance of the facial skeleton of Kabwe 1. The null hypothesis is that changes in
the morphology of the brow-ridge do not impact meaningfully the functional
performance of the facial skeleton of Kabwe 1. To test this hypothesis three FE models
were created and their functional performance when simulating biting was compared.
Model 1 presents the original brow-ridge of Kabwe 1, model 2 a reduced brow-ridge
and model 3 a post-orbital sulcus (Figure 7-1). Considering previous research stating
that brow-ridge morphology does not relate to masticatory function (Picq and Hylander,
1989; Hylander et al., 1991a, 1991b; Hylander and Johnson, 2002; Kupczik et al.,
2009), it is predicted that manipulating this structure will have no meaningful impact
on the deformations experienced by the cranium. As in the previous chapter,
meaningful or negligible impacts are considered within the magnitudes experienced by
this model. Thus, in this context, an impact is meaningful if strains experienced by the
face, brow-ridge and surrounding structures increase to a magnitude that approximates
the highest strains experienced by the model. An impact is considered small or
negligible if strains do not increase considerably and remain well below the maximum
strains experienced by the model. This approach is adopted because the exact
magnitudes of deformation that trigger bone deposition or resorption are not clear
(Skerry, 2000; Currey, 2006), and because the FE model likely underestimates the
absolute magnitudes experienced by the cranium during simulated masticatory loading

to varying degrees (see chapter 2).
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7.2 Materials and Methods

A virtual reconstruction of the Kabwe 1 skull was made from a CT scan of the
fossil provided by the NHM, London (courtesy of Robert Kruszynski). A brief
description of the reconstruction process is presented below, but the complete
description of the reconstruction is available in chapter 4. After reconstruction, the
models were directly converted into voxel based finite element models, which were
used to simulate three different bites (left central incisor, left second premolar, left
second molar) to assess the biomechanical performance of the facial skeleton during

these bites.

7.2.1 Skull reconstruction and model creation

A medical CT stack of Kabwe I with anisometric voxel size (0.4687501 x
0.4687501 x 1 mm) was resampled to an isometric voxel size of 0.35 mm. Automated,
semi-automated and manual segmentation of the cranium was performed using Avizo®
(version 8.0). Manual segmentation was also required to remove sedimentary matrix
present in the maxillary and sphenoidal sinuses. Despite being outstandingly well
preserved, taphonomic and pathological processes caused the destruction of several
anatomical regions of the cranium that required reconstruction. These include the
alveolar regions of the maxilla, right and left temporal bones, the occipital, the right
parietal, the sphenoid, the ethmoid, the orbital part of both maxillae and multiple teeth.
When possible, reconstruction of missing parts was performed by mirroring preserved
contralateral elements and warping them to the existing structures. When small gaps
were present, Geomagic® (Studio 2011) was used to fill them using the surface of
surrounding structures as the reference for interpolation. Portions of a CT
reconstruction of a cadaveric Homo sapiens skull were used to reconstruct part of the
occipital and missing tooth crowns for which there were no antimeres preserved.

Once the reconstruction was complete (model 1; Figure 7-1), the frontal sinuses
were infilled to allow later excavation of this region to produce variant morphologies.
Analysis of the impact of infilling the sinus in model 1 showed that the surface strains
over the brow-ridge and elsewhere in the cranium did not differ significantly between
the models with hollow and filled frontal sinus (chapter 6). The morphology of the

brow-ridge was manipulated, using Geomagic®, by decreasing its size (model 2) and
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creating a post orbital sulcus in model 2 (model 3; Figure 7-1). Voxel based finite

element models were then generated by direct conversion using the vox2vec software.

Model 1

Model 2

Model 3

1cm.

Figure 7-1: Models 1 - 3. Model 1 represents the original reconstruction. Model

2 is the reduced brow-ridge model. Model 3 is the post-orbital sulcus model.

7.2.2 Constraints

Identical constraints were applied to all the models using the bespoke finite
element analysis software tool, VoxFE (Fagan et al., 2007). The models were
constrained at the tempo-mandibular joints (24 nodes in the X, y and z axis) and a third
constraint was applied at the simulated bite point in each of the masticatory simulations
(left central incisor, left second pre-molar, left second molar (21 nodes constrained in

the vertical axis alone).
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7.2.3 Material properties

Following prior sensitivity studies that showed only local effects of
differentiating the material properties of teeth and the surrounding bone these were
assigned the same material properties in all the models used in this study. Further,
sensitivity analyses assessing the effect of model simplifications in a human cadaveric
cranium (chapter 3; Toro Ibacache et al., 2016a) and in a cranium of Macaca
fascicularis (Fitton et al., 2015) show that infilling of trabecular bone stiffens the skull
and so reduces strain magnitudes but that the distribution of regions of high and low
strain and of global modes (rather than magnitudes) of deformation are not affected.
Allocating teeth the same material properties as bone has the effect of locally reducing
strain gradients in the alveolar region, with little effect elsewhere. This is relevant to
the present study because trabecular bone is neither well enough preserved nor imaged
at sufficient resolution to accurately represent it in a finite element model and the
dentition was incomplete and required reconstruction. As such, in all models, trabecular
bone and teeth were not separately represented and were allocated the same material
properties as cortical bone. Based on the sensitivity analyses we expect this to have
little impact on the mode of deformation of the loaded cranium, but to reduce the
degree to which it deforms.

Cortical bone, trabecular bone and the teeth were allocated isotropic properties,
with a Young’s modulus of 17 GPa and a Poisson’s ration of 0.3. The modulus of
elasticity was derived from nanoindentation studies of cortical bone in a cadaveric
Homo sapiens skull (Toro Ibacache et al., 2016a) following the protocol of Kupczik et
al. (2007). The resulting value of 17 GPa is within the range of values found in
previous studies (Dechow et al., 1993; Schwartz-Dabney and Dechow, 2003).

7.2.4 Muscle loads

Loads were applied to the model to represent the actions of six muscles active
during biting: right and left temporalis, right and left masseter, right and left medial
pterygoid. Absence of the mandible precludes direct estimation of the direction of
muscle force vectors and estimation using bony proxies of anatomical cross sectional

areas (and so maximum forces) of muscles that attach to the mandible (masseter and
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medial pterygoid). However, given that three versions of the same model with identical
loads and constraints are to be compared, it matters little that applied muscle force
vectors approximate rather than replicate physiological loadings. Clearly more
important is that these forces are identical between models and so do not, in themselves,
produce differences in strains (modes of deformation) between models. As such, the
maximum estimated muscle forces from a Homo sapiens cadaveric head were applied
identically to each model (Table 7-1; Toro Ibacache et al., 2016a). The directions of
muscle force vectors were estimated by scaling a Homo neanderthalensis mandible
(Tabun 1 specimen) to the Kabwe 1 skull. These directions were also identical between

models.

Table 7-1: Applied Muscle Forces (in Newtons).

Muscle Side
Left Right
Temporalis 168.02 170.67
Masseter 134.06 124.01
Medial pterygoid 124.01 117.49

7.2.5 Model solution and analysis

The finite element models 1-3 were solved using VoxFE (Fagan et al., 2007).
The resulting deformations of the finite element models were compared through: (1)
qualitative assessment of strain magnitudes and directions of maximum (gl) and
minimum (&3) principal strains; (2) quantitative comparisons of €1 and €3 at 30 nodes
(points) located in the facial skeleton, common to all models (Figure 7-2); (3) through
an analysis of changes in size and shape between loaded and unloaded models of a
configuration of 33 landmarks (points) from the whole cranium (Figure 7-3 and Table
7-2). Method 1 relies on visual assessment of the strain contour plots over the whole
cranium and directions of the strain vectors in the infra-orbital region. Method 2
quantitatively compares strains by plotting magnitudes arising from each simulated bite
(this approach is not applied to the brow-ridge because manipulation of this structure
precludes direct correspondence between compared nodes). Method 3 employs

geometric morphometrics to compare changes in size and shape between the unloaded
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and loaded models. This consists of an initial registration step comprising scaling to
unit size and then translation of landmark configurations to their centroids, with
subsequent rotation to minimise the sum of squared distances between each scaled,
translated configuration and the mean configuration. This is followed by rescaling of
each configuration to its original centroid size and with a PCA of the resulting size and
shape coordinates (O'Higgins, 2000; Zelditch et al., 2012). This analysis leads to a
quantitative comparison of global model deformations (changes in size and shape) in
terms of the directions (modes) and magnitudes (degree or extent) of deformation

arising from loading.

Figure 7-2: Depiction of the 30 points placed on the facial skeleton to extract €1

and €3.
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Figure 7-3: 33 cranial landmarks used to perform the global analysis of

deformation. See Table 7-2 for landmark identification and description.

Table 7-2: Landmarks used in the analysis of global deformation.

No. Name
1 Vertex
2 Nasion
3 Anterior Nasal Spine
4 Prosthion
5 Opisthocranium
6;7 Supraorbital torus
8;9 Infraorbitale
10; 11 Nasal notch
12; 13 Ext. Alv. P4
14; 15 Last molar
16; 17 Zygo-maxillar
18; 19 Fronto-zygomatic
20; 21 Jugale
22;23 Zygomatic Arch lateral
24; 25| Zygomatic Root posterior
26;27| Zygomatic Root anterior
28; 29 Zygomatic Arch medial
30; 31 Infratemporal Crest
32;33 Euryon
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It is important to note that there are two different definitions of ‘deformation’.
In material science and in morphometrics, ‘deformation’ refers to changes in size and
shape of an object. This is the definition followed here since it reflects the quantities
measured by strains and size and shape distances. This differs from the definition of
‘deformation’ used in mechanics (see Truesdell and Noll (2004), p. 48) where it refers
to the displacement of nodes of the FE model between unloaded and loaded states and

so includes rigid body motions with no size or shape change.

7.3 Results

Visual assessment of the strain contour plots (Figure 7-4) and of the strains
vectors (Figure 7-5) of €l and €3 shows no significant intra-bite differences among
models 1, 2 and 3. When considering different bites, as expected, differences are found
in the strain contour plots and vectors. For each biting simulation, large strain
magnitudes are experienced directly above the bite point and nearby regions. The left
central incisor bite results in large strains over the sub-nasal region and nasal borders,
the second left premolar bite results in large strains over the infra-orbital region and left
nasal border, and the second left molar bite produces large strains over the infra-orbital
region, zygomatic root and left nasal border. Large strains are developed at the origins
of the masseter (masseteric line of the zygomatic) and medial pterygoid (pterygoid
fossa) muscles in all simulated bites (Figure 7-4). The direction of the strain vectors
mainly show transverse tension and general superior-inferior compression, with some
inter-bite differences (Figure 7-5).

The brow-ridges and frontal regions of the models differ so it is not possible to
directly compare strains at equivalent sampling points. However, visual comparison of
models indicates that there is a slight increase in the strain magnitudes experienced by
the lateral margins of the ridges and at supraglabella with decreasing brow-ridge size
(from model 1 to models 2 and then 3). This increase in strain magnitudes is most
marked in the post-orbital sulcus of model 3 (Figure 7-4).

Plotting of the extracted strains experienced by the face shows an almost

complete overlap among the three different models under each bite (Figure 7-6).
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Figure 7-4: Strain contour plots of €1 and €3 of models 1 - 3 under the different

bites simulated.
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Figure 7-5: Strain contour plots and strain directions of €1 and €3 of the infra-

orbital plate of the different models under the different bites simulated.
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Figure 7-6: Plots of facial strains experienced by the models at 30 equivalent

anatomical points.



The size and shape PCA of the configuration of 33 landmarks results in the plot
of PCs 1 (70.9% of variance) and 2 (26.0% of variance; Figure 7-7). The loaded models
cluster tightly by bite point and so the vector of deformation (changes in size and shape)
connecting the unloaded and loaded models reflects almost identical modes and
magnitudes of deformation irrespective of brow-ridge morphology. This said, within
each cluster model 1 is closest to the unloaded model, and model 3 is furthest. This
indicates that the magnitude of deformation (and so overall model stiffness during
biting) differs a little with model 1 deforming least and model 3 the most (Figure 7-7).
This effect is very small when compared to the differences between bites and the total

degree of deformation from the unloaded model.

PC 1(70.9%)

@ Unloaded
Model 1 (LI1)
Model 1 (LPM2)
Model 1 (LM2)
Model 2 (LI1)
Model 2 (LPM2)
Model 2 (LM2)
Model 3 (LI1)
Model 3 (LPM2)
Model 3 (LM2)

PC 2 (26.0%)

oempbon)

Figure 7-7: PCA, in size-shape space, of the unloaded and loaded models in the
three different simulated bites. Deformations magnified by a factor of 1000 to facilitate

visualization.

7.4 Discussion

As expected the different simulated bites result in different modes of

deformation which are reflected in strain magnitudes, strain directions and global
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changes in size and shape in all models. The differences in modes and magnitudes of
deformation among models that arise during simulated bites are, however, very small
compared to the differences among bites. This demonstrates that changing the
morphology of the brow-ridge does not impact significantly on the mode of
deformation experienced by the face, thus failing to falsify the null hypothesis, that
changing the morphology of the brow-ridge does not impact meaningfully the
functional performance of the facial skeleton.

On the other hand, the models do show differences in the mode and magnitude
of deformation of the manipulated region of the skull; there are slight increases in strain
magnitudes at the lateral margins of the brow-ridges and in the frontal squama. This is
relevant because these strain magnitude differences might be sufficient for
biomechanical adaptation, as predicted by the mechanostat model, to occur. The latter
predicts that bone remodels according to the strains experienced relative to an optimum
customary strain level (Frost, 1987, 1996; Turner, 1998; Skerry, 2000; Frost, 2003). As
such, if strains reach a certain threshold bone deposits due to osteoblastic action, if
strains are lower than another threshold then bone resorbs due to osteoclastic action.
Even though it is not clear what that threshold is nor if it is generalized or site specific
(Hillam et al., 1995; Skerry, 2000; Currey, 2006) it is clear that bone adapts to changes
in mechanical loading by changing mineral density (Kerr et al., 1996; Valdimarsson et
al., 2005) or mass (Jones et al., 1977; Kannus et al., 1995; Nordstrom et al., 1996;
Goodship et al., 1998). It is, therefore, possible that, to some extent, the growth and
development of the brow ridge may be mechanically driven. However the increases in
strain magnitudes observed when the brow-ridge is progressively reduced are slight and
so are unlikely to completely explain the massive brow-ridges of Kabwe 1. Other
factors might therefore underlie this peculiar morphology.

The spatial relationship between the eyes and the brain might explain (according
to the spatial hypothesis, Moss and Young, 1960) the morphology of the brow-ridge.
However model 3, with ridges reduced to a minimum to bridge the gap between frontal
and orbits, rather than model 1 (original brow-ridge), reflects the spatial requirement
and so the spatial hypothesis does not seem to fully explain the massive ridges. This
interpretation is supported by the fact that species that present a large disjunction
between the orbits and the braincase often manifest post-orbital sulci and post-orbital

constrictions that are not found in this specimen.
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It has also been suggested that the brow-ridges grow allometrically in
cercopithecines and that bigger skulls present relatively bigger ridges (Ravosa, 1988).
Freidline et al. (2013) also identified a correlation between facial and brow-ridge size
in Pleistocene and upper Palaeolithic fossil hominins, including Homo heidelbergensis.
As such, scaling of the face relative to the frontal might partially explain the
morphology of the brow-ridge in Kabwe 1.

Even though the spatial, mechanical and allometric models have been shown to
explain the morphology of ridges other mechanisms may also be considered. Hylander
and Johnson (2002) have demonstrated that facial bony structures, such as the paranasal
swellings in Mandrillus sphinx, form due to factors that are neither spatial nor
mechanical. Rather they reflect social behaviour and structure. Thus, these structures
underlie the vibrant soft tissue colourings of the muzzle of male mandrills, which bear a
significant function in social signalling and display. Growth and development of the
swellings in Mandrillus leucophaeus has been related to androgen production (Elton
and Morgan, 2006). In humans the brow-ridge is a sexually dimorphic anatomical trait
(Buikstra and Ubelaker, 1994) that has been identified as relevant in the perception of
an individual by others (Cieri et al., 2014) and its growth and development has also
been related to androgen production, along with general facial sexual dimorphism
(Cieri et al., 2014). It is, therefore, plausible that the morphology of the brow-ridges of
Kabwe 1 might also be related to factors such as display and social signalling and that
endocrinological mechanisms might partially explain its morphology, along with
spatial, mechanical and allometric factors. This hypothesis remains to be tested in the

context of sexual dimorphism among fossils and living primates.

The next chapter concludes the thesis, providing a summary of the key findings

and suggesting future research.



8 Conclusion



The general aim of the thesis was to understand how biting mechanics impact
on the facial morphology of H. sapiens and its hypothesized ancestral species, H.
heidelbergensis. To that end a virtual functional morphology toolkit, that includes GM
and FEA, was used to improve conventional methodological approaches and provide
new insights on this topic. Because the analyses rely heavily on FEA, it was first
necessary to clarify the reliability of the results before addressing the biologically
pertinent questions about recent hominin cranial form and function. Thus, the
dissertation is divided in four main sections. The first section (chapter 1) provides a
literature review of the core topics approached in the dissertation. The second section
(chapters 2 - 4) tests the reliability of FEA results, how modelling simplifications
impact on those results and provides a thorough description of the virtual
reconstruction of Kabwe 1. Section 3 (chapters 5 - 6) address how biting mechanics
impacts on recent hominin cranial morphology. Lastly, this conclusion summarizes the

key findings.

8.1 Summary of key findings

Chapter 2 presents a validation study in which the resulting €1 and €3
magnitudes and directions of an experimentally loaded real cranium are compared to
those of an FE model under equivalent virtual loading. To that end a first molar bite
was approximated by placing the real cranium in a mechanical testing machine,
constraining the two mastoid processes and first left molar and applying a vertical
compressive force to the frontal bone. Resulting €1 and €3 magnitudes and directions
were registered in the infra-orbital plate using DSPI. An equivalent virtual loading
scenario was applied to the FE model and resulting strain magnitudes and directions
were extracted from the equivalent region. The FE model was previously segmented by
a fellow PhD student (Dr. Viviana Toro-Ibacache) and was further segmented in the
current study. Our results show that absolute strain magnitudes are not adequately
predicted but the distribution of regions of high and low (pattern of) strains is
reasonably approximated despite some differences mainly in the alveolar region.
Predicted strain vector orientations present similarities to the ones found in the real
cranium but not full consistency. Thus, these results, which are generally consistent

with previous validation studies, indicate that FEA 1is useful for prediction of general
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patterns of deformation but currently lacks the resolution to predict precise absolute
strain magnitudes and directions. This mismatch between real and predicted strains is
related to limitations in CT imaging and full understanding of cranial material
properties. Future developments in these two fields will likely improved FE model
creation and allocation of material properties and improve the precision of FEA results.

Chapter 3 tests the impact of simplifications in segmentation and in the material
properties of an FE model by analyzing magnitudes and modes of deformation among
models with varying complexity. Hence, an FE model with three materials (model 3;
cortical bone, cancellous bone and teeth) with tissue-specific material properties was
simplified into two materials (model 2; cortical bone and teeth) by adding cancellous
bone into cortical bone. Lastly, a one material (model 1; cortical bone) model was
created by adding cancellous bone and teeth into cortical bone. Results show a general
decrease in strain magnitudes when simplifying model 3 into model 2, but no
significant differences between models 1 and 2. Despite this difference in magnitude
the only change in pattern of strains is found in the alveolar region, with no other
changes found in the remaining facial skeleton. These results are consistent with those
of mode of deformation using GM. It was found that simplification from model 3 to
model 2 impacts on magnitude and mode of deformation, but no differences were
found between models 2 and 1. The differences in mode of deformation correspond to a
larger degree of torsion of the face about an antero-posterior axis towards the working
side of the facial skeleton. However, these differences in mode of deformation are
small when compared to differences due to changing "bite point" from the first molar to
the central incisor. Thus, these results, which are consistent with other previous studies,
show that model simplification impacts mainly on magnitudes of deformation and less
so on mode. This is useful when working with fossils (which is the case in this thesis)
because specimens are often fragmented and invaded by sedimentary matrix, hence
requiring simplifications.

The full process of reconstruction of Kabwe 1 is presented in chapter 4.
Segmentation used global and regional thresholding, which was then complemented
with manual segmentation to pick up regions that were not included when using the
previous two approaches. Once segmentation of existing anatomy was complete,
restoration of missing anatomical regions used a combination of reflection and warping
of existing contra-lateral elements, use of small portions of skeletal regions of a

cadaveric H. sapiens that were warped to the existing anatomy, surface editing using
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the software Geomagic to fill in gaps in bone and manual reconstruction. The final
result is highly reproducible because segmentation and reconstruction were mainly
based on automated or semi-automated approaches, with minimum manual editing.
Nonetheless, all reconstructions are, to a certain degree, subjective. Hence differences
to other potential reconstructions are expectable, but small because the manual
component of the reconstruction (segmentation and restoration of missing elements)
was reduced to a minimum.

Chapter 5 compares the biting performance of H. sapiens to that of its
hypothesized ancestral species, H. heidelbergensis, in order to understand if biting
mechanics explains the cranial morphological differences found between these two
recent hominin species. Hence, the comparison was based on an integrated approach
that tests the ability to produce and resist bite force. The ability to produce bite force
was tested by comparing the mechanical advantages of the jaw elevator muscles, bite
forces predicted by FEA, proportion of muscle force converted into bite force and into
glenoid fossa joint reaction forces. The ability to resist bite forces was tested by
comparing magnitudes and modes of deformation using surface principal strain
magnitudes and directions, and GM analysis of the deformations experienced by
specific anatomical points. The results show that H. sapiens is more efficient at
converting muscle force into bite force and that it produces higher absolute bite forces
than the H. heidelbergensis representative (Kabwe 1). Despite that, it is generally less
able to resist the produced bite forces, thus presenting generally higher strain
magnitudes, despite localized differences. Moreover, it deforms differently when
compared to Kabwe 1. These differences in magnitude and mode of deformation are
due to well known anatomical differences in size and shape. This inconsistency in
ability to produce and resist bite forces makes it likely that differences in biting
mechanics are a biological spandrel rather than an adaptation, as previously suggested
by other studies, or the result of genetic drift. One possibility is that changes in the
nasal cavity, either due to selection or release of constraint, impact on the morphology
of the lower face, thus changing the ability to generate and resist bite force.

The impact of biting mechanics on frontal sinus morphology is examined in
chapter 6. This is tested by comparing the mechanical performance of three models of
Kabwe 1 under simulated biting in which only frontal sinus morphology changes, while
the remaining anatomy is kept constant. The original sinus is very large and has bony

struts traversing it. This morphology (model 2) was changed by removing the bony
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struts and making the sinus completely hollow (model 1) and by infilling it and making
it completely solid (model 3). Three different bite points were simulated and
magnitudes and modes of deformation were assessed. Results show that changes in
sinus morphology have little impact and that these are negligible when compared to
differences due to changes in bite point. However it should be noted that strains are
consistently low in the region of the frontal sinus and in the material infilling it in
model 3. Thus, it is plausible that sinus morphogenesis and therefore morphology, is
impacted by biting and mechanical function via bone adaptation to low strains while
the sinus fulfils one or several of the functions suggested in the literature.

Lastly, in chapter 7 the mechanical significance of the brow-ridge in examined
in Kabwe 1, a privileged individual to test this because of its remarkably large brow-
ridge. Three models were created with different brow-ridge morphologies. Model 1
presents the original morphology, model 2 a reduced brow-ridge and model 3 a post-
orbital sulcus. Biting was simulated in three different teeth and resulting magnitudes
and modes of deformation examined. It was found that changes in brow-ridge
morphology had minor impact and induce changes in deformation that are significantly
smaller than varying bite point. Thus, it is concluded that biting mechanics has limited
impact on brow-ridge morphology and that it is influenced by multiple factors. One
possible factor may be communication and social signalling, but this hypothesis

requires further research.

In summary, regarding the biologically pertinent questions, it is concluded that
differences in facial morphology between modern humans and their putative ancestral
species, H. heidelbergensis, have clear mechanical impact, but it is unlikely that biting
mechanics drives those differences. Rather, such differences are likely a by-product of
selection acting on other cranial systems or of genetic drift. Likewise, biting mechanics
has limited impact on brow-ridge morphology and other factors are needed to explain
external upper face morphology. Biting also causes little deformation in the bones
delimiting the frontal sinus and in the material filling the sinus when it is infilled.
Whether, these low strains impact on sinus morphogenesis via bone adaptation, in this
case by removal of material, which is known to occur when a low strain threshold is
reached is unclear but the evidence is that the strains in this region are very low

compared to elsewhere in the face and so this is a distinct possibility.
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8.2 Implications for future research

The resolution of FEA studies allows prediction of general patterns of
deformation but not of precise magnitudes of deformation (chapter 2). This mismatch
between real and predicted deformation is the result of limitations in scanning
resolution and understanding of the material properties of cranial hard and soft tissues.
Thus, FEA studies will benefit greatly if crania are imaged at pCT scanning resolutions
instead of that of medical CT scanning. Such level of resolution will allow proper
segmentation of structures such as trabecular networks, the PDL, the temporal fascia
and different dental tissues. Moreover, further research on cranial hard and soft tissue
material properties that may be incorporated in FE modelling will also improve FEA
prediction of deformations.

Despite these limitations, simplified FE models are still able to predict general
patterns of deformation (chapters 2 and 3) and provide new insights into recent hominin
cranial form and function that can guide future research. Chapter 5 brought new
insights into recent hominin cranial form and function. However it did not consider the
effects of intra-specific form variation in H. heidelbergensis and H. sapiens and how
that impacts on the cranial biomechanical function of these species. This was not
examined is this dissertation because it would require creation of other FE models,
which is very time-consuming, and because of the clear morphological differences
between these two species. One way of examining this topic is to perform a GM
analysis of intra-specific morphological variance and create specimens that represent
this variance by warping an existing specimen (e.g. Kabwe 1 in H. heidelbergensis and
the cadaveric human cranium for H. sapiens) along the first principal components. This
approach, already used by Smith et al (2015a), would allow assessment of the impact of
the main components of morphological variation on the biomechanical performance of
these species and bracket the effects of intra-specific variation.

Another question that arises from chapter 5 is if differences in biting
performance are a by-product of selection acting on other cranial systems or the release
of constraints acting on contiguous structures. One such structure is the internal nasal
cavity. Thus, it is of interest in the future to examine how the morphology of this
structure evolved from the hypothesized ancestor H. heidelbergensis to the descendant
modern humans. This study is limited by the poor preservation of this structure in fossil

hominins and by the small sample size available for H. heidelbergensis. Despite that
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new insights may be achieved by using GM methods to estimate missing anatomical
points (i.e. use of the TPS function to estimate missing landmarks) and to analyze

internal nasal cavity morphology in these two species.
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Appendix A

This appendix focuses on GM analysis and visualization of modes and
magnitudes of deformation (changes in size and shape excluding rigid body rotations
and translations) of objects due to loading. Since loading results in changes in both size
and shape these are considered together. Here we demonstrate that size and shape
distances due to loading (differences between unloaded and loaded objects) scale
linearly inversely with size as defined by length (square root of surface area), and
directly, with applied force, in identically shaped objects.

Here size and shape distances are calculated by multiplying the shape
coordinates (from GPA) of each specimen by that specimen’s original centroid size.
This results in the specimens being represented by points in a (size and shape) space
that can be thought of as Kendall’s shape space with size as an additional dimension.
The vector of centroid size (the additional dimension) at any point on the manifold can
be visualised as passing radially from the centroid of the manifold of Kendall’s shape
space (zero size), through that point (centroid size = 1) and beyond the manifold to
infinity (infinite size). When centroid size is 1, the objects lie on the manifold of
Kendall’s shape space.

The scaling relationships we describe here only apply to objects that are
identical in shape because as shapes become more different loadings also become
different and both of these differences lead to different modes and magnitudes of
deformation. Further, for identically shaped models, all measures of ‘size’ (e.g. cube
root of volume, square root of area, lengths, centroid size) scale in the same way. In
contrast, for different model shapes they do not and so scaling relationships will differ
according to which ‘size’ variable is used. When scaling models with different shapes,
the extent to which the scaling relationship described here holds will depend on the
degree of shape difference, and so is an approximation.

The scaling relationships also only apply for very small deformations such as
arise from FEA analyses using linear elastic models, as in this study. This is because as
objects deform, load vectors also inevitably change. In consequence, modes of

deformation also change as deformations become large. This situation of large



Recent hominin cranial form and function| 222

deformations requires modified FEA analyses (sequentially deforming over small
increments), and separate scalings to be computed for each approximately linear
increment.

With these caveats noted, we show below that when the same load is applied to
two objects with the same shape but different sizes, the ratio of size and shape distances
from the unloaded form will equal the inverse of the ratio of ‘lengths’ (e.g. square root
of area, length, centroid size), will give the same ratio.

This is demonstrated using two examples of 3D models, one of a simple
geometric form (a cube; example 1) and the other a complex 3D form (a cranium;
example 2). Each example compares magnitudes and modes of deformation among two
models that have the same shape but different sizes. These were converted into FE
models and in each analysis, identical material properties and boundary conditions
were applied to load the models and cause deformation. After solution, landmark
coordinates were extracted in each of the models and these were used to visualise and
compare global modes of deformation of the models (in size and shape space) due to

loading.

Example 1

Two virtual cubes were created, one with 100 mm of side length (small cube)
and another with 200 mm (large cube), both with a modulus of elasticity of 17GPa and
a Poisson’s ratio of 0.3. Two loading regimens were applied, one of 1000N and another
of 2000N. The results show that, in size and shape space, the small cube deforms (with
small error due to the limits of computation) twice as much as the large cube under
similar loadings (ratio of size and shape distances: 0.009764/0.004867=2.006) and that
doubling the load doubles the deformation of the cubes (small cube ratio of size and
shape distances: 0.019530/0.009764=2.000; large cube: 0.009748/0.004867=2.003)
(Figure A1).
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Figure Al: Size and shape space PCA of Cubes 1 and 2 before and after

deformation due to loading.

Example 2

Two versions of the Homo sapiens cranium were created, one with a voxel side
length of 0.35 mm (small cranium) and another with 0.70 mm (large cranium) with
identical material properties (Modulus of elasticity of 17GPa and Poisson’s ratio of 0.3).
The same boundary conditions were applied, with both glenoid fossae constrained in
the X, Y and Z axes and the central incisor in the Z axis. The load applied simulated the
action of the temporalis, both masseters and medial pterygoids with a total force of
838.26 N (see Table 5-1). The results show that the small cranium deforms twice as
much (with small error due to the limits of computation) as the large cranium under the
same loading (ratio of size and shape distances: 0.179926/0.0899989=1.999) (Figure
A2).
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Figure A2: Size and shape space distances of cranium 1 and 2 before and after

deformation due to loading.

As such, if two objects differ only in size, but not in shape, the ratio of size and
shape distances scales as the inverse of the ratio of ‘lengths’. This means that to
account for differences in size, the differences in size and shape coordinates computed
between loaded and unloaded models should be scaled according to the inverse of the
ratio of centroid sizes. As noted earlier, this is accurate between identically shaped
models, and an approximation when shape differs.

Finally it should be noted that, although it would be an incomplete analysis, the
effects of loading on shape alone may be considered by carrying out GPA with no
rescaling to compare the shape of the loaded object with that of the unloaded. In this
case, the distances, computed between loaded and unloaded models scale according to
the inverse of the ratio of areas or the squares of lengths (e.g. the centroid sizes
squared). This is because the size vector in a size and shape analysis results in inflation
of (size and shape) distances among larger unloaded and loaded models relative to that
between smaller models. When models are scaled to the same centroid size (e.g.
centroid size = 1 for an analysis in Kendall’s shape manifold) the distances between
unloaded models become zero (they are the same shape) and those between loaded and
unloaded models are also scaled, but for each model the scaling is in direct proportion
to its size. Thus, division by centroid size to convert size and shape coordinates to
Procrustes shape coordinates has the consequence that while size and shape distances

between unloaded and loaded models scale according to the inverse of the ratio of
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centroid sizes between unloaded models, the resulting Procrustes distances scale with

the inverse of the ratio of the squares of centroid sizes.



