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Abstract

Finite element analysis is now widely recognisedragvaluable technique to investigate
and understand cranial biomechanics since it ceorrorate the complexity of a skull’'s
geometry, its construction, different materials anthplex loadings. However, while the
biofidelity of some aspects of these models isaasmg, most still only consider the
larger bony structures of the skull. This studyraiees the role of soft tissues and some
smaller bony parts, to determine whether they shalslo be incorporated in such studies
of cranial biomechanics. The structures that haenbinvestigated include: the dura
mater, the falx cerebri and the tentorium cerepb#ii periodontal ligament, the nasal
turbinates and the osseous nasal septum, the pibakbars and septa and the bulk tissues
that surround the cranial bones. They are congidawth in terms of their functional role
and as part of the general functioning of the FEdehdhat includes them. For this
purpose, two FE models were used: a modelr#lis silvestris catusvhich was created
specifically for this project, and an adaptatiormqirevious head model Hbmo sapiens

The results reveal that Felis silvestris catushe osseous tentorium does play a
minor role in reducing stress in the parietal ampgoral bones during feeding activities
regarding of the biting regime. The causes of asgibn and its possible mechanical role
in several mammalian lineages, however, remaireatigr unclear. Moreover, inclusion
of the nasal turbinates and the osseous part afakal septum is advisable in future FE
models, as they impact the pattern of stress irctheium, but the presence of generic
bulk soft tissues in an FE model does not seemave A meaningful effect on the results.
On the other hand, modelling of the periodontahnignt has a localised effect in the
alveolar region, but does not alter the generdepabf stress in the cranium.

In theHomo sapiensnodel, the postorbital bars and the postorbitalesaot only
help reduce strain in various areas of the cranbwhalso shelter the contents of the orbit
and avoid distortion of the eye. The postorbitgitaalso reduce strain in the postorbital
bars and minimize asymmetrical deformation betwbenworking and balancing sides
in unilateral molar bites.

Altogether, this thesis offers a body of work whititure researchers may find
useful when investigating cranial biomechanics, a&eoid oversimplification or
incorporation of unnecessary complexities.
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Chapter 1. Introduction

By its own definition, a model is not a literal repentation of reality, but a simplification,
and digital models are no exception. In particutigjtal models allow the examination
of conditions or morphological changes not found rerlity, allow permanent

repeatability of the experiments and, in the cdd@alogical specimens, may also help
circumvent ethical issues, amongst many other adgas. Furthermore, far from being
a disadvantage, simplification helps scientistskwaith a limited number of variables

and study elements in isolation. Thus, becauseodiicdl systems are frequently
extremely complex, models provide a suitable wasttaly them in a simplified manner
and in a controlled environment (Andersetral, 2012).

Most finite element models of the vertebrate heaxtudy functional morphology
have tended to focus on predicting bone stresstaath when subjected to masticatory
forces. The amount of detail and structures inadud®wever, varies depending on the
study. For example, some authors have includegdhedontal ligament of the teeth
(Woodet al, 2011; Groninget al, 2011), the postorbital fascia (Curéisal, 2011), the
internal trabecula of bone (Dumagttal, 2011, except for the occipital region; Sellés de
Lucaset al, 2018), the cranial sutures (Moazstral, 2008; Wanget al, 2012; Bright,
2012; Curtiset al, 2013), the keratin of the beaks of avian spe(@e®nset al, 2012)

and so forth.

Although studied before, biomechanics did not gmeas a truly distinct
discipline until the mid-1960s — shortly after thygpearance of the first transistor-based
computers and shortly before the development diitiite element method (Zienkiewicz,
1971). With the advent of personal computers, tloeeiase in computer power and the
decrease in the cost of the components, a sineNaution took place in the 1970s. Many
finite element models have since then been prodtmesblve complex biomechanics
problems in Medicine and more recently Life Sciender example in the fields of
Biomedical Sciences, Comparative Anatomy and Palaémgy (Rayfield, 2007,
Cunninghamet al, 2014). Concurrently, during the last decadesetheas been an
increasing trend to improve the level of detaildajital models, both in terms of pure

number of elements and precision in the shapeeo$tifuctures included.



However, it is important to note that, “while mdgléhat attempt to model all the
complexity in a system are impractical, models thegglect a crucial variable will give
erroneous results” (Bright, 2014). Consequentlg,rttain focus of the present work is to
analyse various cranial elements (such as the chater, the falx cerebri and the
tentorium cerebelli, the periodontal ligament, tizesal turbinates and the osseous nasal
septum, the postorbital ligaments, bars and septageyes and the bulk tissues that
surround the cranial bones) and methodologies ysimh of the neck musculature,
muscle wrapping and asymmetrically scaled musaleefobased on electromyographic
data) that have been typically neglected in FEistuolr still remain insufficiently studied.
This thesis deals with these issues as part afjar@ollective project which focused on
the biomechanical role of cranial soft tissuesathlreptiles and mammals.

The present study used two 3-dimensional mamméifiaa element models, one
developed from the microCT scan of a common houdetdd (i.e.Felis silvestris catus
head) and the other adapted from the digital anadrhuman head model (MIDA) of
laconoet al.(2015; FDA, Center for Devices and Radiological ItedT’IS Foundation)
using advanced computer modelling technigbess silvestris catusvas chosen because
of the completely ossified condition of its tentor cerebelli, which made this species
ideal to test the hypothesis (in Chapter 5) thaifieation may help decrease stress in the
skull dome during biting. Thelomo sapiensnodel was selected specifically to examine
the role of the postorbital septa and its relatgms with the postorbital bars (in Chapter
8). Both models, however, included various othercstires and served multiple research

purposes.

Therefore, the aims of the project were twofoldtHe first place, to determinate
what function (if any) each of the structures lisedove play from a biomechanical and
a biological point of view. In the second placetdst how these parts interact with the
remaining components of the cranial system in thief element model in order to
investigate whether (and how) they alter the bidmeas of the skulls considered. The
conclusions reached should potentially help futesearchers to decide the level of detail
required in their finite element models and whadcsfic structures to include in order to
test a given hypothesis, either by avoiding ovepéifination or striving for impractical

and unnecessary complexity.



1.1.Chapter organization
The thesis has been organized into the followiraptér structure:

Chapter 2 comprises a review of the current literature eftibpics discussed throughout
this work, including information about the mammal@anium and masticatory muscles,
the scalp and the meninges, focusing particulariyvo of the four dural folds: the falx
cerebri and the tentorium cerebelli. It also disessthe different conditions of the
postorbital bars and postorbital septa and themutonary significance and possible
biomechanical role. Current techniques of digi&ian andn silico model creation and
analysis are the focus of the last part of the wraghich concludes with a retrospective
look at some relevant head FE models from thehase decades that consider soft tissues

and other minor structures.

Chapter 3 gathers together, for the first time, all avait@alierature, complemented with
additional information gathered from new specimgfiem the Grant Museum of
Zoology, UCL, London), to examine the functiondkraf any, provided by ossification
of the falx cerebri and/or tentorium cerebelli eftain species of mammals, together with
a review of the possible origin of this conditidsnder the light of this new corpus of
information, this chapter concludes by evaluatimgl alismissing some conflicting

hypotheses that have been proposed in the past.

Chapter 4 presents the process of creation offabs silvestris catumulti-purpose finite
element model. It also covers the generation ofusabe wrapping protocol and the

modelling of the neck muscles.

Chapter 5 examines the role of the ossification of the faérebri and the tentorium
cerebelli in theFelis silvestris catusnodel by testing the hypothesis that the osseous
structures help to support the loads arising duf@egling, a suggestion that has never
been tested quantitatively before.

Chapter 6 assesses the role of some other “minor” structpresent in the mammalian

head during biting, such as the periodontal ligamére nasal turbinates and the nasal
septum. These structures are frequently negleoted FE analyses and therefore the aim
of the chapter is to evaluate if their omissioreeff§ the results of these studies in a

significant or meaningful manner.



Chapter 7 describes the process of modification and coneersif an existing 3D

visualization of a human head into a finite elemmatlel, as well as comparing the effects
of considering scaled and unscaled masticatorefont FE analyses. The importance of
including bulk soft tissues (such as skin and nasycin FE biting analyses is then

investigated.

Chapters 8 follows the previous chapter by using the humaadhieE model to test the
role of the postorbital bars, the postorbital ligarts and the postorbital septa during a
unilateral molar biting regime, and to test theef$ that these structures play in the strain

patterns of the skull and deformation of the ocglabes.

Chapter 9 brings together the results and discussions gité@ous chapters, to put them
into perspective and offering further insights, hat the same time highlighting
potential limitations of the current research.

Chapter 10 concludes with some final remarks in relatiori® dverall aims of the project

and points to possible new directions for furthessearch.



Chapter 2. Literature Review

2.1.Introduction

The mammalian head is a highly complex systemdingports a wide array of important
functions, some of which are: to encase and prdtectorain, to serve as part of the
feeding system, including mastication and prey waptand to house various sensory
organs (Santana and Lofgren, 2013). To understamduinctioning of this biological
system, two concepts, modularity and integratioa,particularly important: the head is
composed of several independent units or modubekstreese combine or “integrate” with
one another at different levels. From this deritressfact that an alteration in either the
form or the function of one of the modules of tlead inevitably affects the form and/or
the function of other modules (Lieberman, 2011)sTéads to important implications in
the fields of functional morphology and evolutiomcluding the question of how
morphological variation (i.e. shape) impacts fumctiwhen undertaking biomechanical
studies to investigate this issue, the craniofamalebrate skeleton has usually been the
structure preferred by researchers. Until recentlyst research in cranial evolution that
used biomechanical models has focused on theisselli, but of course there is not only
bone in the head. Many other different tissues iy in the system, including muscle,
brain, cartilage, tendon, fat, ligament, enamattide, cementum and others (Lieberman,
2011).

This chapter first establishes some general ctersiics of the mammalian head
(with a special focus on humans) before detailomes specific structures of the head that
are the subject of study in subsequent sectioriBi®fwork, such as the postorbital bar
and septum, the falx cerebri and the tentorium bedlie The chapter closes with a
description of previoum silico models and the current methods and technique$veao

in the research.

2.2.The mammalian skull

The class Mammalia arose from Synapsida at theoérkde Triassic period (Benton,
2005), and today they comprise more than 150 fam@ind over 6,000 extant species

(Burgin et al, 2018). Concerning head morphology, an importdrdracteristic of
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mammals is that, contrary to most other living &brates, they have akinetic skulls
(Herringet al, 2001; Vaughart al, 2015), with the exception of hares, which hawe a
intracranial joint (Bramble, 1989). Moreover, théeth have reached a high level of
specialization, with most mammals having a hetembdentition, meaning that a single

species possesses more than one type of tooth ologyh(Vaugharet al, 2015).

In therian mammals (placental and marsupials) nigmgnal bones are lost from
their earlier synapsid ancestors, including thefrprgal, postorbital, postfrontal,
quadratojugal, and supratemporal (Kardong, 201Bp,An certain species of mammals,
individual bones become fused, leading to the folomaof compound bones (occipital,
temporal, and sphenoid; Romnelal, 2015). The synapsid interparietal, for example,
becomes fused with the occipital in therians. Mogroes, on the other hand, retain many
synapsid characteristics, such as unfused ocapdal the bones prefrontal, postfrontal
and pleurosphenoid (Kardong, 2012). In order taldsth which bones are homologous
among species, researchers sometimes use a geegisthematic skull (such as the one

displayed in Figure 2.1).
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Figure 2.1. Schematic view of the mammalian skulshowing the relative position of
bones, thus offering a framework for mammalian comprative anatomy (Rommel
etal., 2015).



The temporal bone is of particular relevance ®dirrent project, and is formed
from various individual elements, which may incluithe squamosal, the periotic, the
tympanic and the middle ear ossicles, becomingglesunit in many mammals (Rommel
et al, 2015). The single occipital of therian mammalslso formed by the fusion of
various independent bones (basioccipital, exoamisupraoccipital, and interparietal).
The bone has a ring shape around the foramen magmuaval or circular opening that
serves as a passage for the spinal cord and claléna nuchal crest on the back of the
bone where neck muscles and ligaments attach, the isase for common catSe(is
silvestris catus Moreover, in contrast to other tetrapods, in nmmammals the ethmoid
portion of the nasal capsule becomes ossifiedrta the turbinates. This structure can be
subdivided into three areas or regions (nasoturb#a maxilloturbinates and

ethmoturbinates), each one connected to the cameéspy bone (Kardong, 2012).

2.2.1. Anatomy of the mastication muscles

The masticatory apparatus is composed of variousoamcally independent but
interconnected parts: the teeth and the bony elemkat support them, the mandibular
joints, various accessory structures (such asotiguie, the salivary glands, etc.) and the
mastication muscles (Hemae, 1967). In mammalsethasscles are particularly well
developed. They can be classified into a singlegaening group (the digastric), and
three different jaw-closing groups: the massetke temporalis and the pterygoid
(Turnbull, 1970). The temporalis muscles typicaligert into the coronoid process of the
mandible (i.e. dentary bone), the masseter mustieeh to the lateral face of the
coronoid fossa, and the pterygoid muscles attattetonedial side (Vaughast al., 2015;
Figure 2.2).



LI
Digastric |
(posterior belly) '\

Figure 2.2. The jaw-opening and jaw-closing muscutagroups in humans. After
Lieberman, 2011.

According to the relative weight of each muscuasemblage, a functional
classification can be established between thosgespeith a more developed temporalis
usually recognized as generalized feeders or dperacarnivores, while those with a
more developed masseter and pterygoid are typicatipivores or herbivores. This
characteristic is also linked with the mobility apdsition of the temporo-mandibular
joint (TMJ), the union of the jaw with the craniufiderring, 2007). In carnivores, the
TMJ operates in a hinge-like way, while, in herlveg it may perform wide lateral
movements, with the TMJ of omnivores usually havingermediate characteristics
(Bermejoet al., 1993).

2.2.2. The particularities of the human head

The human head shares many similarities to thaitldér mammals, but even when
comparing it to those of our closest living relaBy the chimpanzee (eith&an
troglodytes the common chimpanzee&r Pan paniscus also known as pygmy
chimpanzee or bonobo), many distinguishing featbez®me self-evident: for example,
smaller teeth and canines, a brain more than iiiwest larger than expected for the body
size (based on a revised equation by Martin (1981jhe encephalization quotient
formula), a chin, and a projecting nose with dowrdaariented nostrils. Humans also
have a neck attached at the centre of the cranngnh,at the back, and a distinct
articulation of the elements of the pharynx (Lieban, 2011). However, the most
relevant differences in the human head are thalfaetraction and a globular-shaped

neurocranium (an almost spherical braincase). Elveldpmental changes that produced
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this particular shape derived from shifts in crab@se angle, facial length, and cranial
fossae dimensions, and probably also from an isereatemporal and frontal lobe size
(Liebermaret al, 2002).

The masticatory system is larger in the great dpas in humans, with larger
muscles and attachment areas. In some cases @mpéx, male gorillas and orangutans,
sometimes also in male chimpanzees) a sagittal se&ves as the origin for the
temporalis muscle (Aiello and Dean, 1990). Thisusihess in the feeding musculature
of other great apes has sometimes led to the assumtipat the cranium and mandible of
Homo sapiensire less well adapted than other hominids to geé@er withstand high
forces. Nonetheless, it has been demonstratedhitbdtuman head can produce similar
bite forces to other hominids of the same size fiptyeng less muscular force, and that
the stresses are apparently better distributedamtandible, with lower peak stresses,
when adjusted to the same surface area and bite fofr other taxa, such d%an
troglodytesor Gorilla gorilla (Wroeet al, 2010). These results therefore suggest that the
human mandible is actually better adapted to resissses than the mandibles of other

apes (Figure 2.3).
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Figure 2.3. von Mises stress distributions in FE nuels scaled to the same bite force
and surface area after a unilateral bite at the semd molar. (a) Pan troglodytes; (b)

Gorilla gorilla; (c) Homo sapiens (adapted from Wroeet al., 2010).



2.3.The postorbital bar and ligament

Postorbital bars are osseous arches that surrbenekternal lateral part of the orbit and
are usually generated by the fusion of the domsadgss of the frontal bone and a ventral
process of the zygomatic bone (with the exceptioegoines, where it is the squamosal
bone that provides the ventral process). Postbitéiss are present in different groups,
as they have evolved multiple times either in wholanmalian orders or as occurrences

in individual taxa (Heesy, 2005).

The postorbital process is the most probable nméeiate condition before
postorbital bars are developed. This structuremspieted with a ligament, which in fact
is the thickened most anterior part of the tempiasdia, with which if forms a continuum
(Heesy, 2005). The ligament spans from the froptatess to the zygomatic bone and
then performs a medial turn to form a dividing stae between the orbit and the
temporal fossa (Herringt al, 2011).

Most felid species possess postorbital processgsn some cases these join the
jugal process to create a fused postorbital bas 3&ems to be a characteristic of small
felids (Martin, 1980), and Salles (1992) identifigeb different states for this trait. The
first was a ‘tendency’ to encircle the orbit, a diion shared byPrionailurus viverrina
(fishing cat),P. bengalensigleopard cat)P. rubiginosa(rusty-spotted cat)Profelis
badia (bay cat), andDtocolobus manu(Pallas’s cat). The second was the completely
fused postorbital processes in the shape of a fitstiobar. This was only identified by
Salles inPardofelis marmoratdmarbled cat; Figure 2.4, left) aRdionailurus planiceps
(flat-headed cat). Additionallygelis silvestris catusnayalso exhibit closed postorbital
processes, which can, on occasion, develop intpdskorbital bars. There is an example
of this in the literature in Heesgt al (2006), where two of the cats used for their
experiment had “postorbital processes and shortogwtal ligaments, and one had

bilaterally complete postorbital bars, as verifidradiographs.”
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Figure 2.4.Two extreme and contrasting cases of the postorbit@ar/process found
among Felidae. Left: Pardofelis marmorata (AMNH 102844); Right: Neofelis
nebulosa (clouded leopard) (AMNH 35808). Lateral views (adated from Salles,
1992).

The mechanical role of the postorbital bar haslwemtroversial for a long time.
The excellent overview provided by Cox (2008) (wi#bme extra information from

Ravoseet al, 2000b and Heesy, 2005) is used here to sumntaeaerious hypotheses:

Hypothesis 1:The postorbital bar serves as a way to reroutespre exerted by
the mandibular articulation, or to divert pressowver the molars as a consequence of the

action of the temporalis muscle, depending on peeiss.

Hypothesis 2:The postorbital bar serves as a skull reinforcérard a necessary

requirement for the development of horns.

Hypothesis 3:The postorbital bar serves as a structure to prateceye laterally

from injury during locomotion.

Hypothesis 4:The postorbital bar serves as a system to avaiwrtion in the
orbital margin after contraction of muscles duringstication in mammal species with

convergent eye orbifs.With intermediate degrees of orbital convergentss

1 Here, convergence means reorientation of the bheght of the eyes from lateral to frontal, asyrhave
happened in primate evolution to facilitate nocalipredation (seBigure 2.7, a).
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reorientation in the orbit position in relationshipthe temporal fascia goes hand-in-hand
with the substitution of postorbital ligaments wpplostorbital processes, and a more
extreme condition would lead to complete ligamessiftcation and therefore to the
creation of a postorbital bar. In that manner, @dmémal can chew while foraging or
hunting without having its vision acuity reducedelvisual predation hypothesis was

originally proposed by Cartmill (1970; Figure 2.5).

ligament

- Temporalis
muscle and
fascia

Figure 2.5. Schematic representation of the visugiredation hypothesis. With an
increase in orbital convergence, the postorbital fament would be moved into an
anterior more lateral position (images a and b). Asa consequence, the ligament

could be deformed when the temporalis contracts. lages from Heesy (2005).

Hypothesis 5:The postorbital bar serves as a structure totresison in species
with large masseter and pterygoid muscles. Withigaosne unilateral biting, which is
commonplace in mammals, the loads in the chewohgaie higher at the teeth, but lower
in the area surrounding the jaw joint and vice aefiherefore, the balancing side strain
is higher at the jaw joint and thus generates deffiees torsion loading relative to the
long axis of the skull (i.e. rostro-caudally). Testorbital bars counter axial compression
on the chewing side and axial tension on the balgrgide. It was proposed by Greaves

(1985) and it is sometimes referred as the faoraidn model (Figure 2.6).
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dorsal

Figure 2.6. Diagram summarizing Greaves’ facial tasion model. (A) Hypothetical
forces that act on the rostral area of the skull dring unilateral biting. (B) Patterns

of strain predicted in the surface of the postorbial bar. (C) Patterns of strain
predicted in the interorbital region. (D) Patterns of stress predicted in the medial

surface of the postorbital septum (from Ross and Hander, 1996).

Today, a general consensus supports the visuddipoa hypothesis. JaSaréweit
al. (2010) performed histological analyses on the qgubgtl ligament of rabbits and
found out that this structure could only resist erade-to-low stresses in multidirectional
loads. They determined that high loads (as a camse®g of a tougher diet) in the soft
tissues of the lateral orbit wall would more likaelguse a degradation of the ligament

tissue rather than the development of an osseaiernpdal bar, leading to the conclusion
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that there was insufficient evidence to supportviee that bars were a consequence of

high mastication loads.

Additionally, studies performed by Nobé¢ al. (2000) and Ravoset al. (2000a;
2000b) demonstrated that the postorbital bar washont to resist torsion during feeding
and thus the amount of bone that composed theisteucould be greatly reduced without
causing structural failure, dismissing the faammston model. The studies concluded that
the development of this structure seemed moreecthaith orbital convergence (felids,
for example, have extremely convergent orbits wbempared with other Carnivora,
with a divergence of only 5°, instead of 15-30° XC2008)) as well as orbital frontation
(the degree of verticality of the margins of thbigrsee Figure 2.7b). Two further factors
were the allometry between orbit size and body, sind encephalization. For example,
smaller cats are more frontated than larger fekogl there is indeed a link between
relative brain size and orbital frontation, becafietal lobes tend to displace the
superior part of the margins of the orbit and thatal apertures become more vertical
(Ravoseet al, 2000b). However, later work by Finarelli and Gasw (2009) found that
this correlation is only applicable to felids arahitls, after testing the hypothesis in 68
different extant and extinct species, and conclutlest it cannot be extrapolated

universally to all Carnivora.

Co2

Figure 2.7. Schematic examples for orbital convergee (extent to which the orbital

margins face forward (a)) and orbital frontation (the degree of verticality of the
margins (b)). Convergence angle provides better swoscopic vision and depth
perception (Finarelli and Goswami, 2009). Image agaed from Ravosaet al.,
2000b).
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Heesy (2005) collected morphometric data from @véhousand specimens of
324 taxa from various orders of extant mammalg$oif the occurrence of a postorbital
bar is related with orbit orientation, and his f&siseem to corroborate the visual
predation hypothesis. His study identified a catieh between the angles of the orbital
and the temporal fossa planes where, the greaelethiation of the second from the first,
the larger the size of the postorbital processe$ aonsequently, the shorter the
postorbital ligament. He also proved that orbitntedion, as well as orbit convergence
and orbit verticality, all play a role, in decraagilevel of importance, to define this
orbitotemporal angle, but the specific importandethese three different types of
orientation differs from one taxa to another. Haatoded that the role of the postorbital
bar is to stiffen the lateral orbit to avoid def@aton which can alter normal oculomotor

function.

In a later study Heesgt al, (2007) used ocular kinematic methods in one
Otolemur(a galago) and thrdeelis specimens to confirm that contraction of the aoter
temporalis and the medial pterygoid affect the fpmsiof the eyes during feeding,
possibly causing visual problems and diplopia (dewision). They determined that the
difference between the presence of large postérpitacesses and fully developed
postorbital bars was negligible (in the sense ity both accomplish the same purpose
of avoiding gross deformation of the orbital margimd provide a supporting structure
for the extraocular muscle system), but also thathemselves, they were not enough to
maintain normal oculomotor function, and suggestadous mechanisms and neural
reflexes that could also serve to correct the mulisplacements created by muscle

contraction.

Herringet al. (2011) tested the role of the postorbital ligamentivo in Hanford
miniature swine $us scrofa They demonstrated that the ligament stretchedrége
strain values of typically 1%, with a maximum of %B during mastication. This
stretching was not a consequence of jaw movemenipfithe stimulation of either the
masseter or the temporalis which contributed egual0.5%) to the final maximum
elongation. However, it was also noted that theset&s did it in a more direct manner
and showed higher tensile stresses after stimalgbimbably as a result of the tension in
the temporal fascia. Curiously, they also concludieat, given the orbit and the

postorbital ligament configuration, pigs would exwlikely to have their vision affected
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when feeding, and perhaps this was corrected bgmaiculomotor adjustments, but this

idea was not proven.

Parisi (2010) performed analyses oft@emurfulvus cranium, a protosimian
primate with fully closed postorbital bars, and @hiin some respects, resemble early
primates from the Eocene period. The results shdhatdhe model with postorbital bars
exhibited reduced strain values on the orbital syatlut led to high values on the
zygomatic arches. Parisi’s conclusion was thab#rs help to reduce stress on the orbital
walls via transmission to the zygomatic archescWlaire more able to withstand stresses
given its thicker configuration. In a similar mannp€urtiset al. (2007) tested the role of
the postorbital ligament overRelis catuscranium by producing models with and without
the structure and performing FE analyses. He fauridhat peak stresses in the orbital
margin and the zygomatic arch were reduced by tiesepce of the ligament, but

nonetheless remained high.

2.4.The postorbital septum

In humans, the postorbital bar is accompanied pgstorbital septum, an osseous plate
formed by the contact of the zygomatic and thephksioid bones that isolates the orbit
from the temporal fossa. The postorbital septumssucture unique to anthropoids and
the genugarsius in which it is present in a less state of comepite{Cartmill, 1980). As
with the postorbital bar, the postorbital septuns hraceived different functional
explanations, and there are various hypothesesgirugp that it plays a role as a strain
moderating structure during feeding activities, thmost relevant of which were

summarized by Ross and Hylander (1996):

The facial-torsion hypothesis:This is part of the facial torsion model proposed
by Greaves (1985) and summarized above (as hypstheshen discussing the role of
the postorbital bar. Both the bars, the septa hadtipraorbital torus are considered to
be structures adapted to counteract the twistirtgetkull. In the case of the septum of

anthropoids, this would be a consequence of theenkess of the orbits to the midline.

The transverse-bending hypothesisThis hypothesis was proposed by Cartmill

(1980), and suggests that the postorbital septusnasca support for the postorbital bar
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by resisting the temporal fascia which tenses a®resequence of the action of the

temporalis muscle when it pulls posteriorly.

The tension hypothesis Initially proposed by Rosenberger (1986), this was
reformulated by Ross and Hylander (1996). It suggtsat the postorbital bar will be
subjected to tension due to the contraction ofrtfaesseter, pulling it from the frontal
bone. This is counteracted by the postorbital sepas it connects the postorbital bar to

the lateral wall of the skull and gives it mechahgupport.

2.5.Scalp and meninges
2.5.1. Scalp

The word “scalp” is a term used to refer colledyveo all soft-tissue covering the
cranium. It is composed of five different layerxins connective tissue, galea

aponeurotica, loose areolar tissue and pericragiigure 2.8).

Skin is composed of three layers: epidermis, deramd hypodermis. The
thickness of each depends on age, body region ramgldoation. It is because of the latter
two (the thick dermis and the subcutaneous fat)gkia has its toughness and elasticity
(Cuaet al, 1990; Pailler-Matteiet al, 2008). Among the many functions that skin
performs, one of them is the protection againstiraeical trauma (Edwards and Marks,
1995; but see Huempfner-Hieet al, 2015).

The galea aponeurotica, or epicranial aponeurissiscated over the periosteum
to which it attaches via a loose aureolar tissod,@vers the upper part of the cranium
as a helmet-like structure. It is attached postisrito the highest nuchal line and the

external occipital protuberance (Feneis and Dai410).

The periosteum is a connective tissue which cotlerssurface of nearly every
bone of the human body (exceptions are the intreddar surfaces and the sesamoid
bones), and is anchored to them through Sharpiyest It is composed of two different
layers. The outer one is fibrous in nature and loarsubsequently divided into two
different parts: a superficial, inelastic portiamd a deep highly collagenous fibroelastic
layer. The inner layer of the periosteum (also ethlicambium) is composed of
mesenchymal stem cells, osteoblasts, nerves antadap. It is clearly visible in

foetuses, but becomes thinner with age, and is stlindistinguishable from the outer
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layer in adults (Dwek, 2010; Malizos and Papatheoao2005). The periosteum of the

head is also called pericranium.
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Figure 2.8. Simplified representation of the humarhead layers of the scalp, skull,

meninges and brain (after Yan and Pangestu, 2011).

2.5.2. Thedura mater and dural folds

The membranes of the brain are collectively calledmeninges, and consist of the dura
mater, the arachnoid mater and the pia mater. Tiegethe arachnoid and pia are known
as leptomeninges. The arachnoid is in direct comidhb the dura, but it is separated from
the pia through the subarachnoid space, whiches fivith the cerebrospinal fluid (CSF).
Despite this fact, arachnoid and pia are still @mted via filaments named arachnoid
trabeculae (Adeeébt al, 2013).

The dura mater is composed of two layers, an oatefosteal layer (the
periosteum covering) and an inner meningeal laykich is the proper dura. This layer
is a dense and fibrous membrane which covers #ia Bnd the spinal cord, and extends
inwards into four septa, dividing the cranial cgvithe falx cerebri, the tentorium
cerebelli, the falx cerebelli, and the diaphrageltas (Snell, 2010). The current research

focuses only on the first two of these structures.
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The falx cerebri is a sickle-shaped projectiondofa mater which extends
longitudinally in the fissure between cerebral hggheres, forming an incomplete
partition. It extends anteriorly in humans, frone ttrista galli, where it is thinner, to the
internal occipital protuberance, where it blendthhe surface of the tentorium cerebelli
(Butler et al, 1999). The tentorium is a crescent-shaped foletitog the surface of the
cerebellum and supporting the cerebral lobes. kistmecognizable structure is the
tentorial notch, an anterior opening which acta passage for the midbrain (Snell, 2010).
Therefore, the falx cerebri separates both cereheahispheres, and the tentorium

cerebelli separates those hemispheres from theealare (Figure 2.9).

As with virtually all other soft tissues in thertebrate body, dura mater is an
anisotropic material. However, in large areasfeaively behaves isotropically, with its
collagen fibres having no consistent pattern, eiirefhe temporal region, where 80% of
them share the same orientation (Hameinal, 1998).

Cranial vault 16 10
‘/Dura mater (endosteal layer)
Dura mater (fibrous layer)
Arachnoid mater
Subarachnoid space
Pia mater

Arachnoid vilus

Cerebral vein,

Falx cerebri 3

Tentorium cerebelli 2 - - 21

Figure 2.9. Left: Coronal section through the planef the foramen magnum showing
the meningeal layers (after Lieberman, 2011). RightLeft lateral view of the human

head with falx cerebri (1) and tentorium cerebelli(13) (after Rohenet al., 2006).

2.5.3. Function

Several authorse(g.Bull, 1969; and see references in Jeffery, 2002¢ lkancluded that
the most probable function for the tentorium isvithstand the weight of the cerebrum.
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Apparently, both membranes support the brain toesdegree, and also restrict its
displacement when subjected to acceleration anelel@tion, preventing it from rotating
inside the skull (Kumaresan and Radhakrishnan, ;199@ll, 2010). An experiment
carried out by Sabedt al. (2008) highlighted the importance of the falx,tls fissure
isolates both hemispheres over the corpus calloSdhen subjected to normal forces,
the falx acts as a lateral constraint; howeversthecture seems less effective in rotational
impacts, as they subject the brain to a combinatfahear forces which cause it to move
around the tip of the falx in the region of theppugs callosum (Bradshaw, 2001). The
presence of cerebral partitions also affects tladiapdistribution of intracranial pressure

(Kumaresan and Radhakrishnan, 1996).

The dural folds may also have played a role in&uevolution. In their influential
paper, Moss and Young (1960) suggested that ssfids of the head define, to a large
extent, the morphology of bone. For the neurocraniu particular, the dura would play
a crucial part, defining growth vectors which dirédee size and shape of the braincase
during brain development. This may be supportethbycreation of 8auraumof Homo
neardenthalensigWitzel, 2011). In this study, external forces aapplied to a
homogeneous and undefined FE model (with six @ssumptions), and low stress areas
are removed iteratively until the shape of Beuraumresembles that of the specimen.
This may demonstrate that applying lateral accaterdorces to the brain leads to tensile
stresses along the periphery of the falx cerebnrd eesults in compression of the

calvarium, which is described by Witzel as “rathkee the situation found in a bridge”.

It has also been suggested that the falx andriantanot only act as constraints
during cranial development, but exert tension thay also have constrained the shape
of the neurocranium and brain development duringlwgon of the genusHoma
Following Moss and Young (1960), it is hypothesizib@t with progressive brain
enlargement, the falx was unable to grow at theesate, and as a consequence it acted
as a longitudinal tensor, causing a parietal midisdghortening (Bruneet al, 2004).
Interestingly, in humans, the tentorium’s midlimgge is more orientated in its posterior
area towards the foramen magnum than in non-humamtes and other mammals,
perhaps as a response to the increased load eetkbrum, in part due to the upright
posture, and therefore altering the general loattidution of the skull (Bull, 1969), but

this hypothesis still needs to be proven (Jeftdrgl, 2002).
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2.5.4. Comparative anatomy and ossification of the dural folds

The tentorium cerebelli is present in mammals airdsb but absent in reptiles,
amphibians and fishes (Klintworth, 1968). Thesalifigs suggest that this structure
evolved late in evolution, first as independent Byatrical folds of dura mater (stage A),
and then gradually merging behind the brainstens tbrming the classic crescent shape
(stages B and C) (Klintworth, 1968; Figure 2.10).hHumans, the tentorium is more
developed than in other species, perhaps due twligsin supporting their cerebral

hemispheres, which are heavier (Bull, 1969).

Figure 2.10. Schematic diagram with the proposed ages of tentorium evolution
(Klintworth, 1968).

Ossification of the falx cerebri exists in somarppeds, ursidae, sirenians and
cetaceans (Nojima, 1988; Colbeitt al 2005). It is also present in Monotremata. An
analysis of the endocast of a modern platygdshithorhynchus anatingsrevealed a
prominent ossified falx cerebri, a feature whicksvaéso present in the Miocene fossilized
platypusObdurodon dickson{Macrini et al, 2006a). Vincelestes, a fossil of an Early
Cretaceous nonmammalian cynodont, also has aneas$six cerebri (Macrinet al,
2007 and Macrini, 2006b).

An ossified tentorium was identified in a largarmmber of groups by Nojima
(1988): carnivorans, odontocetes (Collgidl, 2005), equids (Solano and Brawer, 2004)
and pholidotes (Macriret al, 2007), but in some of these groups, completeicason
is still rare. It has also been reported in sonmmates (Saban, 1975; Nojima, 1990a;
Horovitz and McPhee, 1999; Kat al, 2008). Vincelestes also possesses an ossified
tentorium (Macriniet al, 2007).
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Curiously enough, there does not seem to be argtdiorrelation between the
bony falx and the corresponding bony tentoriumpdesthe fact that they are almost
identical histologically (Nojima, 1990a). Platypadeve only the former, whereas canids
and felids, for example, only have the latter. Béady and tentorium are both present in
Vincelestes, as they are in cetaceans, and maey wthmmal species lack ossification

in both structures.

Matters become even more complex when the origossification is considered,
because the process can occur prenatally or paindepending on the species. For
example, new-born specimenskalis silvestris catugcommon household cats) present
an almost completely ossified tentorium cerebethjle in Stenella attenuatgspotted
dolphins) dural folds become gradually ossifiedimgitheir lives. This led to Nojima
(1988; 1990b) to differentiate between the carrevaype and the dolphin type.
Marsupialia, Perissodactyla, Sirenia, Carnivora auime Cetacea (the families
Physeteridae and Ziphiidae) would then belong ¢octirnivore type, meaning that their
falx and/or tentorium would ossify during fetal ogénetic stages. On the other hand,
Primates and other Cetaceans (specifically, sevgeius of Delphinidae and

Phocoenidae; Figure 2.11) would belong to the ¢essmon dolphin type.
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Figure 2.11. Transverse section in frontal view ira perinatal specimen of spotted
dolphin (Stenella attenuata) showing the tentorium cerebelli (Te). After
Rauschmannet al., 2006.

A detailed account of ossification of dural folds Mammalia is presented in the

following chapter.

2.5.5. Anatomy of the tentorium cerebelli

The tentorium cerebelli has a fixed margin andeg fmargin. The fixed margin is the
outer region that is connected to the bone, spadito the posterior clinoid processes
of the sphenoid anteriorly, to the superior boxfe¢he petrous part of the temporal in the
middle part, and to the transverse sinus groovebleobccipital in the posterior part in
humans. The free margin is the internal edge ote¢herium; it is in the shape of a U
that forms the tentorial notch, also known as wm@stentoria, and offers a passage for
the midbrain (Adeekt al, 2012; Raet al, 2018).

As discussed above, depending on the speciedgetit@rium can appear as a

completely non-ossified structure, but it can disopartially ossified or (much more
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rarely) completely ossified, as it is the caseetids (Klintworth, 1968; Nojima, 1990a).
When ossification is partial, a reflection of dureter encloses the bone and extends
beyond it as the soft tentorium. The ossificatimgbiently manifests in the shape of a
tentorial processpfocessus tentoricug-igure 2.12), a rostro-medial projection at the
dorsal part of the caudal border of the parietalebim the shape of a leaf (Evans and De
Lahunta, 2012). In some species, particularly imn@arans and Equids, the tentorial
process, together with the occipital process, firenosseous tentorium cerebelli (Koénig
and Liebich, 2005). The occipital process or indmccipital protuberance is the area
where the four fossae of the cruciform eminencerg&cts. The horizontal arm of the
cross, where the two superior cerebral fossae eparated from the two inferior
cerebellar fossae, is formed by a groove that acoodate the transverse sinuses, which

drain blood from the back of the head.

Interparietal
suture
Tentorial process

Transverse sulcus

Vascular groove for —
middle meningeal artery M NewsoN

Figure 2.12. Ventral aspect of the parietal bone ahe dog, showing the location of

the tentorial process. After Evans and De LahuntaZ012).

Nojima (1990c) described two different types dafibed tentoria (A and B), both
subdivided further into two subtypes (I and Il).pByA indicates a species in which the
tentorial process reaches the base of the skulle Wlgpe B corresponds to species where
it does not. In the subtype A-I, the tentorial @es projects from the occipital border of

the parietal bone. In the subtype A-Il it projefttsn the squamous border of the parietal
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bone. In the subtype B-I, the tentorial procespresent, and in the subtype B-Il it is

absent (see Table 2.1).

lustrations of BT

Proc. tent. projects

BT types  (superior surface)* BT as a whole . .. from . .. Family names BF
A Type 1 crosses on the petrosa and articu- the (whole) occipital ~ Felidae (probably all (=) all spp.
lates with the alisphenoid (left border of the pari- spp.)
side) or crosses beyond petrosa etal bone. Viverridae® (=)
and fuses with the ancerior por- Hyaenidae® (=)
tion of the middle cranial fossa
(right side).
A Type II crosses beyond the petrosa and posterior one-third or  Procyonidae® (G
forms the lateral floor of the two-thirds of the Ursidae (probably all (+) only Ursus
middle cranial fossa (¥) (lefc squamous border of spp.)
y side) or terminates on the base the parietal bone.  Otariidae (all spp.) (+) all spp.
= of the petrosa (right side). QOdobenidae (+)
Phocidae (harp, ribbon  (+) all spp.
23 seals)
2 & Mustelidae (probably (—) all spp.
_ P all spp.)
B Type I °_XF does not teach the base of the (The proc. tent. is ab-  Phocidae (gray, com- (+) all spp.
skull. The BT and BF are com- sent.) mon, tinged, leop-
posed of the occipital element ard, hooded seals)
g (left side) only or plus the fonta-
7 ? nel element (right side).
B Type II . does not reach the base of the the occipital border of Canidae (all spp.) (=) all spp.

skull. the parietal bone.

a Dotted portions are the proc. tent. (parietal elements) which project from the lined portions of the parietal bones (P). PT: petrosa, O: occipital
element, F: fontanel element.
b These families are classified into A type; however, the BT elements have not been examined.

Table 2.1. Comparison of the osseous tentorium typeof Carnivorans. Nojima,
1990c.

2.5.6. Tentorial index

Klintworth (1968) proposed the tentorial index farian which was intended to serve as
an indication of variability in the shape of that@ium and, in particular, of the variation
of the length of the straight sinus relative to ttoéch length. The formula is obviously

only applicable in mammal species in which a stragjnus is present:

_ PTL; x 100

Tl
‘ LN;

where Tl is the tentorial index, PTlcorresponds to the posterior tentorial length (the
distance between the tip of the tentorial notch #mel most anterior point of the
confluence of sinuses or torcula), andilidNthe notch length (the distance between the
posterior end of the dorsum sellae and the tihefténtorial notch) of a given species
(Figure 2.13). Table 2.2 presents the tentoriaice®l of various mammalian species, as
calculated by Klintworth (1968).
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Figure 2.13. Diagram summarizing the measurementsof the tentorial index
formula. (From Klintworth, 1968).
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Order Species Tentorial index

Hussar monkeyHrythrocebus patgs 87

Human Homo sapiens 52-131 (76)

Rhesus monkeyMacaca mulatta 115
Primates Squirrel monkey $aimiri sciured 122

Vervet monkey Cercopithecus aethiops | 68-143 (95)

Western baboorQhaeropithecus pap)o | 100

Angwanatibo Arctocebus calabarengis | 14

Domestic catKelis catu3 50
Carnivora Domestic dogCanis familiarig 61
Mink (Mustela visoh 50
Domestic goat@apra hircug 11
Artiodactyla Domestic swineus scrofa 17
Sheep Qvis arie$ 17
White-tailed deer@docoileus virginianus| 13
Chiroptera Evening balNfcticeius humeral)s 0
Cetacea Pacific bottle nose dolphirugsiops gill) | 63

Pacific common dolphinXelphinys baird) | 66

Guinea pig Cavia porcellu¥
Gerbil Gerbillus paeba

Rodentia Golden hamsteesocricetus auratys

White rat Rattus norvegicus albinys

Lagomorpha Rabbiryctolagus cuniculys

0
0
0
House mouseMus musculus 0
0
4
0

Marsupialia OpossunDidelphus virginiana

Wallaby Marcopus browni 19

Table 2.2. Tentorial indices of various mammaliangecies. Data for human lomo
sapiens) and vervet monkey Cercopithecus aethiops) are mean values of samples of
48 and 47 specimens. The other indices are based simgle observations (after
Klintworth, 1968).
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2.5.7. Ossification in humans

The composition of the dura mater varies with agih the proportion of calcium,
phosphorus and magnesium increasing progressivttyaging, while sulphur, iron and
zinc remain constant (Tohmdal., 2000). There is considerable confusion in tieedture
when discussing the mineralization of the duradl$ohnd when it is merely calcification
and when is proper ossification, which is the gatien of true, complete bone tissue. To
provide a consistent terminology, the term “osatficn” will be used here and throughout
this work, as it is more commonly employed in titeréture, not only for referring to the
consistent mineralization of dural structures inngnanammalian orders (Klintworth,
1968; Nojima, 1990a, 1990b and 1990c), but alsseireral studies concerning humans
which present mineralization in their dural foldher spontaneously or as a consequence
of a clinical condition (Tsitouridist al, 2006; Debnatlet al, 2009; Tubb<t al, 2012;
although there are exceptions, such as Zaneliaal, 2014). The distinction between
calcification and ossification and its implicationdl be discussed in greater detail in
Section 3.4.1.

Ossification of the falx cerebri (Figure 2.14)ther partial or complete is
relatively rare in humans, but there are severairgtes in the literature (Batnitzkey al,
1974; Tsitouridiset al, 2006; Rangojet al, 2007; Debnatlet al, 2009; Zandiaret al,
2014). Percentages of ossification in the geneypufation vary depending on the study.
Sandset al. (1987) identified 0.4% of cases in a sample of @,0MRI scans. Other
research provide much higher occurrences of thslition: for example, after studying
1,162 patients, Tanaka and Takeuchi (1974) foud &@ses of ossification of the falx
cerebri. In fact, Saldino (1974) points out thathaus have reported extreme values, as
low as 1% and as high as 15%. Two different typedatx ossification can be
differentiated. In Type A, ossification starts lag tinterior surface of the calvarium and
closely follows it, while in Type B, it does notyeany continuity with this structure
(Tsitouridiset al,, 2006).
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Figure 2.14. Partial ossification of the falx cereb in two human specimens. Above,
Rangoji et al., 2007; below, Zandianet al., 2014. Dotted lines indicate areas of

ossification.

In individuals with partial ossification, the candn usually manifests in the form
of small bony islands in the frontal portion of tfax near its attachment to the crista
galli (in 27 out of 40 cases studied by Tsitouridisal, 2006), followed by the middle
area, and then the posterior part. Complete oasit is much rarer, with perhaps only
one case reported in the literature, that of agat-pld male (Tubbst al, 2006). On the
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other hand, ossification of the tentorium cereb@figure 2.15) is extremely rare in
humans (Tanaka and Takeuchi, 1974), and accordifiglibset al. (2012) only a handful
of cases have been reported.

Figure 2.15. CT scans showing ossification of terriam cerebelli in a human
specimen. Tubbst al., 2012.

2.6. Techniques for 3D cranial digitalization, modellingand analysis

This section discusses the main techniques andaetised in the analyses of this thesis.
It starts with an introduction to biomechanics|doled by a brief description of two
imaging techniques able to produce digital modékpecimens (CT and MRI scanning)
and a detailed explanation of the process of aeaif a finite element (FE) model and
its subsequent analysis. The section concludesawttrospective of FE models of the

human head of the past decades, focusing in pkation those that include soft tissues.

2.6.1. Vertebrate Biomechanics and digital biomechanical models

Biomechanics is a term that describes the muliplisary science which uses the
principles of mechanics to study the shape andtiomof living organisms. It can be
used to study both the internal and external fothasact on a specimen’s body (Hall,

2014). The most traditional biomechanical methoeblives a theoretical approach to
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produce a hypothesis that is later tested via éxjgertal techniques that offer information
about forces in the biological structure of intéreach as the use of strain gauges or force
transducers (Richmoret al, 2005). A more recent approach is the generafiardmital
model in which it is possible to test how a compdéxicture reacts to applied forces in
ways that sometimes are not possible to perforr wivivo specimens; for example, to
digitally alter a biological structure to test fisnctional implications or to simulate
activities such as biting in extinct specimens @Btj 2014).

In the last two decades, FEA has rapidly become @inthe most important
techniques in the field of vertebrate biomecharlitshe case of cranial biomechanics it
seems that, although the skulls (as complex systhatsperform multiple competing
functions) are optimized for more than one activigeding behaviour strongly defines
the craniofacial form in mammals (Dumaettal, 2005) and this is perhaps one of the
reasons why analyses of biting and feeding areabyhe most frequent ones performed
with skull models.

2.6.2. Digitalization techniques. CT and MRI

Computed tomography (CT) and magnetic resonancgimggMRI) are two imaging
methods used for medical and non-medical applicatig-igure 2.16). In the fields of
Palaeontology, Biology and Biomedicine these twm-mvasive techniques can be
employed to provide a digital 3D reconstructiontloé internal anatomy of a given
specimen in order to perform FE analyses, althamth works in a different manner
(Ziegleret al, 2011; Cunningharat al, 2014).

From the measurement of the attenuation of X-r@fs,can create a series of
stacked images of cross-sections of the specimenn{&h, 2009). The basis for the
technique is that some tissues, for example, balosorb X-rays more effectively than
others (Smith and Webb, 2011). More recently, m{€io scanning has allowed a
significant increase in resolution, down to a feucnons or less (Cunninghaet al,

2014), revealing much more detailed information.

MRI uses magnetic fields to generate the imagsetead of X-rays, and operates
in the radio-frequency range, and therefore doé¢employ ionizing radiation (Landini

et al, 2005). In CT, the contrast is achieved by thea)}srtraversing through tissues with
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different densities and consequently being absodrmetiweakened to various degrees,
while in MRI the contrast is obtained by detectatganges in the spin directions of the
hydrogen nuclei in the tissues analysed. The incagebe further enhanced by variations
in the pulse sequences related to the longitudindltransverse relaxation times (T1 and
T2 respectively) (Kalra, 2018).

The images obtained with CT and MRI can then leslus reconstruct a digital
three-dimensional version of the specimen, but @éachnique has its own advantages.
Most significantly, MRI provides better soft-tissgentrast than CT, as illustrated in
Figure 2.16, but is more expensive and generatagaemof lower resolution (Smith and
Webb, 2011; Cunninghaset al, 2014).

Figure 2.16. Acute intraparenchymal hematoma visuaed with Computed
Tomography technology (left) and Magnetic Resonandenaging (right). Kidwell et
al., 2004.

2.6.3. Finite Element Analysis

Finite element analysis (FEA) is a technique focorestructing stress, strain and
deformation. It redefines the structure of intel®sa (finite) number of discrete elements
with properties that spatially represent the phalsproblem (Rayfield, 2007). In 3D,

these elements are normally tetrahedral or hexahedrshape, and are connected
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together to create a three-dimensional mesh. FEEAbkan used in engineering and (for
example) medical implant design (Fagan and LeeG)L&8 many years, but it has only
relatively recently been used to study biologicgtems, in particular, in the field of

functional morphology (Kupczik, 2008).

The FE modelling process can be summarized in foain steps: pre-processing,

solution, post-processing and validation (Figuder.

Input data
(CT, CAD)

— 3D model building

b
Image processing
| (segmentation) |

Preprocessing
IL_MateriaI testing |

'
Material properties ‘

Boundary conditions
(constraints, forces)

i t

(MDA (Pcsa)

Solution FE solver |

Nodal displacements
(stress, strain)

Postprocessing

Interpretation
(graphical/numerical output) |

— Validation & sensitivity |————

Figure 2.17. Flow chart of the different steps inviwed in finite element analysis
(from Kupczik, 2008).

2.6.3.1.Pre-processing
Scan: Most recent FEA models are three-dimensional, witluctures needing to be

scanned and reconstructed as a virtual model faysis. Although a variety of methods

exist, the most widely used are CT or MRI scanse (gevious section).
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Segmentation:In this stage the structures of interest in thexsae separated
from one another. Different tissues (brain, musdbese, etc.) normally have different
contrast thresholds and thus they can be segmésépdrated) by using one of the
multiple algorithms available. However, further mahrefinement is still necessary in
most cases, requiring either painting or maskirfgimer define the structures of interest.
This is normally required due to the quality anéirdBon of the scans, or the presence of
artifacts (motion, rings) or other factors. Segraéinh then becomes a rather laborious
and time-consuming semi-automatic process that immelyde several intensity-based

methods, such as thresholding, region growingtetugy etc. (Kalra, 2018; Figure 2.18).

Figure 2.18. An example of the segmentation processing the bone material of a

human cranium from CT scans (Kalra, 2018).

Mesh creation: Following segmentation, the areas of intereseateacted from
the digitalised images and assigned to discreteldafKupczik, 2008). The different
regions of the physical structure are then diviohed the finite elements, normally by a
meshing algorithm in the image processing softwaitl, options to control their number

and distribution.
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Assign material properties and recreate loading auditions: The next step is
to define the material properties of the elemeritelwdescribe the mechanical behaviour
of the tissue. For an isotropic material, thesadafaned by Young’'s modulus of elasticity
and Poisson’s ratio (Kupczik, 2008). In realitynegroperties, as many other tissues in
the head, vary with orientation (a condition knows anisotropy) and location,
complicating the process. However, it is impradtita determine all the material
constants required to fully define anisotropic mmjes of biological materials. In
practice, therefore, most FE analyses of biologivaterials assume isotropy and
homogeneity, which, fortunately, has been demotesirédo produce reliable results,

especially for comparative studies (Rayfield, 2011)

Boundary conditions, that is where the object eitudied interacts with other
bodies, must also be defined. Most importantly ¢hesist collectively ensure that the
model is sufficiently constrained to avoid free podotion. This can be achieved by
applying single node constraints (Gebal, 2012) or frameworks of rigid links (Degrange
et al, 2010) if wanting to represent a more complexistridbuted contact. This step is
very important, because constraint applicatioh@trong places will generate erroneous
results, and possibly stress and strain conceoiatfRayfield, 2011). After that, the
loading conditions must be recreated. Again thairect application is critical, if accurate

results are to be produced.

2.6.3.2.Solution and Post-processing

The FE solver calculates the nodal displacemeats fwhich the stresses and strains are
calculated. The post-processing involves the nuwakdr graphical presentation of the
solution, generally using contour plots which pregke location and variation of a given

parameter.

2.6.3.3.Validation

The process of validation involves the assessmettieoaccuracy and validity of the
results. This is done by comparing those resultsinggy theoretical and, ideally,
experimental data. According to Richmoedal. (2005): “Accuracy is defined here as

the closeness of the model’s results to the redbgical situation. Precision is defined
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here as the closeness of the model’s results texhet solution of that biomechanical

model”.

Accuracy can only be evaluated with empirical dhta the precision of a model
can be assessed through convergence tests. CoRtpleodels demand extremely high
computational requirements, and this has led rebees to develop strategies to simplify
their models by different means: using a two-dinn@ms approximation, modelling half
of the model in symmetrical structures, or redudimgsize of the mesh by reducing the
number of its constituent elements (Richmatdal, 2005). All models imply some
degree of simplification when trying to reflect ligg but over-simplification can lead to
inaccuracies and misinterpretations. By performiagprocess known as mesh
convergence testing it is possible to confirm thgiven model has a sufficient number
of elements to ensure mathematical convergendetourrent representation (Bright and
Rayfield, 2011). However, with experience and thetimuous increase in computational
power, this step has become less and less necesgairysers now able to create models
with several million elements that can still beveal reasonably quickly. In parallel with
this, sensitivity analyses are then used to testeffiects of any approximations or
simplifications in size, structure, boundary coiwtis or material properties, for example
(Kupczik, 2008).

2.6.4. Soft-tissue modelling in previous FE models

With the exception of human models, to which materdion has generally been devoted,
most cranial FE analyses have been focussed obahe. However, there are a few
exceptions: for example, keratin in the beak ofi®ifSoonst al, 2012) or cartilage in
fishes or reptiles (Wroet al, 2008; Jonet al., 2017). Sometimes, 3D models of
primates have also been used as testing speciperisgps in substitution of human
models (Curti®t al.(2011) for the temporal fascia; Woetlal. (2011) for the periodontal
ligament). In most of these examples the tissuas wwdelled by using linear elastic,
isotropic material properties. Also, the increasecomputational power over the last
decades has driven some researchers to includ@earily in FE models with more ease.
For example, and limiting the list merely to crdrs&uctures, some researchers have
created nonlinear models of the eyes (Stigzedl, 2002; Schuttet al, 2006; Girardet
al., 2011), the dura mater (Y@ al, 2008; Liet al. 2017; MacManuet al, 2017), the
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periodontal ligament (Toms and Eberhardt, 2003; &etoal, 2011) and the brain (e.g.
the six models reviewed by Millezt al. (2017), which follow either viscoelastic or
hyperelastic approaches, but there are many otheosyever, it should be noted that
most of these models are either concerned witHesimigyan structures (as is the case of
the several nonlinear models of the eyes) wheanstiare studied locally, or deal with
the effects of impact trauma (which is the cas¢hefmodeling of the brain to assess
injuries), where strain rates are much higher thathe biting FE models used for most
functional morphology studies, and therefore thelaiog of nonlinearity has a greater

impact in the results.

During the last few decades, a great deal of eff@s also focused in the
development of FE human head models for testinpéct and trauma, which use soft
tissues in their analysis of overall dynamic effe€@ne of the very first attempts which
involved experimental validation with cadaveric tgawas the one developed by Ward
and Thompson (1975). The brain, together with tinaldfolds (falx cerebri, tentorium
cerebelli), were included in this early model. lrathe Wayne State University Brain
Injury Model (WSUBIM; Ruaret al, 1992; improved in Ruaet al, 1993) marked a new
milestone in research of human head FE modelsofigmal WSUBIM model consisted
of 6080 nodes and had a three-layered skull, memebrand scalp, but was improved
several times during the following decade, reachimigh level of detail, which included
many facial features (Ming, 2013). With the newlemhium, the increase in computing
power and the technology cost reductions have aliithve scientific community to create
ever more accurate and detailed models, openingjpieutesearch possibilities. As a
recent example, Maet al. (2013) developed a human head model which wastogedt
thirty-five different impact-case scenarios. Thed®lohad 270,552 elements, which
differentiated between dura, pia and arachnoidenahd included bridging veins, facial
tissue and scalp, amongst others.

Some of these models, together with their prifcipharacteristics, are
summarised in Table 2.3. The table is by no mezhnauestive, but offers a good overview
of the most relevant FE head models created faareb purposes during the last two
decades. For full reviews of FE models related viitipact research, see Deck and
Willinger (2009), Yanget al (2011), Ming (2013) and Madhukar and Ostoja- &taski
(2019).
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There are other human head models not relatedetsttidy of trauma that also
include detailed soft tissues. For example, Banoegt al. (2009) produced a model of
the human face for aging simulations, amongst qibssible applications. The epidermis
and dermis were modelled as a 2 mm layer of consiéckness, and the SMASvas
added as a contiguous layer 3 mm thick. Deep fdtrancosa were also taken into
account. The reconstruction was limited to thedktnimic” muscles and the masseter;
other muscles involved in mastication, such agehgporalis or the pterygoid were not
included in the model. An improved FE model to asgacial soft tissue interactions was

developed by Weickenmeier (2015).

The multimodal imaging-based detailed anatomicatieh (MIDA) of laconoet

al. (2015; Figure 2.19) goes further and reproduc@shHsd and soft tissue structures of
the human head and the neck down to the level effitth cervical vertebra, being
currently one of the most detailed virtual recomstion of its kind. It is this geometry
that is used as the basis for the FE model develop€hapter 7 and Chapter 8. The data
(belonging to a 29 year-old female volunteer) waguaed using various modalities. T1-
and T2-weighted structural MRI with an isotropisatition (identical in all dimensions)
of 500um were used to obtain different contrast infornratin additional heavily T2-
weighted MRI was necessary to achieve additionedildievel in the eye, the ear, and
other structures. Two magnetic resonance angiogklRA) datasets were used to offer
a better visualization of the vasculature. Finalijfusion tensor imaging (DTI) was used

to obtain data on fibre orientation and anisotropy.

2 The superficial musculoaponeurotic system (SMAS) ontinuous non-uniform fibrous layer which
connects the facial muscles with the dermis. & ierm commonly used in aesthetic surgery, but iresna
contentious, as no clear anatomic definition exigt some authors even doubt of its existence (Brtouag
and Fyfe, 2013; Ghassestial, 2003).
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Figure 2.19. Different 3D surfaces showing varioustructures created for the MIDA

anatomical model. From left to right: complete MIDA model, muscles, dura mater

and brain structures (adapted from laconoet al., 2015).

A recent study by Cottoet al. (2016) proposed a novel approach for generating
finite element head models, in which pre-segmemted)e data is modified and meshed
in order to create FE head models that are adaptdatie available computational
resources and prepared to solve specific probldimis. flexibility allows the level of
detail of the final mesh to be defined and the ipocation of new structures or merging

of previous ones.
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Reference Name Data Purpose Mesh type Fal Tentoriu | Brain | Muscles| Skin/scalp | Eyes
Kanget al, 1997 uLP Basedm‘g:ea single| | moact Generic v v v v
Hartmann and Kruggel, 1999 MRI Impact]  Subject #jme v v
Kleiven and Holst, 2002 CT. MR and sliced Impact Generic v v v v
photos
Horgan and Gilchrist, 2003 CT scans Impag Generi¢ v v v v
Takhountset al, 2003 SIMon CT scans Impact 50th per. male v’ v v
Kimparaet al, 2006 Previous model and 50th per. male| v/ v v v
anat.ref.
lwamotoet al, 2007 THUMS ? Impact 50th per. male v/ v v v
Barbarinoet al, 2009 MRI Aging Subject specific v v
Brichtovaet al, 2009 CT scans Impact| Subject spedific v
Chen and Ostoja-Starzewsk|, T1- and T2-weighted . .
2010 MRI Impact | Subject specific v
Huanget al, 2011 CT scans Impact| Subject spegific v v v
Truonget al, 2012 MRI tDCS Subject specific v v
Hoursaret al, 2013 CT and MRI Impact Subject specific v
Maoet al, 2013 wsUHIM | ©F.2nc MRI v v v v
iterature
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Hannulaet al, 2014 CT, MRI ‘de cryo- Bloleqtrlc Subject specifig v v v
sections Applic.
Sarvghad-l\élgg?addam al, Previous model Impact Generic v v v v
Huempfner-Hierkt al, 2015 CT scans Impact Subject spedific v v
laconoet al, 2015 MIDA MRI, MRA, and Multi- Subject specifig v v v v
DTI purpose
Tseet al, 2015 CT and MRI Vibration Generic v
Facial soft
Weickenmeier, 2015 MRI tissue | Subject specifig v v
interactions
Cottonet al, 2016 _NRL- T1 weighted MRI Mult- Subject specifi¢ v’ v v v v
Simpleware purpose
Fernandest al, 2018 YEAHM cT andd‘é;w&ghted Impact | Subject specific v
Caiet al, 2018 CT Impact | Subject specific v’ v v v

Table 2.3. Some of the human head FE models creatddring the last decades which possess structurether than bone.
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2.7.Conclusions

The vertebrate head is an extremely complex biokgystem which performs multiple
(and sometimes competing) functions, composed dafiymaological structures and
modules that interact with one another. In thedfied biomechanics, the finite element
analysis technique can be used to create functinodels of heads to be usedifosilico
experiments with the aim to test scientific hypsge However, the creation of these FE
models must deal with the issue of complexity ialsa way that simplification does not

come at the cost of accuracy.

So far, most FE studies have focused on the araniself, but many other
different tissues and internal structures interiacthe head system, the mechanical
function of some of which is still poorly understbd-or example, the falx cerebri and
the tentorium cerebelli have been routinely inctldle human models for studies of
trauma, but never assessed in a mastication sandythe cause for ossification of these
dural folds in various mammalian lineages is cutyeimknown. Moreover, FE analyses
can be used to replicate conditions not foumsivo, for example, the postorbital bars,
the postorbital septa and the postorbital ligameatsbe altered digitally to assess their

mechanical role over a single geometry.

These and other understudied biological structofése mammalian head are the
main focus of the study in this thesis. The follogvchapter includes a thorough review
of the dural ossification literature, together witew findings and a discussion of two

hypotheses for the ossification that have beengs®eg in the past.
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Chapter 3. A study of dural ossification in Mammalia

Partial or total ossification of the intracraniairdl folds, affecting either the falx cerebri
or the tentorium cerebelli, have been identified@veral species of mammals, but the
functional significance of this condition has nebeen fully explained. Moreover, the
last systematic study of dural ossification in maasrwas undertaken almost three
decades ago. In an attempt to fill this gap, thepter provides a comprehensive review
of the body of literature surrounding dural ossifion, complements it with further
personal observations of the cranium of variousigsanissing from these earlier studies,
and presents a full list of mammalian species tiegathe condition of their falx and
tentorium. With this comprehensive data, two eaHigotheses are presented, discussed

and, for the moment, disregarded.

3.1.Introduction

A wide range of authors have previously descriledanatomy of the falx or tentorium

in their studies for different animal species, eitbxtant or extinct (for example, Poggesi
etal, 1982; Polly, 1993; Macrirgt al, 2007; Feij6 and Cordeiro-Estrela, 2016; and many
others), but the number of works which have demdtsically with comparative anatomy
and ossification are very scarce. Klintworth (1968)died the presence, shape and degree
of ossification of the tentorium in 44 species asralifferent classes. Decades later,
Nojima investigated the falx and tentorium in alier set of 172 species pertaining to 52
different families of mammals, including 48 speax<Carnivorans (1990c), 40 species
of Cetaceans (Nojima, 1990b) and 42 species of&esn(Nojima, 1990a).

The present study adds personal observationsotii@n40 extant specimens from
various orders and families. Some have been alreadgred by Klintworth, Nojima or
other authors; but many don’t appear to have besaribed elsewhere. Table 3. includes

a list of these additional specimens.

The aim of this work is twofold. Firstly, to prae a more comprehensive study
of the osseous tentorium in Mammalia by gatherimgy @pdating all previous research
and adding to it, especially to include underrepnésd groups and fossil specimens, in
an attempt to understand the resulting “big picturethis sense, this chapter is intended
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to serve as a literature review of dural ossifmatiesearch as well as drawing together
this large body of information for the first tim&aking into account both bibliographic
references and personal observations, a total ef 880 different extant species are
considered (with the condition of the dural foldsmenarised Appendix 1. Dural folds
condition in extant species), and many other ektines. The second goal of this research
Is to test the evidence currently available agaiwst explanations of ossification that
have been offered in the past. These are summareded:

Ossification due to diet: This suggests that postnatal dural fold ossifica{so-
called dolphin-type) could be related to a hightatg intake of food rich in calcium,
phosphorus and vitamin D, and was originally pregldsy Nojima (1988) after observing
that ossification in spotted dolphinSténella attenuaj)awas a slow phenomenon that
took place during the course of aging. Howeverlaher dismissed this hypothesis after
finding progressive postnatal tentorial ossificatio spider monkeys (of the species
Ateles geoffroyandAteles paniscyswvhich had been bred in a zoo with a diet that was
not particularly high in vitamin D (Nojima, 1990a).

Ossification due to behavioural causes.ocomotion, concussion, biting and
feeding — all these regular activities have beeggsested to play a role in dural
ossification in the past. They were summarized byirha (1990c), although the author
did not provide the original source for them orhagrs they were never methodically
tested before. In any case, Nojima refuted thegenaents on the basis of the absence of
ossification in most herbivores and rodents. Th@uconcluded that “the former also
appear to suffer considerable concussion durinig laditual actions, for instance, bulls
fighting during the rut. The latter gnaw hard masr using their incisors.” (Nojima
1990c). The hypothesis that falx and tentorialfasgion could play a role in Carnivoran
biting combined with neck movements, has beendeststematically by performing an
FE analysis on a 3D model of Relis silvestris catusskull, which has an osseous
tentorium, (Chapter 5 and Sellés de Luetal, 2018). Briefly, that study found that an

ossified tentorium slight decreases stress in ts¢égpior part of the skull.

Order Family Species Common name Sp. nhumbe
Dasyuromorphia Thylacinidae Thylacinus cynocephalus Tasmanian tiger Z90
Dasyuromorphia Dasyuridae Antechinus flavipes Yellow-footed Antechinus Z98b
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Peramelemorphia Peramelidae Perameles nasuta Long-nosed bandicoot 21684
Peramelemorphia Peramelidae Isoodon sp Short-nosed bandicoot Z1751
Diprotodontia Phascolarctidae Phascolarctos cinereus Koala 2699
Diprotodontia Vombatidae Vombatus ursinus Common wombat 268
Diprotodontia Phalangeridae Trichosurus vulpecula Silver-grey brushtail possunmn Z100
Diprotodontia Macropodidae Macropus giganteus Eastern grey kangaroo 71681
Diprotodontia Macropodidae Macropus fuliginosus Western Grey kangaroo Z1210
Diprotodontia Pseudocheiridag| Pseudocheirus sp Ring-tailed possum Z74
Diprotodontia Petauridae Dactylopsila trivirgata Striped possum Z72
Pilosa Megalonychidae Choloepus didactylus Two-toed sloth Z130a
Pilosa Myrmecophagidae = Myrmecophaga tridactyla Giant anteater 71554
Cingulata Dasypodidae Dasypus novemcinctus Nine banded armadillo 7134
Insectivora Tenrecidae Tenrec ecaudatus Tenrec 73064
Insectivora Tenrecidae Setifer setosus Large Madagascar hedgehdg Z610
Insectivora Erinaceidae Echinosorex gymnura Moonrat 2606
Insectivora Talpidae Talpa europaea European mole Z600a
Primates Galagidae Galago sp Galago 72361
Primates Cheirogaleidae Cheirogaleus sp Dwarf lemur Z411
Primates Indriidae Propithecus sp Sifaka Z405
Primates Cebidae Cebus sp Capuchin monkey Z910
Primates Cebidae Aotus trivirgatus Three-striped night monkey 7414
Carnivora Herpestidae Herpestes sp Mongoose 7366
Carnivora Mephitidae Conepatus chinga Molina's hog-nosed skunk Z376
Carnivora Mephitidae Mephitis mephitis Striped skunk Z375
Carnivora Mephitidae Mephitis macroura Hooded skunk Z375
Perissodactyla Tapiridae Tapirus indicus Malayan tapir 7163
Hyracoidea Procaviidae Procavia capensis Rock hyrax 71743
Tubulidentata Orycteropodidae| Orycteropus afer Aardvark Z781
Artiodactyla Suidae Babyrousa babyrussa Buru babirusa Z111
Artiodactyla Giraffidae Giraffa camelopardalis Giraffe Z116
Artiodactyla Cervidae Odocoileus virginianus White-tailed deer 7224
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Artiodactyla Bovidae Madoqua phillipsi Dik-dik 72251
Pholidota Manis Manis sp Pangolin Z556
Rodentia Dipodidae Dipus sp Jerboa Z209
Rodentia Hystricidae Hystrix indica Indian porcupine Z1219b
Rodentia Caviidae Hydrochoerus hydrochaeris Capybara 7188
Rodentia Dasyproctidae Dasyprocta sp Agouti 23044

Macroscelidea Macroscelididag| Rhynchocyon cirnei Checkered elephant shrew, Z609

Table 3.1. List of species examined in the currerdtudy, all kindly made available
by the Grant Museum of Zoology, UCL. The identificaion numbers are those used
by the Museum.

3.2.Materials and Methods

All available information about the ossificatiomciition of the dural folds in mammalian
species, both extant and in the fossil record, weltected. The information was
assembled into a spreadsheet to provide a genieralof the presence or absence of
ossified dural structures, either the tentoriumebeli, the falx cerebri, or both.
Additionally, 40 articulated skulls from differespecies of mammals were analysed and
photographed, in an attempt to provide informatfon those groups that were not
represented in previous academic works or to coraib their findings. The structures
of interest were observed through the foramen nragansing an endoscope provided
with LED lights and a camera. All photographs weaken with the aforementioned
endoscope or, when the shape and size of the foramsgnum allowed it, with a
handheld camera. Photographs were taken with thkssbositioned in ventral view,
sometimes turning the specimen left or right te# better view of the attachment areas.
The sex and age of the specimens were unknown &t cases, and were considered to
be adults unless stated otherwise. This is a ltraitaf the study, because in some groups
ossification develops with age (Nojima, 1988). Titedentiate between the dolphin-type
and the carnivore-type dural folds (see Chapté@ngyuld be necessary to have access to
full ontogenetic sequences for each species, Hattunately material available for study

in most museum collections does not allow for saictudy.
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It should be noted that in some cases it wascditfito decide whether some
smaller osseous growths at the rear of the cramiarma actually osseous tentoria cerebelli
or just ridges on which a soft tentorium might elitaKlintworth (1968) pointed out that,
in some rodents, the soft tentorium is attached t@rrow bony ridge with a variable
breadth. Similarly, in humans and some primates stift tentorium also attaches to the
small ridges of the occipital bone, on both sidethe transverse sinuses. Because of the
difficulty in determining whether some ridges wet#ficiently developed in a particular
species to consider the tentorium cerebelli asghigrossified, a conservative view was
taken in identifying ossification in the skulls,carfithere was any doubt, it was recorded.
Falx ossification is much more infrequent and, @tiog one or two dubious cases, it was

not observed in any of the specimens of the Graugddm.

3.3. Dural ossification in Mammalia

What follows is an extensive analysis of falx agatorium ossification in mammals. The
study is arranged by orders where possible, byt @he grouped together or subdivided
when it helps to organise the descriptions in aenusieful manner. Some groups have not
been included if there is insufficient informati@nd the amount of space devoted to the
remaining ones varies greatly depending on the aadable. For example, Carnivora,
Cetacea and Primates have deserved more attentiba bibliography and therefore this

has an impact on the amount of data compiled.

3.3.1. Monotremata

Monotremes comprise two extant clades, Ornithorhidae and Tachyglossidae, the first
comprising the platypusOfnithorhynchus anatings the second a small number of
echidna species. According to molecular clocks,ideas diverged from platypus
between 18 and 80 million years ago, but fossiflence suggest that both groups were
distinct during the Early Cretaceous period (R@weal, 2007). There is no evidence of
the presence of an osseous tentorium, but ossificaf the falx cerebri in the extant
platypus has been observed by various authors (Q&@6; Nojima, 1990a; Macrirat

al., 2006a; Figure 3.1, left) and, although no depelental information is available, the
bony structure was already present in a juveniexispen examined by Macriat al.
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(2006a).Obdurodon dicksoni fossil platypus from the Miocene period, alas h well-

developed ossified falx cerebri (Macretial, 2006a; Figure 3.1 right).

Parietal Parietal
Matrix

Squamosal S
quamosal
\ Squamosal Squamosal

Ossified
falx cerebri Ossified

Cavum falx cerebri

epiptericum
Dentary J

Lamina

obturans ‘ A p f ‘/
| Lamina
Basisphenoid ovale obturans

Foramen

Petrosal
Petrosal Basisphenoid

Figure 3.1. CT scans in coronal view forOrnithorhynchus anatinus (left) and
Obdurodon dicksoni (right) where an ossified falx cerebri is clearlyvisible (after
Macrini et al., 2006).

In contrast to platypuses, echidnas do not exhany falx (or tentorial)
ossification. The two families are very differemt their respective ecologies and
morphologies, with Echidnas being terrestrial wRlilaithorhynchus anatinus aquatic.

It is also believed thabdurodonwas aquatic as well, as the specimen was fourahon
aquatic deposit (Macrimt al, 2006a; but this assumption fails to acknowlettigebiased
nature of the fossil record, see Camens (2010juftiher discussion). The Short-beaked
echidna Tachyglossus aculeafuis an ant- and termite-eating specialist whike lthng-
beaked echidnas consume mostly earthworms, bathitina species will, on occasion,
prey on other small invertebrates such as beeatiethis and insect larvae (Abensperg
Traun and De Boer, 1992). Platypuses consume ghates, including snails,

crustaceans, crayfish, etc. (Holz, 2014).
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Family Species FossilOssif. falx | Reference
Tachyglossidae | Tachyglossus aculeatus x x Grant, 1834
Tachyglossidae | Zaglossus bartoni x x Grant, 1834
Tachyglossidae | Zaglossus bruijni x x Grant, 1834
Ornithorhynchidae| Ornithorhynchus x 4 Nojima, 1990a [after
anatinus Owen 1866]; Macrini,
2006a
Ornithorhynchidae Obdurodon dicksoni 4 4 Macrini et al, 2006a

Table 3.2. Species from the order Monotremata wheréhe condition of the falx is

currently known.

3.3.2. Marsupialia

The marsupials (infraclass Marsupialia) includeesewrders of mammals that, today,
mostly inhabit Australasia and South America (Magh&doet al, 2015); from these, no
data could be gathered for Notoryctemorphia, Mimtiteria or Paucituberculata, and
data for a single species of Didelphimorphia watsioled from Klintworth (1968). The
information retrieved for the remaining orders (IPa®morphia, Peramelemorphia and
Diprodontia) is based on examination of a singkxgpen for any given species and must
be treated with care. Also, it is unknown if thetteial ossification identified in some of
the specimens below was produced as part of ataitesraa postnatal process or even as

part of a clinical condition.

3.3.2.1.Didelphimorphia, Paucituberculata and Microbiotheri

Didelphimorphia (opossums and mouse opossums)jtBberculata (shrew-opossums),
and Microbiotheria (which is represented by a sngktant speciesbromiciops
gliroides, the “monito del monte”) are three orders of mpials identified in Nearctic
and Neotropical areas (Palma and Spotorno, 1998drtuinately, barely any information
could be gathered for these groups, either byeatass or personal observation. The only
exception to this is a mention in Klintworth (1968here he described the (unossified)
tentorium of the Virginia opossumDidelphis virginiand as a series of bilateral
symmetrical folds, in the same manner as membetseasrder Rodentia, and he noticed

the absence of a straight sinus (Figure 3.2). Qoirog diet, this species is omnivorous
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and highly opportunistic, including mainly inseetsd carrion, but also plant materials

such as fruits and grains (McManus, 1974).

™

Figure 3.2. A soft tentorium cerebelli from Didelphs virginiana. From Klintworth
(1968).

3.3.2.2.Dasyuromorphia

The marsupial order Dasyuromorphia comprises ttiéerent families: Thylacinidae,
Myrmecobiidae and Dasyuridae. Recent phylogeneiityaes (Westermaat al, 2016)
place Thylacinidae as a sister taxa of Myrmecokiigiad Dasyuridae. An examination of
a male skull of an adult Tasmanian tig@hylacinus cynocephalu$rant Museum,
specimen Z90, Figure 3.3) revealed extensive oss$ifin of the tentorium cerebelli, with

a well-developed tentorial process. However, a nmenab the Dasyuridae, a Yellow-
footed AntechinusAntechinus flavipegrant Museum, specimen Z98b) also examined,
did not exhibit ossification. No Myrmecobiidae sjpeens were available. Although now
extinct, it is believed that thylacines were exutak/ carnivores and are commonly
studied as an example of evolutionary convergeritethve wolf (Figueirido and Janis,

2011; but see the paper for a comparison betweethjtacine, the wolf and the tiger).
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Figure 3.3. The ossified tentorium cerebelli of a dsmanian tiger (Thylacinus
cynocephalus, Grant Museum, specimen Z90).

3.3.2.3.Peramelemorphia

An individual from the genu®eramelegPerameles nasutar long-nosed bandicoot;
specimen Z1684) and another from the gdeaedon(short-nosed bandicoot, specimen
Z1751) were examined (Figure 3.4). Both Peramele$ lsoodon possess slightly
developed osseous tentorial processes. They aupeploas part of a single subfamily
(Peramelinae) which is part of the family Peransdid@eredittet al, 2008). Bandicoots
exhibit a wide range of locomotor gaits and, as ieomes, commonly dig with their
forelimbs to get access to fungi and invertebrtitag together with plants, constitute the
basis of their diet (Warburton and Travouillon, 8D1
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Figure 3.4. Left: Perameles nasuta (long-nosed bandicoot; specimen Z1684). Right:

I soodon sp., (short-nosed bandicoot; specimen Z1751).

3.3.2.4 Diprotodontia
With over 125 extant species, Diprotodontia isléingest marsupial order. Although they

are mostly herbivores, some species are also imeeesd, nectarivores or folivores.
Concerning locomotion, they also exhibit a widegaof specializations, such as bipedal
locomotion, gliding, fossoriality or arboreality @vkdith, 2009). Despite being such a
diverse group, most Diprotodontia seem to possassossified tentorium. In
Macropodidae, this structure was already identibgdKlintworth (1968) in a Wallaby
specimen lacropus brownii and by Nojima (1988), who also found ossification
Dendrolagus the other Macropodidae genus. This was confirmeah examination of
two further species dflacropus Macropus giganteugEastern grey kangaroo; specimen
Z1681) andMacropus fuliginosug$Western Grey kangaroo; specimen Z1210). However,
the morphology varies between both species in baoe and length of the tentorial
process (Figure 3.5). IiMacropus giganteughe structure exhibits a characteristic
lanceolated shape with lateral blades, while tlsefied structure itMacropus fuliginosus

is shorter, wider and rounder.
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Figure 3.5 Left: Macropus giganteus (Eastern grey kangaroo; specimen Z1681).
Right: Macropusfuliginosus (Western Grey kangaroo; specimen Z1210).

No data could be gathered for Potoroidae, Burrde®yi Tarsipedidae and
Acrobatidae families but, for the rest of the gregpudied, the ossified tentorium is less
developed, and in some cases its existence is taimcefhe groups observed were
Pseudocheiridae (Ring-tailed possum; specimen ZFidgure 3.6, left), Petauridae
(Dactylopsila trivirgata Striped possum; specimen Z72) and Phascolarctidae
(Phascolarctos cinereyskoala; specimen Z699). In Phalangeridagichosurus
vulpecula Silver-grey Brushtail possum; specimen Z100, g6, right), the presence

of an osseous tentorium is also questionable.

Figure 3.6. Left: Pseudocheirus sp., Ring-tailed possum; specimen Z74. Right:
Trichosurus vulpecula, Silver-grey Brushtail possum; specimen Z100.
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3.3.3. Placentals

Mammalia is divided into two extant subclasses thgsemarily on the reproduction
method: Prototheria (monotremes) and Theria, winclude marsupial (metatherians)
and placental (eutherians) mammals. The great ihagrextant mammals belong to the
eutherians (Feldhamet al, 2015), but the amount of information availakde dural
ossification varies between the different groupstals currently missing for the orders
Scandentia and Dermoptera. From Hyracoidea, a &fmatavia capensigRock Hirax,
specimen number Z1743) was examined and no traiemtafrial ossification was found.
From Lagomorpha, Klintworth (1968) studied seveacamens of rabbitsdryctolagus
cuniculug and did not report ossification. From Chiropteaasingle fresh specimen of
Rousettus aegyptiacyEgyptian fruit bat, from the Pteropodidae familygs examined,
and again no ossification was found either. Negat@sults were also obtained for
members of the now defunct order Insectivora. Tittudes hedgehogs and tenrecs of
the family TenrecidaeTgnrec ecaudatyuspecimen number Z3064, aSdtifer setosys
specimen number Z610), a moonrat, from the familg&€eidae Echinosorex gymnura
specimen number Z606), and a European mole, froenfamily Talpidae Talpa

europaeaspecimen number Z600a).

The remaining placental groups are discussedtail delow.

3.3.3.1.Xenarthra

The superorder Xenarthra is one of the four mades of placentals, enclosing 31 extant
species of armadillos, anteaters and sloths (Dedsat, 2001; Tambusso and Farifia,
2015a). Many of these species are myrmecophagodstlarefore show feeding
adaptations for the consumption of ants and teemitethe cranium, this manifests in the
reduction or complete absence of dentition (losa@§ors and canines) and in the length
of the snout. Moreover, there are over 200 extyectera described, which include giant
armadillos and the giant sloth (Feldharaeal, 2015).

The order Pilosa, which comprises anteaters asttissldo not seem to exhibit
tentorial ossification. This was confirmed in tlanily Megalonychidagin a specimen

of Two-toed sloth Choloepus didactylysz130a, Figure 3.7; left) and in the family
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Myrmecophagidaein a specimen of Giant Anteatdfyfrmecophaga tridactylaz1554,
Figure 3.7; right).

Figure 3.7. Left: Choloepus didactylus, Two-toed sloth; specimen Z130a. Right:
Myrmecophaga tridactyla, Giant Anteater; specimen z1554.

The order Cingulata comprises the clades Dasygedoiliving and extinct
armadillos) and Glyptodontoidea (glyptodonts anchpatheres) (Tambusso and Farifia,
2015a). An osseous tentorium cerebelli is absegtyiptodonts, but is present in living
species of armadillos (Tambusso and Farifia, 20a68)in the extincPampatherium
humboldtii In an endocast fossil dPampatheriumfrom the Late Pleistocene, the
tentorium “spans across all the width of the cellebeand obliterates the transverse
sulcus” (Tambusso and Farifa, 2015a, Figure 3.8).
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Figure 3.8. Digital endocast of a fossil specimenf ®ampatherium humboldtii in
dorsal (left) and lateral (right) views. “..oct?..” indicates the location of a possible
osseous tentorium cerebelli. Scale bar 10cm. Aftdiambusso and Farifia (2015a).

In Dasypodidaethe shape of the ossified tentorium varies evetvéen very
closely related species, as in the cadeasypus kapplerDasypus pastasandDasypus
beniensisvhich, for a long time, have been considered sutisp®f a strongly polytypic
species. While irDasypus kapplerand Dasypus pastasaite tentorial process of the
parietals exhibits a rectangular shape (Figurel8f); in Dasypus beniensis adopts a
less developed but very distinct pentagonal shijgei(e 3.9; right) (Feijo and Cordeiro-
Estrela, 2016). Observations also confirmed th@argular shape of the tentorial process
in a specimen of the Nine banded armadidagypus novemcinctug134).
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Figure 3.9. Variation in the shape of the tentorialprocess in two closely related
species ofDasypus. Left: Dasypus kappleri, rectangular shape; Right: Dasypus
beniensis, pentagonal shape. After Feijo and Cordeiro-Estrel (2016).

Family Species Fossil Ossif. tent. Reference
Megalonychidae | Choloepus didactylus x x Grant Museum (specimen Z130a)
Dasypodidae Dasypus kappleri x v Feij6 and Cordeiro-Estrela (2016)
Dasypodidae Dasypus pastasae x v Feij6 and Cordeiro-Estrela (2016)
Dasypodidae Dasypus beniensis x v Feij6 and Cordeiro-Estrela (2016)
Dasypodidae Dasypus novemcinctus x v Grant Museum (specimen Z134)
Myrmecophagidag Myrmecophaga tridactyla x x Grant Museum (specimen Z1554)
Glyptodontinae | Pseudoplohophorus absolutys v’ x Tambusso and Farifia (2015b)
Pampatheriidae | Pampatherium humboldtii v v Tambusso and Farifia (2015a)

Table 3.3. Species from the superorder Xenarthra where the catition of the

ossification of the tentorium is currently known.

3.3.3.2.Primates
There is perhaps no other animal order where thatification of a bony tentorium

cerebelli is as elusive as in Primates, where ioasibn varies greatly across families and
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where there are even conflicting descriptions am@sgarchers (see below). Primates
radiated in the Paleocene and Eocene, having eadetalall continents by the mid-
Tertiary with the exception of Australia. Becaudetlrese radiations, two different
suborders can be identified today, Strepsirhini blaghlorhini. Together, they can be
subdivided into 14 families that comprise about €x@ant species (Feldhamet al,
2015). Tentorial ossification in this group maytbeced back to their earlier ancestors,
the Plesiadapiformes, with Kagt al (1992) describing a cranial fossil specimen of

Ignacius graybullianusvith a distinct osseous tentorium cerebelli.

3.3.3.2.1.Strepsirhini

Strepsirhini is composed of seven living familidorisidae, Galagidae, Lemuridae,
Lepilemuridae, Indriidae, Daubentoniidae and Clgateidae; the last five form the
superfamily Lemuroidea) and three extinct ones @adppidae, Archaeolemuridae, and
Palaeopropithecidae) (Feldhametr al, 2015). According to Horovitz and McPhee
(1999), Lemuroidea have a characteristic T-shapetbtial ossification in front of the
petrosal apex very distinct from any ossificationrfd in Platyrrhini. This structure was
identified in the Lemur aye-ayeD@ubentonia madagascarienkiby Saban (1975),
(Figure 3.10). However, Nojima (1990) also studggecimens from the families
Lemuridae (emur cattaand Eulemur monggz and Lorisidae l{oris tardigradus,
Nycticebus Coucangnd Galago senegalengisnd found that they did not present an
osseous tentorium. It is unknown if the specimerdyaed by Nojima lacked any trace
of ossification or the author disregarded the Tpglabony structured identified by

Horovitz and McPhee due to the absence of extemsisiication.
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Figure 3.10. Anterior portion of a cross-section ofthe right temporal bone of
Daubentonia madagascariensis. The osseous tentorium cerebelli is indicated byé
number 17 (Saban, 1975).

The current work contributes to the study of Strdpni by analysing specimens
from the families IndriidaeRropithecus sp specimen number Z405), Galagidé@akago
sp., specimen number Z2361) and Cheirogalei@de{rogaleus spZ411) and confirms
the absence of a bony tentorium with its correspantentorial process. No specimens
from the family Lepilemuridae could be studied. Mtreless, inCheirogaleus and
particularly inPropithecus(Figure 3.11 left and right, respectively) the qmece of a
well-developed internal sagittal crestita sagittalis internawas identified. This crest
serves as the attachment of the falx cerebri as@itommon occurrence in other species,
for example in dogs (Evans and De Lahunta, 2018)irbthe case dPropithecuss so
extensive that it could perhaps be regarded astmlpassification of the falx cerebri.
Because no other specimens were available for stildig not known if this is

characteristic of the species observed or partaiihacal condition.
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Figure 3.11. Two specimens from the superfamily Learoidea with an extensive

internal sagittal crest (crista sagittalis interna). Left: Cheirogaleus sp., Z411. Right:
Propithecus sp., Z405.

3.3.3.2.2Haplorhini

Haplorhini are composed of seven living familiesar@idae, Cebidae, Pitheciidae,
Atelidae, Cercopithecidae, Hylobatidae, and Honde)d and four extinct ones
(Omomyidae, Parapithecidae, Oreopithecidae, anapiftecidae) (Feldhamest al,
2015). Two sister taxon can be identified: Platyririfor New World Monkeys) and
Catarrhini (Old World Monkeys).

While there is no tentorial ossification Trarsiusor catarrhines (Nojima, 1990a;
Kay et al, 2008; Figure 3.12), its existance in most ext@latyrrhini seems to be
disputed. According to Horovitz and McPhee (1998),these species the osseous
tentorium “extends behind the subarcuate fossaelsas above and in front of it.”
However, the degree of tentorial ossification vameross families. In Pitheciidae and
atelines it is more extensive while in callitricbgit is reduced to the area of the tentorium
that is attached to the petrosal apex (Horovitz EiutPhee, 1999; Kagt al, 2008).
Horovitz and McPhee (1999) also reported that msdibn in Saimiri varies among
specimens: in some occurrences it is similar totcahines, but in others no tentorial
ossification was found. Its presence in the atelfieles geoffroyandAteles paniscus
(black-handed spider monkeys and black spider m@nkeespectively) was also
confirmed by Nojima (1990a), who described varmgioin the extension of the

ossification across specimens that, in any casesrmeached the inner surface of the
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occipital bone (Figure 3.13 and Figure 3.14). Sampgly, however, Nojima did not
report ossification in any other members of Pldutyrir

Kay. Foss . &Smons, Figie 3

No ossified tentorium
Canal for petros quamous
sinus
Trabeculated
AAC

.
oal

/ ' Tympanic cavity with
Basioccipital overlaps tubular tympanic
petios al

No ossification in
tentorium cerebelli

/_,_,, Subarcuate foss a .

C arotid canal

Figure 3.12. CT- scan cross sections illustratindgie absence of an osseous tentorium
cerebelli in two species of Haplorhini. Left:Tarsius bancanus (currently assigned to
the genus Cephalopachus; see Groves and Shekell®1@); Right: Miopithecus

talapoin, an extant cercopithecoid catarrhine. After Kayet al., 2008.

Figure 3.13. Two specimens dhteles geoffroyi (A and B) and two ofAteles paniscus
(C y D) showing different degrees of tentorial osBcation. The black line indicates
the boundary area between the osseous tentorium arttle petrosa. After Nojima
(1990a).
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Figure 3.14. Left: midline bisection of a digital nodel of Ateles geoffroyi showing the

tentorium cerebelli (Jeffery et al. 2008). Right: Medial view of sagittal section of
Callicebus moloch. The osseous tentorium cerebelli is indicated byhé number 13
(Horovitz and McPhee, 1999).

The discrepancies in the assessment of the pesenmabsence of tentorial
ossification in the two studies by Horovitz and MeR (1999) and Nojima (1990) are
surprising. They occur in all members of Callitiatde that were observed and most of
the Cebidae; where Horovitz and McPhee (1999) iffetite existence of ossification,
Nojima (1990) does not, concluding that “the exiseeof a clear BT (bony tentorium)
appears to be peculiar to spider monkeys amongapeshh To try to shed some light on
the issue, two specimens of Cebidae from the Gdaiseum Cebus spspecimen number
Z910, andAotus trivirgatus specimen number Z414) were observed. An extensive
ossification of the tentorium was found in the femmspecimen, but only partial
ossification in the latter (Figure 3.15; left andidie, respectively). Ossification #otus
trivirgatus was also seen by CT-scans in another specimendikaly 2008; Figure 3.15;
right). Given that ossification in spider monkeydgles geoffroyandAteles paniscys
occurs during the course of aging (Nojima, 199@a)uld be that the discrepancies are
due to a varying degree of ossification in thedenm of individuals of the same species,
either from this or from other causes. However,@arextensive and systematic study

would be necessary to solve the issue.
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Figure 3.15. Left: Cebus sp, specimen number Z910; Middle:Aotus trivirgatus
(Three-striped night monkey, specimen number Z414)Right: CT-scans showing

ossification of the tentorium cerebelli inAotustrivirgatus (Kay et al., 2008).

Tentorial ossification is also present in oldeg@mens, such as extinct Platyrrhini
from Early Miocene to Recent. As described by iKagl.(2008), in these fossils tentorial
ossification “begins proximally along the petrosadd encases the superior petrosal
venous sinus, if present. It extends medially,altih never forming a complete sheet of
bone as occurs in some carnivorans.” Ossificatisnpresent inDolichocebus
Tremacebus Parapithecus grangeri(Figure 3.16; left)Proteopithecus slyviaand
Catopithecus brown(Figure 3.16; right), and iRaralouatta varonaandCebupithecia
from the family Pitheciidae (Horovitz and McPhe899). It is absent iAegyptopithecus
zeuxisandOmomygqKay et al, 2008).

Tentorium cerebelli Subarcuate fossa

C artmills canal

Figure 3.16. Left: Coronal CT slice from a fossil gecimen ofParapithecus grangeri
(from the early Oligocene, Egypt); Right: Fossil spcimen of Catopithecus browni
from late Eocene, Egypt, showing ossification of thtentorium cerebelli. After Kay
et al., 2008.
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3.3.3.3.Carnivora

Carnivora is comprised of 16 families and aroun@ 8pecies. Obviously, the majority
are carnivorous (although not all; bears, for examare omnivore), but their feeding

habits vary enormously. The order is divided in th® suborders Feliformia and

Caniformia. The former includes seven families: ida#, Herpestidae, Hyaenidae,
Viverridae, Eupleridae, Nandiniidae and Prionodierti. The latter comprises Canidae,
Ursidae, Mustelidae, Procyonidae, Mephitidae, Adae, Odobenidae, Otariidae and
Phocidae; the last three are aquatic and refewhectvely as “pinnipeds” (Feldhamer

et al, 2015).

In Carnivora, the osseous tentorium is preseadnrost all species studied, and
the osseous falx appears in all pinnipeds andengémudJrsus The majority of the
systematic work describing and classifying thesgctdires in carnivorans was performed
by Nojima (1990c), who observed 48 different specand created four different
typologies based on the degree of ossificationhef tentorium (which were briefly
discussed in Chapter 2). Nojima discovered thanast families the osseous part of the
structure reached or crossed the petrosa, butsgiBoation was even more extensive in
Felidae, Viverridae and Hyaenidae where, in addjtihe tentorial process projected
from the whole occipital border of the parietal boin contrast, he also noted that in
some Phocidae and all Canidae the osseous tentaigimot reach the base of the

cranium and, in the case of Phocidae, the tentpraess was also missing.

The only exception seems to be the family Mepaéidvhich does not exhibit any
degree of ossification whatsoever in the tentorizarebelli. This peculiarity was first
identified by Nojima (1990c) in the Striped Skunklgphitis mephitis and then
confirmed by Bryanét al. (1993) and by the recent examination of two furpecimens
from the Grant Museum (Z376 and Z375; Figure 3.There is also no trace of an
osseous tentorium cerebelli in tR®nepatusfossil specimen described by Gonzalez-
Guarda (2009). For a full list of members of thenilg Mephitidae described in the

literature, see Table 3.4.

Among aquatic Carnivora, ossification of the fabrebri is commonplace. It can
be found in all pinnipeds: Otariidae, Odobenidad &mocidae (Nojima, 1990c). In
terrestrial Carnivora, the ossification of the fedonly present in the family Ursidae, but
not in all species. It is absent in the Sloth {&&lursus ursinusand in the Asian black
bear Ursus thibetanus(Nojima, 1988; Nojima, 1990c). When it is preséht osseous
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falx is partial, and formed not by strict ossifioat of the falx cerebri but by two osseous

plates that protrude from the most anterior patheftentorial process (Nojima, 1990c).

Genus Species Common name n° Reference
Conepatus | Unidentified fossil 1 | Gonzélez-Guarda, 2009
Conepatus | Conepatus chinga Molina's Hog-nosed| 6+1 |Bryantet al, 1993; sp. Z376

Skunk
Conepatus | Conepatus humboldtii | Humboldt's hog- 6 |Bryantetal, 1993
nosed skunk
Conepatus | Conepatus Western hog-nosed| 8 |Bryantetal, 1993
mesoleucus/leuconotusg skunk
Mephitis Mephitis mephitis Striped skunk 1+7+1| Nojima, 1990c; Bryanet al, 1993;
sp. Z375
Mephitis Mephitis macroura Hooded skunk 3+1 | Bryantet al, 1993; sp. Z375
Mydaus Mydaus javanensis Sunda stink badger| 14 |Bryantet al, 1993
Mydaus Mydaus marchei Palawan stink 7 | Bryantet al, 1993
badger
Spilogale | Spilogale putorius Eastern spotted 13 |Bryantet al, 1993

skunk

Table 3.4.List of species of the family Mephitidae that do nbexhibit any trace of

tentorial ossification (n° refers to the total numler of specimens observed for the

given species; specimen Z375 of the Grant Museum wadabelled as either an

individual from Mephitis mephitis or from Mephitis macroura).

Figure 3.17. Two species of the family Mephitidaeh®wing absence of an osseous

ossification. Left: Molina's Hog-nosed Skunk Conepatus chinga; specimen number
Z376); Right: Striped skunk (Mephitis mephitis) or Hooded skunk (Mephitis
macroura), specimen number Z375.
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Tentorial ossification has also been recordedlispecies of Ursidae that have
been studied (Nojima 1990c; Dong, 2008; Figure B.&luding two fossil specimens
from Ailuropoda. Referring to that figure, it appgdhat there is a steeper inclination of
the tentorium cerebelli in the giant pandas (a, esmkcially b and c), but it is much less
inclined in the polar bear specimen (Figure 3.)§Dbng, 2008).

Table 3.5 summarises the presence or absencefiddssiral folds in all Ursidae species
studied.

Figure 3.18. Sagittal CT-slices of four species dafrsidae, showing the tentorium
cerebelli (te); a: Ailuropoda microta; b: Ailuropoda baconi; c: Ailuropoda
melanoleuca; d: Ursus maritimus. After Dong (2008).
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Ossif.

Genus Species FosgiOssif. Fax|  Tent. References

Nojima, 1988; Nojima, 1990c
Thalarctos| Thalarctos maritimus x v v Dong, 2008
Ursus Ursus arctos x v v Nojima, 1988; Nojima, 1990c
Ursus Ursus arctos middendorffi v v Nojima, 1988; Nojima, 1990c
Melursus | Melursus ursinus x x v Nojima, 1988; Nojima, 1990c
Ursus Ursus thibetanus x x v Nojima, 1988; Nojima, 1990c
Ailuropoda| Ailuropoda melanoleuca x ? v Dong, 2008
Ailuropodal Ailuropoda microta v ? v Dong, 2008
Ailuropoda| Ailuropoda baconi v ? v Dong, 2008

Table 3.5. List of species of Ursidae observed irrgvious studies and the status of

ossification of their falx cerebri and tentorium ceebelli.

In Mustelidae, an osseous tentorium has been wdxsen 30 different species
(Nojima, 1988; Nojima, 1990c; Bryant, 1991; Bryahal, 1993; Heet al, 2002). In this
family, ossification tends to be moderate in thedialeportion and weak in the laterals

(Bryantet al, 1993). It has also been found in the fossil récor Howellictis valentini
(de Boniset al, 2009; Figure 3.19, right).
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Figure 3.19. Tentorial ossification in Mustelidae.Left: Midsagittal view of the

cranium of a ferret (Mustela putorius furo) (He et al., 2002); Right: CT-scan,

longitudinal section of the fossiHowellictis valentini (de Boniset al., 2009).
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In Feliformia, the osseous tentorium cerebelliegyp to be more developed than
in Caniformia, in many cases with a clearly-shagediorial process and ossified tentorial
wings (Figure 3.20, left). This has been confirnmedeveral species from the Felidae,
Hyaenidae and Viverridae families (Nojima, 1990€oncerning Herpestidae, a
mongoose specimen from the Grant Museum was stuiHedoestes spspecimen
number Z366; Figure 3.20, right), identifying a lnd¢veloped osseous tentorium, with
an asymmetric medial portion, which may be a consege of a possible breakage.

Cerebral fossa (posterior)  Tentorium  Cerebellar fossa (anterior)

Figure 3.20. Left: Medial view of a parietal bonem Felis silvestris catus, showing a
completely ossified tentorium cerebelli (Sebastianand Fishbeck, 2005); Right:

Herpestes sp (specimen number Z366).

In the suborder Feliformia, the tentorium ceralhelk also been found in the fossil
record of members of the families Nimravidae andbBarofelidae, which are catlike
carnivorans from the late Eocene to the late Mieceith very similar morphology to
felids and sometimes referred as false sabre-tdathts. InBarbourofelis the osseous
tentorium cerebelli extends ventrally until reachithe anterior end of the petrosa
(corresponding to the type A-Il in Nojima’s clagsdtion) while in the nimravidBinictis
andHoplophoneughe ossification is more reduced, as it is in et@anidae (Bryant,
1991).

3.3.3.4.Sirenia
Sirenia are aquatic and strictly herbivorous. Todhgre are only two extant families:

Dugongidae, with a single living species, the Dug@ugong dugoj and Trichechidae,
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with three living species of manatees. Two extiaatilies that are well-represented in
the fossil record, Prorastomidae and Protosirenjdaklhameet al, 2015) must also be
noted. The prorastomids were amphibious quadrupetie protosirens had “complete
hindlimbs but a weak sacroiliac joint that probaptgcluded quadrupedal locomotion on
land” (Domninget al., 2010).

In his description of sirenian fossil specimensnidinget al (2010) identifies
both an ossified falx and an ossified tentoriunwio species of Dugongidae, but he also
notes the absence of ossification in two speciedmitosirenidae, describing the
endocranial surface as smooth and only referrirtigiatly marked” dural folds in one
of the Protosiren smithaespecimens (see Table 3.6 below). A descriptiontwad
specimens oDioplotherium allisoni(Dugongidae) informs us of different degrees of
ossification among individuals of the same spediesine of the fossils described, the
osseous tentorium is underdeveloped and the ossabuslisappears halfway to the
frontoparietal suture; in the other, the falx rescthe suture and the tentorium is missing

in the area lateral to the internal protuberaneeTdledo and Domning, 1989).

In extant species, Nojima (1988) found falx cerelssification both in Dugong
and at least in one species of Trichechida&letus manatys In these two cases, no

tentorial ossification was recorded.

Family Species Fossil| Oss. falx Oss. TenReferences
Eotheroides
Dugongidae |aegyptiacum

Dugongidae | Eosiren imenti

Domninget al, 2010

Domninget al, 2010
de Toledo and Domning,

Dugongidae | Dioplotherium allisoni 1989
Dugongidae | Dugong dugon Nojima, 1988
Trichechidae | Trichetus manatus Nojima, 1988

Domninget al, 2010
Domninget al, 2010

Protosirenidae | Protosiren fraasi
Protosirenidag Protosiren smithae

N EIEIANAYA
LEENANANENEENAN
LR NN AN

Table 3.6. List of species of the order Sirenia obsved in previous studies and the

status of ossification of their falx cerebri and tatorium cerebelli.

3.3.3.5.Perissodactyla and Artiodactyla

The Perissodactyla is a very diverse order, botarims of locomotion and morphologies.
It is composed of three families (Equidae, Tapeidand Rhinocerotidae), but all its
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species have in common is that they are mediuarde lterrestrial herbivores (Feldhamer
et al, 2015). In Equidae, an ossified tentorium cedeliels been identified in four
speciesEquus caballugNojima, 1988; Solano and Brawer, 2004; FigurelB.Equus
burchelli, Equus zebraand Equus hemionugNojima, 1988). A single specimen of
Tapirus indicugfamily Tapiridae) was also observed; (specimen lmemz163), where
only a slight lateral ossification of the tentoriuvas found.

’7 . - ’
Tentorium cerebelli osseum

G

Figure 3.21. Left: Transverse section of a CT scasf an Equuscaballus head (horse).
The osseous tentorium is indicated by number 4 (Soto and Brawer, 2004). Right:
Tentorium cerebelli of an Equus caballus (Schmidt, 2015).

While perissodactyls consume fibrous vegetatiotip@actyls, which are very
different in terms of shape, are more selectives Binder is composed of 10 terrestrial
families, not counting Cetacea, an infraorder efahder Artiodactyla and a sister group
to the family Hippopotamidae (Feldhanedral, 2015). For the purposes of this work,
Cetacea is described in detall first, before prdoegto the remaining terrestrial families
of Artiodactyla.

3.3.3.6.Cetacea

The infraorder Cetacea is composed of one extuimirsler (Archaeoceti, which survived
until the Late Eocene) and two extant suborderson@mteti (toothed whales, dolphins
and porpoises, comprising 75 living species fromfddilies) and Mysticeti (Baleen

whales, comprising 14 living species from four faes) (Ridwayet al, 2017). There is
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some evidence of dural ossification in Archaeodetithe Protocetida€arolinacetus
gingerichi from the Late Middle Eocene, an underdevelopaified tentorium projects
from the occipital (Geislegt al, 2005). In extant Cetacea, however, dural ossifinas

limited to the Odontoceti.

In this suborder, ossification of both the falxed®i and the tentorium cerebelli
occurs in Ziphiidae, Monodontidae, Delphinidae Bhadcoenidae families. In the sperm-
whale Physeter macrocephalws Physeter catodgronly the falx cerebri is ossified, a
condition that does not affect other members ofRhgseteridae from the genus Kogia
(Nojima, 1990b). These structures are observelearidssil record as well, in an extinct
member of the delphinids (in Globicephaline remaihghich the species is unknown,
Boesseneckest al, 2013), and phocoenidsléborophocoena toyoshimachishima and
Kimura, 2005; Ichishima and Kimura, 2013; Figurg23.left). In the latter, the osseous
tentorium consists of a small portion in the ardeere it joins with the osseous falx.
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the cranial cavity
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sinus canal R
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Figure 3.22. Left: Osseous falx cerebri in a fossgpecimen ofHaborophocoena
toyoshimai in posterior view (Ichishima and Kimura, 2013). Ridt: CT coronal slice

of a Tursiopstruncatus (Colbert et al., 2005).

Other families from the order Cetacea did not skigus of ossification. This was
the case for Balaenidae, Balaeonopteridasghrichtiidaeand Platanistidae (Nojima,
1990b). It is important to note that Nojima onlyaexined one specimen of narwhal

(Monodon monocerdsand did not observe the structures directly, intgrred their
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presence from the roughness of the internal o@tiprbtuberance. There does not appear

to be any information about Neobalaenidae mening#ee literature.

3.3.3.7.Artiodactyla

With the exception of Cetacea, dural ossificatiAitiodactyla has yet to receive proper
attention by researchers. As a result, four spawsnfeom the Grant Museum were
studied, belonging to different familieBabyrousa babyrussguidae, specimen Z111),
Giraffa camelopardaligGiraffidae, specimen Z116Rdocoileus virginianug¢Cervidae,
specimen Z224) anslladoqua phillipsi(Bovidae, specimen Z2251). No signs of falx or
tentorial ossification were observed, althoughhdwdd be noted that specimen Z116 was
a juvenile and the posterior part of the craniumspécimen Z2251 was broken and
partially missing. In this last case, evidence of assified tentorium cerebelli was
provided by Poggest al. (1982, Figure 3.23) who described in detail a nhddeloqua
embryo in an advanced stage of development. Akdérpt has been included here, given
the amount of detail provided and the general laicknformation in literature about
tentorial prenatal ossification:

“[...] the front part of the lamina parietalis hasbeaesorbed, so that there is no longer a
commissura orbito-parietalis. However, soon aftedsaa strong ossified tentorium
grows out from the dorsal region of the periotimithe ligamentous tissue which has
taken the place of the lamina parietalis. Thisdeain is triangular in shape and joins the
posterior margin of the orbitosphenoid, while anataof it, which is also ossified, joins
the dorsum sellae (which is very large both in piles and adults). This tentorium
ossifies quite early and a further bony lamellangng in a dorsal direction from the point
where the apex of the temporal joins the basispdef@and thus topographically
corresponding with the pita antotica vera) joingthwts tip, the lower surface of the

ossified tentorium described above.” (Poggtsl, 1982)

According to Nojima (1988), therefore, the osseoaistorium of Madoqua

phillipsi would be assigned to the Carnivore type.
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Figure 3.23. Crania ofMadoqua phillipsi. Left: specimen from the Grant Museum
(Z2251) in ventral view; Right: Drawing of the insde view of an adult female
Madoqua cranium in dorsal view, showing ossificatin of the tentorium cerebelli
(the left branch of the alisphenoid and the anteriopart of the right tentorium has

been removed; Poggest al., 1982).

There is also evidence of an osseous tentoriuabe#lrin specimens damelus
dromedarius(Al-Sagair et al, 2002; El Allali et al, 2017), where the structure is
described as being composed of a lateral tentpriadess formed by the parietal and
temporal bones and “a sharp crest extending véntalthe basal part of the cranium
cavity” (El Allali et al, 2017). Moreover, an osseous tentorium has also laentified
in fossilized remains of Merycoidodontoidea, somes referred to as oreodonts
(Macrini, 2009). Apart from this, no referencesttte remaining Arctiodactyla families
have been found in the literature. Of particulaenast would be to assess the dural

condition in Hippopotamidae, given its sister rglaship with Cetacea.

73



3.3.3.8.Tubulidentata and Pholidota

As was the case with superorder Xenarthra, botarser@holidota and Tubulidentata are

mainly myrmecophagous - which explains why theyreshaome convergent
morphologies — although these groups are not gibsgogenetically. On one side,
Pholidota is composed of eight species of pangghetdhameet al, 2015). Of these,
seven have been studied by Gaudin and Wible (19@6ntifying a well-developed
ossified tentorium that extends to the roof of dnanial cavity. On the other hand,
Tubulidentata is currently composed of one Fant@yytteropodidae) with one species,
Orycteropus aferknown as the aardvark (Feldhareeal, 2015). According to Shoshani
and McKenna (1998), this species possesses amedsghtorium that is very similar to
the one in members of Pholidota.

Additionally, two crania of an unidentifielanis species were observed in the
Grant Museum (specimen number Z556, which was ceepof two skulls). One of
them (Figure 3.24, left) had a well-developed osgsetntorium, U-shaped and with
complete tentorial wings. In the second, the stmactvas broken and missing, but part of
a possible osseous tentorium still remained ingidecranial cavity (Figure 3.24, right).

Fossil specimens of pholidotans Palaeanodon (Ed®y0) and Patriomanis
(Gaudin and Wible, 1999) also have an osseousrtentpalthough, in this case, the
structure presents a lesser degree of ossificttenmin other individuals dflanisand is

only developed “inferiorly on petrosal” (Gaudin avtble, 1999).

Figure 3.24. Two craniums oManis sp. (specimen number Z556). Left: The osseous
tentorium is complete and U-shaped. Right: The osees tentorium is broken and
missing, but part of it can still be observed in tie endocraneal cavity.
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3.3.3.9.Rodentia

With the highest number of species (close to 2, 36®@dentia is by far the largest
mammalian order (Feldhamet al, 2015). There are currently 36 extant families of
Rodentia but, concerning dural ossification, onlyeay small number have received
attention by researchers. Klintworth (1968) destithe unossified tentorium of rodents
such asCavia porcellus Mus musculusor Rattus norvegicusas two bilaterally-
symmetrical folds or dural partitions, thus confingthat in these species the structure
was under-developed. Therefore, dural ossificatioRodentia seemed unlikely and, in
fact, Nojima (1990c) assumed that all rodents ldcke ossified tentorium. However, the
existence of an osseous tentorium in three speaiekleteromyidae Dipodomys
Microdipodopsand Perognathusthe latter with a lesser degree of developmeat) h
already been observed by Nikolai (1983). Sometimederred as “kangaroo rats”,
Heteromyidae are bipedal, saltatorial rodents. Aldbem, Nikolai described “well-
formed bony partitions [that] project medially frothe otic capsules into the space
between the cerebral and cerebellar lobes of thie.br..] These partitions, which tend
to compartmentalize the brain within the craniunppear to be true tentorial

ossifications.”

In order to confirm dural ossification in Rodentieur specimens from different
families were observed. Although heteromyids wereavailable at the Grant Museum,
a specimen of DipodidadDipus sp Z209) was studied, a family which shares with
heteromyids the saltatorial method of locomotigpe@mens of the families Hystricidae
(Hystrix indica Z1219b), Caviidae Hydrochoerus hydrochaeris Z188) and
Dasyproctidae asyprocta spZ3044) were also studied. Observations (Figus)3.
confirm the presence of endocranial partitiondanfour specimens, but they were much
less developed in specimen Z188. Whether these@uasgmartitions can be regarded as
true tentorial ossification may require furtherastigation.
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Figure 3.25. Internal osseous partitions in the slis of three rodent species. Left:
Dipus sp, Z209; Middle: Hystrix indica, Z1219b, detail of a possible left tentorial
wing; Right: Dasyprocta sp, Z3044.

3.3.4. Dural fold ossification in the fossil record

As happens with all osseous materials, in certaoumstances ossification of the dural
folds is preserved in the fossil record. The compiace use of computer tomography
and digitalization in paleontology during the lagb decades has allowed researchers to
analyse the endocranium of fossil skulls with uopoented detail. Because of this, today
there is a significant number of testimonies obaseous falx or tentorium in mammals
and pre-mammals. Some of them — in particular,eghoere closely related with extant
species — have been already discussed in the pmgattions, but there are many others,
and this chapter would not be complete without sanamg some of the most relevant

ones.

The earliest evidence of osseous tentoria can rheed back to basal
mammaliaforms, during the Mesozoic Era, in specsnenSinoconodonTriconodon
mordax and Morganucodon(Kermack, 1981). However, it should be noted ttnet
existence of an osseous tentoriunviorganucodoris questioned, and has been disputed
(Jaworowska, 1996; Jaworowska al, 2004). Both an osseous falx and a diamond-
shaped osseous tentorium have also been found Bpegimen ofVincelestes
neuquenianusa Cretaceous theriiform mammal from Argentina ¢hta et al, 2007;
Figure 3.26).
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Figure 3.26. CT- scans showing the presence of asseous falx cerebri (left) and a
fragmented osseous tentorium cerebelli (right) in dossil specimen olVincelestes

neuquenianus (Macrini et al., 2007).

In the disputed group Condylarthra, consideretdéacomposed by a series of
primitive ungulates from the Paleocene-Eocene dsriblyopsodus lepidugfamily
Hyopsodontinae) presents an osseous tentoriumeirsttpe of a thick crest of bone
(Orliac et al, 2012). Tentorial ossification has also been foumdour genera of
Notoungulata from the families Oldfieldthomasiid@édfieldthomasiy Hegetotheriidae
(Paedotheriurp InteratheriinaeGochiliug, and NotohippidaeRhynchippus(McPhee,
2014; Dozo and Martinez, 2015). In notungulates odseous tentorium is formed by the

confluence of the petrosal crest, the supraoctpital the parietal bone (McPhee, 2014).

The ossification of the tentorium cerebelli hagmbalso observed in creodont
fossils, a group of basal carnivores that appeardatie Late Cretaceous and became
extinct in the Miocene (Feldhamet al, 2015). Polly (1993) affirmed that the osseous
tentorium differed in shape and position betweeso@onta and Carnivora, but could be
considered homologous, since it served to sepdnateerebral hemispheres and the
cerebellum in both cases. To illustrate the diffiees, a detailed description of the
osseous tentorium oHyaenodon exiguugCreodonta: Hyaenodontidae) and its

comparison with the Canid tentorium is transcribefill below:

“[...] the tentorium cerebelli [...] is formed by th@&isphenoid, alisphenoid, squamosal,
and parietal. The tentorium meets the floor oftire@ncase anterior to the foramen ovale,
considerably anterior to its position in CarnivdraCanis the tentorium meets the floor

of the braincase posterior to the foramen ovaleiaridrmed by a crest of the petrosal
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which is inclined posterodorsally at the rear of ttranial cavity. InrHyaenodon the
tentorium is located anterior to the petrosal dmele is no petrosal crest. It is more
vertical and more anteriorly placed ityaenodornthan inCanis concomitant with the

smaller, more anteriorly placed cerebral hemisgherelyaenodoti (Polly, 1993)

A much older account (Wortman, 1894) describegiogson of the tentorium of
Patriofelis ferox(a species from another family of Creodonta: Oryjdae) as extremely

limited or even non-existent.

3.4.Discussion

This extensive review includes most of the literatcurrently available and supplements
the data with findings from the Grant Museum in atempt to provide a more
comprehensive account about ossification of the #&ld the tentorium in Mammalia.
After gathering this data together for the firghei, the two hypotheses outlined in the
introduction can now be revisited and discussedore detail, either to see if there is any

supporting evidence or to dismiss them.

3.4.1. Dural ossification as a result of diet

As discussed before, Nojima (1988) created a distin between the dural folds that
ossified prenatally and those that ossified dutimg course of aging; he named these
carnivore type and dolphin type. Dural ossificatasia consequence of dietary intake
would obviously only provide a viable explanation $pecies of the second group, which
mainly includes some cetaceans (Delphinidae andd@midae) and primates (Cebidae)
because, although it is known that maternal dietfigctor which potentially affects the
osseous development of the offspring (Hurley, 198Brader and Zeman, 1973), no
evidence seems to indicate that it can produceistens ossification of the soft dural
structures (and, anyway, it could not account foe uniformity exhibited across
individuals of the same groups, such as Felidsg Garnivore type is much better-
represented than the dolphin type, because it gmasses all Carnivora, Sirenia,
Perissodactyla (Equidae), Marsupialia (Macropodideel some Cetacea (Physeteridae
and Ziphiidae). In the embryology of humans, therk parts of the tentorium cerebelli

begin its basal development after circa 41 daysh Bderal parts become fused at a later
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stage forming the full tentorium (O’Rahiligt al, 1986). The development of the falx
cerebri occurs simultaneously in two independemtiguus, an anterior and a posterior
part. They both fuse together early (after circa&ys; O’Rahillyet al, 1986). According
to a study of Tsitouridist al. (2006) which analyzed 40 human specimens, disatede
ossification is more frequent in the anterior paEfrthe structure. However, it must be
noted that, in species classified in the Carnitgpe, falx ossification mostly occurs in
the caudal region, which is the one that develop® the dorsolateral continuation of the
tentorium in humans (O’Rahillgt al, 1986), and also the part that usually ossifies in
groups such as pinnipeds and the genus ursus,ighle osseous portion of the falx
marks a continuation with the tentorial processjifNa, 1990c). Unfortunately, apart
from isolated references in the literature (for mpée in the case oMadoqua
(Artiodactyla; Poggeset al, 1982)), there is little information about theepatal stages

of the dural folds so, currently, information foany mammalian orders is missing.

Nojima (1988) initially suggested that the gradaasification of the falx and
tentorium that characterised the dolphin type cdaélch consequence of an excess intake
of vitamin D, calcium and phosphorous, and he stpddhis hypothesis by arguing that
the standard diet of a captive bottlenose dolptonldcause vitamin D toxicity in most
mammals. However, he later retracted this hyposhesien he found out ontogenetic
ossification of the tentorium cerebelli in captiypider monkeysAteleg which had been
fed throughout life with a diet with no particuldigh contents of vitamin D and compared
it with the unossified tentorium of other primafeesies which had been fed with similar
diets (Nojima, 1990a).

Despite this conclusion, the hypothesis deservetoser scrutiny, not only
because of the discrepancies between Nojima aret atlthors concerning ossification
among the Platyrrhini, but also because it has Heeronstrated that an inadequate intake
of vitamins — not limited to vitamin D — calciumdminerals in a diet may result in bone
alterations and, in some cases, cranial thicke(@igandraet al, 1999; O’'Regan and
Kitchener, 2005; Palacios, 2006). There are marigiemis that are related with bone
health and bone remodelling, including, but notitiea to, vitamins A, B, C, D and K,
calcium, proteins, magnesium, phosphorous, flucaite copper (Palacios, 2006), but it
must be borne in mind that these nutrients intewattt one another and that merely
observing isolated levels of consumption of onegh@fm may not be sufficient. For
example, boron and iron increase absorption ofrath&ients, such as vitamin D and
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calcium (Palacios, 2006). Considering all typesaft-tissue mineralization, it appears
that other vitamins may be involved. For exampitgamin K insufficiency can cause
severe calcification of soft tissues (Theuwiss#nal, 2012), although it does not
necessarily induce calcification of the dura mdegralone ossification. There is no doubt
that the species belonging to the Carnivore typeifest proper osseous dural folds, and
little in the case of species pertaining to thedbot type. Nojima (1990b) stated that the
osseous falx and tentorium of Spotted Dolphins weo¢ formed by calcareous
depositions, but proper bone. However, this is mmone difficult to assess in the case
of the disconnected patches of osseous (or osdi&eldissue found in humans or
discovered in botRelis silvestris catuspecimens that were dissected for this Thesis (see
Chapter 4 and, particularly, Figure 4.2) because tiho conditions are virtually
indistinguishable in radiology. Because of this,triiaky et al. (1974) performed
histological analyses of the falx on 18 autopsied found that, in all cases, the tissue
was membranous bone complete with bone marrow esm&imilar results were
reported by Sandt al. (1987). Debnatlet al. (2009) also described a case of falx cerebri
ossification which consisted “of two peripheral day of compact osseous tissue
delimiting a central layer of medullary osseousues” Some authors (Tsitourides al,
2006; Tubbst al, 2006) even regard “calcification” as a misnonBsrcause of this, and
because calcification does not have any mechasigalficance in the context of this
current study, only proper ossification will be ¢alnto account here. Nevertheless,
specific effects of an inadequate consumption a$alated nutrient have been frequently
studied, and two of these — high levels of calciamd vitamin D, and deficiency of
vitamin A — have been linked with osseous alteratiof dural folds and therefore may
provide grounds to support the diet hypothesis.

In the case of high levels of vitamin D, which weriginally proposed by Nojima
(1988) as a possible cause for post-natal ossditat dolphins and porpoises, evidence
in humans does indeed confirm that it may resuldunal fold ossification (DeWind,
1961; Schey, 1974; Daviest al, 1986; these papers frequently refer to dural
“calcification”, but see Section 2.5.7). Howevehnast-complete ossification in the
manner of Delphinidae or Phocoenidae is extremelg m humans, where it tends to
appear in disconnected patches of bone, and nessagly linked with hypervitaminosis

D (for a more detailed account of this phenomeser,Chapter 2).
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Another driver of dural fold ossification may beetconsumption of a di&iw in
vitamin A. Hypovitaminosis A seems to cause aneaaee in osteoblastic activity,
provoking alterations in bone growth, especiallthi@ cranial bones (Galliret al, 1970).

In particular, the effects of hypovitaminosis A baween well-studied in lion®é&nthera
leo) (Chandraet al, 1999; Hartleyet al, 2005; Gross-Tsubergt al, 2010) where, in
many cases, the normal osseous tentorium ceredredliassociated bones (parietals,
occipital) had been thickened (Figure 3.27 and ledu28). However, although the lack
of vitamin A seems to be the primary cause, othkpfamations have been proposed for
this syndrome, such as developmental malformatongral infections (Gross-Tsubery
et al, 2010). The syndrome mostly affects felids becdlisg cannot convefl carotene
into vitamin A and therefore are more sensitiveléficiencies in their diet (Schweigert
et al, 2002). Other examples of this effect in the &étare include cheetalA¢inonyx
jubatug (De Risioet al, 2010) and common household catelis silvestris catus
(Espadaet al, 2017), but there are occurrences of non-feligdiggeas well, such as dogs
(Canis lupus familiaris (Mellanby, 1941). The normal condition in canidsa partial
ossification of the tentorium, contrary to felidheve ossification is complete, so it is
interesting that a lack in vitamin A produces asaifon in the structure.
Hypovitaminosis A has also been identified in si@rs Enhydra lutris nereis with one

of the symptoms being an irregular thickening & talvaria, but not specifically the
tentorium (Legeret al, 2011). So far, pigsSus scrofaseem to be the only example
where ossification was produced in a previouslyssifeed tentorium as a consequence
of vitamin A deficiency (Jublket al, 1993).
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Figure 3.27. Saggital section oPanthera leo with thickening of the occipital bone

and tentorium cerebelli (after Chandraet al., 1999).

Figure 3.28. CT midsagittal views of the posteriorend of the skulls of three

specimens ofPanthera leo. The left and middle images shows the thickeningf the
osseous tentorium cerebelli (white arrow). The speuoen of the right shows the
normal condition. Also, note the abnormal thickenirg of the occipital bone (Gross-
Tsubery et al., 2010).

It has been reported that hypovitaminosis A cadlsie&ening of the soft dura
mater as well. For example, Galliedal (1970) reported that the dura mater was thicker
in calves Bos tauru} that had been subjected to a diet poor on vitafiar 16 weeks
after birth when compared with a control group. sThiickening, manifested in the
manner of dura mater fibrosis, has been confirmeaddifferent study (Van der Lugt and

Prozesky, 1989). It also seems that the oppositaes and that an increase in vitamin A
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consumption produced a decrease in the weighteo$dift tentorium cerebelli (Gorgacz
etal, 1971).

Despite the evidence that a diet low in vitaminnray be a cause of dural
ossification in otherwise healthy individuals, thare a number of reasons that cast doubt
on the idea. Firstly, most accounts refer to thekéning of the tentorium, either osseous
or soft, but there is very limited evidence of @sation in the case of the soft tentorium,
just fibrosis. The only two exceptions are the fosaion in pigs (Jublket al, 1993) and
perhaps the mention of tentorial “calcification”dogs by Mellanby (1941), although in
the latter it is not entirely clear if the authoasvreferring to a normal condition of the
animals or a phenomenon of clinical significancecddly, although the thickening of
the tentorium is one of the main effects of the&latvitamin A, it does not appear in
isolation; other alterations in bones of the skié mandible and the cervical vertebrae
are referred in the studies. Thirdly, vitamin Aidefncy causes medical problems other
than bone thickening, some of them quite severeh sas lack of coordination,
convulsions and blindness (Bartsehal, 1975; Gross-Tsuberst al, 2010). It is also
important to note that, while hypervitaminosis Dynpmoduce ossification both in the
falx cerebri and tentorium cerebelli, all studié¢frgpovitaminosis A refer to an increase
in thickness of the tentorium but they do not mamtthanges in the falx. Therefore, it
may be concluded that, although there is evidencgewotorium alterations as a
consequence of different nutrient intakes, thereuisently insufficient support in the
literature to sustain the diet hypothesis; butitlea cannot be ruled out completely until
more systematic studies have been undertaken.

In this regard, there are some parallels suggesteuks taxa; for example, the
various myrmecophagous orders — Pilosa (belonginghé superorder Xenarthra),
Pholidota and Tubulidentata — that share a sirdiitrand an ossified tentorium cerebelli,
despite not being closely related phylogeneticdllye aardwolf Proteles cristata can
also be included, a carnivoran with a primary dietermites. Myrmecophages are an
example of evolutionary convergence and exhibittiplel morphological adaptations
(Feldhameret al, 2015). They could represent a good case of stdidipe proposed
hypothesis because of their monodiet, but evempétialized feeders that are forced to
consume a limited array of prey it is extremely lgjeonatic to link diet with dural
ossification. One of the primary issues is thaspite all efforts, the nutrient requirements
of most species in the wild are currently unknov@alfanaet al, 2017). A related
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problem is that, although referred to as myrmecgphait would be more accurate to
characterize these mammals as specialized inseesivehich consume social insects of
low nutritional value opportunistically, becausee tmajority of them do not feed

exclusively on ants or termites (Delsetcal, 2014). Even disregarding this, there is a
high number of ant species and their nutritionahposition may vary enormously (Pekar
and Mayntz, 2014). Lastly, it should be noted ttiere are also exceptions among
myrmecophages: both the Giant anteater (Myrmecaghaely and echidnas

(Tachyglossidae) do not exhibit tentorial ossifmat despite sharing a similar diet.

3.4.2. Dural ossification as a result of behavioural causes

The fact that most Carnivora share such a distiactiait as an osseous tentorium
cerebelli, and some an osseous falx, is suggestigecommon connecting factor. An
ossified tentorium can also be found in some maatsipsuch as the thylacine
(Thylacinus cynocephalysand in extinct Creodonta, all of which occupegatorial
niches in different times and locations (Jagtisal, 1998; Figueirido and Janis, 2011).
Initially, therefore, ossification appears to beother example of morphological
convergence. Moreover, FE analyses of the craniurelcs silvestris catuseveal a slight
increase in stress at the back of the skull dusitigg when an osseous tentorium cerebelli
is absent (Sellés de Lucas al, 2018; Chapter 5), which confirms that the osseous
tentorium does indeed play a mechanical role duiéegling. These results may be of
some significance, but more research across difféaga with multiple morphologies is
required before it can be concluded that tentasaification represent an adaptation for
predatorial biting.

Beyond biting there are many other behaviourshictkvossified dural folds may
have some mechanical significance for the skulth&es one of the most obvious is
locomotion, and certain kinetic movements, partéidyl those which involve sudden
accelerations and decelerations; for example gl hopping or bounding, such as the
ones that characterize kangaroos and wallabies;hwhdssess an ossified tentorium.
Heteromyidae also share this same method of tragelivhich is very rare among
rodents, and exhibit tentorial ossification. Intfadikolai (1983) has already suggested
that the osseous tentorium of Heteromyidae mayesarfunctional role linked to that

bipedal locomotion. However, this hypothesis is kexged after considering that other
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species such as rabbits, characterised by a bayifmiomotion, do not possess ossified
tentoria (Klintworth, 1968), although it could begaed that the combination of
bipedalism and hopping that kangaroos and kangatsashare differs from the bounding
movement of rabbits (Lovegrove, 2004). Nonethelassther potential criticism for the
hypothesis can be easily raised: most Diprotoddvatiee ossified tentoria but do not share

the same method of locomotion as kangaroos andlved.

Another factor related to locomotion that mightuitively seem important is
speed and, specifically, maximum running speetipaljh possibly acceleration to and
deceleration from that maximum speed, rather thaolate speed itself, may have more
relevance. There is little data on this in therditare, and it is difficult to measure the
speed of an animal in the wild, and then uncledo aghether the animal is moving at its
maximum capabilities. Those studies which have nrealsspeed frequently use different
methods, which may also be problematic when comgatata (Garland, 1983; Iriarte-
Diaz, 2002).

To support the hypothesis that maximum speed neagrbimportant factor in
dural ossification, it is well known that most Ciaora can reach relatively high speeds
as part of their predatory activities. Among Hetsyalae, the Merriam’s kangaroo rat
(Dipodomys merriamj with a speed of 32 km/h, is also one of thegfstsnembers among
Rodentia for which data has been gathered. Alswotial ossification is present among
some Perissodactyla (horses, zebras, etc.), wathiatie maximum running speeds of ~70
km/h (Garland, 1983). However, most herbivores lgaktorial ossification (Nojima,
1990c) despite some species being able to reabletigaximum speeds, which weighs
against this hypothesis. For example, a Blackbéakilppe cervicapracan reach 105
km/h, which is very close to the impressive 110 lkrof cheetahsAcinonyx jubatus
(Garland, 1983). Contrary to the order Carnivana,dural condition in Artiodactyla has
not receive the same amount of interest, so therstill some uncertainty about
ossification in this regard, but the current inigegion has confirmed the lack of an
osseous tentorium in a specimen Otlocoileus virginianus the closely related
Odocoileus hemionukas an absolute maximum running speed of 61 k@Arl&nd,
1983). On the other hand, not all members of Caraiare so fast (bears, for example),
and even among felids, maximum speeds vary coraitieamid species, from the record
of the cheetah to more modest values of under 68 kmtigers and lions (Garland, 1983).

This is similar to the speed a European rabbitreach Qryctolagus cuniculys but in
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contrast to carnivores, rabbits do not exhibitdaeat ossification. Given the existence of
SO0 many counterexamples, it seems that a link ketwtentorial ossification and

maximum running speed lacks support.

Apart from this, there are other dynamic behawsalat may potentially affect
the endocranium and the brain, but they are equmtiplematic. One of them is the
impact received by bulls while fighting during the (Nojima, 1990c) or the potential
falls as a consequence of an arboreal method ofrlotion, as in the case of many species
of Primates. However, there does not seem to bkea correlation between dural

ossification and any of these behaviours.

Aquatic or semiaquatic animals represent a speass, given that an ossified falx
cerebri is most commonly present in marine, loticlacustrine mammals. Among
Carnivora it can be found in Otariidae, Phocidag @dobenidae, and in many cetaceans,
which includes Ziphiidae, Delphinidae, Monodontidaml Phocoenidae. Moreover, it is
present in all extant Sirenia studied, and evérmthorhynchidae. It may seem tempting
to try to find some correlation between the aquhtibitat and the ossification of this
structure, but there are also cases that suppmoduathtrary. For example, the ossified falx
is absent in several families of Cetacea (in Balp&ridae, Eschrichtiidae, Balaenidae,
Kogiidae and Platanistidae) and is also missingnamnmals which share the same
lacustrine habitat as platypuses, such as someehtigg. In contrast, Ursidae also have

a partially ossified falx cerebri despite not bejimg to these habitats.

3.5.Conclusions and future research

The purpose of this chapter was firstly to bringetthher and comment upon previous
evidence of dural ossification reported in the isiafie literature and arrange them in a
systematic manner, a task that so far had never lnegertaken. Secondly, this material
was supplemented with data from observations otispns of the Grant Museum,
adding new species for which ossification inforraathad not previously been described
elsewhere. Thirdly, in the light of all this comgall and new data, the chapter tested the
validity of two hypotheses that were proposed m plast to provide an explanation for
the condition. Finally, based on this work, recomdwaions are made for possible future
research directions to reveal the still unexplaipeesence of dural ossifications. After

considering a wide variety of cases there doesppear to be a single, straightforward
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explanation for dural ossification in mammals, hesa for each one of the two
hypotheses proposed — dietary or behavioural e theists a group of counterexamples.
Consequently, future research in this area facegptvgsible alternatives:

The first one would be to consider that dural fossion is a multicausal
phenomenon and, as a consequence, deserves aly equiitausal explanation. After
all, the process of ossification and its degreéegagreatly across species, families and
orders, and sometimes even across individualseofdime species. If that was the case,
then for example, Nojima (1988) could be right is first assumption, because tentorial
ossification inAtelesmonkeys may not be related with high consumptifocatcium and
vitamin D but, at the same time, it could be thenpry cause for this condition in Cetacea.

The second possibility would be to consider thattossification is not linked to
either diet or behavioural causes, and hence ikema alternative explanation for the
wide arrange of ossifications present in mammats.example, a proposal that has not
been explored here is that perhaps there is aletween ossification, particularly
tentorial ossification, and encephalization qudseMoreover, there is also plenty of
variation between the extent and fibrosity of tlodt glural folds in mammals, and
therefore, in some species, ossification may beeddmpossible due to this or any other

related factors.

Before confirming or dismissing these two posgibd, more focused and
systematic research is required. A larger numbspe€ies must be studied (with multiple
specimens from the same species, and recordingcsagsess interspecies variation and
sexually dimorphic variation, respectively) to fthe gaps that still persist in some
mammalian groups. This would also ideally inclute study of embryos at various
stages and new-borns, sub-adults, etc., to hetpridifferentiate among the Carnivore
and Dolphin type dural folds. It would also involtre FE analyses of a larger number of
specimens in a similar manner that the one condweith the cranium oFelis silvestris
catusand even experimental work with diets with diffframounts of nutrients. It is a
challenging task, almost certainly the reason whg phenomenon has remained

understudied for such a long time.

Moreover, and possibly more importantly, it stdmains to be explained why or
how the alteration of the dura material propertéshe falx and the tentorium would

contribute in an adaptation to increase the permce of predatory behaviour or
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presumably preventing injuries during fast moversgebiting or locomotion. Except for
the slight decrease of stress in the posterior@idee skull found in FE analyses (Sellés
de Lucast al, 2018), there is no evidence yet in the literatargupport this. In fact, the
presence of ossified dural folds may even have sheaglvantages. It has been suggested
that the osseous tentorium cerebelli may act asn&ibuting factor for herniation in
horses (Schmidt and Ondreka, 2018). Also, in aetases where a unilateral increase in
intracranial pressure takes place, such as subéalwerniation, an ossified falx cerebri
might hypothetically will be less able to displdmrain tissue, because bone is less flexible
than soft dura, thus potentially increasing th& no$ medical problems (Tubbst al,
2006).
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Chapter 4. Finite element modelling of a common cat skull Relis

silvestris catus)

In this chapter, the creation of a digital mode&a&klis silvestris catuskull is described.
The aim was to produce a multi-purpose model tloatidc be used to test various
hypotheses related to the role that thin bony sires and soft tissues play in the
biomechanics of the cranium. Thus, thalis silvestris catusnodel was constructed to
include structures such as the nasal turbinatesodmmtal ligament and dura mater
(including the falx cerebri and the tentorium cel@p together with a basic
reconstruction of the felid neck muscles. In thtelacase, the purpose was to examine
quantitatively the biomechanical role of the falxdathe tentorium and the effects its
ossification might play under various biting regan€he details of this study are included
in Chapter 5.

4.1.Creation of thein silico model

The head of an adukelis silvestris catuspecimen, obtained from a deceased animal
donated to the Liverpool Institute of Veterinaryiedwe for teaching and research, was
scanned in an X-Tek HMX 160 microCT (u-CT) systentha University of Hull, UK
(scan resolution 61.7 um in all three axes). Theaseéhe specimen is unknown, as the
body was not used in this study. A secémlis silvestris catuspecimen obtained under
the same circumstances was also used for dissentiorder to gather additional data.

From now on, it will be referred as the second spen or the “control” specimen.

The stack of .TIFF images obtained from p-CT saagmvas then imported into
Avizo (Version 9.0.1, Visualization Science Growg)ere segmentation of the different
structures was achieved using a semi-automatic odettombining algorithms with
further manual refinements. The skull was intapgrafrom the cusp of the left canine
tooth which was reconstructed digitally, while first left premolar was also absent (no
action was taken in this case, as it did not play @levant role in the analyses). The
mandible was also segmented in order to recongawetlosing muscle orientations. The
nasal turbinates were represented independentlidantlfied as a different structure, as

was the nasal septum. Where possible, the deBtatetures that compose the cribriform
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plate and the ethmoturbinates were maintainedirélvecular bone was visible in the CT
scans and individual trabeculae were segmentedisviai the trabecular bone and the
empty spaces between the nasal turbinates weed filith a general filling material to
simulate the presence of generic soft tissues,wali®o prevented errors during the FE
solution arising from disconnected fragments dbéulae. The cranial cavity was also
filled with another material to reconstruct the ggorolume of the brain and to allow
modelling of the dura mater covering its surfaca #ter stage. However, as no other
intermediate layers were modelled, this endocamtldhbe regarded as a simplification
of the brain, since it was connected directly te lone in the model, and therefore the
endocast surface strains are likely to be overseadio changes in bone strain. This
therefore prevents a more detailed analysis ofetfects that the ossified dural folds
might pose on this particular structure. The peoiddl ligament (PDL) was included by
covering the tooth roots and their proximal surfaséth a 3-4 voxel-wide layer of tissue
(0.19-0.25 mm; McCormackt al, 2017). Although the ossified tentorium forms a
continuum with the parietal bone (Figu#el), it was carefully segmented as an
independent structure (from where it attaches éoititernal parietal wall) in order to

allow testing with different material propertiesrishg the analyses.

Cerebral fossa (posterior) — Tentorium Cerebellar fossa (anterior)

Tentorium

Figure 4.1. Left: medial view of the right parietal of the cat; Right: caudal view of

paired parietals (after Sebastiani and Fishbeck, ZIb).
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The falx cerebri was visible to some extent in @E scans allowing it to be
reconstructed in the final model (Figure 4.2, lefthe most probable cause for this was
that the specimen’s falx was partially ossifiedit® posterior region, and therefore
discernible in the scanned images. Although theficg8on was unexpected in this
species, it may not be such a rare occurrencee slissection of the second specimen
(Figure 4.2, right) also revealed what seemed tosib@lar patches of ossification
(although no further analyses were carried to conftheir precise composition).
Moreover, in its posterior end, where the falx berattaches to the midline of the
tentorium cerebelli, two thin sheets of tissue wads® observed (Figure3. Above: CT
scans of the specimen modelled, showing the tworthsheets of tissue found. Below:
Posterior view showing the same structure after a grasagittal cut of the second
specimen) both in the scans and in the control specimesr aitrforming the parasagittal

cut, presumably further increasing the attachmiangth of the structure.

Figure 4.2. Left: Coronal view of a CT scan image hich shows two oval shapes
following the midline. Right: parasagittal cut of the control specimen, with possible

patches of ossification (highlighted in red).
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Figure 4.3. Above: CT scans of the specimen modalleshowing the two thin sheets
of tissue found. Below: Posterior view showing thesame structure after a

parasagittal cut of the second specimen.

After segmentation in Avizo, various surface madeere created with different

numbers of surface triangles until the desired remdf tetrahedral elements were
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achieved in the final grid model. Each surface nhdda to be modified in order to
improve the tetrahedral quality and remove allrsgetions before converting it into a
final grid model suitable for finite element anasy$Avizo User’'s Guide, 2018). This
stage of the process proved to be extremely diffexud time consuming, as several of
the resulting models failed to generate a griddéspite the grid parameters being within
the range recommended by the software. The finaleanbad more than 12 million
surface triangles and nearly 5.9 million high or(tgradratic) tetrahedral elements. The
full list of structures segmented in Avizo, togetheéth additional ones modelled in
ANSYS at a later stage (see Chapter 5) and theiegponding material properties, are

summarized in Table 5.1.

Avizo landmark tools were used to define the orignd insertion areas of the
muscles, with the data required for this step gatheluring the dissection of the two

specimen heads (see next section).

4.2.Masticatory muscles

Household cat anatomy, including precise muscutggiroand insertion attachments
(Figure 4.4), is well known and has been thorougthscribed in literature. The
anatomical descriptions below have been taken franous sources: Diogo at., 2012;
Hartstone-Roset al, 2012; Sebastiani and Fishbeck, 2005; Laisb@l, 2001; and
Turnbull, 1970; and are based on the dissectidheofwo specimen heads performed in
the laboratory. The left side of the specimen sedrpreviously was dissected together
with the second cat’s head, in order to gain carfad and insight into specific anatomical
characteristics of the species, and also to atisesgeight of each individual muscle. Due
to conflicts in muscle nomenclature, the same teotogy employed by Hartstone-Rose
et al.(2012) is used, which follows closely the one usgd urnbull (1970).
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A Origin areas of

M. temporalis
A. masseter

pars profunda M. zygomaticomandibularis

M. digastricus
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Insertion areas of

M. temporalis

externus

M. pterygoideus

internus

M. temporalis B

M. zygomatico - M. masseter
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M. masseter

M. pterygoideus

internus

D

M. temporalis
M. digastricus

Figure 4.4. Felis silvestris catus skull origin andnsertion areas of the masticatory
muscles. Lateral view (A). Medial view of the distigpart of the jaw (B). Ventral view
(C). Ventrolateral view of a skull detail (D) (After Turnbull, 1970).
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Temporalis. The temporalis is a massive muscle complex whicupies the temporal

fossa and typically contributes to half of the kaoteass of the masticatory musculature
(Table 4.). It has its origin in the temporal bgakhough a few fibres also originate from
the zygomatic arch) and inserts into the coronaidgss of the jaw. The temporalis group
has three further divisions: the zygomatic tempsyahe superficial temporalis and the
deep temporalis (Figure 4.5, left). The superfitgshporalis is covered by the temporal

fascia, a sheet of thick fibrous tissue (Figure dght).

Figure 4.5. Left: Right deep temporalis of the modéd specimen. Right: Temporal
fascia in the control specimen.

Masseter. The masseter muscle complex completely covers dsgepor border of the
mandible. It has its origin in the lateral and vahsurfaces of the zygomatic arch, and
inserts into the masseteric fossatending into adjacent areas of the mandible ds we
While some authors consider the zygomatico-mandiisia completely different muscle,
others treat it as the deepest layer of the mas@dsetstone-Roset al, 2012). It is
covered by a thick aponeurosis and inserts oratieedl| surface of the mandibular ramus.
Sebastiani and Fishbeck (2005) identified the preseof three separate layers in the
masseter with different fibre directions, while hull (1970) identified two distinct
layers, with the zygomatico-mandibularis the thidthe dissections, it was observed
that the masseter Btlis silvestris catuss formed from up to five different layers (Figure
4.6). These results are consistent with some a#ferences that identified at least six
masseter layers in other felid species or haveribestbetween two and six layers in
various mammalian species (Hartstone-Rsisa., 2012). For the purposes of the current

research the most external layer will be referredhe superficial masseter and the
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deepest one as the zygomatico-mandibularis, grgudirthe remaining layers as part of

a single “deep masseter”.

Figure 4.6. One of the layers of the masseter musdh the second specimen, partially

removed.

Pterygoideus.The pterygoid complex is composed of pterygoidetisraus and internus
(or medial). The former is a relatively small m@stbcated in a ventral position with
respect to the temporalis, and with an origin éx&nds from the external pterygoid fossa
of the palatine to the foramen rotundum of the g@®noid bone, and which inserts on
the medial surface of the head of the condyle.tbeygoideus internus originates on the
internal pterygoid fossa and in the lower bordethefinfratemporal fossa and inserts in

the angular process of the mandible and in the/gtédeus externus.

4 .3.Dissection data

The relative sizes of the muscles of the two spensrand those values reported in the
literature were consistent although, interestingtg whole muscle mass of the second

specimen was 2.5 times greater, thus potentia®p BGger in each direction. Note the
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pterygoid group was damaged in the second specirhence its weight was
approximated by multiplying the value of the scahspecimen by the scaling factor of
2.5 (see Table 4.).

Scanned specimen Second specimen Turnbull (1970)ues
Masseter group 2749 29.3% 749 304% 2.4 ¢ 35.2%
Temporalis group 53¢ 57.6% 13 ¢ 56.5% 3.70 g 54.3%
Pterygoid group 12¢g 13%| (1.2x2.5=3/g13% 0.72¢g 10.5%
Total weight 9.2¢ 23¢9 6.82 ¢

Table 4.1. Muscle group weights and percentage caitiutions for the specimens

considered.

4.4.Calculation of the muscle physiological cross-seotial areas (PCSA)

Muscle contributions to feeding appear to be reddyi consistent across carnivorans, and
the values foPantera oncatemporalis, 64.1%; masseter, 28.3%; pterygoidéiss))
have been already used for FE analyses of otherespas diverse &=lis lybica Neofelis
nebulosaandPanthera LeqSlater and Van Valkenburgh, 2009, following Dai855).
However, the cat’s lineage in particular is knownHhaving a wider skull with a stronger
masseter than other felids (Sicuro and Oliveird,120so taking this data at face value
for Felis silvestris catusnay mean an underrepresentation of the relatim&ibation of
this muscle. To improve accuracy in the final modeé preferred measuring the
specimen’s muscles directly and then use the irdtion gathered to estimate
physiological cross-sectional area and muscle f(rable4.2 and Tabld.3). In order to
achieve this, the muscles were placed in a 10%dtl@myde solution and stored in a
fridge for one month, at which time they were dtgdsn a 30% nitric acid solution for
72 hours in order to separate the individual musibkes. The acid was then substituted
with a 50% aqueous glycerol solution to stop tlyeslion process. Ten to fifteen random
fibres for each muscle were isolated, photogra@metisubsequently measured with the

software ImageJ (Schneidefral, 2012) to estimate mean fibre length.
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Muscle Mean fibore = Weight PCSA Overall Muscle

(scanned specimen) length (mm) (9) (cm?) contribution force (N)
(%)

Superficial masseter 7.70 1.6 1.97 17.4% 49.17
Deep masseter 8.33 3 0.3 3.3% 8.50
Zygomaticomandibulari: 6.40 0.8 1.18 8.7% 29.57
Zygomatico-temporalis 11.90 0.5 2.49 5.4% 62.3
Deep temporalis 10.03 2.0 1.89 21.7% 47.17
Superficial temporalis 14.10 2.8 1.88 30.4% 47.00
Pterygoid group 10.55 1.2 1.08 12.0% 26.92

Table 4.2. Muscle fibre length, weight and PCSA vaks of the scanned specimen

together with calculated muscle force and individuemuscle contributions to total

muscle force.

Muscle Mean fibre Weight PCSA

(second specimen) length (mm) (9) (cn?)
Superficial masseter 10.43 4.1 3.72
Deep masseter 11.91 0.9 0.72
Zygomatico-mandibularis 7.66 2.0 2.47
Zygomatico-temporalis 14.36 2.5 1.65
Deep temporalis 14.57 5.2 3.38
Superficial temporalis 15.56 5.3 3.23

Table 4.3. Muscle fibre length, weight and PCSA vaks of the second specimen.

The muscle physiological cross-sectional areasS@Cwere then calculated

using the following formula (Murphy and Beards|&9,74):

muscle mass (g)
PCSA = - -
density (g/cm3) X fibre length (cm)

The muscle density was estimated to be 1.0564°g&walue taken from Murphy
and Beardsley (1974) for the cat soleus, whichahss been used in studies of cat neck
muscles (Wicklancet al, 1991) and felid masticatory analysis (Hartstorsdet al,
2012). Different values have been proposed forinitrénsic muscle tension (strength)
produced by mammalian skeletal muscle cross-sectbich is typically reported to
range from 10 N/cito 50 N/cn3. An intermediate value of 30 N/é&was chosen for a
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feline bite force estimation study by Hartstone-Reisal (2012). A possible alternative
is the 2.3 N/crh used by Spectoet al. (1980) for the cat soleus. Muscle force was
calculated for the scanned specimen using thewollg formula:

Muscle force = PCSA (cm?) X tension per unit CSA (kg/cm?)

For the muscle insertions the mandible was postioat a gape angle of
approximately O degrees, i.e. complete occlusi@taBse the specimen’s head was not
completely symmetric, landmarks were manually pdage both sides of the skull, left
and right side (instead of mirroring them) in ordermaximise accuracy. A variable
number of insertion points, between two and sixtesare used for each muscle
depending on its size. After calculating the Caatesomponents of each force, a bespoke
routine coded in R (Version 3.3.3; R DevelopmenREJIEAM R, 2008) was employed
to format the spatial information into ANSYS comrdanMechanical APDL, 14.5.7,
ANSYS Inc., Canonsburg, PA, USA).

4. 5. Dura mater

The dura mater was simulated in ANSYS by seledlhthe surface elements of the brain
endocast material and creating a covering layshefi elements (ANSYS SHELL 181).
Shell elements are a simple but effective way taehthin structures such as the dura,
with the ability to easily modify section data bgimiseful for assigning different
thicknesses to the structure during sensitivitystealthough the dura actually extends
over the brain and around the spinal cord, only ghd that enclosed the brain was
considered in this model, hence the dura was disued before reaching the

infratentorial region (Figure 4.7).
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Figure 4.7. Dura mater superimposed in green over gepresentation of the cat’s
cranium. Right top and bottom: frontal and lateral view of the model representation

of the dura mater.

4.6.Muscle wrapping

Accurate modelling of the muscle geometry is esaktat examine the loading of skulls,
but is often treated rather casually in biomecharstudies, where for example muscles
are frequently simulated as simple force vectoysieg directly to nodes of the bone
surface. These studies may oversimplify the compkgxre of muscle structure, as an
individual muscle can attach closely over an affeth® skull surface (Liet al, 2012)
and wrap around the bone. For our analyses and loasthe muscle dissections, only the
superficial temporalis was modelled in this wayedo the fact that the rest of the
masticatory muscles were found to follow approxhastraight paths. Muscle wrapping
was deemed necessary for the superficial tempptadisever, given the origin area of
the muscle and the curvature of the parietal aedamporal bones in the cat’s cranium.

Bespoke muscle wrapping solutions have been ditasalifferent software. For
example: the program BonelLoad for Strand7 FE seoéwW@rosseet al, 2007), loading
data taken from MDA simulations for ANSYS modelsufts et al, 2008), and an
algorithm developed for VoxFE (Liet al, 2012). Following a similar approach, we
created a semi-automatic procedure in ANSY'S to lesanchuscle lying over a curvilinear
surface. The process involves the creation ofi@sef paths each consisting of a line of
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short “hairs” using ANSYS LINK180 (truss-type) elents positioned perpendicular to
the bone surface (see Figure 4.8). Landmarks foh @adividual hair were defined
manually in Avizo and later imported into ANSYS.élhode at the outer end of each hair
was then connected together to its neighboursfuither link elements, thereby creating
muscle strands wrapping around the cranium. Tla¢ totce specified for the superficial
temporalis muscle was then divided by the numbstrahds, and the resulting force then
applied to the last node of each strand. An exaropline code used is available in

Appendix 2: ANSYS code for the muscle wrapping mdth

B Nodes
B Hairs
B Muscle strand

Figure 4.8. Left: Final distribution of the link elements (dark blue) over the cat’s
cranium model representing the superficial temporak. Right: schematic drawing
of the muscle wrapping solution representing the hies and nodes of a single muscle

strand in frontal view.

4.7.Neck modelling

During household cat mastication, the head alsoesnaertically and laterally, which
requires the activation of theemispinalis capitianuscles Riventer cervicism. and
complexusn.) in the neck. At the same time, neck muscleg @aimportant role in prey
capture, where downward and upward movements iserpanetration force of lower
and upper canines, respectively. In addition ts, lursion movements may aid in tearing
meat from carcasses (Gorniak and Gans, 1980). Tied®al muscles responsible for
neck action are attached to the occipital, the amhgsegion of the temporal and the
posterior part of the parietal (Buckland-Wright,789. Despite the fact that cervical

musculature plays an important role in many feediogons, it is rarely taken into
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account in biomechanical analyses. One of the megisons may be due to the inherent
complexity of its structure and distribution. Anceyption to this, however, can be found
in McHenryet al. (2007), where neck muscles were modelled as parttrnsic and
extrinsic load analyses in two felid speci€&alithera leoand the extinctSmilodon

fatalis). They achieved it by using more than a hundredrbelements in each model.

For our analyses, neck modelling was necessagpply extrinsic loads more
accurately, given the importance of the posterast pf the head where neck muscles are
attached. As in McHenrgt al. (2007), the neck muscles were not used to appbefor
but to hold the cranium in place; nonetheless,approach differs methodologically to
the one described in their paper (see the detakpthnation below).

Table 4.4 includes the full list of neck musclesdelled. It was created by
gathering anatomical data from Reighard and Jesn{h§01), Wicklancet al (1991)
and Sebastiani and Fishbeck (200%)e rectus capitigroup, which is composed of three
individual musclesrfajor, mediusandminor) was considered as a single unit for the
analyses, while thebliquus capitiscaudalis with its origin on the atlas vertebra (C1),
was not modelled. The number of landmarks per reysded to define the number of
strands, was based on the size of the neck origiasaAs the original vertebrae and
scapula were not preserved in the specimen, twagoos with different sizes were
modelled and imported into Avizo to provide a soéfdor easier placement of the
insertion landmarks. A small octagon was positioaethe approximate location of the
axis vertebra (C2) and a larger one at the scaplaisely following the bone’s orientation
(Figure 4.9). The purpose of the octagons was tmlyrovide topological information
(vertex and sides) to place the landmarks morelyeaihe neck muscle origin and
insertion landmarks were then imported into ANSYif ased for the pullback and lateral
shake analyses. Muscle strands were defined ablfelink elements with equivalent

soft tissue material properties (see following ¢bgp
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Muscle Origin Insertion Landmarks
IDs

Cleidomastoid Apex and caudal areaClavicle. 26
of the mastoid
process of the
temporal bone.

Levator scapulae | Two heads: One The two heads unite. 13

ventralis from the atlas, the | Then inserts into
other from the metacromion and
basioccipital close to insfraspinous fossa
the tympanic bulla. | (scapula).

Longus capitis Basioccipital bone | C5 1
medial to the
tympanic bulla.

Longissimus capitis | Mastoid process of | C5 according to 12
the temporal bone. | Wicklandet al

(1991). C4to C7
according to
Sebastiani and
Fishbeck (2005).

Rectus capitis Midpoint of Cland C2. 23,24, 25

(three muscles: lambdoidal ridge to

major, medius, lateral point ¥ or 1/3

minor) away from the
mastoid process.

Sternomastoid Lateral half of the Anterior end of the | 2,3,4
lambdoidal ridge and manubrium.
mastoid area of the
temporal bone until
reaching mastoid
process.

Splenius Lambdoidal ridge Three attachments: 8,9, 10, 11
from midline to midorsal line of neck,
mastoid process. Cé6and T1.

Occipitoscapularis | Few mm from the Dorsal border of 56,7

(rhomboideus midline of scapula.

capitis) lambdoidal ridge to
half of the way from
mastoid process.

Biventer cervicis Skull near the center, T1 14, 15

(spinalis capitis) of lambdoidad ridge.

Complexus Median third of the | C6 according to 16, 17

(semispinalis lambdoidal crest. Wicklandet al

capitis) (1991). C3to C7 and

T1 to T3 according to

Sebastiani and

Fishbeck (2005).
Obliquus capitis Parallel to C1 18, 19, 20,
cranialis (obliquus | lambdoidal ridge, 21, 22

superior)

from 1 cm to midline
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to caudal side of the
mastoid process.
Obliquus capitis C1 C2
caudalis (obliquus
inferior) (not used
in these analyses)

Table 4.4. Full list of neck muscles considered, gether with their origins and

insertions, and their corresponding landmarks.

Figure 4.9. Schematic drawing with head-neck oriemition and relative size, position

and orientation of the two octagons created for thenuscle insertion landmarks.
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Figure 4.10. Top: Posterior view of the cat craniumwith landmark origin

information. Bottom: Insertion landmarks for the neck muscles. Left octagon
represents the attachments in the atlas and axis. ight octagon represents
attachments in the remaining vertebrae, together viin the clavicle and the scapula.

See Table 4 for key to muscle insertion landmarks.
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4 .8.Conclusions

The work described in this chapter is intendedrtavidle a model for FE analyses of a
series of biological structures usually neglecteather studies. Because it must fit a
multipurpose research, it has become one of the coosplete non-human FE models to
date, as it comprises not only bone and dura matg®lso trabecular structures, the falx
cerebri and the tentorium cerebelli, the turbinaties nasal septum and the periodontal
ligament. Concerning muscle action, it also inchudeuscle wrapping of the superior
temporalis and simulates the support of the nebk.model will be complemented in the
next chapter with a full set of biting regimesyimsic and extrinsic bites, both unilateral
and bilateral. Despite its complexity, thelis silvestris catusnodel also has certain
limitations. Perhaps the more notorious one igptiesence of a brain endocast instead of
a true model of the brain, as it prevents the amlpf stresses in the brain as a
consequence of variations in material propertiesthef falx cerebri and tentorium
cerebelli. Another limitation in this sense is Higsence of a layer of cerebrospinal fluid
(CSF), which would also be necessary in the modtrb the effects in the brain could
be taken into consideration.

In Chapter 5, thé&elis silvestris catusnodel will be used to test the role of the
dura mater and the dural folds during feeding &&w. In Chapter 6, the model will serve
to ponder the effects of the modelling of the paoiatal ligament, the nasal septum and

the turbinates.
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Chapter 5. An assessment of the role of the falx cerebri aneémtorium

cerebelli in carnivorans

The falx cerebri and the tentorium cerebelli are wojections of the dura mater in the
cranial cavity which ossify to varying degreesam® mammalian species. The idea that
ossification of these structures may be necessaupport the loads arising during
feeding has been proposed and dismissed in thelpastever tested quantitatively. To
address this, a biomechanical model of a domeatid~elis silvestris catusskull was
created and the material properties of the falx tentbrium were varied for a series of

loading regimes incorporating the main masticatorgt neck muscles during biting.

Under these loading conditions, ossification & thlx cerebri does not have a
significant impact on the stress in the cranialdsoin the case of the tentorium, however,
a localised increase in stress was observed ipahetal and temporal bones, including
the tympanic bulla, when a non-ossified tentoriumswnodelled. These effects were
consistent across the different analyses, irresedf loading regime. The results
suggest that ossification of the tentorium cerelpedly play a minor role during feeding

activities by decreasing the stress in the badcketkull.

This work was published (with parts of Chapterr) i

V Sellés de Lucas, H Dutel, SE Evans, F Groning, AGharp, PJ Watson, MJ Fagan.
2018. An assessment of the role of the falx cereland tentorium cerebelli in the
cranium of the cat (Felis silvestris catus). Journal of the Royal Society Interface,

15:147, 20180278

5.1.Introduction

The dura mater is a fibrous membrane that coverbitain and the spinal cord. It further
extends into the cranial cavity in the shape of folds of projections, two of which are
the falx cerebri and the tentorium cerebelli. Thi fcerebri divides the two cerebral
hemispheres, while the tentorium separates thebi@réobes from the underlying

cerebellum (Figure 5.1). Both the falx and tentoriare commonly found across a variety
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of mammal species, albeit not necessarily with slaene degree of development
(Klintworth, 1968). Moreover, some species exhiit ossified falx or an ossified
tentorium; occasionally both. Ossification can dkgoa prenatal or a postnatal process,
and these differences in developmental patternsNefima (1988) to discriminate
between the prenatal carnivore type (e.g. Marsiapi&irenia, Carnivora) and the
postnatal dolphin type (some Cetacea and Primafes)degree of tentorial ossification
also varies across species. In carnivorans, the t@vossification ranges from none in
the striped skunk\Wephitis mephitig to partial (Canidae), or complete, as in membérs
the Felidae (Nojima, 1990c).

S i L

o
i

Figure 5.1. Left: The skull used for thein silico model after performing a virtual
parasagittal cut in the braincase to reveal the falcerebri and the tentorium cerebelli
(displayed in blue and red, respectively). Top righ Falx cerebri in medial-lateral

view. Bottom right: Tentorium cerebelli in dorsal view.

The functional role of the ossification of thesmistures remains unclear. The
hypothesis that an ossified tentorium in carniverards in the protection of the brain
during locomotion and feeding has been dismissékarpast, largely based on evidence
that other animal groups which perform similaratgs, such as herbivores and rodents,
do not exhibit ossification (Nojima, 1990c). Howevehis is founded on casual
observation, and to date no specific analysis bas Iperformed to support or reject it. In
this study, we examine quantitatively the biomeatanrole that the falx and the

tentorium play in the mammalian skull, and any ipatar effects for Carnivora that the

108



ossification may offer under different biting regim In order to achieve this, we
developed a detailed finite element (FE) model dbmestic catKelis silvestris catus
skull which included the falx and tentorium (theation process is described in detail in
Chapter 4).

The most widely accepted hypothesis is that Felal@ composed of two main
lineages: the Machairodontinae, commonly knownafisetoothed cats, and the Felinae,
or true cats (Turner and Anton, 1997; Christian28@8). The first felid-like carnivore
species appeared on the Oligocene Period, aroumdilB&dn years ago (Johnsaet al,
2006); however, all the living felid species, whene members of the Felinae subfamily,
first appeared in the late Miocerteelis silvestrisis a polytypic species that includes
various different subspecies which can produce l@iaffspring when crossedelis
silvestris lybica Felis silvestris ornataand perhapbelis silvestris bietiThe domestic
household cat can be considered an additional salesy under the nankelis silvestris
catus(Driscoll et al, 2007)

Domestic cats have a shortened rostrum (eveneshehen compared with other
members of the same group), which provides an ase@ mechanical advantage and
enhanced bite force generation, permitting therkiltgprey more quickly (Kitcheneet
al., 2010; Van Valkenburgét al, 2014). The patterns of masticatory cycles is gt
necessarily differ depending on food size and @bescy, and the force exerted will vary
across the mandible when the length of the outefaroment arm is reduced (for
example, bite force at the canine tip$-&lis silvestris catuss 73.3 N and 118.1 N at the

carnassial eocone; data obtained from ChristiaaadnNroe, 2007).

The use of this particular species has two mavaaiges: it is widely available
for study and, being a felid, it has a fully ossifitentorium, in contrast to other
carnivorans. Over the last 20 million years, feldsre maintained a similar body plan
(Kitcheneret al, 2010), a fact that has made this group espggalbular for allometric
studies (Slater and Van Valkenburgh, 2009). Foltgathis general trend, the ossified
tentorium of the domestic cat’s skull is also vsimyilar to those of other felids. In these
species, such as in other carnivorans, the temoassifies during fetal development
(Nojima, 1988). In an adukelis silvestris catusthe thickness of this structure ranges
from 0.6 to 1.7 mm, the lateral wings being lesskthhan the midline and the margins
(Siegel, 1974).
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5.2.Methods

A solid model of the skull of Relis silvestris catusvas produced in Avizo. Then, a finite
element model was generated and imported into AN$Xf&ther with muscle force data
and orientation, and the dura mater and neck strestvere recreated (see Chapter 4 for
details).

5.2.1. Material properties

Table 5.1 includes the complete list of materialparties used. The model was assigned
bone material properties taken from the corticatebof domestic dogs (i.e. Young’'s
modulusk = 13.7 GPay = 0.30), following Slater and Van Valkenburgh (2Dth which
these values were applied to various felid spedieshe best of our knowledge, there are
no material property data for the cat’s dura in lite¥ature, but human values are well
known and were selected as a reasonable approgim@i= 31.5 MPay = 0.45 (after
Kleiven and Holst, 2002). The same applies to teopgontal ligament (PDLE = 50
MPa;v = 0.49) which was taken from Rees and Jacobs&v}18 value of 0.5 MPa was
assigned to the remaining generic soft tissues rthpfieer-Hierlet al, 2015), including
the brain endocast, link elements and filling mater(v = 0.45). All material properties
assigned to the different tissues were assumed tsadtropic, homogeneous, and linear
elastic, as it has been demonstrated that modétg tisese properties still produce
reasonable estimates of the stress and straibdisbns (Straitet al, 2005; Bright and
Rayfield, 2011). Although nonlinear modelling issdable in FE analyses of biological
systems, in general, linear models are preferretiudies of functional morphology (for
a detailed explanation, see Section 9.4). Conceiti@ dura mater, a study by Kegé¢l
al., (2018) noted its strong nonlinearity advisingtthanlinear solutions should be used
even at low strain values. Also, Walshal. (2018) reported local anisotropy in the dura
mater of pigs in the sagittal sinus and the pdrrefions. Nevertheless, both Kegelal.
(2018) and Walshet al. (2018) confirmed that bulk dura mater exhibit ieptc
behaviour. Both these papers are concerned prywath models for assessing traumatic
brain injuries, where strains are usually ordersnafgnitude higher than in biting
analyses, but nonetheless their conclusions shbeldtaken into account when
interpreting the results obtained in this studysdlthe current study focuses on a

comparison of different versions of the same mbgelarying the material properties of
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the structures of interest, so any potential minaccuracies in the material properties
will not be critical as long as the property valume realistic and constant in both
versions. Validation for thé&elis silvestris catusnodel, although desirable, was not
possible given the characteristics and limitatiohghe study. The specimens used had
been preserved in a solution of formaldehyde (dep@r 4), hence testing for material
properties of the tissue would not give the acaimavivovalues. A great effort was put
into obtaining a fresh specimen for subsequentyaresa) but unfortunately after many
false leads this proved to be unachievable. Thastygical limitation of many functional
morphology type of studies (see Chapter 9 for aendetailed discussion). Nevertheless,
because specific material property data Fetis silvestris catusvere not available,
sensitivity tests were undertaken for the sofuess to assess their impact on the results

(see below). All these tests were performed foitaidral canine bite.

Material Elastic Poisson | Taken from
Modulus Ratio
(MPa)
Bone 13,700 0.3 Slater and Van Valkenburgh, 2009
(dogs)
Teeth 13,700 0.3
Brain endocast 0.5 0.45
Dura, falx, tentorium 31.5 0.45 Kleiven and Ho@02 (humans)
PDL 50 0.49 Rees and Jacobsen, 1997 (humans)
Link elements 0.5 0.45
Generic soft tissue 0.5 0.45 Huempfner-Hedral.,2015
(humans)

Table 5.1. Material properties for the cat model.

5.2.2. Boundary conditions

The skull model was subjected to bilateral andateral canine and carnassial bites with
different falx and tentorium material propertiesnslating either soft dural or hard
osseous tissues in various combinations (see TFab)je All felids are hypercarnivores
(Meachen-Samuels and Van Valkenburgh, 2009) relgimpst exclusively on vertebrate
prey. As a consequence of this dietary speciatinatthey also exhibit a reduced

dentition, the most important teeth being the upped lower carnassials, which
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correspond to the maxillary fourth premolar and dilanlar first molar. Biting and
grasping are mostly done with the incisors ancctrenes, while the carnassials are used
for cutting and tearing food after the killing, they are strategically located close to the
insertion of the masticatory muscles (Buckland-Wtjd 978; Orsini and Hennet, 1992;
Reiter and Soltero-Rivera, 2014; Figure 5.2, rigit)e hinge articulation of the lower

jaw is also in line with the intersection betwelea tarnassials (Turner and Anton, 1997).

Given these varied behaviours it is importantuie multiple biting simulations
because the cranium will deform in different wagpending on factors such as loading
position and force magnitudes (Curisal, 2013). For the bilateral canine analyses, one
node was constrained dorso-ventrally at the tipawfh canine, with one node at the left
glenoid fossa constrained in all degrees of freedooh the opposite node on the right
side constrained in two directions (anterior-pastey and dorso-ventrally). These
minimal constraints reduce the risk of artefactsnifrover-constraining the model
(Dumontet al, 2005, Grosset al, 2007). For the unilateral canine analyses, tmdy
node at the tip of the left canine was constraiext.the carnassial analyses the same
configuration at the glenoid fossae was maintaired, the anterior constraints were
located at the notch between the paracone and #tacome of each carnassial (left
carnassial in the case of the unilateral bitinguie 5.2, left).

Metacone Paracone Parastyle ~p,stocone

Figure 5.2. Left: Carnassial tooth drawing ofPantheratigris (Kitchener et al., 2010).
Right: Representation of the scissor-like occlusioof the carnassials from a lingual
view (Orsini and Hennet, 1992).

Additionally, two extrinsic loading regimes werppdied to the model, one to
simulate a pullback movement, the other a lateudll Similar types of analyses have
been performed in previous studies of felids (W&8)8; Slater and Van Valkenburgh,
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2009), but using different approaches. Here, theresic loading conditions were applied
in combination with biting by applying the musclerdesand reaction forces at the
glenoid fossae and the canines for bilateral biiagredicted by the previous analyses.
(In theory, these forces place the loaded skujparfect equilibrium, however due to
unavoidable rounding errors in the software, theik inevitably be some, albeit
negligible, out-of-balance force). In addition, Vetthe bite force loading was maintained,
further loads were superimposed to simulate théback or lateral pull action, thereby
replicating the loading of the skufi vivo. Two constraint conditions were applied; one
with, and one without the neck. For the first moaathout the neck, three locations on
the posterior cranium were minimally constrained) &t the occipital condyles and the
third located between them, over the foramen magume node was constrained in all
degrees of freedom, the second in only two diresti@nterior-posteriorly and dorso-
ventrally), while the third (over the foramen magrjuwas constrained anterior-
posteriorly only. In the second variation, when theck was modelled, all nodes
corresponding to the muscle insertion points weretrained in all degrees of freedom.
For the pullback simulation, once a bite force ingdand the constraint option had been
specified, an arbitrary pullback force of 25 N vegplied to the upper posterior area of
each canine, directed in a posterior-anterior tivacand subjecting the skull to tensional
forces. For the lateral pull, the same force wadieg to the left lateral surface of the
canines. Thus, the two loading analyses were choig with and without the neck
structure, and the differences compared. A schemafiresentation of the loads and

constraints applied to the model can be seen iar€i§.3.
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Figure 5.3. Constraints and some of the loads applil to the Felis silvestris catus

model in different biting regimes: (a) unilateral anine, (b) unilateral carnassial, (c)
pullback biting (with no neck) and (d) lateral shake (with no neck). Bilateral canine
and carnassial biting are identical to (a) and (bput the constraints are applied to
both teeth. Loads in the extrinsic regimes with th@eck modelled are identical to (c)
and (d), but constraints are not applied directly b the skull, but to the two hexagons
described in the main text. Colour legend of the ewstraints is as follows: only dorso-
ventrally (yellow); only anterior-posteriorly (green); anterior-posteriorly and dorso-

ventrally (blue); in all degrees of freedom (red).

Loading regime (intrinsic) HF/HT | HF/ST | SF/HT SF/ST
Canine bilateral biting v v v v
Canine unilateral biting v v 4 v
Carnassial bilateral biting 4 v v v
Carnassial unilateral biting v v v v
Loading regime (extrinsic) HF/HT | HF/ST | SF/HT SF/ST

Pullback biting (no neck)
Pullback biting (neck)
Lateral shake (no neck)
Lateral shake (neck)

Table 5.2. List of intrinsic and extrinsic analysesperformed with corresponding
variations in material properties (HF: hard/osseous falx; HT: hard/osseous

tentorium; SF: soft falx; ST: soft tentorium).
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The value used for the force of the extrinsic apedy(25 N applied on each canine,
hence a total of 50 N) has to be regarded as alwdpmtion because, as far as we know,
there is no data on what this force could be ia Heilis species. The much larger value
of 298 N used in Slater and van Valkenburgh (20@8 based on a previous study with
a dingo. In their analyses, they used the sameeVfalutheir three models so that “force
to surface area ratios were held constant amongls@dthin each set of extrinsic load
cases, allowing comparison of relative performaac®ng the three taxa”. If an adult
Dingo weights about 16 kg (Behrendaeffal, 2016), a similar force applied to a medium
sized cat of 3 kg (e.g. see Moseby and Read, 208&lband MacGregor, 1937) would
be approximately 56 N, which is close to the 50 &lue we used. The cat specimen
scanned was also probably smaller than averages gie second specimen we dissected
was 2.5 times larger; but only the head was preskerso the actual weight is unknown.
However, for a mass of 2.5 kg, the pullback forceild be approximately twice the cat’s
body weight. In relation to the bite force, a paltk force of 50 N is approximately half
of 101.1 N predicted by the model for a bilateahioe biting. Thus, although we don’t
have ann vivopull back force, a value of 50 N seems reasonabielation to these other

parameters.

As stated above, the total maximum bite force ipted by the model, measured
at the tip of the canines for a canine bilateré¢,bivas 101.1 N, while the unilateral
carnassial bite force was predicted to be 175.ByNusing a modified version of the dry
skull method (Thomason, 1991), Sakamet@l. (2009) estimated a canine bite force of
177 N based on the skull width of fourteen specsnefi-elis silvestris catugmedian
skull width, 62 mm; the skull width of our model ¥ mm, measured across the
zygomatic arches, following Sakamoto and Ruta, 20b2contrast, using the same dry
skull method, Christiansen and Wroe (2007, skudltivinot provided) reported a lower
value of 73.3 N.

Performance of the skulls was evaluated by conisigl@on Mises stress because
this measure has been employed previously to askaidbehaviour (including earlier
research in felid cranial biomechanics, such as &fokiet al. (2007), Wroe (2008) and
Slater and Van Valkenburgh, (2009)). Von Misessstiis also convenient because it is a
scalar function combining the three principal sess is related to the von Mises failure

criterion, and is useful for comparing the perfonoaof complex 3D geometries.
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Due to the large number of comparative analysefoqmeed in this study,
difference plots are used to present the resulis igasy and concise manner, and in such
a way that even small differences in stress vabse®me immediately evident (Figure
5.4), as has been used in previous research (Mc&dbren al., 2017). For the difference
plots, the following convention is used for all tlesults: the minuend of the subtraction
is always the model with the osseous material ptegsewhile the subtrahend is the model
with the soft tissue material properties. Thus tiggavalues (cold colours) represent
areas in which stress is lower in the osseous madel positive values (warm colours)
are areas in which stress is higher in the ossemdel, and areas with no significant
stress differences are centred around green. Mae stress distributions and lower
stress values represent a structure more adapteihistand stresses under a particular

loading regime (Slater and Van Valkenburgh. 2009).

Osseous tentorium Soft tentorium Difference plot

Figure 5.4. Explanation of how the difference plot# this study were generated. The
von Mises stress values predicted by the model witthe soft tentorium are

subtracted from those of the model with the osseousntorium to create a difference
plot. In the difference plots, cold colours represat areas in which stress in the model

with the osseous tentorium is lower and vice versaith the warmer colours.

5.2.3. Sensitivity tests

Since specific material property data feelis silvestris catusvere not available for the
analyses, comprehensive sensitivity tests werertadd to assess the likely accuracy
of the results (see Table 5.3). All these testevparformed for a bilateral canine bite.
Dura mater thickness of 0.55 mm was taken fromddagt al. (2016) for humans, but
further sensitivity tests with homogeneous thicleneslues of 0.2 mm and 1.5 mm were
also undertaken. Considering the dura mater elasddulus (standard value 31.5 MPa
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for humans; value taken from Kleiven and Holst, 200ve also ran analyses for 3 MPa
and 300 MPa, and for the generic soft tissue (OFaMaken from Huempfner-Hiest
al., 2015) which were also varied within a reasonablge: 5 MPa, 50 MPa and 500

MPa. All these values were tested independently.

Sensitivity test Values tested Standard
value used
Young's Modulus (MPa) of dura 3, 31.5, 300 31.5 MPa
mater
Thickness (mm) of dura mater 0.2,0.55,1.5 0.559mm
Young's modulus (MPa) of other soft 0.5, 5, 50, 500 0.5 MPa
tissues

Table 5.3. Sensitivity test values for the dura mat and other soft tissues (which also
include the filling materials and the link element$. ! Kleiven and Holst, 2002,?
Cotton et al., 2016,2 Huempfner-Hierl et al., 2015.

The preliminary sensitivity tests demonstrated tigither the stress magnitude
nor distribution were significantly affected by thariations considered. As a result,
detailed stress plots are not presented here harfdltowing summarizes the outcome of
those investigations. Changes in dura mater thekmid not lead to any discernable
differences in the stress pattern and magnitudihenbone. Similarly, no meaningful
differences were noticed between dura mater elastidulus values of 3 MPa and 30
MPa, but there was a slight decrease in stredserskull roof area for a value of 300
MPa, as would be expected. The sensitivity tests démonstrated that using the higher
elastic modulus value for the (soft tissue) caftiiyyg materials resulted in lower stresses
across the skull, but the changes were negligibtevéen the range of 0.5 MPa and 50
MPa.

A discussion about the biomechanical role of thegaontal ligament is covered

separately in Chapter 6.

Sensitivity tests were also carried out to asfessmportance of wrapping the
superficial temporalis to better reflect the wag thuscle covers and loads the cranial
vault. Previous studies (Grosseal, 2007; Curtiset al, 2008; Liuet al, 2012) have
demonstrated that applying muscle wrapping in #aporalis muscle for bats and

macaques respectively reduces peak stresses glightlthe basic distribution of stress
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patterns remains unaltered. These studies assumeidoam distribution of the muscle
strands, as did the cat model, with the musclesfdieided equally between the strands
in the three cases. Let al. (2012) did however note that, despite the fadt tiia may
not alter the results significantly, other studiese shown that higher loads are located

in the anterior fibres of the muscle.

In the current analysis, imperceptible variatiansstress distribution were
observed through the model (Figure 5.5), (ignorlogal artefacts caused by the
attachment of the muscle “hairs” of each wrappingral). During bilateral canine biting,
changes in bite force between the models with atitbwt muscle wrapping, as measured
at the tip of both canines, were also negligibld (8). Increasing the number of muscle
strands would have distributed the loading moreagvaver the bone, but it seems highly
unlikely that it would have changed the overall@asion of this test, as the direction of

the resultant force would not change.

Without muscle wrapping

0 10 MPa

Figure 5.5. TheFdlis silvestris catus model before and after application of muscle

wrapping of the superficial temporalis.
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5.3.Results

After the sensitivity tests, the model was subjgdtea series of intrinsic and extrinsic
loading regimes in which canine and carnassiahditvere simulated. Considering the
models with a soft falx and an ossified tentoriurstf(i.e. the natural condition ifelis
silvestris catu} for bilateral canine biting the simulation sses were equally high in
the rostrum, the zygomatic arches and the palatikepresphenoid bones (Appendix 3.
Additional contour plots forFelis silvestris catysFigure Al, left columns). In the
rostrum, the nasal bones experience lower strésaashe surrounding bones, with the
stress transmitted through the maxilla and into ftbatal bone, until it reaches the
approximate location of the coronal suture, whedéssipates. Regions of low or no stress
can be identified within the parietal and interptai bones, the tympanic bullae and the
postorbital processes. In the carnassial bilataitalg simulation, stress in the rostrum
and the palatine were greatly reduced but remasoadtant in the zygomatic arches, and
seemed to be slightly higher throughout the orbd an certain areas of the zygomatic
bone. With unilateral biting, either with canineaarnassial teeth, stresses were higher
on the working side both in the rostrum and thenialaroof (Appendix 3. Additional
contour plots forFelis silvestris catusrigure Al, right columns). It is also worth n@in
that the stress at the back of the skull remainariant for all these loading regimes. In
the case of the extrinsic loads with an ossifiedaeum, the pullback loading regime
seemed to most closely replicate the simple bédtate (Appendix 3. Additional contour
plots forFelis silvestris catugrigure A2). For the lateral pull, higher stressesifested

in the skull roof of the side opposite to the apgliorce. The largest differences between
the two sides seemed to be located in the fromtaékand postorbital processes. Slight
variations of stress magnitude were detected Wehriclusion of the neck muscles in the

analyses for both cases, but there were no meanidiffierences in stress distribution.

When models with ossified structures are comp#arddose with soft structures,
differences in stress distribution and magnitudecrianial bone are also uncommon,
regardless of the biting regime. Changes in theenatproperties of the falx cerebri do
not lead to any discernible variations in the endérskull stress patterns. However,
difference plots demonstrate that the models withossified tentorium consistently
exhibit lower stress values in the parietal andperal bones, including the tympanic
bulla (Figure 5.6 and Figurg.7), with slight or minor differences depending the
particular regime. To provide further detail abth differences, 40 nodes at three sample
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locations of approximately 0.5 mm diameter werebpob(Figure 5.8) for both ossified
and non-ossified tentorium models during a bildteaaine biting regime. The greatest
decrease in stress was 2.11 MPa at the inferiaomexf the temporal bone. Also, locally
high stresses are observed in the interparietatrendagittal crest for the lateral pull plus
biting regime with no neck. These appear to be resseguence of the oversimplified
constraints applied, causing the load path to badsed through those regions, because
the equivalent version with neck muscles does mgplay them, and therefore they
probably don’'t have mechanical significance. Itwierth noting that stresses in the
rostrum and the anterior area of the skull roofagmad unaltered for all cases tested.

Canine bilateral Canine unilateral Carnassial bilateral Carnassial unilateral
biting biting biting biting

L X

Figure 5.6. Von Mises stress difference plots forhe (intrinsic) biting analyses,

comparing osseous and soft tentorium models.
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Pullback Pullback (neck) Lateral pull Lateral pull (neck)

-5 0 5 MPa

Figure 5.7. Von Mises stress difference plots forx&insic analyses (biting plus
pulling/tearing loads) comparing osseous and soféhtorium models for models with
and without neck muscles.

Figure 5.8. Location of the regions where values @bn Mises stress were probed for
a bilateral canine biting regime with both osseouand soft tentorium. In each region,
the difference values of 40 individual nodes wereatculated and then averaged. The
decrease in stress in the ossified tentorium modelas as follows: Region 1 = 2.11
MPa; Region 2 = 1.13 MPa; Region 3 = 0.11 MPa. Th#iameter of each region
probed was approximately 0.5 mm.
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Examination of the stresses in the tentorium dhhbwssified and non-ossified
versions (Figure 5.9 and Appendix 3. Additional toam plots forFelis silvestris catus
Figure A3; note the different scales of the contolots) shows that higher stresses are
located anteriorly, with peak stress values iraitea in contact with the parietal wall, and
lower values in the borders of the tentorial notéipart from these differences in
magnitude, the actual stress distribution remamshanged for the different material
properties and biting regimes. In the falx cer@bigure 5.10), the stress is more unevenly
distributed, but appears to be higher at the antdrird (especially in the soft falx cerebri)
and the posterior end, particularly in the osséalxsfor all regimes except the carnassial
unilateral biting, and in the soft falx for bothntae bites. The stresses in the osseous falx
and tentorium are to varying degrees of magnitugleen than those in the versions with
soft tissue material properties, but in the extcbiing regimes (Appendix 3. Additional
contour plots foFelis silvestris catug-igure A4) the soft falx seems to experience éigh
stresses overall. Moreover, adding or removing dhea mater layer over the brain
endocast surface does not seem to have any efie¢te results. In general, the cranial
vault of the cat skull does not experience meanirgyihounts of tension or compression
(Appendix 3. Additional contour plots fételis silvestris catysFigure A5), but the area
of the temporal bone where the tentorium is locédesiibjected to compressive stresses.
Compression is also visible in the tentorium cellelbengs and in the posterior end of

the midline, at the attachment of the falx cerebri.

Canine bilateral biting Canine unilateral biting Carnassial bilateral biting Carnassial unilateral biting

Osseous Soft Osseous Soft Osseous Soft Osseous Soft

— s
(0] 0.1 MPa

Figure 5.9. von Mises stress plots for the tentorm cerebelli. Top row: Osseous and

soft tentorium in dorsal view for all intrinsic regimes. Bottom row: Soft tentorium
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for the same loading regimes as the top row, but #i adjusted contour levels to

reveal the stress patterns.

Canine bilateral hiting Canine unilateral biting Carnassial bilateral biting Carnassial unilateral biting

I_\/\

10MPa

#

0 0.01MPa

Figure 5.10. von Mises stress plots for the falx ebri. Top row: osseous falx cerebri
in medial-lateral view for all intrinsic regimes. Bottom row: soft falx cerebri for the

same analyses, but with adjusted contour levels teveal the stress patterns.

5.4.Discussion

The aim of this research was to test whether thsgmce of the osseous falx or tentorium
played a significant role in reducing stress in tin@nial bones under different biting
regimes inFelis silvestris catuslt was observed that changing their material progs
did lead to a considerable reduction of streskeroriginally softer structures (Figure 5.9
and Figure 5.10, and Appendix 3. Additional contplots for Felis silvestris catys
Figure A3 Figure A4) but we did not observe the saefifect in the cranial bone when

considering the model as a whole.

In the case of the falx cerebri, the alteratiot®material properties did not lead
to any changes in the von Mises stress pattetmeatrianium. According to the CT scans,
the patches of ossification in the falx of the oréy specimen are located primarily in the
middle to posterior regions of the structure (ie tase of the non-scanned specimen,
ossification nodules appear in the middle sectsa® Figure 4.2). Thus there does not
seem to be any correlation between their locatimh the predicted stress pattern from

the FE analyses (Figure 5.10 and Appendix 3. Aadlditi contour plots foFelis silvestris
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catus Figure A4) and, in any case, it seems unliketit these isolated nodules have any
mechanical significance, since they appear disardefrom the cranial roof. For the
tentorium cerebelli, the stress is concentratatieaend of both “wings” of the structure
(Figure 5.9 and Appendix 3. Additional contour pldor Felis silvestris catusFigure
A3).

Stress differences between models with ossifietl reon-ossified tentoria were
limited to the back of the skull, and specificaltythe bones adjacent to the tentorium
(parietal and temporal, including the tympanic apylland perhaps indicates that the
tentorium may play a minor role during feeding. Tdiference in stress magnitude is
however small (see Figure 5.8) and therefore themdts should be treated with caution.
A more detailed model is necessary to assess #wfispeffects that this reduction in
stress may pose on the brain. The area of intarése back of the skull initially suggested
a link between the neck muscles, as they are pityrettached to this region, but the
extrinsic analyses that incorporated the neck didreveal any meaningful differences.
A recent study by Mcintosh and Cox (2016) demonstrahat, for mole-rats, a
progressive increase in gape leads to a decreasteess in the anterior regions of the
cranium and an increase posteriorly. As felids lamewn to exhibit high values of
maximum gape (61.3° ifrelis chaus(Christiansen and Adolfssen, 2005), a closely
related species feelis silvestris catusit is possible that analyses with higher gajgesn

may reveal a more significant role for an ossitiexstorium.

The use of simple linear elastic properties ferfdix and the tentorium is one of
the limitations of the current analysis. In parkégufor this study, the non-ossified
materials are assumed to resist loads equallytimteasion and compression, whereas in
reality they will be much stiffer in tension. Asesult, the model may overestimate their
influence. Since the stiffness of these structisesders of magnitude less than that of
bone and their thicknesses are much smaller, ¢ffeict will be minimal, as demonstrated
by the sensitivity studies. We believe therefoia this simplification does not alter the
overall conclusions of the study. Also, the receintly by Kegekt al. (2018) observed
that the dura mater behaves nonlinearly even astoain values, hence the inclusion of
nonlinearity in future studies of soft dural foldeuld be advisable. This would not affect
the results of the present work however, becausédutk dura mater covering the brain
in the case oFelis silvestris catusvas proved to have a negligible influence on ganer
cranial stress patterns, but it would presumablyvigortant when considering the study
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of the soft dural folds themselves. Watshal. (2018) refers to local variations in stiffness
for the dura mater covering the brain, and thesatwans would also affect the dural
folds, and potentially alter the patterns of streggesented in figures 5.9 and 5.10 (and
the corresponding figures in Appendix 3) but, aehare no data available concerning
regional differences in isotropy/anisotropy in ttheral folds in felid species to date
(properties of the dura mater are not only relatgd age, but also varied among different
species; Kegedt al, 2018), this point cannot be investigated furtMwreover, for a full
ossified tentorium cerebelli, as is the casd-elis silvestris catysthe assignment of

material properties for a soft tentorium can ordyldased on assumptions.

Of the four different intrinsic biting regimes dered (Appendix 3. Additional
contour plots foFelis silvestris catug-igure Al), the unilateral carnassial bite getesra
the highest peak stresses, being particularly Imgthe orbital region (although see
Chapter 7 for the scaling of the muscle force oflele and an explanation of the triangle
of support). From simple lever mechanics, it islewit that carnassial bites will generate
higher forces than canine ones (for example, 1M8.\s. 73.3 N, as calculated by
Christiansen and Wroe (2007); 180.6WN. 101.1 N in our model for the bilateral
carnassial bite). The results from this study shizat the most efficient biting regime in
Felis silvestris catuss the carnassial bilateral bite, as this is the that generates the
highest bite forces while experiencing the lowesgtrall stresses and the lowest peak
stresses. In nature, biting and grasping are mastiyied out with the incisors and
canines, while the carnassials are used for cugtmiytearing food (Bucklard/right,
1978; Orsini and Hennet, 1992; Reiter and Soltek@d, 2014). However, according to
Orsini and Hennet (1992), the upper jaw is larbantthe lower in cats and therefore, for
the teeth of both sides to be joined during mastinathe mandible has to be brought to
one side, so it is highly doubtful that this tygecarnassial bilateral bite will ever be used
in nature. Force variation between bilateral antdateral carnassial bites (180.6Vs.
175.8 N) seems to be, in any case, negligible.

The skull shape of felids is rather conservati$ecyro and Oliveira, 2011,
Chamoli and Wroe, 2011). Some researchers havéogeeeFE models of extinct sabre-
toothed cats and other felids (McHeney al, 2007; Wroe, 2008; Slater and Van
Valkenburgh, 2009; Chamoli and Wroe, 2011) whetiadpregimes were based upon the
cat’s masticatory cycles and hunting behaviour.séhgtudies demonstrated that felid

skulls also exhibit similar stress patterns wheim@j and that stress is largely confined
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to the rostrum, the mandible and the zygomatic aegion. Our results follow a similar
trend and replicate the ones obtained by SlateNamdValkenburgh (2009; see Figure
5.11) from the cranium dfelis lybica a closely related species, and also largely agree
with the classic experimental study offFalis silvestris catusranium performed by
Buckland-Wright (1978).

Figure 5.11. von Mises stress analyses for a bilaé canine biting comparison. Lefft,
Felis silvestris lybica (African wildcat). Right, Felis silvestris catus (Domestic cat).
Left image from Slater and Van Valkenburgh (2009).

According to the literature, the most probablection for the tentorium cerebelli
is to withstand the weight of the cerebral hemiseb€Bull, 1969; and see references in
Jeffery, 2002), given that it is present in bira&l anammals, and that both groups are
characterised by a more developed brain than diteapods. Even when closely
comparing different mammal species (see Klintwof®68, table 1 for the tentorial
indices; reproduced in Chapter 2, Table 2.2 in tigsis), it seems reasonable to infer a
relationship between tentorium development and m@maeation quotient (Jerison,
1973), using values of tentorial index as indica{tine tentorium is considered to be more
developed as the length of the straight sinus as=sg). The lower values are consistently
present in orders with low brain quotients, sucRadentia, Lagomorpha and Chiroptera,
and increase in Carnivora, Cetacea and Primatedd{Bai al., 2012). The function of the

falx cerebri may be to constrain the brain andtlidplacement and rotation inside the
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cranium (Kumaresan and Radhakrishnan, 1996; S2#10). However, the presence of
a bony falx and tentorium defies a simple explamatirhe degree of ossification varies
among different species and groups and it can dpuafore or after birth (Klintworth,
1968; Nojima, 1990a). In carnivorans, an ossifegddrium cerebelli is present in almost
all species, with the exception bfephitis It is more developed in Felidae, Viverridae
and Hyaenidae, where the structure is fully ossiéiad crosses the petrosa, than in other
groups such as Phocidae or Canidae, where osmificabes not reach the base of the
skull (Nojima, 1990c). An ossified falx is presémtall pinnipeds, but also in the genus
Ursus (Nojima, 1990c). Sometimes the condition manifestspecies that normally
exhibit a soft-tissue falx and tentorium: for exdepartial falx ossification is relatively
frequent in humans (around 10% of the adult pomriafTanaka and Takeuchi, 1974;
Debnathet al, 2009)) and tentorium ossification, while raraiso exists (Tanaka and
Takeuchi, 1974; Tubbst al, 2012).

In the analyses presented, all intrinsic and esiti biting regimes consistently
resulted in the same pattern of stress acrosganéum, which suggests that the function
of the dural ossifications is not related to thecés exerted by struggling prey or in the
action of pulling or tearing a carcass. Howevelféelis silvestris catumostly feed on
small prey such as birds, mice and even some elwates (Bradshaw, 2006), therefore
similar tests should be run on larger predatoridéebefore completely ruling out a
protective role for the dural ossifications duripgey handling and feeding. This is
especially important given the fact that smalldslhave proportionally larger braincases
(Christiansen, 2008) and that may have a meanimgfiect on the results. A new model
with a more detailed brain would also help to resolvhether the stress reductions
observed in the back of the skull lead to a cowadmg decrease in the stress of the
brain. Equally, it is important to note that theik of carnivorans in general, and felids
in particular, are subjected to forces other tlmsé associated with feeding, such as the
ones resulting from acceleration or deceleratiam.the past, various functional
hypotheses have been proposed for the ossifiedfa:tentorium in carnivorans, notably
that they serve as an extra protection for thenbi@iavoid injuries during locomotion
(particularly relevant in the case of felids) orridg mastication (Nojima, 1990c).
Nojima’s argument to dismiss this is based on #w that most carnivorans manifest
ossification but most herbivores do not, despipldiying a wide range of different

speeds and behaviours. This still remains a sttasg, but perhaps future research should
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focus on these and other alternative loading sanatin order to address the role of the

osseous falx and tentorium.

5.5.Conclusions

Under the loading conditions tested, it can be kmied that ossification of the falx
cerebri does not have a meaningful impact in theeboof the cranium, but the non-
ossified tentorium results in a localised stressdase in the parietal and temporal bones,
including the tympanic bulla. The increase was test in all the analyses performed,
either intrinsic or extrinsic. These results suggbst ossification of the tentorium
cerebelli may play a minor role during feeding atis by decreasing the stress in the
back of the skull. However, models with differenpographies and behaviours, and
particularly those specifically designed to test éfffects on the brain, must be developed
in the future to further assess the hypothesistdmbrial ossification in mammals — or,

at least, in Carnivora — has a meaningful mechamta during feeding.

From this study, however, it can also be concluithed the inclusion of certain
structures in the skull ignored in most biomechalnemalyses (as it is the case of the falx
cerebri and the tentorium cerebelli) may have aipusly unperceived effect in other
regions of the model. This idea will be exploredtier and becomes the main focus of

the following chapter.
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Chapter 6. Additional structures in the Felis silvestris catus cranium:
the role of the PDL, the nasal turbinates and the asal septum in cranial

biomechanics studies.

This chapter presents other analyses performedefrelis silvestris catuskull model,
which include the periodontal ligament, the nagabihates and the osseous part of the
nasal septum. The aim of this work is to test thpdct of including small or secondary
anatomical structures usually neglected in mostefielement analyses studies. The
results show small variations in stress levelf©i@lower part of the rostrum (specifically
in the alveolar region) and the palatine bone afieroving or modifying the PDL elastic
properties. The removal of the nasal turbinatesthe@dsseous nasal septum have a more
extensive effect on the skull, producing an inceeafsstress in the palatine foramens and
surrounding regions, in the maxilla and also in tér@poral bone. Modelling of these
structures therefore has an impact on the magnifittee results, although they do not

significantly alter the stress patterns observetiénskull.

6.1.Introduction

A model is a simplified representation of realapnd finite element models when applied
in fields such as Biology, Medicine, Biomedical Hrepring and Palaeontology,
frequently include simplifications of the biologicdructures that they intend to replicate.
Simplification in itself may not be a problem, bart oversimplification may lead to
unexpectedly inaccurate results. Because of thianymresearchers perform both
validation studies (which in most cases are diftito execute for a variety of reasons,
including cost, availability and so-forth), senity tests and convergence tests (although
the latter have become less relevant in recenttia®the increase of computing power
has allowed researchers to easily create meshlesexeral million elements). It is also
known that cranial soft tissues can play a keyirotbe function of the skull, for example
by facilitating kinesis (Rayfield, 2007); this hlasen demonstrated in the case of patent
sutures in bony structures (i.e. not fused but sbhnected by soft tissue), which can
work together to redistribute strain (Cumisal, 2013).
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Nonetheless, most cranial FE studies still foauly on the major bone elements
and neglect the small osseous structures or bizabgssues other than bone, which may
also influence the biomechanics of the craniumr&laee obvious reasons for this: firstly,
the already time-consuming process of FE modelioregreatly increases hand-in-hand
with its complexity. For example, the turbinates amnored in most FE studies due to
their inherent complexity and the difficulties ibtaining accurate geometry in the final
model (e.g. Dumoret al, 2011; Dzialcet al, 2013). However, the potential importance
of modelling the inner sinus and the nasal wall$inite element analyses inFomo
sapiensskull was demonstrated by Toro-lbacaehel. (2016), where the model with
these structures more closely fittedvitro data. Secondly, the cost of the technology
necessary to perform these analyses may be priobilnit some studies — although the
advances in computing power referred above havatlgreeduced the time and cost in
recent years. And, thirdly, it is frequently diffiit to ascertain the material properties of
these structures, since most biological tissues nam@inear and often anisotropic
(Humphrey, 2003; Einsteiet al, 2003).

In this study the biomechanical role of some @f $skructures that are frequently
absent from cranial FE models is assesed, andticylar the effects of models with and
without the structure of interest on the von Misgiess distribution. The following
sections provide a brief overview of the structuaralysed, together with an account of
some previous studies that have considered théereis part of some experimental work

or with FE analyses, and the conclusions reached.

6.1.1. The periodontal ligament

The periodontal ligament (or PDL) connects the samftteeth with the alveolar socket
and serves as a way to redistribute loads proddaoedg mastication into the alveolar
processes (Poiatet al, 2009). As a result of its anisotropy and hetenegsg, to
accurately estimate the mechanical propertieseolPDL has proved to be a very complex
task for researchers. Different studies have preghd®ung’s modulus values that span
from 0.01 to 1750 MPa and from 0.28 to 0.49 forsBon’s ratio (Fillet al, 2011). This
variability in the literature, which not only ocauin humans, appears to be a factor of
different parameters, such as geometry, type dihggp area of the PDL selected etc.
(Rees, 2001; Filet al, 2011). In fact, it has even been argued thatpiéreodontal
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ligament of each individual tooth possesses its pamicular biomechanical properties
(Fill et al, 2011).

Previous research has analysed the mechanicahedlthe modelling of the PDL
may play in the osseous structures that supportteébéh in more generalist head
biomechanical analyses. A study which focused encitanium of a brown capuchin
(Cebus apellaconfirmed that the effect of the PDL was localise the alveolar bone
that surrounds the teeth and that it did not exterather areas of the structure, therefore
not affecting the integrity of the skull (Woed al 2011). On the other hand, Gronieig
al. (2011) analysed a human mandible, and demondteateoverall reduction of the
stiffness on the whole bone, results that are suggdy a previous FE validation study
by Marinesciet al.(2005). Despite the discrepancy, the results obthét al. (2011) and
Groninget al (2011) fundamentally agree in that neglectingrtiadelling of the PDL
may produce overstiffening. The differences ondtect of the modelling of the PDL in
both studies are probably a logical consequencéhefdifferent geometries of the

mandible and the cranium, and also of the muchemighffness of the latter.

6.1.2. Thefdid turbinates

The turbinates are bony plates covered with epithrebind located in the nasal chambers.
They can be divided into three, depending on theebfvom which they originate:
ethmoturbinates arise from the ethmoid, nasotuteghafrom the nasal and
maxilloturbinates from the maxilla (Figure 6.1)idtsuggested that the ethmoturbinates
are related to the sense of smell, and the maxibbatates and perhaps the nasoturbinates
help preserve body water and heat, the latter bgcting air to the former (Van
Valkenburghet al, 2004, 2011). The reduced rostrum of felids meheg have reduced
nasal regions compared to other carnivorans (egs)das well and consequently have
smaller olfactory lobes in their brains (Turner &don, 1997). Despite the fact that the
sense of smell plays a lesser role than sight arig for hunting, it is still nevertheless

important for communication with other membersha species (Kitchenet al,, 2010).
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/ Nasal
(| septum

Figure 6.1.Canisfamiliaris skull in sagittal section (left) and inverted CT inage of a
coronal section of avulpes macrotis (right) with the locations of the ethmoturbinates
(ET), maxilloturbinates (MT) and nasoturbinates (NT); (after Van Valkenburgh et
al., 2004).

6.1.3. The nasal septum

The nasal septum has osseous and cartilaginous péet former is composed of the
perpendicular plate of the ethmoid bone, togethtr the vomer, and the latter is located
in the more rostral area (Sebastiani and Fishid898). An experimental study with pigs
(Sus scrofareached the conclusion that the cartilage ohtdsal septum may help absorb
loads during mastication, as strain magnitudebenarea were considerably higher than
in adjacent bony regions, but it did not serve aeréical strut to prevent collapse of the
nasal cavity as it has been sometimes hypothe¢i2zagehet al, 2009). In contrast, a
previous study on a human skull found high streaselsdeformation in the hard palate
and the posterior part of the osseous nasal segtuing mastication (Hilloowala and
Kanth, 2007). Since the cartilaginous part of taeah septum was not visible in the CT
scans of the cat skull modelled here, it was nosittered in the following analysis. Only

the effect of the osseous part was tested in tta fhodel.

6.2.Methods

The PDL of the~elis silvestris catuspecimen was also not visible in the CT scang, so
was recreated by covering the proximal surfaceachdooth and its corresponding root
with a 3 or 4 pixel-width sheet of tissue, and givsotropic homogeneous and linear
elastic properties. This 3 or 4 voxel width (0.128mm, agreeing with McCormaekt

al., 2017) is a minimum requirement to ensure there m@acontact between bone and
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teeth and for the creation of reasonably shapeohesies. It did however have the
undesirable effect that, in certain areas, thegelgpihad to be removed from the teeth
surface or the alveolar region, therefore unnaturaltering the geometry of these
structures. For a detailed account of the cregtimtess of the digitdrelis silvestris

catusmodel, see Chapter 4.

For the investigation into the effects of the pddntal ligament, successive
analyses of the cat’s cranium were performed udifigrent Young Modulus values for
the PDL (of 0.1 MPa, 1 MPa and 50 MPa). To simudaseenario in which the PDL was
not modelled, another analysis was performed wihenee material properties were
applied (usinge = 13.7 GPa and= 0.30, following Slater and Van Valkenburgh, 2009
For the turbinates and the nasal septum, analysee performed before and after
removal of the structure of interest. This was aegéd by altering the material Young’s
modulus and Poisson ratio of these to match th®wsuoding generic soft tissue that was
used as a filling material for the model (whoseeff were also examined in Chapter 4).
Therefore, the filling material was preserved irthbanalyses (with and without the
turbinates). All the analyses were performed byusating a bilateral canine biting
regime. A full account of the material propertie®d and the loading conditions of the
Felis silvestris catusmodel can be found in Chapter 5.

It is also worth mentioning that there is varidpiin the thickness of both the
nasal septum and the turbinate individual strustute the nasal septum, the most
common width thickness can span from 10 to 20 piket. 0.62-1.24mm). In the case of
the turbinates, the approximate width of the strreg can be as low as 3-4 pixels or as
high as 15-20.
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Figure 6. 2. Above: Subset of the cat’s cranium ma showing the filling material
surrounding the turbinates (blue), the turbinates green) and the osseous part of the
nasal septum (red), together with the separated tlminates (in green). Below:

Turbinates in posterior (a), lateral (b) and anterr (c) view.

6.3.Results
6.3.1. Periodontal ligament

When comparing the models with different materiabperties for the periodontal
ligament, some trends are visible (Figure 6.3)sthir there are differences but they are
minor and localised. The areas that seem to be afiested by the variation in the PDL
properties are the rostrum (particularly the maxaind the alveolar region) and the
palatine bone. However, in all cases the changpsaafo have a negligible impact on
the general cranial biomechanics of the modehag barely alter the pattern of the stress
results. Secondly, despite the same overall loaplaitern, a gradual reduction in stress
is still noticeable when the PDL’s Young Modulusnsreased. Thirdly, assigning low
values could potentially alter the results in maignificant ways than omitting to model
the PDL at all. This last conclusion, perhaps tlustnmeaningful, becomes self-evident
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when comparing the analyses: the 1 MPa model has extensive areas of stresses in
the palatine region and also exhibits minor diffies in the superior and posterior orbital
walls. On the contrary, differences between theVB®a model and the osseous PDL
model are minimal across the cranium, and theredgree with the results of Woed

al. (2011).

1 MPa

50 MPa

No PDL

Figure 6.3. von Mises stress distribution (bilaterbcanine biting regime) for the
periodontal ligament with various elastic modulus alues: 1 MPa (top row), 50 MPa

(middle row), 13,700 MPa or bone material propertis (bottom row).

6.3.2. Turbinates and nasal septum

The removal of the turbinates in the cranial maafefFelis silvestris catuseads to an
increase in stress in the cranium, which is mosinpunced in the palatine and
surrounding areas, in the maxilla and, surprisingiythe temporal bone (Figure 6.4; see
Chapter 5 for an explanation of the differenceglddowever, and at the same time, there

is also an opposite, and less marked, decreasegs $n the anterior part of the palatine,
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specifically between both posterior palatine foragjeas well as in other areas of the

zygomatic bone and the maxilla.

Figure 6.4. von Mises stress plots (under a bilatal canine biting regime) for the
turbinates. Top row: Model with turbinates. Middle row: Model without turbinates.

Bottom row: difference plots.

Similarly, removing the osseous nasal septum asoam impact on the overall level of
stress in the cranium, with an increase observezhwie septum is absent and a similar
decrease in the same areas described above (Bi§)@lobally, the effects of removing

the nasal septum are very similar to the effecteioving the turbinate structures.
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Figure 6.5. von Mises stress analyses (bilateral ae biting regime) for the nasal
septum. Top row: model with nasal septum. Middle ra: model without nasal

septum. Bottom row: difference plots.

6.4.Discussion
6.4.1. Periodontal ligament

The analyses above seem to suggest that alterengntiterial values of the PDL
homogeneously may have a minor but still undesgreffliect in the FE results of cranial
biomechanics, especially with low Young modulusuesl This effect can be seen more
clearly in the ventral detail of Figure 6.6 beloWhe areas of peak stresses in the canines
and the surrounding regions are much more extensiiee model using a PDL with
Young modulus of 1 MPa than in the model with nd_RIDwith a PDL of 50 MPa. These
results agree with those found by Waoetdal (2011); in particular, if the focus of the
study is the bone in the neighbourhood of the teethe teeth themselves, then the PDL
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should be modelled. If however, the study is neic#jrally concerned with the area of
the crania around the teeth, then it may not besszny to include the PDL. (These
conclusions cannot be extrapolated to analysdseahtandible, which are much less rigid

structures as mentioned previously).

]
25 MPa

Figure 6.6. Detail from Figure 6.3; ventral views Bowing the local effects that the
alteration of material properties of the periodontd ligament has on the canine teeth

and alveolar region.

Another important factor that perhaps has not Isedficiently taken into account
is the morphological differences amongst mammaliardbecause geometrical variability
will inevitably lead to different responses to sgeand the significance of the same
structures within those crania may vary. Tetrap@shia exhibit considerable variability
and different geometries may adopt different biomaeical approaches. Woad al.
(2011) pointed out that the area primarily affedbgdhe inclusion of the PDL depends
on the length of the tooth roots. Thus, not onlgimia premolar bite be expected to have
a different effect to a canine bite because thatlon differs, but also the roots vary
considerably in size. The length of the differezgth roots also differs between species
and animal groups. Even among felids, tooth roats ltave critical impact in cranial
biomechanics. This poses the question of what itapoe the PDL might play in an
extreme case, such as the extinct sabre-toothetespmlisplayed in Figure 6.7 where the
tooth takes up such a large part of the craniuramel These animals were investigated
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by Wroeet al (2013); unfortunately, they didn’t model the Plut it seems likely that
its inclusion would have a significant effect oe stresses.

Figure 6.7.Félis silvestris catus (left), Smilodon fatalis (middle) and Thylacosmilus
atrox (right) cuts showing the extension of the canineobth and its corresponding
root, in yellow and red, respectively. In such exeme examples, the modelling of the
PDL might be a very important factor to take into account (middle and right images
adapted from Wroe et al., 2013).

6.4.2. Turbinates and nasal septum

The function of the cartilaginous septum as a cgggment to support facial integrity or
as a load-absorbing structure during masticatientdegn the focus of various academic
works (Sarnat and Wexler, 1996; Al Dayehal, 2009). However, the osseous part of
the nasal septum and the turbinates have not extdive same attention (with the
exception of Toro-Ibacachet al. (2016) whose work support the results obtained)her
From the results of this study it seems that ble¢hasseous part of the nasal septum and
the nasal turbinates help to increase skull intggrithe craniunof Felis silvestris catus
Thus, the omission of either the turbinates ordbgeous part of the nasal septum in
analyses will lead to a general increase in stiel&h is not only confined to the rostral
and palatal areas, but, unexpectedly, also extenitie posterior part of the skull. There
Is also a decrease of stress in the palatineuroséind zygomatic, that is worth noting.
The effect is likely to be accumulative, so a moahout any of these structures will

lead to even greater or lower stresses in the megffected.

Apart from the additional segmentation effort,rthiss no reason to exclude these
structures in future FE analyses, particularlydeseous part of the nasal septum. Their

omission appears to have a significant effect iffexdint parts of the cranium, and
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therefore the accurate modelling of both the tuatda and the septum would appear to
be important. Moreover, felids are characterisedth®ir short rostrums (Turner and
Anton, 1997), so it is possible that the effectsoaofitting the nasal septum and the
turbinates in finite element analyses may be mdaggificant in species with longer

snouts.

6.5.Conclusions

This chapter has focused on the analyses of teetefiat some cranial structures — the
periodontal ligament, the nasal turbinates and#seous part of the nasal septum — may
pose on general cranial biomechanics. The dectsiarclude or disregard each of these
structures will depend on the specific motivatidthe study in question and the areas of
the cranium that are of interest. In the analyssfopmed here, a minor localised effect
is observed with the addition of the periodontgainent and the variation of its material
properties. A more significant change in the stpasserns of the cranium was found if
the nasal turbinates or osseous part of the negals were not present, so the modelling

of these structures in future FE models of skudsnss to be advisable.
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Chapter 7. Human head model creation and preliminary analyses

7.1.Introduction

One of the main aims of this research was to inyat the role of soft tissues in human
cranial biomechanics. This chapter introduces itngefelement (FE) model of a human
head used in that investigation, together with softiiee preliminary analyses and results.
The FE model was developed from a digital anatoimimanan head model, the
multimodal imaging-based detailed anatomical mdddDA) which was created by
laconoet al.(2015; FDA, Center for Devices and Radiologicaalte IT'IS Foundation)

and includes over 150 structures of the head aokl ne

This chapter comprises a detailed descriptionhef development of such FE
model. It also describes the unilateral molar bitaulation that was investigated and
discusses the overall stress distribution in tla@iam arising from such a biting action.
The analyses also include a comparison betweehyjathetical case where maximum
forces are applied in all muscles and a simulatisith more representative,
asymmetrically scaled muscle forces. The chapteclades with an investigation to
assess the effects that modelling bulk soft tisssiesh as skin and muscles, has in FE

biting analyses.

In the following chapter, the FE model is then dude test the role of the

postorbital bars and septa structures.

7.2.Methods and techniques

The MIDA anatomical human head model created bgraet al. (2015) from a twenty-
nine year old female volunteer, has been madeadlaifor public use and integrates data
from different sources: a T1- and two T2- weightéidls (Magnetic Resonance Imaging)
with 500 um isotropic resolution, a series of MRA scans (Msgn Resonance
Angiography) to capture the vascular structured,@fl (Diffusion Tensor Imaging) for
the most detailed tissues of the brain. The MIDAdeidhas already been used in other
studies, such as those performed by Howell and ticdr{2017), Bachingeat al (2017)
and Liuet al (2017) for varied purposes.
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The data had to be adapted to suit the particelads of the present study, which
required the following steps. Firstly, thél file® supplied by lacono and colleagues was
loaded into AVIZO 9.4, thus generating a 16-bitocolap with each of the structures
represented as a different greyscale value. Thetates of interest were then separated
(segmented) from each other by defining a diffe®®itZO label (identifier) for each.
Some structures were simplified and combined depgndn their importance in the
study. Thus the cranium was segmented as a sitiglglge, while the brain and eyes
were simplified and both defined as single homogsnuaterials, thereby ignoring any
sub-structures. The postorbital bar and the postbriepta were segmented separately
from the rest of the skull to allow their functiottsbe tested independently, as were the
mandible and the cervical vertebrae. The uppehteetre manually separated from the
lower ones. The temporalis/temporoparietalis musa@s segmented individually and
separated after reaching the approximate heigtiteozygomatic arch in order to allow
the definition of a surface for modelling the temgddfascia at a later stage. A minor
modification was made to the MIDA model with the shposterior end of this muscle
being deleted, since it extended much further pioste than appeared to be the case in
other anatomical depictions and dissection phopgrafrom the literature. The
remaining structures were considered to be patsigle material of generic soft tissue,
including the skin, the remaining muscles, thedatls and the vascular tissues. The
articular disc of the temporomandibular joint waed®lled as an approximately oval
shape in the connection between the mandibularyterahd the mandibular fossa. The
periodontal ligament (PDL) was not modelled becdhsgrevious analyses (see Chapter
6 and the bibliography mentioned therein) reve#had inclusion of the PDL only had a
very localised effect. Finally, all the structugem the MIDA model were digitally
trimmed to the height of the upper lip in the altepart and approximately to the lower

surface of the atlas vertebra in the posterior (Fagure 7.1).

3 NII (or NIfTI, Neuroimaging Informatics Technology Initiative) is a format commonly used for
multi-dimensional neuroimaging data.
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Skull

_ I Eye
" Mandible I Postorbital bar
Teeth Postorbital septum
I Vertebra

Figure 7.1. The MIDA model of laconoet al. (2015) after being adapted to suit the
research purposes of this study. (a) All skeletaigsues modelled plus the eyes, (b)
brain, (c) temporalis/temporoparietalis muscle, (d)bulk tissues of the head. The

articular disk is not visible in the images.

The FE model was generated by using the meshingilm@dailable in AVIZO
9.4, with a high mesh density in the structurestnmgortant for the analyses, and a
lower number in the generic soft tissues, the baaohthe vertebrae. Overall, the final FE
model generated by this approach included appraeime.3 million higher-order

tetrahedral elements.

7.2.1. Material properties

The material properties used in the FE model anensarised in Table 7.1. Trabecular
spaces with individual trabeculae were presenhéMIDA model, and hence a single
value for Young's modulus was specified for all theseous materials in the skull,
mandible and cervical vertebrae. A range of vafoedone has been used in previous
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FE analyses, which is not surprising given thatebproperties vary significantly within
an individual and between individuals. Thus, etastodulus values ranging over 8 GPa
(Tseet al, 2015), 13.7 GPa (Pinheiro and Alves, 2015) an@R& (Horgan and Gilchrist,
2003) have been used in previous studies, withsBoigatio values that span from 0.22
(Horgan and Gilchrist, 2003; Ho and Kleiven, 2008¢ et al., 2015) to 0.3 (Hiroseal,
2006; Pinheiro and Alves, 2015).

Toro-lbacacheet al. (2016) measured the Young Modulus of the maxillary
tuberosity and the zygomatic arch with a nano-hesdiester and obtained values of 16.3
+ 3.7 GPa and of 21.9 = 2.7 GPa respectively. bitgar study, the mean elastic modulus
for a set of 10 human mandibles was measured Ing @spulse transmission technique,
and ranged between 12.7 and 22.8 GPa (Schieitney and Dechow, 2003). An
intermediate value of 17 GPa with a Poisson’s rati@.3 was therefore chosen as it has
been used in several previous studies (e.g. ®tralt 2005; Kupcziket al, 2009; Curtis
et al, 2011; Groninget al, 2011; Toro-lbacachet al, 2016 and others), including those
carried out at the University of Hull, thereby faating comparison of those results with

the current study.

Similarly, there is no consensus in the literaalyeut the material property values
of the articular disc of the temporo-mandibulanj¢irMJ), hence this study follows Beek
et al. (2000) using an elastic modulus of 6 MPa and Baissratio of 0.4, which was
chosen after considering values used by variousesuProperty values for the temporal
fascia were obtained from Cures al. (2011). The temporal fascia is composed of two
layers: a superficial layer which nearly covers ltiteral aspect of the skull, and a deep
layer which closely covers the temporalis muscktiarconfined to its limits. Both layers
are histologically indistinguishable and share Emelastic properties (Wormald and
Alun-Jones, 1991). For the modelling of the humaadj the thickness of this structure
was estimated from measurements taken on a cadap&timen at 6 intervals along the
fascia before and after it divides (Groning, unmi#d data). Before the division, the
fascia measured 30.43m in thickness, and aftwerwards, the deep tempiastia
measured 7.6fim and the superficial measured 18 06. However, in the model, the
superficial layer was not separated from the deep bence we used a constant value of

30 um thickness for the shell elements.
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Since humans possess a postorbital bar ratherahawmstorbital ligament (as
would be the case in many other animal specieg)yvalue assigned to the latter must
necessarily be speculative. In the current modharefore, a value for the collateral
ligaments of human ankle joints measured by Siegjlat. (1988, table 2) and averaged
to be 265 MPa was used. The Poisson’s ratio wantlikm tendon values from Ozkaya
and Nordin (1999) which has been used for ligamentgher studies (for example, Wu,
2012). Other flesh and skin tissue values wereimédafrom Huempfner-Hierét al.
(2015), but a series of sensitivity analyses wae performed for values 0.5, 5, 50 and
500 MPa. The results of these variations in thetssfues are discussed in the following

results and discussion section.

Teeth have different elastic modulus values depwnadn the region investigated.
The outer surface of enamel has a modulus of tifpica GPa, while bulk dentine varies
between 15 to 30 GPa when measured in differemsaskthe tooth, and the small area
under the dentine, sometimes called the ‘soft zenleétween 3 and 9 GPa or even lower
(Baraket al, 2009). Here an intermediate value of 50 GPa vegasl ufollowing Toro-
Ibacacheet al. (2016) who applied this mean value from variousrses to a series of FE

models of the human head, such as this one.

Brain is also heterogeneous; however, there arstldies that have considered
the brain as homogeneous and linearly isotropie. reimge of values that has been used
is summarised in Tse (2013, table 9), with elasiclulus that vary from 0.0667 MPa to
0.675 MPa and a Poisson’s ratio of 0.48 or 0.49 ti® purposes of these analyses (that
do not undertake a close examination of the stsessthe brain) the upper values have
been used, which generally agree with the uppetielenodulus values used for other

soft tissues in the model.

The human eyes are complex structures composeflevbdt parts, each one with
their own individual material properties. Amongiethe cornea, lens, vitreous, sclera
and retina are the most important from a biomedahpioint of view (Aloyet al, 2017).
However, for the purposes of this model, valuemf@chutteet al (2006), in which eyes
were modelled as a single material, were takergdiean elastic modulus of 0.5 MPa and

Poisson’s ratio of 0.4 was chosen.
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Structure Young’s Poisson’s Reference
modulus ratio
Skull 17,000 MPa 0.3 Stragt al, 2005
Mandible 17,000 MPa 0.3 Strat al, 2005
Vertebrae 17,000 MPa 0.3 Strattal, 2005
Teeth 50,000 MPa 0.3 Toro-lIbacadteal,
2016
Brain 0.675 MPa 0.49 Tse, 2013
Bulk soft tissues 0.5 MPa 0.45 Huempfner-Heral,
2015
Eyes 0.5 MPa 0.4 Schui¢ al, 2006
Temporal fascia 148 MPa 0.3 Cuntisal, 2011
Postorbital ligament 265 MPa 0.4 Siegi¢ral, 1988;
Ozkaya and Nordin,
1999
Articular disk of the 6 MPa 0.4 Beelet al, 2000
T™MJ

Table 7.1. Material properties used for the human Bad model. All materials were

assumed to be linearly elastic and isotropic.

7.2.2. Biteforce

The following procedure was followed to simulatery. First, a series of landmarks was
created in AVIZO on the cranium at the areas dafiorof the masticatory muscles, while
the mandible (positioned in total occlusion) wasduas a surface for placing the insertion
landmarks in order to recreate the muscle straiedi@tion. Physiological cross-sectional
area (PCSA) values for the muscles were taken framEijdenet al. (1997) and then
multiplied by 32 N/mn, the intrinsic muscle stress of human jaw musagesalculated
by Weijs and Hillen (1985). The same PCSA and naustless values were used by
Groninget al (2011), with the resultant muscle forces usetiaible 7.2. These maximum
(unscaled) muscle force values are also similéhe¢ovalues used by Wra al. (2010;

supplementary material, table S2).

Subsequently, the maximum muscle values were sdadsgéd on clenching
obtained by electromyography (EMG) from variousependent studies, but gathered
together by Nelson (1986; Table 1l). This electragwaphic data represents voluntary
clenching and was used to scale the maximum theak@huscle force values obtained

from the PCSA in order to get a more realistic $ation of human biting. Each muscle
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was multiplied by its scaling factor, which depemuasits degree of activation. For the
purposes of the scaling, the temporalis musclediraded into three different regions.
Unfortunately, there is no consensus about thag@etructure of this muscle in humans.
Some researchers consider that it has one singge, lathers that it has two different
layers or parts (superficial and deep or antemaok @osterior), or three separate parts (for
a detailed historiographical discussion, see Gaetdgl. (2002) and Sedlimayet al.
(2009)). Gaudt al. (2002) also described differences in orientatietwieen the orbital
part and the temporal part of the muscle. In thialrpart, muscle fibres were vertical in
the anterior area and positioned more horizontallfhe posterior area, while in the
temporal part they were horizontal. For the purpagehis study, and in order to perform
the necessary calculations for Table 7.2, the teatigavas divided into three regions of
equivalent size, following Van Eijdest al. (1996) who separated the temporalis into six
different portions. The decision to separate thepi@ralis in this way allows the scaling
values provided by Nelson (1986) to be applied:aheerior temporalis used by Nelson
corresponds to the first two portions of the musigscribed by Van Eijdest al. (1996),
the middle temporalis to the second pair, and th&iquior temporalis to the last two.
These scaled values were then divided equally anleagiumber of landmarks (and

strands) that composed each muscle in the model.

Muscle PCSA Maximum Scaling factors
muscle force (Right/Left)
(N)
Superficial masseter 6.82 £1.04 218.2 0.72 0.60
Deep masseter 3.49 £ 0.8p 111.7 0.72 0.60
Masseter (total) 10.31+ 1.41 329.9 0.72 0.60
Anterior temporalis 5.25 +1.28 168 0.73 0.58
Middle temporalis 4.29 +0.74 137.3 0.66 0.67
Posterior temporalis 3.71 +1.05 118.7 0.5¢ 0.39
Temporalis (total) 13.25+ 3.3( 424
Medial pterygoid 6.00+ 1.24 192 0.84 0.60
Lateral pterygoid 2.82+ 0.6€ 90.2 0.30 0.65
(inferior head)

Table 7.2. Maximum muscle force calculated from edcmuscle’s PCSA (after van
Eijen et al., 1996 and 1997). Scaling factors from Nelson (1986
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7.2.3. Boundary conditions

Tooth identification in humans uses the followingtem: 11, 12, C1, P3, P4, M1, M2,
and M3 (where M3 corresponds to the wisdom todititjsors (1) are used for cutting and
biting during mastication, the canines (C) pierod gear, while the role of the molars
(M) is to grind the food with the premolars (P)iagsg the molars and the canines in
their respective functions (Bath-Balog and Fehrenbd997). The average maximum
bite force measured voluntarily in am vivo experiment between human incisors is
typically 140-200 N (Hellsing, 1980), 120-350 N ftte canine teeth (Lyons and
Baxendale, 1990) and 600-750 N for the molars (ldeghil987), while Tortopidist al.
(2002) reported 428 N (s.d. 132 N) in unilateraéforce in the molar area. Hence bite
force increases anterior-posteriorly across thé aaaity. Individual tooth values have
also been measured by using single tooth transsl(i€erraricet al., 2004), who reported
lower values but a similar progression in force@ase (see Table 7.3) and confirmed a
symmetry between left and right sides of the deateth. This study also confirmed that

men had larger bite forces than women for everyiddal tooth considered.

Tooth |11 |12 c1 |[P3 [P4 [ ML | M2
Women

Mean (N) | 93.88 | 95.75] 119.68 178.54 206/01 234.461.722
SD 38.16 | 36.59| 42.58) 77.20 86.52 70.53 73.08
Men

Mean (N) | 146.17 139.30 190.31 254.08 29136 306.294.30
SD 4444 | 51.40| 79.36] 7220 57.2p 41.99 5582

Table 7.3. Single tooth bite forces for men and woem (after Ferrario et al., 2004,
table 1).

The analysis in the current research was desifjmedsingle biting regime at the
right first molar (M1). Thus, constraints were apgl to a single node at each
temporomandibular joint in the FE model of the anam One of these nodes was
constrained in all degrees of freedom with the oévo directions (anterior-posteriorly
and dorso-ventrally), thereby applying minimal doaisits to the joints. The molar tooth
was only constrained dorso-ventrally. This is thme configuration as that applied to the

previousFelis silvestris catusnodel (see Chapter 5).
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An analysis performed with the model using thecatesd (maximum) muscle
forces returned a bite force of 979.2 N at M1. Aftealing, the reaction force at the same
tooth was found to be 625 N, which is at the higbed of the experimental values
reported previously in the literature, but alsoiknto the bite force values predicted by
Groninget al.(2011)for M1 (524 N and 554 N without and with the pepathl ligament
in place, respectively). These differences coulkdrecause either a larger sized skull is
modelled in the current analysis, or the linesaioa of the muscle forces are different.

7.3.Results and discussion
7.3.1. Temporomandibular joint forces and bite forces

When simulating a unilateral bite, some FE mod@lsoget al, 2010, Coet al, 2011,

for example) assume equal (maximum) activity ofrthescles on both sides of the skull,
which is not observeth vivo (Nelson, 1986; table Il). For example, the fordethe
working side masseter Macaca Fasciculari€xceeds the force of the balancing side by
a factor of typically 2-3, depending on the powethe bite and the type of food and of
jaw movement (Hylandest al,, 1992).

This can be explained by considering the constthiever model proposed by
Greaves (1978). When performing a unilateral liite,adductor muscle forces produce
reaction forces at the tip of the tooth and attdrmaporo-mandibular joints, forming a
triangle “of support” (Figure 7.2). For the bite be stable, the line of action of the
resultant vector must lie within this triangle, tbe three points are all in compression.
This is not a problem with bilateral bites, or atéral bites with the incisor, canine or
premolar teeth, but the position of the bite palmnges significantly with molar bites so
that the resultant could fall outside the triangfisupport. When this happens, distractive
(tensile) forces are generated in the temporomahatifoint at the working side, pulling
the joint apart and therefore risking disarticulatof the jaw. For this reason, mammals
reduce the force exerted by the balancing side whewing unilaterally, so the resultant
vector is drawn in the direction of the workingesiahd back into the triangle of support
(Ledogaret al, 2016).
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Figure 7.2. Triangle of support representing the caostrained lever model of jaw
biomechanics for a premolar bite (A) and a molar ke (B). ws: working side, bs:
balancing side, b: bite point, v: the resultant veior of the action of the jaw adduction
muscles. (After Ledogaret al., 2016).

In the model with maximum muscle forces appligde symmetric high force
values of the jaw adduction muscles cause theteggdbrce to lie outside the triangle of

support. This is seen in

Table7.4 by looking at the component of the reaction faatéhe working side TMuys
along the dorsoventral axis, which has a negatiheevof -8.56N (i.e. acting in a ventral
direction), indicating a tensile force on the ctami In contrast, in the model with scaled
muscles the same component of the reaction forcEMalvs has a positive value

(indicating a compressive force) of 72.24 N.

Table7.4 gives all the components of the reaction forcei@slat both TMJs. Note also,
for the model with scaled muscles the reactiondsranly decrease slightly in TMd
(less than 20 N) but dramatically at Tddbr balancing side (almost 200 N).
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Model with unscaled muscles Model with muscles seal
Total BF 979.22 Reaction force 625.04 Reaction force
TMJ ws X -219.02 219.37 X -186.5 200

Y -8.56 Y 72.24
TMJ Bs X -275.58 524.79 X | -200.05 336.44

Y 446.61 Y 270.5

Table 7.4. Total bite force, reaction forces at béittemporomandibular joints (TMJ)
and XY components using unscaled and scaled musdteces (units in N). TMJws

corresponds to the working side, and TMds to the balancing side.

7.3.2. Stress distributions

The M1 bite produces high stresses in the zygonaaticbes and the postorbital bars in
both models (Figure 7.3). While in the balancirgjtflside, high stresses are located in
the anterior part of the temporal bone, in the wayKright) side, high stresses manifest
more anteriorly, in the sphenoid bone and in theeloarea of the temporal. The laterals
of the right orbit also clearly experience highesses, particularly in the model using
maximum muscle forces. As expected, stress ishatgoin the right side of the maxilla
above the bite point, but also in the ethmoid bane the left lacrimal, but is diffused
before reaching the nasal bone. The lower regiaheiasal has been found by many
studies to be an area that experiences high stredsn biting and is regarded as a type
of ‘pillar’ or ‘frame’ resisting compression (seeferences in Ledogat al, 2016). This

is also confirmed in the present analyses andfiégtecan be seen in the third principal
stress plots (Figure 7.4). Ledogdral. (2016) reported high levels of tension in thisaare
for a premolar bite, which is also observed belathan M1 bite (see Figure 7.4 for the
first principal stress plots). It is also worth imgt that stresses remain low across all of

the cranial vault.
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0 10 MPa

Figure 7.3. von Mises stress distributions for a utateral M1 bite. Top row shows
the stress using maximum muscle forces; bottom roshows the stress distribution

with the scaled muscle forces.

Closer inspection of the first principal stresstpltor the scaled muscle forces
(Figure 7.3, above) shows that a tensile force iecouboth postorbital bars and in the
temporal bone on the left side. In contrast, orrigji@ side, the area under the nasal bone
Is subjected to tension, as are the lower andakatmpects of the right orbit and the
posterior end of the right zygomatic arch. Thedtlprincipal stress plots (Figure 7.4,
below) show more extensive compression forces tfigdoth lateral sides of the skull
and increasing across the whole extension of thgommgtic arches. Also, high
compression forces are found in the working sidaébiting molar and the lower maxilla
above it, in a continuum that ascends the righ¢ sidthe rostrum and finally dissipates
in the frontal bone at the approximate height efghpraorbital foramen. Compression is
also observed in the right postorbital septum anthé ethmoid bone. In the FE study
carried out by Ledogaat al. (2016) examining M2 biting, the highest tensilaists were
observed in the working postorbital bar (almoste¢hrtimes higher than in the

corresponding point of the working side). In thereat model, we see a similar tension
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in both postorbital bars, which seems to increas@tds the inferior end of the structure,
although peak tensions at the working postorbéaldeems more extensive. At the same
time, Ledogaret al. (2016) refers to lower values in adjacent regiswgh as the

zygomatic body, which to some extent is also okexkiu the figures below.

-5 1 MPa

Figure 7.4. Principal stress plots from a unilateraM1 bite using the scaled muscle
forces. Upper row: B! principal stress (most tensile stress); lower row3 principal

stress (most compressive stress).

7.3.3. Theeffects of including bulk soft tissuesin FE analyses

Most earlier FE models that focus on simulatiobithg behaviour neglect the inclusion
of other soft tissues of the human head that sngdbe cranial bones and yet they
contribute a significant proportion of the masshaf object. As a consequence, the effect
that these tissues may have on the results remairesgblored thus far. To test their effect
in the current study, the MIDA digital data was ggssed in AVIZO and meshed so that
the bulk soft tissues could be included in the Fifleh, as described in Section 7.2.
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To test the sensitivity of the results to the sffs of the soft tissues, their overall
Young’'s modulus value was varied with the followwagues: 0.5, 5, 50 and 500 MPa.
Figure 7.5 compares the resultant von Mises sfogsn M1 bite (with scaled muscles).
As expected, the results show how stress in the btyactures of the cranium is (largely
uniformly) reduced as the elastic module of thekladft tissues increases. The effects,
however, only seem significant for valuestof 50 MPa, much higher than the default
soft tissue modulus of 0.5 MPa (Table 7.1) usedhia analysis and values used in
previous FE models of the cranium (0.5 MPa in Huie@pHierl et al, 2015; 1 MPa in
Zhanget al, 2001; 2.2 MPa in Gladiliet al, 2004). Therefore, it seems unnecessary to
include the bulk soft tissues to improve the accyiad the FE models. These results have
been confirmed by similar tests performed on ahestd where bulk soft tissues were

simulated to assess their influence in the analf{Slearpet al, 2018).

Figure 7.5. The influence of bulk soft tissues orhe von Mises stress distribution in
the cranium during an M1 bite. (a) No external softtissues modelled; (b) to (e)
Elastic modulus of the bulk soft tissues varied a®llows: 0.5 MPa, 5 MPa, 50 MPa
and 500 MPa.

It still remains to be tested whether these sa$ue structures play a more

important role in other species with thicker skirstiffer skin, or different arrangements
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of the soft tissues under the dermis. They alsdtrbg expected to be more significant
in open, space-frame type skull structures, suchase found in reptiles, rather than the
closed skulls of mammals. Young modulus values dl@ah@nd reported by Grevest

al. (1995) from the skin of fish, reptiles and amphibspecies can be seen in

Table7.5, with someE values above 50 MPa. Even taking this data intowat,
the effect identified in the current analyses doesalter the general stress distribution
patterns of the bone tissue, but rather seem thstedecrease stress overall. However,
this reduction in stress may be important for b@meodelling and consequently to define

bone shape overall. Moreover, although the valrgrs f

Table 7.5 refer to skin, soft tissues surrounding the crantames are obviously
not limited to skin, but involve muscles with diféat densities, cartilage, fascial tissue
etc. Furthermore, in the case of reptiles, for eplamthe lack of facial musculature or
thick subcutaneous tissue between the skin and b@yemake the role of skin more
significant than in mammals. Also, the presencecafles or osteoderms will inevitably
add a stiffening effect to the surface, but howt #féects the stress distribution in the

underlying bone needs further, specific analyses.

Species Skin elastic modulus (MPa
Rainbow trout $almo gairdne)i 13.9to 870
Tokay gecko Gekko geckp 42
Turnip-tailed geckoThecadactylus rapicaudla 82.5
African clawed frog Xenopus laevjs 10.4t0 38.4

Table 7.5. Elastic modulus values of compiled by Gwenet al. (1995).

7.4.Conclusions

The purpose of this chapter was to introduce tharieldel developed from the MIDA
anatomical human head model created by la@tral. (2015), including the modelling
process, the material properties and boundary tiondi The model has been first tested
with a molar unilateral bite and the bite force geted have been compared with
previous experimental data as well as the resudta the digital model of another study
(Groninget al, 2011).
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At the same time, this study presents a compan$dne model with maximum
activation of muscle forces with one in which tleecks from the mastication muscles
have been reduced after taking into account scédicigrs. This process has been already
performed in FE analyses in the past (Grorehgl, 2011), but its use has not become
extensive, probably because of the lack of datanfust species. Moreover, the FE model
has also been used to test the role of bulk tisduesg biting. The results confirm that,
when bulk tissues are included in the model, thesstin the bone is reduced in an
apparently uniform manner as the Young modulushef liulk soft tissues increases.
However, in reality, with the relatively low modslwof the soft tissues in a human head,
this effect is minimal, but it may become more #igant for some species with
particularly thick skins and/or more open, spaearke type skull constructions.

In the following chapter, the human FE head madelised to examine the
biomechanical role of the postorbital bar, the pdstal ligament and the postorbital

septum.
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Chapter 8. The role of the postorbital bar and septum in the man

skull

8.1.Introduction

The postorbital bar is an ossified arch which igally formed by the articulation of
orbital processes from the frontal and zygomatiedso It surrounds the side of the eye
and forms part of the circular orbit (Smigt al, 2013). This structure has evolved
multiple times across different taxa and is comntonall primates. Many other
mammalian groups lack a full postorbital bar, iniahhcase the structure is formed by a
postorbital process of variable length and comglbiea postorbital ligament, with which

if creates a continuum (Heesy, 2005). Anthropoatsl(the genu$arsius although only
partially) have also developed a postorbital septmosseous structure which separates

the temporal fossa from the orbit (Cartmill, 1980).

Previous research has focused on the specifiofdlee bars (Curtist al, 2007
in felids; Parisi, 2010 in protosimians) or thetsgfiRoss and Hylander, 1996; Nakashige
et al, 2011, in owl monkeys and macaques, respectivélyjhe current study, both
structures are analysed together, to examine tpethgsis that they both perform a
similar mechanical role of protecting the contewitshe orbit during feeding. It doesn’t
appear that an FE study of this nature has beerdaut before and the contribution of
these structures to the cranium of modern humassbisbeen assessed. The advantages
of carrying out suclin silico investigations is the ability to test conditiohsitt are not
present in nature. Therefore, to assess the mazhaole of the postorbital bar and the
septum, the structures of interest were removed camdpared to the intact results,
examining the changes in the strain distributionthie skull and the deformation of the

orbit and eye.

There is still some controversy as to why bothlibe and the septum evolved,
although the studies performed during the lastdewades (Noblet al, 2000; Ravosat
al. 2000a, 2000b; Heesy, 2005; Heetyl, 2007; JaSaretiet al, 2010) seem to have
reached a consensus to support the idea thatdresase in orbital convergence produces
a rearrangement of the mastication muscles thatinglucontraction, may create

oculomotor disruption (Cartmill, 1970; 1980). Inghypothesis, the substitution of a

157



postorbital ligament with a postorbital bar and thesure of the orbit by the septum is
regarded as a system to avoid distortion in the@adnmargins of animals with convergent
orbits during mastication. For a full review of ttiéferent competing hypotheses and the

state of the question, see Chapter 2.

In any case, the main objective of the analyse®pred in this current study is
to assess the mechanical role of the postorbital #ad postorbital septa structures as
they currently exist in humans and, tentativelyeitend these conclusions to extant
anthropoids. The intention is not to support outefevolutionary hypotheses about why
these structures evolved in the first place, sthaecannot be properly investigated using

only this single specimen.

8.2.Methods

All the analyses were performed by simulating @leibite at the right first molar (M1).
Five different model variations were considerede enthout any modifications to the
cranium; one after removing the postorbital banse @after removing the septa and
substituting the postorbital bars for postorbitejaments; one after removing the
postorbital septa; and a model with both the pb#arbars and the postorbital septa

removed.

In order to assess strain variation in the difiesnalyses, the model was probed
at 9 locations in the skull (Figure 8)1This was performed by selecting 40 to 60 surface
nodes in each location of interest (typically caovgran area of 0.5 mm) and examining
the average maximum principal strain (S1), minimpmmcipal strain (S3), von Mises
strain and maximum shear strain over that area.afé@s probed were the dorsal orbital
regions, the ethmoid bones, the postorbital badsthe zygomatic arches, in both the
working side and the balancing side. A single lmratvas also probed in the interorbital
area. Some of these locations were chosen folloNadgashigeet al. (2011) in order to
be able to compare the results with the ones fiwah gtudy. The displacement of both
sides of the skull was also examined by selectimpde in both inferolateral orbital
regions (indicated by a crosshair in Figure 8.IThese nodes are strategically located
near the inferolateral orbital angle at the intetise of a horizontal plane which traverses
through the inferior part of the orbital margin amdertical plane which passes through

the lateral orbital margin. The vertical displacetnes measured to assess the
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displacement ratio between the working side andbéh@ncing side on each analysis. The
closer to 1 the ratio, the more similar the dispraent between both sides. The same
procedure was used by in Nakashajeal. (2011), again facilitating comparisons with

that paper.

Figure 8.1. Human head model with the approximatedcation of the regions where
strain data were gathered (only the regions probedn the left side are shown). [1]
interorbital region, [2] dorsal orbital region, [3] postorbital bar [4] zygomatic arch,

[5] ethmoid bone. The location of the inferolateralnode used to measure skull

displacement is represented with a crosshair.

To assess eye deformation during biting, the Yalg approach was used: firstly,
two nodes were selected, one on the superior amathe inferior sides of the eyeball.
Then, the relative vertical displacement was caled after each bite (subtracting the
displacement of the inferior node from the supenode value). Negative values then
indicate the amount of compression in millimeterthe dorsoventral axis, while positive
values indicate tension. A percentage deformatias geetermined by comparing the eye
diameter before and after the analyses, whereitimeeder of the eyes of the model were
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measured from the coordinates of the two nodesteeleOn the WS, the undeformed
diameter was found to be 23.9 mm, while on the B8as 23.6 mm. This agrees well
with the value quoted in Bekermaat al, 2014, which reports that the human eye
measures: 23.7 mm in the vertical direction). The deformati@sults for the different

models are given in Table 8.3.

A full and detailed description of the methodsduse create the human head
model, including material properties, boundary dbods, sensitivity tests and

preliminary analyses, can be found in Chapter 7.

8.3.Results

Removal of the postorbital septa has a slight btiteable effect in the von Mises strain
distribution (Figure 8.2, b). On the working sig&ain is increased in the postorbital bar
and seems to transmit part of the load to the teatpBeak strains are also visible in the
superior area of both postorbital bars. Even mageifscantly, strain increases in the

ethmoid and the lacrimal bones of the working sidd, to a lesser extent, in the body of
the zygomatic bone. The missing septa do not ttesile strains in a meaningful manner,
but the ethmoid and the lacrimal become subjeabeddditional compressive forces

(Figure 8.3).
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Figure 8.2. von Mises strain distribution with different postorbital bars and
postorbital septa configurations: (a) reference moel with intact postorbital bars
and postorbital septa; (b) after removal of the po®rbital septa only; (c) after
removal of the postorbital bars only; (d) after renoval of the postorbital septa and
substitution of the posorbital bars for postorbital ligaments; (e) after removal of

both postorbital bars and postorbital septa.

Removal of the postorbital bars while maintainihg postorbital septa in place
(Figure 8.2c) has a similar effect on the resudteeanoval of the septa. Strain is increased
in the lacrimal and the ethmoid, and in the bodyhef zygomatic bone. The absence of
the bars also leads to high strains in the sep@mthis occasion, the increase is also
visible in the balancing side, although to a lesséent. When simulating a postorbital
ligament by varying the material properties of gustorbital bars (Figure 8.2d), strains
further increase in all the areas referred to jesly (lacrimal, ethmoid, zygomatic

arches and body of the zygomatic bone). Moreovegk strains appear in the lacrimal

161



and ethmoid bones of the working side. Subsequanptete removal of the postorbital

bars (Figure 8.2e) further confirms this trend.

-100 500 pe -500 100 pe

Figure 8.3. (a, b) analysis simulating a unilaterabite at the first molar (M1) position.
(c, d) same analyses after removal of the postorhitseptum, but not the bar. (e, f)
same analyses after removal of the postorbital bahut not the septum. (a, c, e) 1st
principal (most tensile) strain); (b, d, f) 3rd principal (most compressive) strain.

This increase in strain is confirmed when compaspecific nodal values for the
regions probed in the different analyses (Tablea8d 8.2). In both sides of the cranium,
von Mises strain increases when the septa andabaremoved, or when substituting the
later for postorbital ligaments. The highest ssane invariably found in the model with
both the bars and the septa removed. This renraiegdr all regions tested. The highest

absolute values of von Mises strain is found irhmotgomatic arches (248G fior the
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working side and 1520gfor the balancing side). However, the greateshghas found
in the dorsal orbital area and the ethmoid bontherbalancing side, where strain values
are increased by a factor of four when both stmestare removed. The dorsal orbital is

also the area with the greatest increase on thkimgpside.
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BALANCING SIDE

WORKING SIDE

von Mises Max von Mises Max
S1 S3 Strain Shear Strain S1 S3 Strain Shear Strain
Dorsal orbital
Reference model 13 -13.8 20.1 26.8 26.1 -31.7 44.6 57.8
Postorbital ligaments 23.8 -25.7 39.3 49.5 29.6 -35.1 49.3 64.7
Without bars 23.3 -26.4 39.2 49.7 33.8 -36.5 53.5 70.3
Without septa 24.6 -21.3 32.4 45.9 41.9 -41.9 66.2 83.8
With no bars or septa 67.5 -49.1 85 116.6 72.8 -89.8 126 162.6
Ethmoid bone
Reference model 42.7 -40.3 61.5 83 92.1 -138 174 230.1
Postorbital ligaments 98.7 -85.5 137 184.2 117 -173 214 290
Without bars 104 -91.8 145 195.8 120 -180 221 300
Without septa 27.7 -16.6 37.6 44.3 135 -185 242 320
With no bars or septa 227 -122 269 349 176 -258 332 434
Postorbital bar
Reference model 205 -94.6 215 299.6 301 -298 429 599
Postorbital ligaments 907 -457 939 1364 548 -554 756 1102
Without bars
Without septa 367 -202 407 569 481 -478 662 959
With no bars or septa
Zygomatic arch
Reference model 507 -439 748 946 867 -1270 1630 2137
Postorbital ligaments 714 -620 1030 1334 1250 -1590 2210 2840
Without bars 722 -632 1040 1354 1260 -1620 2240 2880
Without septa 541 -455 778 996 827 -1590 1770 2417
With no bars or septa 1110 -037 1520 2047 1160 -2270 2480 3430
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Table 8.1. (In previous page). Strain values (ing) for the different locations probed
in the model for: maximum principal strain (S1), minimum principal strain (S3),
von Mises strain and maximum shear strain, and unde various conditions
(reference model, substitution of the postorbital brs for ligaments, removal of the
postorbital bars, removal of the postorbital septa,and removal of both the
postorbital bars and septa). For the specific locains of the regions probed, see

Figure 8.1. .

von Mises Max
S1 S3 Strain Shear Strain
Dorsal interorbital

Reference model 9.5 -12.7 17.1 22.2
Postorbital ligaments 13.7 -16.4 21.5 30.1
Without bars 14.5 -17 22.4 315
Without septa 12.0 -15.8 21.6 27.8
With no bars or septa 22.9 -28.1 36.4 51

Table 8.2. Strain values (in @) for the dorsal interorbital for: maximum principal
strain (S1), minimum principal strain (S3), von Mises strain and maximum shear

strain, and under various conditions.

When considering deformation of the eye in théed#nt models, Table 8.3 shows
compression of the ocular orbit on the working sigigh values generally following the
trends observed in the cranium strains. The referanodel experiences a 0.063%
compression of the eye of the working side. Theieahcreases but remains relatively
unchanged after replacement of the bars for a legarand complete removal of the bars.
However, when the septa are removed (but not the),bthe deformation increases to
0.098%, and increases further to 0.17% when batlh#ns and septa are removed. While
these are apparently very small values, the la&tan increase in diametral compression
of 276% compared to the reference model. In contthe eye on the balancing side
experiences a smaller compression during a norniabiké with the reference skull, but
increasing tensile deformation for the modified misd up to 0.071%. It is also worth
noting, though, that the tensile deformation in bla¢ancing side is approximately half
the compression experienced on the working side.
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Working side Balancing side
Analysis % %
DM (mm) | deformation DM (mm) deformation

Reference model -0.015127 -0.063% -0.001474 -0.006P%6
Postorbital ligaments -0.016222 -0.068% 0.001344 00&0
Without bars -0.016117 -0.067% 0.001812 0.008%
Without septa -0.023576 -0.098% 0.000571 0.002%
With no bars or septa  -0.041759 -0.174% 0.016676 07106

Table 8.3. Deformation of the eyes of the referencend the different modified
models. DM (diametral deformation). Negative valuesndicate compression of the
eye; positive values indicate tension. The percergas changes are with respect to the

initial eye diameter.

Regarding distortion of the orbit, data from theotwodes at the inferolateral
orbital angle of the skull was gathered from thfenence model and the model with the
septa removed (Table 8.4). Results show that tie o the distortion of the working
and balancing sides is closest to one in the godsterior direction for both analyses,
with the largest difference in the ratios of thedméateral displacement. As indicated by
the vertical ratio, the reference model has a ragnemetrical displacement (closest to 1)
than the model with the septa removed. There apegakater vertical and anteroposterior

displacements in the balancing side than in thekingrside for both analyses.

Inferolateral Working side (WS) | Balancing side (BS) | Ratio (WS/BS)
orbital node X Y Z X Y Z X 1Y | Z
Reference mode| 0.0260.018| -0.007|0.021| -0.051| -0.002|1.24/0.35|3.13
No septa analysi$ 0.0310.013| -0.012| 0.024| -0.067| -0.007|1.30{0.19|1.67

Table 8.4. Displacements of the node located at theferolateral orbital angle, in
millimetres. X: anteroposterior axis (positive dispacements are towards the left
(balancing) side; Y: vertical axis, Z: mediolateralaxis (negative displacements are

directed posteriorly).
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8.4.Discussion

The goal of this investigation was to evaluatertirechanical role of the postorbital bar
and postorbital septum in the human cranium byssasg the effect of removing the
structures or altering the mechanical propertietheftissuesn silico, thus replicating
configurations that are not possible to reprodnogvo.

The results support the idea thatHomo Sapien®oth the bars and the septa
strengthen the orbits, protect the eye from distorduring unilateral biting and generally
help to reduce strains in the various areas oftcthaium where values were gathered,
such as the zygomatic arches, the ethmoid bonethanbstorbital bars (in the case of

the septa). A more detailed discussion of thesdteefollows.

8.4.1. Effectsin strain after removal of the postorbital bars and/or septa

Nakashigeet al. (2011) examined the role of the postorbital sephymperforming FE
analyses in the cranium of two macaqudadgaca fascicularisand, in particular, tested
the hypothesis that removal of the septa wouldlr@s@an increase in the magnitude of
strain in the regions of the supraorbital torus erelpostorbital bars. They found minor
strain increases in parts of the areas, but thétyali correspond to the ones identified in
the previousn vivoandin vitro experiments of Ross and Hylander (1996). Giventtiea
magnitude of the strain in these regions was veny [(see below for possible
explanations), they concluded that the postortsggta did not play a meaningful
mechanical role supporting the orbital region iteex anthropoids.

In the case of the current human model, after reinoithe postorbital septa there
was no apparent strain increase in the supragrbitakhere was a noticeable increase in
the postorbital bars, an occurrence previously eskeby Ross and Hylander (1996). In
fact, after examining the postorbital bars for diféerent scenarios studied here (Figure
8.4) it can be concluded that stress increases meitioval of the postorbital septa,
whether the postorbital bars are bony or replacitd avligament This is observed in

4 Heesyet al. (2006) considered the mechanical difference betviae®e postorbital processes and full
postorbital bars negligible. Therefore it must ln¢ed than in the altered version of the human madtel
length of the postorbital processes are minimahasvhole postorbital bars were substituted fat@dital
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both the working side and the balancing side. Meeeoelimination of the postorbital
septa leads to a strain increase in the medialabivall of the working side, as well as
in the zygomatic process of the frontal bone (FegBi2b).

WS BS WS BS

10 MPa 1 MPa

Figure 8.4. Comparison of von Mises stress in theogtorbital bar in frontal view. (a)

reference model with intact postorbital bars and sgta. (b) after removal of the
postorbital septa. (c) simulation of the postorbith ligament in presence of the
postorbital septa. (d) simulation of the postorbith ligament with absence of
postorbital septa. WS corresponds to the right or wrking side and BS corresponds

to left or balancing side.

One of the hypothesis tested in Nakaslagal. (2011) was that the presence of
postorbital septa helps to reduce deformation énattibits when performing a unilateral
bite, where the two sides of the skull deform iffelent manners as a consequence of
their different loading conditions. To test thisplyhesis, Nakashiget al (2011)
recorded the displacement of two nodes locatekarrtferolateral region of the orbit for
both an intact skull and one in which the septa measoved, and calculated the ratios
between working and balancing side displacemethisir Tesults confirm the hypothesis,

as the displacement ratios in the vertical axisswaore asymmetrical (more different to

ligaments. Consequently, an increase in the lengjttihe postorbital processes will alter these tssul
possibly reducing strain in the cranium in the sanagner that closed postorbital bars do.
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1) in their (macaque) model without the septa (IShlgeet al, 2011; table 3.This is
also true for the human model examined here, \ugtratio of the reference model closer
to 1 (0.35) than in the analysis with the septaoesd (0.19; see Table 8.4). In the current
study, a greater vertical displacement is also meskin the balancing side (WS: -0.018
mm; BS: -0.051 mm for the reference model and V0013 mm; BS: -0.067 for the
analysis with the septa removed), which was aledipted by Nakashiget al. (2011),
but not confirmed in their results. Therefore, therent study supports the idea that the
postorbital septum helps minimize asymmetrical da&dion when the skull is subjected

to unilateral loading of the molar teeth.

The results of our experiments differ from thosarfrNakashiget al. (2011) in
the fact that we recorded higher values of stragrall. For example, in the postorbital
bar of the working side in their model of a macagkell before removal of the septa,
their maximum shear strain value (98) jis noticeably lower than that observed in this
human model (5994). However, Nakashiget al. (2011) refer to values as high as 194
pe from Ross (unpublished data) for the same localitve authors of the study observe
that the macaque specimen had a more developeaoshipal torus and postorbital bars,
hence explaining the discrepancy between theiregaland those provided by other
studies. Therefore, a further explanation for tigparity between Nakashigéeal.(2011)
and the results from this study may simply be #ut that macaque skulls are more robust

than those of humans.

Concerning the postorbital bar, Parisi (2010) olesg a reduction in strain in the
zygomatic arch after removal of the bar€&uemur fulvusvhile simulating a unilateral
first molar bite, but it was accompanied by anéase of strain in the orbital wall (Figure
8.5). In the current study, this does not lead tedaiction in strain in the zygomatic arch
(Figure 8.2b and d), and a slight increase is oleskealong the body of the zygomatic
bone. However, in agreement with Parisi (2010)irstiecreases are seen in the orbital

wall, specifically in the lacrimal and the ethmdidnes of the working side.

5 When comparing Nakashige al. (2011) values with the ones in our study it shdagdbore in mind that
the working side in our human model is the righe,owhile in in the macaque model the right side
corresponds with the balancing side. Therefore, Zhaxis (mediolateral) is inverted and positive
displacements in the human model are towards tlaatiag side.
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Figure 8.5. (a, b): von Mises stress distributionrbm an Eulemur fulvus model. (c,

d): The same model after removal of the postorbitabar. Adapted from Parisi (2010).

Most FE models of anthropoids show high straingh@ orbit, either during
unilateral premolar or unilateral molar bites (kedogaret al.(2016) for modern humans
or Smithet al. (2015) which includes FE models fer troglodytesA. africanusandP.
boise). It is worth noting that the orbital lamina oktlethmoid bone (also referred to as
“lamina papyracea” due to its paper-thin configiorat is one of the most delicate
structures in the skull and, together with theriiiewall of the orbit, fractures easily as
a consequence of trauma (Satgl, 2009; Figure 8.6). The orbital lamina, as opposed
to the orbital floor, is strengthened by the preseof ethmoid air cells “which reinforce
the medial wall like corrugated paper or a beeh(Bradyet al, 2001). Given the fact
that higher orbit strains in the reference modsbabccur in the ethmoid area, this
biological reinforcement of the lamina papyraceayrearve as a system to withstand
forces generated during mastication. From the otresults it seems clear that both the
postorbital bars and septa also greatly help togedtrain in this fragile area of the

human skull.
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Figure 8.6. Frontal view of the orbital bones (Brag et al., 2001, after Dutton, 1994).

It would be premature to use these results to ey the postorbital septum
evolved in anthropoids, because the cranial gegnuétbasal anthropoids is different
from those of extant species — both macaques (Majexst al, 2011) and humans (this
study). Nevertheless, the fact that removal ofegithe postorbital bar or the septum leads
to an increase in strain in the same areas ofkihiésems to suggest that they perform
a similar mechanical role in protecting the medsect of the working side orbit from
compression forces arising from mastication — altfig of course, they may perform
other roles as well. The effects are cumulative, dae removal of both bars and septa
leads to a further increase in strain in the sag®ns mentioned. The postorbital bar has
evolved independently multiple times, and becahsesepta is a secondary structure
evolved only in anthropoids (anthrsiusin a lesser degree), it is not unreasonable to
think that the latter may enhance the supportitgy@abthe former. This suggestion seems
to be supported by the results obtained by Ros$igtahder (1996), although the authors
of that study and those of the more recent FE stydyakashigest al. (2011) conclude
that the postorbital septa no longer play a sigaift mechanical role in extant

anthropoids.
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8.4.2. Eyedistortion and ocular stability

Distortion of the eye is also observed after rerho¥éhe postorbital bars and postorbital
septa, particularly after removal of the latter.&liemoving both the bars and the septa,
this distortion results in a 276% increase in caspion of the eye in the working side
(i.e. 0.174% of the eye diameter or 0.042 mm) acoreesponding vertical tension in the
balancing side (of 0.071% or 0.016 mm). In realigywever, the tensile effect may not
occurin vivo, because the model assumes a perfect connectivadreall materials, and
hence the tissues supporting the eye may in fgarate, thereby relieving the tensile
forces. Curiously, the removal of the bars doesprotluce as much compression as
removal of the septa. Cartmill’'s hypothesis (197930) proposes that the increase in
orbital convergence, as observed in Primates, wdéedd to vision distortion as a
consequence of the action of the mastication msasd@leis would, in turn, produce the
eventual substitution of the postorbital ligamemtdn ossified postorbital bar, and also
to the formation of a postorbital septum. The regeaf Hees\et al. (2006) suggests that
the presence of the postorbital septum may hehldléviate displacements of the eyes,
which our results also seem to confirm. From hislgt Heesy and colleagues concluded
that the presence of a postorbital bar and septuved as a way to avoid deformation of
the orbit, as already suggested by Cartmill (19180}, by itself it was not sufficient to
maintain the normal oculomotor function when madian muscles were contracted. As
a result, they also concluded that in order to e effects of diplasia and oscillopsia,
variations in the position of the eyes as a consecgl of feeding were corrected by other
mechanisms of the extraocular motor system thapeosated for these displacements.

The results of this study demonstrate that, in dmsn both structures help to
protect the orbit and stiffen the lateral orbit lsahlbeit to different degrees. There are,
however, some caveats in our analyses that mustkee into account. Firstly, eyes are
a complex structure with multiple interrelated pasach one with different material
properties (Aloyet al, 2017). For the sake of this investigation, weated the eyes of
the human model as a single structure with homageeaterial properties, following
Schutteet al (2006). In addition, as mentioned above, all mali®were assumed to be
perfectly connected which will fairly represent @rfaces in compression, but not
necessarily those that experience tension. The itoggs of the deformation of the eyes
in this model, therefore, may not be accurate coatptin vivovalues. The same can
be argued about the tissues that surround theieg®ee the orbit, which in our model
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were regarded as generic soft tissues. In theduthe use of more detailed material

properties would be necessary to fully addressthesstions.

8.5.Conclusions

In humans, the presence of both the postorbital &iad the postorbital septa protect the
contents of the orbit and prevent distortion ofabalar globe when performing unilateral
molar bites. A more detailed model, particularlyeothat takes into account the
complexities of the ocular structures and its sumtbhng environment, may help to
confirm these results in the future and also predgdecific more accurate quantitative
information about the nature of the deformation theleffects it may have in vision. At
the same time, the bar and the septum in humapséughlice strain in other regions of the
cranium. For example, the presence of the septacesdstrain in the postorbital bars, as
was previously demonstrated by the experimentsopedd by Ross and Hylander
(1996). Of particular interest is the fact thaastincreases in the ethmoid area or “lamina
papyracea”’ when the bars or the septa are rem®ueck this is such a fragile region, it
seems logical that the presence of these structuvakl help to dissipate strain in this
particular area. Moreover, the postorbital septdso &elps to minimize asymmetrical
deformation between the working and balancing sidesn performing a unilateral bite

with the molar teeth.

Therefore, it can be concluded that, at least & d¢hse of humans, both the
postorbital bars and the postorbital septa sengesystem to protect the orbit and avoid
eye distortion, but they also accomplish an impurtaechanical role in the cranium,
helping to reduce strain in areas such as the zggorarches and the ethmoid bone; in
some cases, decreasing it by a factor of four. Wewehese conclusions cannot be
extended to other extant anthropoids or to infesl@ionary patterns based on these
results. For the former, a more inclusive study el necessary, one that analyses several
extant anthropoid species within the same expeiiah&amework. For the later, it would

be necessary to perform analyses on models of badalopoids.
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Chapter 9. Discussion

This chapter presents an overview of all the warkducted throughout this thesis in
which the results are discussed and put into aderoeontext, taking into account the
current literature of the field. Given that all uéis from the analyses have already been
discussed extensively in the previous chapters; tivd major points will be presented
and sometimes expanded here.

9.1. Comparative anatomy of the ossification of the durbfolds and its role in cranial

biomechanics

Chapter 3 and Chapter 5 present a new review aahieation of dural ossification by
considering questions that have remained largedyswered since they were presented,
first tangentially in Gordon Klintworth’s paper alddhe anatomy and phylogeny of the
tentorium cerebelli (1968) and then in more dataiteveral works by Takao Nojima
(1988, 19904, 1990b and 1990c). Chapter 3 discassksollates all available references
concerning the dural condition with many previoushdescribed species, and confirms
that ossification of the falx cerebri is shared®@snithorhynchidae, some members of
Ursidae, Otariidae, Phocidae and Odobenidae amangv@ra, Physeteridae, Ziphiidae,
Delphinidae and Phocoenidae among Cetacea, Si@miaa single and dubious case
found in a specimen of the genus Propithecus (@haptFigure 3.11; Grant Museum,
sp. Z405). Ossification of the tentorium cerebislimuch more common, appearing as a
trait in several members of marsupials and in Getain Xenarthra, in many primates, in
almost all Carnivorans (with the sole exemption MEphitidae), in Equidae,
Tubulidentata, Pholidota, and in certain memberobdactyla Camelus dromedarius
and Madoqua phillipsj and Rodentia (at least in Heteromyidae). The ekegof

ossification in each case, however, is extremetiabée.

In light of these results, it is clear that ogsifion of the falx cerebri and/or the
tentorium cerebelli has taken place independentlyasious times and in different
lineages (Macrinet al, 2007). However, despite presentation of over@8ant species
in one review for the first time (Appendix 1. Dufalds condition in extant species) and

many other extinct ones, there are still many pygtfeetic gaps and many genus for which
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the condition of the falx cerebri and the tentoricenebelli is unknown. Given the elusive
nature of ossification, which in some cases mayassociated with external causes,
observation of a single specimen for each specigemus is probably not enough, so a
study with a larger scope in mind would be necgssareconstruct an evolutionary story

of the condition.

Concerning the origin and nature of the ossifargtiwo main hypotheses were
considered in this work. Although both of them haaleeady been examined and
disregarded by Nojima in the past (1988; 1990aptR3he current advances in the field
and the new body of work compiled here justifieseaond consideration.

The first hypothesis proposed that postnatal dotdlossification may be related
with either a high dietary intake of food rich ialcium, phosphorus and vitamin D, such
as is the case in some species of Cetacea (Nojig&8), or a diet poor in vitamin A
because there is some evidence that vitamin Aidefig causes cranial bone thickening
(Chandreet al, 1999; Hartleyet al, 2005, and many others), thickening of the sofadu
mater (Gallinaet al, 1970; Van der Lugt and Prozesky, 1989) and &t leae instance
in which it produced ossification in a previous asafied tentorium cerebelli (Jukbal,
1993). This hypothesis was disregarded partly meaguathologies associated with
hipervitaminosis D and hypovitaminosis A do notmseeompatible with anatomical
descriptions of postnatally-developed dural foldshumans, dural fold ossification has
been better studied, and a link has been establistte/een hipervitaminosis D and dural
ossification (DeWind, 1960; Schey, 1974; Dawesal, 1986), but it normally appears as
disconnected patches of bone, and not continuousooiplete as is the case in
Delphinidae or Phocoenidae. On the other hand, \htgrainosis A in felids and other
mammals, does not merely produce thickening ofeh&rium, but is frequently joined
by alterations in other bones of the skull, the diale and the cervical vertebrae.
Moreover, hypovitaminosis A causes further medipabblems, such as lack of
coordination, convulsions and blindness (Bartestcdl,, 1975; Gross-Tsubest al, 2010)
which are not observed in species in which poskragaification of the dural folds
appears to be commonplace.

The second hypothesis proposes a link betweeriicasgin and behavioural
causes, perhaps suggesting a functional role,retthe to locomotion (for example,
hopping or bounding), speed, or as a consequerinbalfiting an aquatic or semiaquatic
environment. After careful consideration, nonehafste possibilities seem to have enough
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support to withstand closer scrutiny. Although was groups with an osseous falx or
tentorium seem to share some of these traits, #rerenany counterexamples that also

must be taken into consideration.

An obvious scenario of this hypothesis is the ithed ossification, particularly
ossification of the tentorium cerebelli in Carnigns, may be related with biting or
feeding behaviour. This is reinforced by the faetttmany mammals that have occupied
predatorial niches share the same trait (not omalyn®ora, but some Marsupials, such as
the recently extinct thylacine, and much older meralof the Order Creodonta) initially
supporting the possibility that the osseous teatorin these groups could represent a
case of morphological convergence. This was pt¢tbby simulating various intrinsic
and extrinsic biting regimes, both unilateral ainldtbral, in an FE model of a common
household catHelis silvestris catus varying the material properties of both the falx
cerebri and the tentorium cerebelli to represemtogsified and the unossified structures.
Chapter 4 describes the creation of such a modethmalso takes into consideration the
neck muscles for the extrinsic biting regimes, &ithpter 5 presents the boundary

conditions applied, the analyses performed, andeabelts obtained.

These results showed that changing the matenalgpties to simulate the ossified
falx and tentorium does indeed lead to a substameiuction in the von Mises stress in
the structures themselves, but it has a much modest effect in the cranium as a whole.
The ossified falx cerebri does not have any visifiect in the stress patterns, and
differences between models with ossified and ncified tentoria were restricted to the
posterior area of the cranium: in the parietal temdporal, including the tympanic bulla.
This localised reduction of stress may suggesthtgtentorium plays a minor role during
biting, but all intrinsic and extrinsic analyses reveconsistent in reproducing this
reduction of von Mises stress, perhaps indicattgyell that ossification is not related to

the forces exerted by struggling prey or in theéoscof tearing a carcass.

9.2.The role of the postorbital bars, ligaments and sdp in the human cranium

In Chapter 8 the biomechanical roles of the pogtalrbars, the postorbital ligaments and
the postorbital septa during unilateral molar lgitimaHomo sapienskull were analysed.
This was achieved by removing the structures efredt and comparing the results to the

ones performed with the cranium intact by examirtimg changes in von Mises strain.
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The postorbital bar has evolved independently mlelttiimes in various taxa and is
present in all primates, but the previous statéhefstructure is an osseous postorbital
process completed with a postorbital ligament (Me@605; Smithet al, 2013). The
postorbital septa, which separates the temporaafédsom the orbit, is a secondary
osseous structure that has only evolved in anthdsp@andTarsiusin a lesser grade
(Cartmill, 1980).

So far, several hypotheses (summarized in Ch&)térave been proposed to
explain the mechanical role of these structuresofding to the results of the FE analyses
performed in this project, the bars and the seplialworate to reduce strains in several
areas of thélomo sapiensranium. Removal of the septa also has the effanotreasing
strain in the postorbital bars, both in the workside and in the balancing side, and in
the medial orbital wall of the working side and #ygiomatic process of the frontal bone.
The presence of the septa also strengthens this arid protects the eye from distortion
during unilateral biting, confirming previous retsuby Nakashiget al(2011). Moreover,
in the human head model, the septa minimizes traragtrical deformation arising from
a molar bite and reduces the distortion of the apegffect that also takes place with the
removal of the postorbital bars, albeit their cdmttion is much less. Ilomo sapiens
therefore, it seems that the septa, and the biineugh in a lesser degree, protect the
orbit and stiffen the lateral orbit walls, but thessults must be treated cautiously, among

other factors because of the simplified mannerhicivthe eyes were modelled.

Removal of the postorbital bars while maintaining septa has similar effects in
the human head model. An increase in strain isrebden the lacrimal, the ethmoid and
the body of the zygomatic bone, as well as theusepifter replacing the postorbital
bars with ligaments, strain increases more inaké areas and peak strains appear in the
lacrimal and ethmoid bones of the working side. Beimg both the bars and the septa
increase strain even more, in what it looks likeuenulative effect. The highest strain
values are observed in the zygomatic arches, negdui20 12 in the balancing side and
2480 Lt in the working side. Moreover, the ethmoid bonkjol experiences 4.4 times
the strain in the balancing side and 2.3 timeshm working side (compared to the
reference model) with von Mises strain values d 6 and 332 g respectively), is a
region particularly fragile of the human skull (Byeet al, 2001; Songpt al, 2009), and
both the bars and the septa seem to aid in thegtian of this delicate area.
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9.3.Improving the accuracy of digital finite element malels

One of the main aims of this project was to tesgtide range of different anatomical
structures that have been either neglected frowiqure finite element models or whose
effects in the results are not completely undeibstoo sufficiently studied yet. The
purpose of this was to help establish the levaleaihil that needs to be included in FE

models of the cranium.

The research has confirmed that some of the steestudied does not appear to
impact the general von Mises stress or strain fpettef the cranium significantly, as is
the case of the dura mater that encloses the (aimpter 4), the falx cerebri (Chapter 5)
and the periodontal ligament (Chapter 6) inFleds silvestris catusodel, and the bulk
soft tissues (Chapter 7) included in tHemo sapiensnodel. However, even in these
cases, the results must be treated with cautiortrendature and focus of each analysis
considered carefully, also bearing in mind thafiedént geometries may produce different
results. For example, not modelling the PDL hascallsed effect on the surrounding
alveolar region of thé&elis silvestris catusnodel. This may not be important in a study
that is only concerned with global stresses adiosskull (as in Wooét al. 2011 or the
research carried out in Chapter 5), but could bgreat importance in a different study
that considers the mandible and not the craniuch(as Groéningt al, 2011). Moreover,
in certain species, such as extinct sabre-toothts] the large depth of the tooth sockets
may well be expected to modify the stress andrstraids if the PDL is not included, so
different species may require different strategied further testing. In the same sense,
the inclusion of the bulk soft tissues that surthre cranium may be irrelevant for most
mammalian species, but it still remains to be comdd if that is the case in species with
either dermal plates or high elastic module sksugh as some fishes, amphibians or
reptiles.

On the other hand, the tests performed in Ch&pseem to confirm that both the
nasal turbinates and the osseous part of the sepailm do indeed influence the results
obtained in FE analyses, and their omission prasluseatural high stresses in the
cranium overall. This is true in particular in {h&atine and surrounding areas, and in the
maxilla and in the temporal bone, but, at the siime, a decrease in stress is observed
in the anterior area of the palatine as well asther parts of the zygomatic bone and the
maxilla. While it is expected that the septum casilg be modelled with the rest of the
bones of the skull, this is not the case for thibihates, because of the time-consuming
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segmentation process to extract their geometrttandifficulties in fully capturing their
complexity in the first place (as is the case wilie struts of trabecular bone). For
example, the nasal turbinates were not includesudies by Dumorgt al.(2011) in the
models of a saddleback tamari®aguinus fuscicolllsand a common marmoset
(Callithrix jacchug, or in Dzialoet al. (2014) in a model of a common chimpanzZean

troglodytes.

Additionally, the current study examined two ftlaspects in the FE models: a
simple muscle wrapping technique with the supeafitemporalis of thé&elis silvestris
catusskull (Chapter 4 and Chapter 5) and the scalingndof the muscle forces in the
human head skull (Chapter 7). Muscle wrapping e @applied in other studies before
(Grosseet al, 2007; Curtiset al, 2008; Liuet al, 2012) and found to result in a slight
reduction in peak stress, but not altering the garsdress patterns of the skull. In the
analyses performed for this project, the patterfsstoess also remained largely
unchanged, but the reduction of peak stresses otasbserved.

In contrast, the comparison between unscaledfi{iyf activated) and scaled
(physiologically activated) muscle forces in themo sapien&E head model, did reveal
important differences. For example, total bite éoveas reduced by about a third (from
979.2 N to 625 N) for unilateral biting at the firmolar and, logically, strain was also
reduced considerably in both the working side &eddalancing side. This indicates that
simple application of maximum muscle forces doet awmpletely replicate in vivo
conditions accurately as it may produce variatiarthe magnitude and/or distribution of
strain, and realistic, scaled (physiologically esg@ntative) muscle forces should be

applied when possible.

Finally, although the results concerning the pidmtal ligaments, bars and septa
have been already discussed in this chapter, itldhze noted that they may also be of
importance when taking account of intraspecificiateon. For example, although the
most usual condition in thEelis silvestris catuspecies is the presence of postorbital
processes with pairing postorbital ligaments, th@®eesses can, on certain specimens,
close into complete postorbital bars (a specimeh this characteristics was described
by Heesyet al, 2007 and is not, by any means, an exceptiomdhormal condition).
Results obtained in Chapter 8 in tHemo sapiensiead model seem to suggest that, at
least in the geometry of a human cranium, the piasef postorbital bars helps reduce
strain more effectively than the combination of gustorbital processes and postorbital
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ligaments (but see Heesyal, 2007). Although nowadays intraspecific variati®rarely
considered in vertebrate finite element studiesgf®r 2014), the increasing ease in the
FE model creation process does facilitate studiés multiple specimens of the same
species, and therefore assessment of intraspeaeifiation will probably become more

widespread in the near future.

9.4.Research shortcomings: Validation, material properies and other caveats

Biological tissues behave in an extremely complexner (Godinhet al, 2017). In fact,
“most soft tissues exhibit a nonlinear, ineladtieterogeneous, anisotropic character that
varies from point to point, from time to time ancbrh individual to individual’
(Humphrey, 2003). As a consequence, it is ofteficdit for researchers to access
accurate and reliable details of the mechanicgbgmtees of the materials they simulate.
This applies to bone, as well as other biologisasue such as some of the ones used in
the models of this thesis. Moreover, there is na @aailable for the great majority of
extant vertebrate species. A good example of ifisulty is the extreme variation in the
Young's modulus values of the periodontal ligamegorted in other studies, which
range between 0.01 to 1750 MPa (Eilal, 2011; see Chapter 6). To mitigate uncertainty
in material properties in the current project, &arsensitivity tests were undertaken for
the following materials: dura mater, periodontgalnent and both the internal and
external bulk soft tissues (see Chapter 5 and @hapt

Uncertainty in the definition of material propesdican be tested and partially
resolved through validation of the models via expental studies. Although desirable,
it is very difficult, sometimes impossible (as Iretcase of fossils or due to ethical issues),
to test mechanical properties in biological specisyeso researchers frequently rely on
hypotheses about the material properties of a giwvedel (Gil Esperét al, 2015; Toro-
Ibacacheet al, 2016). In fact, FE validation studies are ragyried out. Five years ago,
according to Bright (2014), with the exception oinpate species, they had only been
performed in alligators, pigs, elephants, ostrichesl finches. To the best of my
knowledge, no validation studies in Felid speciesaarrently available and, although a
great effort was put into obtaining fresh specimé&osn various sources including
veterinary practices and animal shelters to perfpost-mortemin vitro experiments,

none of them ultimately provided a specimen. F@ thason, special attention was paid
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to sensitivity tests to alleviate the lack of sfiealata for the~elis silvestris catusodel

and the opportunity to undertake comparative erpanial studies.

Of course, even when data are indeed availalag, lil be subject-specific and
may rely on further assumptions, for example intosrtem experiments when
replicating the action of physiological loadings,jmin vivo experiments when deciding
in which areas to capture strain data. Digital fgePattern Interferometry (DSPI) partly
overcomes this limitation by sampling over a largeya, but still only a small fraction of

the specimen is sampled (Toro-lbacaehal, 2016).

Bone, which is necessarily considered in all gsidif cranial biomechanics while
other tissues and structures such as some of #sreiuded in this project are frequently
ignored, it is a heterogeneous material (with vagyproperties across the skull and
varying proportions of cortical and trabecular bosaed anisotropic (with properties that
vary with orientation). In addition, the overallegie of a bone and its curvature may vary,

subtly changing the orientation of the primary miatgroperty axes (Stradt al, 2005).

Nonetheless, most biomechanical studies assumeakhbone has homogeneous,
isotropic and linear elastic material properties @xample: Grosset al, 2007; Wroeet
al., 2010; Dumontet al, 2011, Nakashiget al, 2011; Curtiet al, 2011; Groninget al,
2011; Wanget al, 2012; Oldfieldet al, 2012; Coxet al, 2015; McCurryet al, 2015;
Fortunyet al, 2016; but there are many others). This simpliitcahas been assumed
with other biological tissues as well, as indeeubi$ the current study. For example, the
dura mater (Takhountt al, 2003; Cakt al, 2018), the articular disk (Beek al, 2000;
Commissoet al, 2015), the bulk soft tissues (Huempfner-Hietlal, 2015) or the
periodontal ligament (Groningt al, 2011). The implications of this assumption are
rarely tested, although Woad al. (2011) investigated the effect of modelling thelLPD
with hyperelastic or viscoelastic properties anthdestrated that, as far as stresses and
strains were concerned, differences with lineastelgroperties, such as the one used in
Chapter 6, were undiscernible. Although sensitigitydies comparing structures with
linear and nonlinear elastic properties would ha&en desirable in the current research,
they were outside the scope of this project. Th@inear models reviewed in Section 2.6
either consider a single structure, so they aszésted in local stresses rather than general
cranial loading patterns, or are focused on assgfise effects of traumatic brain injuries.
As discussed in Chapter 5, the higher strain ridd@soccur in vehicle crashes or sports
injuries make the use nonlinear solutions more n@mb than in biting analyses, where
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much lower strain rates are involved. It also nhesborne in mind that models created
for testing trauma are, in general, much less etgwith fewer elements) than those
used to assess functional morphology, and thereéf@enclusion of nonlinearity has a

less pronounced impact in the solution phase.

One of the first studies to investigate the effeicsimplifications in digital FE
models of crania, and perhaps the most widely Gitegtsearchers, was the work of Strait
et al.(2005), in which they performed various sensiidhalyses using a skull model of
aMacaca fascicularisFrom their results they concluded that: (i) medeith isotropic
and linear bone properties can be used confidénthssess the general distribution of
stress or strain, but (i) the results must beté@avith caution if absolute values are
required. The first part of the assertion is sufggbby Porrcet al. (2013) in a model of a
mandible ofAlligator mississippiensjdy Gil Espertet al. (2015) in models of bovine
mandibles and by Toro-Ibacackieal. (2016) and Godinhet al (2017) in human crania.
Most of the analyses performed in this currentasde are comparative, involving an
assessment of the effects of alterations or inohiskclusion of various tissues and
structures, and hence can be viewed with confidefoe second part of the assertion is
again supported by Pored al. (2013) and Godinhet al.(2017) who found that absolute
strain magnitudes were higher and lower in thespeetive FE models compared to their
experimental counterpaitd herefore, absolute values of stress or straisgoted in this
thesis should be treated with caution. For exanthke strain values for the postorbital
bars in Chapter 8 can be used with confidence ¢omparison between the different

human models, but not to investigate questionsehaith bone remodelling.

Other limitations of the modelling process haveerbeexplicitly stated and
discussed in the corresponding chapters. Theseidacthe brain material in the
endocranial cavity irfrelis silvestris catuswhich should not be used to investigate the
strains in the brain, since it is connected disetdl the bone, thus making its surface
oversensitive to changes in bone strain (ChaptardbChapter 6). In a similar manner,
the tensional forces distorting the eye inltmmo sapienmodel (Chapter 8) may not be

an accurate representation of reality, given théepeconnection between the materials

6 In contrast, however, Rayfield (2011) found good correlation even in strain orientation and
magnitude between in vitro and in silico experiments performed over ostriches jaws, although the
geometry of the models and loads applied were simpler in that case.
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of the eyes and the supporting soft tissues imtbeel, whichn vivomight separate from

the eye to relieve these tensional forces.
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Chapter 10.Conclusions and future work

10.1.Conclusions

The aim of this research was to investigate varielesnents and structures of the
mammalian head whose effects remain insufficiesiiyied in finite element analyses.
The work contributed to a larger project focusedh@biomechanical role of cranial soft
tissues in both reptiles and mammals. Such strestwere considered both in terms of
their functional role and as part of the generattioning of the FE model that included
them, i.e. to assess if they alter the generalteestfithe analyses in a significant manner
and therefore if they should be modelled even udiss which aim to test hypotheses

unrelated with those structures.

With this main objective in mind, two multi-purp&E models were used, each
with the intention of answering specific questiomge first was a model of Relis
silvestris catusthe second a model Bbmo sapiensAfter performing the corresponding

investigations and analyses, the key findings isftiiesis are summarized below:

* Previous hypotheses concerning ossification of fddg cerebri and/or the
tentorium cerebelli in various lineages of mamnsails lack support today after
analysing them under the light of new findings. Theses of ossification and its
possible mechanical role are currently largely wviam.

* In the cranium of &elis silvestris catusthe osseous tentorium seems to play a
minor and localised role in reducing stress in plagietal and temporal bones
during feeding activities. These effects were cstesit across several different
analyses, irrespective of loading regime.

e« The modelling of the PDL and the variation of it@terial properties has a
localised effect in the alveolar region but do albér the general pattern of stress
in theFelis silvestris catusranium.

* The inclusion of generic bulk soft tissues in FEd@ls do not have a meaningful
effect in the results. Stress is reduced as ttstielmodulus of the bulk soft tissues
increases, but it remains to be tested whether ity have a more significant
role in species with thicker or stiffer skins, oittwdifferent arrangements of soft

tissues.
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* In contrast, it is advisable to include the nagdbihates and/or the osseous part
of the nasal septum in future FE models. dhessionof either of these structures
leads to a general increase in stress, not onlfirehto the rostral and palatal
areas, but extending posteriorly in the skull, ombination with a (smaller)
decrease in stress in the palatine, rostrum andragtjc regions.

« In theHomo sapiensnodel, both the postorbital bars and the postlrisiépta
protect the contents of the orbit and prevent distio of the ocular globe when
performing unilateral molar bites, while also reihgcstrain in other areas of the
cranium.

* The presence of the postorbital septa reduce simaihe postorbital bars and
minimize asymmetric deformation between the workamgl balancing sides in

unilateral molar bites.

10.2.Future work

This study has provided one of the first insigt® ithe modelling of some biological
structures usually neglected in FE analyses ofisklihe complexity of FE models will
undoubtedly increase in the future, and the mouglbf structures other than bone,
particularly other soft tissues of the head, witha@ually become more common. More
sensitivity studies are necessary to assess hawoteopy and nonlinearity affects the
results of FE analyses, but at the same time, experimental data are urgently needed

to provide the validation of these and other stsidie

Concerning the causes of ossification of the dialdls and the assessment of its
mechanical role, there are several directions irchvfurther research may be useful in
the future. To start with, there are many gapsun lmowledge of falx and tentorial
ossification in multiple mammal lineages, and mspgcies where our current knowledge
is based on examination of a single specimen. Towerein order to perform statistical
analyses or attempt to reconstruct phylogenetestri®r example, it is important to widen
our knowledge in this area. Ideally, this woulddoenplemented not only with the study
of osseous specimens, but with the observationlbbhtogenetical sequences and even
with experimental work. Moreover, to confirm thaetosseous tentorium cerebelli has a
role in the reduction of the stress in the bacthefskull in Carnivora during biting, other

FE analyses must be carried out. This would allotvamly the hypothesis to be tested
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further, but also different cranial geometries alfflerent tentorial ossifications and
configurations to be examined. More accurate modgbf the brain, and in particular
the brain-skull interface, is also necessary ineorid gather data from this structure,
because one of the main functions of the falx d&edt¢ntorium are to support and hold

the brain in place.

Finally, in order to verify the hypotheses abd brigins of the septa, the reason
why they evolved and their mechanical role, futbEestudies need to focus on models
of extinct basal anthropoids. In the same way,udhér assess the function of the
combination of the postorbital process and postalrbgament it is important to test this

arrangement in mammalian species other thama
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Appendices

Appendix 1. Dural folds condition in extant species

The following table includes all the extant speaiéscussed in Chapter 3, noting the
presence or absence of ossified dural folds. Taxgnmainly follows Vaugharet al,
(2015). Discrepancies in literature concerning phesence of an ossified tentorium in
some species of Primates have been marked as “N&/{fke “no” indicating the first
reference; in all cases, Nojima, 1990b). Thoseispats observed in the Grant Museum
in which the presence of the osseous tentoriumdcoat be univocally identified has

been marked as “Uncertain”.
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SUPERORDER/ORDER/

INFRAORDER FAMILY GENUS SPECIES OSSIF. FALX | OSSIF. TENTORIUM REFERENCES
Monotremata Tachyglossidae Tachyglossus | Tachyglossus aculeatus NO NO Grant, 1834; Macrini et al., 2006
Monotremata Tachyglossidae Zaglossus Zaglossus bartoni/brujini NO NO Grant, 1834

(Nojima, 1990a (after Owen
Monotremata Ornithorhynchidae Ornithorhynchu®rnithorhynchus anatinus YES NO 1866); Macrini, 2006)
Didelphimorphia Didelphidae Didelphis Didelphis virginiana NO Klintworth, 1968
Dasyuromorphia Thylacinidae Thylacinus Thylacinus cynocephalus NO YES Grant Museum, sp. 290

Grant Museum, sp. specimen
Dasyuromorphia Dasyuridae Antechinus Antechinus flavipes NO NO Z98b
Peramelemorphia Peramelidae Perameles | Perameles nasuta NO UNCERTAIN Grant Museum, sp. 21684
Peramelemorphia Peramelidae Isoodon sp | Isoodon sp NO UNCERTAIN Grant Museum, sp. Z1751
Diprotodontia Phascolarctidae Phascolarctos | Phascolarctos cinereus NO UNCERTAIN Grant Museum, sp. 2699
Diprotodontia Vombatidae Vombatus Vombatus ursinus NO YES Grant Museum, sp. Z68
Diprotodontia Phalangeridae Trichosurus | Trichosurus vulpecula NO UNCERTAIN Grant Museum, sp. Z100
Diprotodontia Macropodidae Macropus Macropus brownii NO YES Klintworth, 1968; Nojima, 1988
Diprotodontia Macropodidae Dendrolagus | Dendrolagus sp YES Nojima, 1988
Diprotodontia Macropodidae Macropus Macropus giganteus NO YES Grant Museum, sp. Z1681
Diprotodontia Macropodidae Macropus Macropus fuliginosus NO YES Grant Museum, sp. 21210
Diprotodontia Pseudocheiridae Pseudocheirug Bgeudocheirus sp NO UNCERTAIN Grant Museum, sp. Z74
Diprotodontia Petauridae Dactylopsila | Dactylopsila trivirgata NO UNCERTAIN Grant Museum, sp. Z72
Xenarthra Megalonychidae Choloepus Choloepus didactylus NO NO Grant Museum, sp. Z130a
Xenarthra/cingulata Dasypodidae Dasypus Dasypus kappleri YES Feij6 and Cordeiro-Estrela, 2016
Xenarthra/cingulata Dasypodidae Dasypus Dasypus pastasae YES Feij6 and Cordeiro-Estrela, 2016
Xenarthra/cingulata Dasypodidae Dasypus Dasypus beniensis YES Feij6 and Cordeiro-Estrela, 2016
Xenarthra/cingulata Dasypodidae Dasypus Dasypus novemcinctus NO YES Grant Museum, sp. Z134
Xenarthra Myrmecophagidae MyrmecophagaMyrmecophaga tridactyla NO NO Grant Museum, sp. Z1554
Insectivora Tenrecidae Tenrec Tenrec ecaudatus NO NO Grant Museum, sp. Z3064
Insectivora Tenrecidae Setifer Setifer setosus NO NO Grant Museum, sp. 2610
Insectivora Erinaceidae Echinosorex | Echinosorex gymnura NO NO Grant Museum, sp. 2606
Insectivora Talpidae Talpa Talpa europaea NO NO Grant Museum, sp. Z600a
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SUPERORDER/ORDER/

INFRAORDER FAMILY GENUS SPECIES OSSIF. FALX | OSSIF. TENTORIUM REFERENCES
Chiroptera Pteropodidae Rousettus Rousettus aegyptiacus NO NO Dissection (personal observatiof
Chiroptera Vespertilionidae Nycticeius humeralis NO Klintworth, 1968

Lemur catta/ Eulemur
Primates Lemuridae Lemur mongoz NO NO Nojima, 1990b
Daubentonia Saban in Tattersall and Sussmal
Primates Lemuroidea Daubentonia | madagascariensis YES ed., 1975
Primates Galagidae Galago sp Galago sp NO NO Grant Museum, sp. 22361
Primates Lorisidae Loris Loris tardigradus NO NO Nojima, 1990b
Primates Lorisidae Nycticebus Nycticebus Coucang NO NO Nojima, 1990b
Primates Lorisidae Galago Galago senegalensis NO NO Nojima, 1990b
Primates Cheirogaleidae Cheirogaleus gpCheirogaleus sp UNCERTAIN NO Grant Museum, sp. Z411
Primates Indriidae Propithecus sp | Propithecus sp NO NO Grant Museum, sp. 2405
Primates Tarsiidae Tarsius Tarsius sp NO Horovitz and McPhee, 1999
Nojima, 1990b; Horovitz and
Primates Cercopithecidae Erythrocebus | Erythrocebus patas NO NO McPhee, 1999
Nojima, 1990b; Horovitz and
Primates Cercopithecidae Macaca Macaca mulatta NO NO McPhee, 1999
Macaca fascicularis / M. Nojima, 1990b; Horovitz and
Primates Cercopithecidae Macaca fuscata NO NO McPhee, 1999
Nojima, 1990b; Horovitz and
Primates Cercopithecidae Cercopithecus| Cercopithecus aethiops NO NO McPhee, 1999
Nojima, 1990b; Horovitz and
Primates Cercopithecidae ChaeropithecusChaeropithecus papio NO NO McPhee, 1999
Papio Nojima, 1990b; Horovitz and
Primates Cercopithecidae cynocephalus Papio cynocephalus NO NO McPhee, 1999
Nojima, 1990b; Horovitz and
Primates Cercopithecidae Mandrillus Mandrillus leucophaeus NO NO McPhee, 1999
Nojima, 1990b; Horovitz and
Primates Cercopithecidae Theropithecus| Theropithecus gelada NO NO McPhee, 1999
C. ascanius / C. cephus / C. Nojima, 1990b; Horovitz and
Primates Cercopithecidae Cercopithecus| mitis NO NO McPhee, 1999
Primates Cercopithecidae Colobus Colobus badius NO NO Nojima, 1990b
Primates Cercopithecidae Nasalis Nasalis larvatus NO NO Nojima, 1990b
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INFRAORDER FAMILY GENUS SPECIES OSSIF. FALX | OSSIF. TENTORIUM REFERENCES
Presbytis entellus / P.
Primates Cercopithecidae Presbytis obscura NO NO Nojima, 1990b
Primates Hominidae Pongo Pongo pygmaeus NO NO Nojima, 1990b
Primates Hominidae Gorilla Gorilla gorilla NO NO Nojima, 1990b
Pan troglodytes / Pan
Primates Hominidae Pan Paniscus NO NO Nojima, 1990b
Hylobates lar (La Nojima, 1990b; Horovitz and
Primates Hylobatidae gibbon) Hylobates lar NO NO McPhee, 1999
Nojima, 1990b; Horovitz and
Primates Callitrichidae Callithrix Callithrix jacchus NO NO/YES McPhee, 1999; Kagt al, 2008
Saguinus nigricollis/ S. Nojima, 1990b; Horovitz and
Primates Callitrichidae Saguinus oedipus NO NO/YES McPhee, 1999; Kagt al, 2008
Nojima, 1990b; Horovitz and
Primates Callitrichidae Leontopithecus| Leontopithecus rosalia NO NO/YES McPhee, 1999; Kagt al, 2008
Horovitz and McPhee, 1999, Kay
Primates Callitrichidae Callimico Callimico goeldii NO/YES et al, 2008
Horovitz and McPhee, 1999, Kay
Primates Callitrichidae Cebuella Cebuella sp NO/YES et al, 2008
Nojima, 1990b; Horovitz and
Primates Cebidae Saimiri Saimiri sciureus NO NO/YES McPhee, 1999
Nojima, 1990b; Horovitz and
McPhee, 1999; Kagt al, 2008;
Primates Cebidae Cebus Cebus albifrons / C. apellg NO NO/YES Grant Museum, sp. 2910
Nojima, 1990b; Horovitz and
McPhee, 1999; Grant Museum,
Primates Cebidae Aotus Aotus trivirgatus NO NO/YES 7414
Nojima, 1990b; Horovitz and
Primates Cebidae Callicebus Callicebus moloch NO NO/YES McPhee, 1999
Nojima, 1990b; Horovitz and
Primates Cebidae Pithecia Pithecia monachus NO NO/YES McPhee, 1999
Nojima, 1990b; Horovitz and
Primates Cebidae Chiropotes Chiropotes satanas NO NO/YES McPhee, 1999
Alouatta caraya / A. Nojima, 1990b; Horovitz and
Primates Cebidae Alouatta seniculus NO NO/YES McPhee, 1999
Nojima, 1990b; Horovitz and
Primates Cebidae Lagothrix Lagothrix lagothricha NO NO/YES McPhee, 1999
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INFRAORDER FAMILY GENUS SPECIES OSSIF. FALX | OSSIF. TENTORIUM REFERENCES
Primates Cebidae/Atelidae Ateles Ateles geoffroyi NO YES Jefferyet al, 2008; Nojima, 1990
Primates Cebidae Ateles Ateles paniscus NO YES Nojima, 1990a
Primates Cebidae Ateles Brachyteles YES Horovitz and McPhee, 1999
Primates Pitheciidae Cacajao Cacajao sp YES Horovitz and McPhee, 1999
Carnivora Felidae Panthera Panthera tigris NO YES Nojima, 1988; Nojima, 1990c
Carnivora Felidae Panthera Panthera leo NO YES Nojima, 1988; Nojima, 1990c
Carnivora Felidae Panthera Panthera pardus NO YES Nojima, 1988; Nojima, 1990c
Carnivora Felidae Panthera Panthera uncia NO YES Nojima, 1988; Nojima, 1990c
Carnivora Felidae Panthera Panthera onca NO YES Nojima, 1990c
Carnivora Felidae Felis Felis catus NO YES Nojima, 1988; Nojima, 1990c
Carnivora Felidae Felis Felis iriomotensis NO YES Nojima, 1990c
Carnivora Felidae Felis Felis lynx NO YES Nojima, 1990c
Carnivora Felidae Felis Felis chaus NO YES Nojima, 1990c
Carnivora Felidae Felis Felis bengalensis NO YES Nojima, 1990c
Carnivora Felidae Felis Felis serval NO YES Nojima, 1990c
Carnivora Viverridae Paguma Paguma larvata NO YES Nojima, 1988; Nojima, 1990c
Carnivora Herpestidae Herpestes sp | Herpestes sp NO YES Grant Museum, sp. Z366
Carnivora Hyaenidae Crocuta Crocuta crocuta NO YES Nojima, 1988; Nojima, 1990c
Carnivora Canidae Canis Canis lupus NO YES Nojima, 1988; Nojima, 1990c

Klintworth, 1968; Nojima, 1988;
Carnivora Canidae Canis Canis familiaris NO YES Nojima, 1990c
Carnivora Canidae Lycaon Lycaon pictus NO YES Nojima, 1988; Nojima, 1990c
Carnivora Canidae Canis Canis latrans NO YES Nojima, 1988
Carnivora Canidae Canis Canis aureus NO YES Nojima, 1988; Nojima, 1990c
Canis mesomelas or
Carnivora Canidae Canis adustus NO YES Nojima, 1988
Carnivora Canidae Vulpes Vulpes vulpes NO YES Nojima, 1988
Carnivora Canidae Chrysocyon Chrysocyon brachyurus NO YES Nojima, 1988; Nojima, 1990c
Carnivora Canidae Nyctereutes Nyctereutes NO YES Nojima, 1988; Nojima, 1990c
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INFRAORDER FAMILY GENUS SPECIES OSSIF. FALX | OSSIF. TENTORIUM REFERENCES

Carnivora Canidae Speothos Speothos venaticus NO YES Nojima, 1988; Nojima, 1990c

Bryantet al, 1993; Grant
Carnivora Mephitidae Conepatus Conepatus chinga NO NO Museum, sp. Z376
Carnivora Mephitidae Conepatus Conepatus humboldtii NO Bryantet al, 1993

Conepatus

Carnivora Mephitidae Conepatus mesoleucus/leuconotus NO Bryantet al, 1993

Nojima, 1990c; Bryantt al,
Carnivora Mephitidae Mephitis Mephitis mephitis NO NO 1993; Grant Museum, sp. Z375

Bryantet al, 1993; Grant
Carnivora Mephitidae Mephitis Mephitis macroura NO NO Museum, sp. Z375
Carnivora Mephitidae Mydaus Mydaus javanensis NO Bryantet al, 1993
Carnivora Mephitidae Mydaus Mydaus marchei NO Bryantet al, 1993
Carnivora Mephitidae Spilogale Spilogale putorius NO Bryantet al, 1993

Nojima, 1988; Nojima, 1990c;
Carnivora Ursidae Thalarctos Thalarctos maritimus YES YES Dong, 2008
Carnivora Ursidae Ursus Ursus arctos YES YES Nojima, 1988; Nojima, 1990c
Carnivora Ursidae Ursus Ursus arctos middendorffi YES YES Nojima, 1988; Nojima, 1990c
Carnivora Ursidae Melursus Melursus ursinus YES Nojima, 1988; Nojima, 1990c
Carnivora Ursidae Ursus Ursus thibetanus YES Nojima, 1988; Nojima, 1990c
Carnivora Ursidae Ailuropoda Ailuropoda melanoleuca YES Dong, 2008
Carnivora Otariidae Callorhinus Callorhinus ursinus YES YES Nojima, 1988; Nojima, 1990c
Carnivora Otariidae Arctocephalus | Arctocephalus australis YES YES Nojima, 1988; Nojima, 1990c
Carnivora Otariidae Otaria Otaria byronia YES YES Nojima, 1988; Nojima, 1990c
Carnivora Otariidae Eumetopias Eumetopias jubatus YES YES Nojima, 1988; Nojima, 1990c
Carnivora Otariidae Zalophus Zalophus californianus YES YES Nojima, 1988; Nojima, 1990c
Carnivora Phocidae Hydrurga Hydrurga leptonyx YES YES Nojima, 1988; Nojima, 1990c
Carnivora Phocidae Erignathus Erignathus YES YES Nojima, 1988
Carnivora Phocidae Cystophora Cystophora cristata YES YES Nojima, 1988; Nojima, 1990c
Carnivora Phocidae Phoca Phoca vitulina YES YES Nojima, 1988; Nojima, 1990c
Carnivora Phocidae Pusa Pusa hispida YES YES Nojima, 1988; Nojima, 1990c
Carnivora Phocidae Pagophilus Pagophilus groenlandicus YES YES Nojima, 1988; Nojima, 1990c
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Carnivora Phocidae Histriophoca | Histriophoca fasciata YES YES Nojima, 1988; Nojima, 1990c
Carnivora Phocidae Halichoerus Halichoerus grypus YES YES Nojima, 1988; Nojima, 1990c
Carnivora Odobenidae Odobenus Odobenus rosmarus YES YES Nojima, 1990c
Carnivora Mustelidae Eira Eira barbara YES Bryantet al, 1993
Carnivora Mustelidae Galictis Galictis vittala YES Bryantet al, 1993
Carnivora Mustelidae Galictis Galictis cuja YES Bryantet al, 1993
Carnivora Mustelidae Gulo Gulo gulo YES Bryantet al, 1993
Carnivora Mustelidae Ictonyx Ictonyx striatus YES Bryantet al, 1993
Carnivora Mustelidae Lyncodon Lyncodon patagonicus YES Bryantet al, 1993
Carnivora Mustelidae Martes Martes martes YES Bryantet al, 1993
Carnivora Mustelidae Martes Martes foina YES Bryantet al, 1993

Martes pennanti / Pekania|
Carnivora Mustelidae Martes pennanti YES Bryantet al, 1993
Carnivora Mustelidae Martes Martes flavigula YES Bryantet al, 1993
Carnivora Mustelidae Martes Martes melampus NO YES Nojima, 1988; Nojima, 1990c

Bryant et al., 1993; Nojima, 1988;
Carnivora Mustelidae Mustela Mustela erminea NO YES Nojima, 1990c
Carnivora Mustelidae Mustela Mustela frenata YES Bryantet al, 1993
Carnivora Mustelidae Mustela Mustela nigripes YES Bryantet al, 1993
Bryant et al., 1993; Nojima, 1988;

Carnivora Mustelidae Mustela Mustela putorius NO YES Nojima, 1990c; Heet al, 2002
Carnivora Mustelidae Mustela Mustela sibirica YES Bryantet al, 1993

Mustela vison / Neovison
Carnivora Mustelidae Mustela vison YES Bryantet al, 1993

Poecilitis libyca / Ictonyx
Carnivora Mustelidae Poecilictis libyca YES Bryantet al, 1993
Carnivora Mustelidae Poecilogale Poecilogale albinucha YES Bryantet al, 1993
Carnivora Mustelidae Vormela Vormela peregusna YES Bryantet al, 1993
Carnivora Mustelidae Mellivora Mellivora capensis YES Bryantet al, 1993
Carnivora Mustelidae Arctonyx Arctonyx sp YES Bryantet al, 1993
Carnivora Mustelidae Meles Meles meles YES Bryantet al, 1993
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Carnivora Mustelidae Melogale Melogale personata YES Bryantet al, 1993
Carnivora Mustelidae Taxidea Taxidea taxus YES Bryantet al, 1993
Carnivora Mustelidae Aonyx Aonyx capensis YES Bryantet al, 1993
Carnivora Mustelidae Aonyx Aonyx cinerea YES Bryantet al, 1993

Bryant et al., 1993; Nojima, 1988;
Carnivora Mustelidae Enhydra Enhydra lutris NO YES Nojima, 1990c

Bryant et al., 1993; Nojima, 1988;
Carnivora Mustelidae Lutra Lutra lutra NO YES Nojima, 1990c
Carnivora Mustelidae Lontra Lontra canadensis YES Bryantet al, 1993
Carnivora Mustelidae Pteronura Pteronura brasiliensis YES Bryantet al, 1993
Carnivora Procyonidae Ailurus Ailurus fulgens NO YES Nojima, 1988; Nojima, 1990c
Cetacea Balaenopteridae Balaenoptera | Balaenoptera borealis NO NO Nojima, 1990b
Cetacea Balaenopteridae Balaenoptera | Balaenoptera edeni NO NO Nojima, 1990b
Cetacea Balaenopteridae Balaenoptera | Balaenoptera acutorostrat NO NO Nojima, 1990b
Cetacea Balaenopteridae Megaptera Megaptera novaeangliae NO NO Nojima, 1990b
Cetacea Eschrichtiidae Eschrichtius | Eschrichtius robustus NO NO Nojima, 1990b
Cetacea Balaenidae Balaena Balaena glacialis NO NO Nojima, 1990b

Physeter macrocephalus / Nojima, 1988 (after Owen, 1866);

Cetacea Physeteridae Physeter catodon YES NO Nojima, 1990b
Cetacea Physeteridae/Kogiidd€ogia Kogia breviceps NO NO Nojima, 1990b
Cetacea Physeteridae/Kogiiddtogia Kogia simus / sima NO NO Nojima, 1990b
Cetacea Ziphiidae Berardius Berardius bairdii YES YES Nojima, 1990b
Cetacea Ziphiidae Ziphius Ziphius cavirostris YES YES Nojima, 1990b
Cetacea Ziphiidae Mesoplodon Mesoplodon ginkgodens YES YES Nojima, 1990b
Cetacea Ziphiidae Mesoplodon Mesoplodon stejnegeri YES YES Nojima, 1990b
Cetacea Ziphiidae Mesoplodon Mesoplodon densirostris YES YES Nojima, 1990b
Cetacea Ziphiidae Hyperoodon Hyperoodon ampullatus YES YES Nojima, 1990b
Cetacea Platanistidae Pontoporia Pontoporia blainvillei NO NO Nojima, 1990b
Cetacea Platanistidae Inia Inia geoffrensis NO NO Nojima, 1990b
Cetacea Platanistidae Platanista Platanista gangetica NO NO Nojima, 1990b
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Cetacea Delphinidae Feresa Feresa attenuata YES YES Nojima, 1990b
Cetacea Delphinidae Grampus Grampus griseus YES YES Nojima, 1990b
Cetacea Delphinidae Orcinus Orcinus orca YES YES Nojima, 1990b
Cetacea Delphinidae Pseudorca Pseudorca crassidens YES YES Nojima, 1990b
Cetacea Delphinidae Peponocephala Peponocephala electra YES YES Nojima, 1990b
Cetacea Delphinidae Lagenodelphis| Lagenodelphis hosei YES YES Nojima, 1990b
Cetacea Delphinidae Lagenorhynchyd agenorhynchus obscurug YES YES Nojima, 1990b
Cetacea Delphinidae Lagenorhynchud agenorhynchus albirostri YES YES Nojima, 1990b
Lagenorhynchus
Cetacea Delphinidae Lagenorhynchyobliquidens YES YES Nojima, 1990b
Cetacea Delphinidae Lissodelphis | Lissodelphis borealis YES YES Nojima, 1990b
Cetacea Delphinidae Tursiops Tursiops truncatus YES YES Nojima, 1988; Colbeet al, 2005
Cetacea Delphinidae Tursiops Tursiops gilli YES Klintworth, 1968
Cetacea Delphinidae Delphinus Delphinus bairdi YES Klintworth, 1968
Cetacea Delphinidae Delphinus Delphinus delphis YES YES Nojima, 1988
Cetacea Delphinidae Stenella Stenella attenuata YES YES Nojima, 1988
Nojima, 1988 (after Hosokawa
Cetacea Delphinidae Stenella Stenella coeruleoalba YES YES and Kamiya, 1965)
Cetacea Delphinidae Stenella Stenella longirostris YES YES Nojima, 1990b
Cetacea Delphinidae Steno Steno bredanensis YES YES Nojima, 1990b
Cetacea Delphinidae Sousa Sousa teuszii YES YES Nojima, 1990b
Globicephala
Cetacea Delphinidae Globicephala | macrorhynchus YES YES Nojima, 1988
Cetacea Monodontidae Monodon Monodon monoceros YES YES Nojima, 1990b
Phocoena /
Cetacea Phocoenidae phocoenoides Phocoenoides dalli YES YES Nojima, 1988
Cetacea Phocoenidae Phocoena Phocoena dioptrica YES YES Racicot and Colbert, 2013
Nojima, 1990b; Racicot and
Cetacea Phocoenidae Phocoena Phocoena phocoena YES YES Colbert, 2013
Cetacea Phocoenidae Phocoena Phocoena sinus YES YES Racicot and Colbert, 2013
Cetacea Phocoenidae Phocoena Phocoena spinipinnis YES YES Racicot and Colbert, 2013
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Cetacea Phocoenidae Neophocaena| Neophocaena phocaenoides YES YES Nojima, 1990b
Sirenia Dugongidae Dugong Dugong dugon YES NO Nojima, 1988
Sirenia Trichechidae Trichetus Trichetus manatus YES NO Nojima, 1988
Nojima, 1988; Solano and Brawe
Perissodactyla Equidae Equus Equus caballus NO YES 2004
Perissodactyla Equidae Equus Equus burchelli NO YES Nojima, 1988
Perissodactyla Equidae Equus Equus zebra NO YES Nojima, 1988
Perissodactyla Equidae Equus Equus hemionus NO YES Nojima, 1988
Perissodactyla Tapiridae Tapirus Tapirus indicus NO NO Grant Museum, sp. Z163
Hyracoidea Procaviidae Procavia Procavia capensis NO NO Grant Museum, sp. Z1743
Tubulidentata Orycteropodidae Orycteropus | Orycteropus afer YES Shoshani and McKenna, 1998
Artiodactyla Suidae Babyrousa Babyrousa babyrussa NO NO Grant Museum, sp. Z111
Artiodactyla Suidae Sus Sus scrofa domesticus NO NO Klintworth, 1968; Schmidt, 2015
Al-Sagairet al, 2002, EIl Allaliet
Artiodactyla Camelidae Camelus Camelus dromedarius YES al., 2017
Artiodactyla Giraffidae Giraffa Giraffa camelopardalis NO NO Grant Museum, sp. Z116
Klintworth, 1968; Grant Museum
Artiodactyla Cervidae Odocaoileus Odocoileus virginianus NO NO sp. 2224
Poggeskt al, 1982; Grant
Artiodactyla Bovidae Madoqua Madoqua phillipsi NO YES Museum, sp. 22251
Artiodactyla Bovidae Capra hircus NO Klintworth, 1968
Artiodactyla Bovidae Ovis aries NO Klintworth, 1968
Pholidota Manidae Manis Manis crassicaudata YES Gaudin and Wible, 1999
Pholidota Manidae Manis Manis gigantea YES Gaudin and Wible, 1999
Pholidota Manidae Manis Manis javanica YES Gaudin and Wible, 1999
Pholidota Manidae Manis Manis pentadactyla YES Gaudin and Wible, 1999
Pholidota Manidae Manis Manis temminckKii YES Gaudin and Wible, 1999
Pholidota Manidae Manis Manis tetradactyla YES Gaudin and Wible, 1999
Pholidota Manidae Manis Manis tricuspis YES Gaudin and Wible, 1999
Grant Museum, sp. Z556
Pholidota Manidae Manis sp Manis sp NO YES (consisting of two skulls)
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Grant Museum, sp. Z556

Pholidota Manidae Manis sp Manis sp NO YES (consisting of two skulls)
Rodentia Heteromyidae Dipodomys Dipodomys YES Nikolai, 1983
Rodentia Heteromyidae Microdipodops| Microdipodops YES Nikolai, 1983
Rodentia Heteromyidae Perognathus | Perognathus YES Nikolai, 1983
Rodentia Dipodidae Dipus sp Dipus sp NO UNCERTAIN Grant Museum, sp. Z209
Rodentia Hystricidae Hystrix Hystrix indica NO UNCERTAIN Grant Museum, sp. Z1219b
Rodentia Caviidae Hydrochoerus | Hydrochoerus hydrochaeris NO UNCERTAIN Grant Museum, sp. 2188
Rodentia Caviidae Cavia porcellus NO Klintworth, 1968
Rodentia Dasyproctidae Dasyprocta sp | Dasyprocta sp NO UNCERTAIN Grant Museum, sp. 23044
Rodentia Muridae Gerbillus paeba NO Klintworth, 1968
Rodentia Muridae Mus musculus NO Klintworth, 1968
Rodentia Muridae Rattus norvegicus NO Klintworth, 1968
Rodentia Muroidea Mesocricetus auratus NO Klintworth, 1968
Lagomorpha Leporidae Oryctolagus Oryctolagus cuniculus NO NO Klintworth, 1968
Macroscelidea Macroscelididae Rhynchocyon | Rhynchocyon cirnei NO UNCERTAIN Grant Museum, sp. Z609
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Appendix 2: ANSYS code for the muscle wrapping metbd

The following code is an example of the creatiomimé of the muscle strands used to simulate thelmusapping described in Chapter 4
for theFelis silvestris catufinite element model. The coordinates of the musedigin node are first established, as well asctt@dinates
of the first mid-node which are stored in the tenapogariable “mynode” from which the “hair” will g with another node at the end (see
Figure 4.8). Then the same instructions are reddateany subsequent mid-node established in theclawstrand, which is then connected
to the previous one via an element. The correspgnaiuscle force is finally applied to the last nad¢éhe strand.

The coordinates of each one of the nodes usdtisitdde example have been approximated to thi@mdepoints to ease the format of

the document and allow enough space for the consment

IPREP7

ET,3,180

TYPE,3

nINC=1000000 I node number offset

Height=1 I height of ‘hairs’
originnode = node (73.085, 52.540, 55.518) I define muscle origin
mynode = node (72.544, 49.211, 54.633) I'skull via point 1
NSEL,S, , , mynode I select via point
NGEN,2,nINC,mynode,,,,,Height,1 I generate node at top of hair
E,mynode,mynode+nINC I generate hair element
CP,,ALL,mynode,mynode+nINC I define degrees of freedom
midnodel = mynode+nINC I define an intermediate node and assign it toatale “midnodel”
E,originnode,midnodel I create a strand segment element between origie amd “midnodel”.
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ALLSEL,ALL I reselect all

mynode = node(7.17e+001,4.52e+001,5.37e+001) define next node in the strand in variable “myabd
NSEL,S, , , mynode

NGEN,2,nINC,mynode,,,,,Height,1

E,mynode,mynode+nINC

CP,,ALL,mynode,mynode+nINC

midnode2 = mynode+nINC I define another intermediate node and assign aiwable “midnode2”
E,midnodel,midnode?2 I create a strand segment element between theridstode and the second midnode
ALLSEL,ALL

mynode = node(7.05e+001,4.22e+001,5.21e+001) define next node in the strand in variable “myabd
NSEL,S, , , mynode

NGEN,2,nINC,mynode,,,,,Height,1

E,mynode,mynode+nINC

CP,,ALL,mynode,mynode+nINC

midnode3 = mynode+nINC I define another intermediate node and assign yaio“midnode3”
E,midnode2,midnode3 I create a strand segment element between the decimimode and the third midnode
ALLSEL,ALL

mynode = node(6.93e+001,4.02e+001,5.02e+001) define next node in the strand in var “mynode”

NSEL,S, , , mynode

NGEN,2,nINC,mynode,,,,,Height,1

E,mynode,mynode+nINC

CP,,ALL,mynode,mynode+nINC

endnode = mynode+nINC I define the last node of the strand and assigo ¥ar “endnode”
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E,midnode3,endnode I create the last strand segment element betweethitd midnode and the endnode

F,endnode,FX,-2.89683802339543 I 'assign the X component of the muscle force tafiede”
F,endnode,FY,-3.65971085171068 I 'assign the Y component of the muscle force tdriede”
F,endnode,FZ,-3.567978552077 I 'assign the Z component of the muscle force tarede”
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Appendix 3. Additional contour plots for Felis silvestris catus

Canine bilateral biting Canine unilateral biting

0SSEOUS SOFT 0SSEOUS SOFT

Carnassial bilateral biting Carnassial unilateral biting

0SSEOUS SOFT OSSEOUS SOFT

0 10 MPa

Figure Al. von Mises stress distributions for diffeent (intrinsic) biting analyses for
osseous and soft tentorium models. Canine and carssial bites, both bilateral and

unilateral.
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Pullback biting Pullback biting {neck)

0SSEOUS SOFT 0SSEQUS SOFT

Lateral pull Lateral pull {neck)

0OSSEOUS SOFT 0SSEOUS SOFT

0 10 MPa

Figure A2. von Mises stress distributions for extmsic analyses for osseous and soft
tentorium models. Pullback and lateral pull biting with and without neck muscles.
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Pullback biting  Pullback biting (neck) Lateral pull Lateral pull (neck)

OSSEOUS

SOFT

Figure A3. von Mises stress plots for the tentoriumTop row: Osseous and soft
tentorium in dorsal view for all extrinsic regimes. Bottom row: Soft tentorium for

the same loading regimes as the top row, but withdgusted contour levels to reveal
the stress patterns.

Pullback biting Pullback biting (neck) Lateral pull Lateral pull (neck)

0 0.01MPa

Figure A4. von Mises stress plots for the falx. Topow: osseous falx cerebri in
medial-lateral view for all extrinsic regimes. Botbm row: soft falx cerebri for the

same analyses, but with adjusted contour levels teveal the stress patterns.
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1st principal stress 3rd principal stress

OSSEQUS SOFT OSSEQUS SOFT

-5 0 15 MPa -15 0 5 MPa

Tentorium cerebelli Tentorium cerebelli

OSSEQUS SOFT OSSEQUS SOFT

— e —es — e
50 15MPa  -25 0 2.5 MPa -15 0 5MPa -2.5 0 2.5 MPa

Figure A5. First and third principal stress for bilateral canine biting. Rows 1-3:
Stress distributions in the skull for ossified/nonessified tentorium. Row 4: Detail of
the corresponding ossified/non-ossified tentoriunRow 5: Ossified and non-ossified
falx falx cerebri in bilateral canine biting with an osseous tentoriumFelis silvestris

catus natural condition).
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