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EXPLORING THE USE OF TOMOGRAPHY FOR THE QUANTIFICATION OF
CEMENTUM GROWTH PATTERNS ACROSS THE MAMMAL PHYLOGENY

by Elis Newham

This project is focused on the application of state-of-the-art imaging technologies and novel
analytical techniques in order to improve understanding of the growth and structure of cementum;
the mineralised tissue that connects teeth to the peridontium in mammals. Like all vertebrate
hard tissues, the growth of cementum is controlled by a series of natural rhythms that control its
pattern and pace. This is recorded in circum-annual increments (similar to tree rings)
hypothetically created by dietary differences in the production rate of its two key components;
hydroxyapatite matrix and collagen fibres. As cementum is only rarely resorbed, these
increments can be counted to provide a direct estimate of chronological age, a technique
known as cementochronology. Further, the circum-annual rhythm followed by cementum
increments may also allow them to record discrete life history events that create severe strain
on body metabolism over the course of several months, such as pregnancy.

However, the exact causation and rhythm of cementum increments is still poorly
understood due to a paucity of direct experimental study. The majority of previous studies of
cementochronology have been based on thin-section histology, and several caveats of this
approach have undermined confidence in the ability to quantitatively analyse cementum
increments. Overall, current study of cementum lacks the application of modern technology and
analytical methods that have revolutionised interpretation of microstructures and ultrastructures
of other hard tissues such as bone, and increased their use as hallmarks of disease or as records
of life history.

The application of synchrotron X-ray tomography (SR CT) has here been used to
improve understanding of the structure and count of cementum increments in mammals
ranging from our oldest ancestors, to some of our closest relatives. The non-destructive nature
and high throughput of SR CT has allowed study of large samples of Morganucodon and
Kuehneotherium, two of the oldest known fossil mammals from the early Jurassic (~200
million years ago). The three-dimensional perspective and ultra-high resolutions (<500nm
voxel size) of SR CT data provided an unprecedented level of detail to study and more precise
counts of increments than previous thin-section-based techniques, which in-turn provided
minimum estimates of maximum lifespan for both animals. Further, as the lifespans of modern

mammals are inversely related to their basal metabolic rate and post-natal growth rate, these



estimates have been used to improve understanding of the physiology of early mammals and the
evolution of the sophisticated endothermic (warm-blooded) physiology of modern mammals.

From this study the potential of SR CT for analyzing cementum growth, and the
relationship between cementum growth and life history variables, was made clear. Subsequent SR
CT imaging was conducted on a sample of rhesus macaque monkeys (Macaca mulatta), raised in
laboratory conditions. One sub-sample consisted of breeding females, another of non-breeding
females, as well as a juvenile female and a male. This sample was used to study the optimal
experimental settings for SR CT imaging of cementum, and generate an image processing and
analysis workflow to automatically count cementum increments and study their shape and texture
using computer vision. This workflow was then used to study sexual dimorphism in increment
structure, and to investigate the potential for pregnancy events to be recorded in SR CT cementum
data in both the M. mulatta sample and samples of C12" and C19" century archaeological humans
of known sex (including three C19"™ individuals of known age and reproductive history).
Significant dimorphism in increment shape and texture was found in both taxa. Female
increments were found to be significantly more tortuous than males, with lower contrast and less-
well defined boundaries. Further, increments formed during pregnancy were found to be more
chaotic in shape and texture than surrounding increments.

Finally, SR CT was used to image the cementum increments of a diverse fauna of fossil
mammals from the Middle Jurassic of the UK (Bathonian: ~168-166 million years ago). This
fauna can be split into stem mammals (mammaliaforms alongside Morganucodon and
Kuehneotherium), and crown mammals (bracketed evolutionarily by living mammals). Using the
automative counting technique developed for counting primate cementum increments, it was
found that mammaliaforms lived signficiantly longer maximum lifespans than contemporary
crown mammals. This in-turn suggests a proportional disparity in metabolic potential, and that
Mid Jurassic crown mammals had developed a similar basal metabolic rate to living mammals of
comparable body mass.

In summary, the work presented in this thesis has shown that the application of state-of-
the-art analysis techniques has the ability to maximise the potential of cementum as a recording
structure of disparate elements of life history among mammals. The workflow for imaging,
processing and study developed here can be applied to a wide range of life history variables, for
both fossil and extant taxa. The automated nature of the image analysis techniques presented
overcomes many of the major caveats highlighted in previous thin-section based studies of
cementum and their applicability, robusticity and accuracy can only be improved by their

continued development in the wider cementochronology community outside of this project.
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Figure 1.1. Summary of cementum ultrastructure. (a) Schematic longitudinal cross
section through an adult bovid molar highlighting the extent of cementum deposition
(red). (b) Schematic cross section of incremental cementum banding. (¢) Schematic
cross section across incremental cementum bands. Obliquely oriented (cementum-
forming cells) first form due to the disintegration of Hertwig’s sheath as a tooth erupts.
Cementoblasts aggregate to form a single layer in contact with the tooths dentine, and
deposit collagen fibres onto the dentine surface as the tooth continues to erupt. Fibres
become held in place by calcitic material that is deposited within an amorphous
substance surrounding them, forming the inorganic component of cementum. As
cementum grows it attaches to Sharpey’s fibrils, the principal fibres of the periodontal
membrane, securely attaching the toothto the alveolus. This process continually repeats
itself through life, and the progressive nature of growth allows the

attachment of the tooth root to the alveolus to be altered according to the functionality
of the specific tooth. As the mineralisation front migrates through life, the angle of
collagen fibril mineralisation will commonly shift in response to seasonal changes in
food quality, with narrower layers corresponding to lower dietary quality. All images in
(a-c) sourced and modified from Stutz (2002). (d) Detail from a histological thin section
of the cementum of a European hedgehog (Erinaceus europaeus) viewed under reflected

light, displaying distinct series of cementum increments. Scale bar = 50 um

Figure 1.2. Summary of various lines of evidence for physiological evolution
amongst synapsids between the Early Permian and End Cretaceous periods (299-
66 million years; herein Ma [mega-annum]). Red nodes with white numbers 1-8
highlight the divergence of major lineages. Fibrolamellar bone indicative of fast growth
rates found in intermittent taxa from the Early Permian derived pelycosaur (node 1)
Ophiacodon. Micro-computed tomographic scanning has shown that Encephalisation
quotients (ratio between brain volume and body mass) steadily increased from levels
similar to extant reptiles amongst the Mid Permian basal therapsid (node 2) clade
Dinocephalia, to levels approaching that of extant mammals in the Early Jurassic

mammaliaform (node 4) taxa Morganucodon and Hadrocodium. Comparative

vi
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quantitative histological measurements of extant mammals, and fossil cyncodonts (node
3) have been used to suggest fairly static resting metabolic rates close to those of extant
mammals amongst Late Permian-Triassic cynodonts. Evidence of maxillary nasal
turbinates, now only seen in extant endotherms, are first seen in derived therocephalians
of the Early Triassic. Histological evidence also suggests that these taxa may have had
comparably sized red blood cells compared with extant mammals. However, these taxa
show a fall in the proportion of fibrolamellar bone through their evolution. Members of
the derived Late Triassic cynodont clade Prozostrodontia show the earliest evidence of
an ossified intraorbital canal, that house the base of sensory vibrissae (whiskers) in
extant mammals. Morganucodon is the most basal member of the Mammaliaformes
(node 4), and shows the earliest evidence of diphyodonty (single replacement of ‘milk
teeth’), that has been used to suggest maternal feeding of young via a mammary gland.
Measurements of the morphology of the dentary bone of Morganucodon have also been
used to suggest that the majority of growth of this element occurred before the
replacement of the deciduous ‘milk’ tooth, which may be indicative of the origin of the
rigid ‘determinate’ growth strategy experienced by extant mammals. A more derived
docodont mammaliaform, Castorocauda, is the most basal synapsid with evidence of a
full fur pelage covering the body, a prerequisite for mammalian endothermy.
Castorocauda is also inferred as occupying a semi-aquatic ecology, and forms an early
member of a hypothesised adaptive ecological radiation of mammaliaforms and crown
mammals (node 5) during the Early-mid Jurassic. This included several gliding taxa
including Arboroharamiya (a euharamiyidan taxon that may be part of
Mammaliaformes or crown Mammalia). Finally, a truly parasagittal posture (upright as
opposed to sprawling) has not been shown in any taxon until the earliest therian (node
6) relatives of metatherian/marsupial and eutherian/placental mammals in the Early
Cretaceous. Sketches of synapsids running from left (Early Permian) to right (End
Cretaceous): Dimetrodon (original by Dmitry Bogdanov), Sycosaurus (original by
Eduardo Karkemish), Lystrosaurus (original by Eduardo Karkemish), Thrinaxodon
(original by Kana Hebi), Morganucodon (original by Martin Chavez), Castorocauda
(original by April Neander), Arboroharamiya (original by Shi Ai-juan), Vilevolodon
(original by April Neander), Zhangheotherium (original by Nix illustrations),
Liaoconodon (original by Nix illustrations), Repenomamus (original by Nix

illustrations), Catopsbaatar (original by Nix illustrations). Numbered references: 1 —
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Shelton and Sander, 2017; 2 — Benoit et al., 2017; 3 — Olivier et al., 2017; 4 —
Huttenlocker and Brink, 2014; 5 — Hillenius, 1994; 6 — Huttenlocker and Farmer, 2017,
7 — Benoit et al., 2016; 8 — Rodrigues et al., 2014; 9 — Luo et al., 2004; 10 — Rey et al.,
2017; 11 — Rowe et al., 2011; 12 — O’meara and Asher, 2014; 13 — Meng et al., 2018;
14 —Jietal, 2006; 15 —Luo etal,, 2003, .. ..ottt e, 13

Figure 1.3. Hypothetical cladogram (evolutionary tree) to summarise stem-crown
classification. The green node (circle) represents the basal node for this group, which
forms two lineages. The stem members of each lineage are highlighted in green and are
separated from the crown nodes (red circles) that represent the last common ancestor of
all currently living members of each lineage (a-d for the left lineage, and i-iv for the

right lineage). T Represents eXtinet taXa. ... .....ouvvuiieiiiiiiiniiiiieieeeee, 16

Figure 2.1. (a) Proportion of studies with 100% of individuals showing regular
increments (green) versus <100% of individuals showing regular increments (red). (b)
Comparison between the proportions of individuals producing complex cementum
increment patterns within populations grouped into major kdppen climate types. Thick
dark lines represent mean values, bracketed lines represent upper and lower quartiles,

single circle represents individual population falling outside of the upper quartile. n =

Figure 2.2. Schematic flow chart of the principal factors affecting the accuracy and
precision of counts of cementum increments at each major stage of the current
cementochronology technique. Green boxes highlight biological factors, orange boxes

represent methodological factors............oviiiiiiiii i 52

Figure 2.3. Comparison between thin section histological data and synchrotron micro-
computed tomographic (SR CT) data of incremental dental cementum. (a) thin section
histological image of the cementum of a female rhesus macaque (Macaca mulatta)
cementum displaying 10 increment pairs considerably obstructed by radial Sharpey’s
fibres. (b) Propagation-based phase-contrast reconstuction image of the same region
displaying the same 10 increment pairs, and considerably higher increment contrast
with substantially less disruption from Sharpey’s fibres. SR CT imaging performed at
the TOMCAT beamline of the Swiss Light Source Synchrotron using a voxel resolution
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of 650 nm. Whitescale bars represent 100 um. See supplementary information for

explanation of thin sectioning techniques, and SR CT experimental parameters........ 53

Figure 2.4. (a) Schematic diagram of cementum thin section displaying one increment
formed during a year where an important life history event likely to affect body
metabolism has occurred (e.g. pregnancy, disease, poor winter) (band ‘i’). (b)
Schematic of serial-block-face scanning electron microscopy for assessing and
comparing volumetric changes in increment shape and structure. (¢) Three dimensional
surface mesh based on grey-value distributions of tomographic data. (d) Schematic of
the application of second harmonic frequency generation imaging for analyzing and
comparing the polarity of collagen fibres within and between cementum increments. (e)
Schematic of the application of atomic force microscopy for defining topographic
distribution of collagen fibres across and between neighboring increments formed under
different life history circumstances. (f) Schematic of the potential use of the Raman
spectroscopy method for imaging and assessing chemical differences between

CEMENTUM INCTEIMCIIES. ...\ttt ettt ettt ettt et e et e et e ete e ateeeaeeaneeaneeeneeaneeanaas 54

Figure 3.1. Common diagenetic fabrics encountered in tomographic data of fossil
cementum. (a) Substantial variation in the thickness of individual cementum annuli
along their trajectories in the anterior root of the m2 of specimen bd10. (b) Discrete
regions of diagenetic alteration within the root of m96086, a specimen of otherwise
excellent preservation. (¢) Globular diagenetic fabrics have adulterated all ultrastruture
in the anterior root of the ml of specimen m95809. (d) Physical damage to the
cementum layer has removed outer annuli in discrete regions of the cementum of the

anterior root of m96273. White/black lines = 50pum..............ccooviiiiiiiiiiiiiinn.... 73

Figure 3.2. (a) Micro-computed tomographic reconstruction of Morganucodon tooth
enl05. Green highlights cementum layer. (b) Transverse slice of a synchrotron
radiation-based computed tomographic (SR CT) single distance phase contrast
reconstruction of the root of enl05. Cementum is the darker tissue surrounding the
dentine. (¢) Detail of cementum highlighted by red box in (b). Circumferential
increments highlighted using red arrows. (d) Ultra-high resolution SR CT slice of the
region highlighted by dashed red box in (¢) (not exactly equivalent as the region
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highlighted in ¢ was not imaged using ultra-high resolution SR CT). Circumferential
increments highlighted using red arrows; radial bands of preserved Sharpey’s fibres
highlighted using blue arrows; Granular layer of Tomes highlighted using yellow
dashed line; hyaline layer of Hopewell-Smith highlighted using green dashed line. (e)
Transverse slice of a SR CT single distance phase contrast reconstruction of the root of
Morganucodon specimen BD12 showing considerably thick layer of cementum around
the root dentine. (f) Detail of the cementum of BDI2. Cementum increments
highlighted by 14 multi-coloured arrows. (g) Three-dimensional reconstruction of the
cementum increments of BD12. The colour of each increment conforms to the colours

of each arrow 1N (£).......oooiiii i e 74

Figure 3.3 Comparison of cementum increment quality between areas of the root.
(a) Tomographic reconstruction of an example Morganucodon m2 tooth, showing the
bulbous base that characterizes these teeth, sourced from Rowe and Frank (2011). Red
and green boxes highlight the same areas shown in (b) and (c¢)(respectively), although
these are from a different specimen; CEM4. (b) Tomographic slice from the middle
third of the distal root of the CEM4 specimen, showing well-structured regular
increment. (¢) Tomographic slice from the base of the same root, showing chaotic

plexiform structure. All white scale bars represent 30 pm...............ooeviiiiiiinnn... 76

Figure 3.4. (a) Histogram of Morganucodon cementum increment counts provided by
each of the three observers. (b) Histogram of Kuehneotherium cementum increment
counts provided by each of the three observers. (¢) Linear regressions between logged
body mass and logged maximum lifespan for extant mammals (circles), extant non-
avian ectothermic reptiles (blue crosses), Morganucodon (green circles) and
Kuehneotherium (red diamonds). Minimum body mass estimate for Morganucodon

following Luo et al. (2004), maximum body mass estimate following Foster (2009)... 77

Figure 3.5. Studies of nutrient foramina in the femora of Morganucodon and
comparison with extant mammals and reptiles. (a) Volume rendering of a
Morganucodon femur, with foramina highlighted red, green, gold and blue. (b) Linear
regression between logged body mass (g), and logged estimated blood flow index (Qi)
for extant reptiles (green circles), extant mammals (red circles from Seymour et al.,

2011; red circles with dotted margins from this study), extant varanid lizards (purple
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circles), and Morganucodon (bIU€ CTOSSES).......ouuinuiiniit i 79
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Chapter 1: Introduction

Chapter 1

Introduction

1.1. Cementum as a recording structure of life history in mammals

The study of life history has been a focal point of biology for centuries. The differing
behaviours, lifestyles and growth series (ontogenies) of animals and how they relate to
morphology form a cornerstone of Darwin’s theory of natural selection. Before Darwin,
empirical observation of animal behaviour was used as an important tool in the early
classification of Animalia; from Ancient Greece to Carl Linnacus. The twentieth
century saw the advent and development of our understanding of genetics, and with this
the mechanisms of how behavioural and physiological traits interplay with evolution.
The identification of hallmarks of various life history traits in the morphology and
microstructure of mineralised tissues including bone and teeth in extant (living) animals
have also offered insight into the life histories of fossils and how they evolved through
deep time.

Mammals can be taxonomically defined by several life history traits and
variables, the combination of which is not seen in any other extant (living) clade
(Kemp, 2007; Luo, 2007). Most of these variables are inherently related to endothermy,
the ability to produce and control body temperature and metabolic output. This is
maintained by several soft tissue characteristics such as a “breathable” skin and fur that
allow efficient transfer or storage of body heat (Kemp, 2006), and brown adipose tissue
(body fat) that allows for non-shivering thermogenesis (heat production)(Pond et al.,
1984). Endotherms are characterised by elevated juvenile growth rates that reach a rapid
asymptote before almost stopping completely during adulthood at the attainment of
skeletal and sexual maturity (“determinate growth strategies”)(O’Meara and Asher,
2016).

A stable body temperature and elevated metabolic rate may have fostered the
evolution of pregnancy, another key mammalian innovation. While not the only living
or fossil animals to develop viviparity (internal development and live birth of offspring),

the eutherian clade of mammals have developed the most efficient form of nutrient
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exchange between mother and foetus; the placenta. Members of each major mammalian
clade (eutherians, metatherians and monotremes) nutritionally sustain

their infants for a significant period after they are born using secretions from the
mammary gland, another unique mammalian innovation.

Pregnancy is one of several key life history variables and events among living
mammal populations that are the focus of study in a wide range of biological
disciplines. These include maximum lifespan (Sacher, 1975; Smith, 1989; McKee,
1995; Hulbert et al., 2007; Shattuck and williams, 2010), age at sexual maturity
(DeMaster, 1984; Oli and Dobson, 1999; Rosing-Asvid et al., 2002; Dutta and
Sengupta, 2016), and reproductive rate and success (DeGabriel et al., 2009; Reale et al.,
2009; Lukas and Clutton-Brock, 2014; Douhard et al., 2016). During this period of
dramatic and global environmental change, habitat restriction and unsustainable
agriculture, the monitoring of animal populations under threat is of unprecedented
importance for ecology, zoology, and even agricultural science. These variables have
been studied using a wide variety of biological structures, the overwhelming majority of
research being focussed on osteological and histological indicators. These can be
generally classified into two categories: indicators that estimate age based on the
accumulation of morphological skeletal/hard tissue characteristics with age (Saunders et
al., 1992; Dudar et al., 1993; Ritz-Timme et al., 2000); and incremental structures in the
microscopic texture of mineralised tissues (Klevezal and Kleinenberg, 1967; Stout et al.,
1992; Klevezal, 1995; Padian, 2013). Several studies have reported substantial
discrepancies between ‘biological” age estimated by morphological indicators and true
chronological age (Morris, 1972; Spinage, 1973; DeMaster, 1984; Lovejoy et al., 1985;
Jones, 1988; Hoppa, 2000). These inconsistencies have led to a considerable amount of
research into the use of direct records of life history using the ultrastructure of

mineralised tissues (Gauthier and Schutkowski, 2013; Kolb, 2015; Naji et al., 2016).

All mammalian mineralised dental tissues comprise a series of growth markers
of differing periodicity and causation (Klevezal, 1995; Le Cabec et al., 2015).
Cementum is the mineralised tissue surrounding root dentine, serving as an attachment
site between the tooth root and the periodontal ligament (PDL) by mineralizing around and
incorporating the collagenous Sharpey’s fibres of the PDL. The tissue is unique amongst
dental hard tissues as it grows continuously throughout life, in a step-wise manner that is

widely regarded as following a circum-annual periodocity (Klevezal, 1995; Naji et al.,
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2016)(Fig. 1.1). This mode of development is represented by a series of increments of
different chemical and physical properties, creating discrete changes in optical
luminance when viewed using optical microscopy (Zander, 1958; Lieberman, 1993,
1994; Stock et al., 2017). Cementochronology, the study of these increments, has been
frequently used to estimate the chronological lifespan of extant mammals, and as a

record of life history events that affect their physiology (Naji et al., 2016).

Cementochronology offers a useful tool for the forensic analysis of the life
histories of both living and fossil mammals, including humans. The study of
cementum increments has been conducted for decades as a record of chronological
lifespan for over 70 species of extant mammals (Naji et al., 2016). The ability to
confidently estimate age-at-death to the specific year benefits studies of maximum
lifespan in populations of animals (Wall-Scheffler and Foley, 2008), and
archaeological human populations (Stutz, 2002). Further, the opportunity afforded by
the circum-annual rhythm of cementum increments allows specific events to be
pinpointed within the cementum of an individual animal of known life history, in
order to investigate potential relationships between such events and cementum
growth. This has led to authors highlighting significant effects of various life history
variables on cementum growth including the advent of sexual maturity (Klevezal and
Stewart, 1994), pregnancy and parturition (von Biela et al., 2008; Medill et al., 2010),
and even disease (Kagerer and Grupe, 2001).

However, the reception of cementochronology in the wider biological
community has been undermined by repeated findings of poor accuracy between
counts of increments and known age, especially in long living animals including
humans, and poor precision in counts between workers (Renz and Radlanski, 2006).
This is largely due to complexities in the pattern of increments frequently seen in
populations of extant mammals (Klevezal, 1995). Cementum is a dynamic,
biomechanically responsive tissue and increments can be seen to lense and coalesce in
thin-sections. Problems created by these phenomena are compounded by the limitations
of current methods used to study cementum increments, and disparities in the
interpretation of cementum growth and structure between laboratories and individual

researchers (Naji et al., 2016).
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1.2. Cementochronology as a tool for assessing physiology in fossil
mammaliaforms

In addition to its use in extant biology and recent archaeology, I propose that
cementum may provide a novel tool for assessing the evolution of key life history
variables among fossil crown mammals and their close stem mammalian relatives, the
mammaliaforms (Fig. 1.2). In phylogenetics (the systematic study of interrelationships
of organisms), crown groups are defined as the collection of taxa consisting of all of
its living representations, and extinct members that are bracketed by living members
back to their most recent common ancestor (see Fig. 1.3 for an explanation of stem-
crown systematics). Mammaliaforms are stem mammals, and while they share many
important mammalian characters including diphyodonty (with a single replacement of
non-molariform teeth), heterodonty (the specialization of teeth into certain
morphologies) and for at least some taxa, fur. They retain several primitive
characteristics including restrictive shoulder and hip morphologies, and the retention
of post-dentary bones in the mandible (and so no definitive “mammalian” middle ear
detached completely from the mandible). Although a series of indirect and proximal
indicators of metabolism have been used to suggest endothermy in mammaliaform
taxa (discussed in detail in Chapter 3), the metabolic potential of these and early

crown mammal taxa remains unclear, relative to extant mammals.

It is widely considered that relative growth and metabolic rates are recorded in
the bone microstructure of tetrapods. The rapid juvenile growths of endothermic birds
and mammals are reflected in their long-bone histology, producing a chaotic
assemblage of woven bone fibres known as “fibrolamellar” bone. This is in contrast to
the more orderly, laminar bone texture of ectothermic (cold blooded) animals that
exhibit significantly slower growth rates (Ray et al., 2004). Endotherms also possess a
series of other skeletal modifications specific to endothermy, including maxillary
turbinates within the anterior nasal passage of the skull (Hillenius, 1994). These thin,
highly complex structures counteract the dessicating effects on air flowing through the
nasal passage associated with high endothermic ventilation rates, and allow
endotherms to regulate internal water during aerobic activity. As cold external air is
inhaled, it absorbs heat and moisture from the turbinal linings, preventing dessication
of the lungs. Conversely, upon exhalation, warm, moist air from the lungs is cooled as

it passes over the turbinates, and excess water vapour condenses on to the turbinal
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surfaces where it is reclaimed into the body.

Mammals are the living representatives of Synapsida, a major lineage of animals
originating in the Late Carboniferous. The evolution of Synapsida is characterised by a
long-term phylogenetic trend towards more active lifestyle and endothermy (Kemp,
2006; 2007). This trend is evidenced in the appearance of fibrolamellar bone in
intermittent taxa from pelycosaur-grade (basal order of synapsids including the sail-
backed Dimetrodon) taxa in the Mid-Late Permian (Shelton and Sander, 2017).
Evidence of maxillary turbinates has also been reported for several therapsid taxa
including therocephalians (Fig. 1.2)(Ray et al., 2004), and more derived cynodont taxa
(Olivier et al., 2017)(Fig. 1.2). However, although useful for interpreting aspects of
physiology in fossils, the above lines of evidence can only offer a limited window onto
the evolution of endothermy amongst synapsids, the wider clade of animals that
eventually led to extant (living) mammals (Fig. 1.2). The relationship between bone
growth and metabolism is complicated (Kemp, 2006), and the presence of fibrolamellar
bone in some extant ectotherms including crocodiles and turtles (Tumarkin-Deratzian,
2007) suggests that it cannot be used as a conclusive indicator of endothermy in fossils.
Further, the secondary reduction and loss of turbinates in extant endothermic birds,
alongside comparable structures in the nasal pathways of ectothermic crocodilians,
suggests that the presence of these turbinates is not a conclusive indicator of
endothermy (Owerkowicz et al., 2015).

A series of more recent studies have focussed on indirect indicators of
physiology in fossils. These range from inferring the size of red blood cells from bone
microvasculature (Huttenlocker and Farmer, 2017), to assessing variation in oxygen
isotopes in therapsid fossil bone through time (Rey et al., 2017), to estimating brain
size relative to body mass using micro-computed tomographic imaging (LCT)(Rowe et
al., 2011; Benoit et al., 2017; Laal} & Kaestner 2017). Each line of evidence enforces
the hypothesis of a correlated progression towards higher metabolic potential through
the synapsid lineage. However, the differing rates of evolution of various metabolic
indicators suggests that this progression was complicated, involving a mosaic pattern of

various traits evolving under changing selective pressures through time (Fig. 1.2).

Cementum offers the chance to estimate maximum lifespan in fossil taxa. The
maximum lifespan of extant mammals is inversely proportional to their body mass

(Hulbert et al., 2007). This relationship is believed to reflect several aspects of
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metabolic scaling between mammals that significantly depart from allometry; smaller
mammals live faster and die younger than larger mammals. The relationship between
metabolism, lifespan and body mass among extant tetrapods can be illustrated by
comparing the scaling relationships between body mass and lifespan in ectothermic
reptiles versus endothermic mammals. While logarithmic regression slopes are similar
for both clades, reptiles are predicted to have significantly higher lifespans than
mammals of comparable body mass. Thus, if both lifespan and body mass can be
confidently estimated for fossil taxa across the early mammaliaform and mammal
phylogeny, their plotted metabolic values and positions relative to living mammal taxa
and reptile taxa may provide a new line of evidence for the metabolic potential of

fossil mammaliaforms and mammals.

1.3. Aims of this thesis

It is clear that cementum is a tissue of exciting potential for the study of life history in
living and fossil mammals. However, for this potential to be fulfilled, current methods
for imaging and analysis must be improved in order to improve our understanding of
the growth of cementum and its relationship with life history in mammals. This
research project primarily aims to explore new avenues for the study of cementum
increments and their relationship with life history in mammals. There are three

principal objectives:

Critically evaluate the current state-of-the-art in cementum imaging and
analysis, taking inspiration from other disciplines to suggest new avenues for
study. The current most commonly used method for imaging and analysis of
cementum increments is the microscopic study of histological thin-sections. The
caveats to this method will be discussed and, by placing current methodologies in a
broader scientific context, lessons learned from studying other biological and man-
made microstructures can be applied to cementum. A review will be conducted
regarding the wealth of technologies and methodologies commonly applied to other

biological structures and their potential for studying cementum discussed.
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2. Explore and optimize the use of one such technology, synchrotron radiation
based micro-computed tomography (SR CT), for imaging and analyzing
cementum increments. SR CT offers a non-destructive, high resolution imaging
technology for studying cementum increments. As a volumetric imaging modality, SR
CT may also overcome several of the key caveats identified for thin-section imaging
of complexities in increment patterns. Here, SR CT will be trialed for imaging
cementum increments from a sample of female Macaca mulatta (Rhesus macaque)
cementum. The effects of changing key experimental parameters will be assessed in
regards to the image quality of eventual reconstructions, in order to generate an
optimum set of parameters for imaging cementum increments. Finally, a suite of novel
image processing and analysis techniques will be developed and validated for

isolating key morphological and textural parameters of cementum increments.

3. Use this new imaging and analysis protocol to investigate the potential of
cementum as a record of life history. This objective will be achieved through two

principal experiments:

a. SR CT investigation of sexual dimorphism in cementum microstructure.
The cementum of female versus male individuals will be compared in a
laboratory population of breeding female, non-breeding female and male M.
mulatta individuals, a C12" century archaeological human population and a
C19™ century archaeological human population (both sexed using
osteoarchaeological metrics) in a quantitative manner using the techniques

developed to isolate increment morphology.
b. SR CT imaging of cementum increments to estimate lifespan among

early mammals. The non-destructive nature of SR CT has allowed the
imaging of cementum increments in Mesozoic fossils for the first time. Initial
investigation will focus on two basal mammaliaforms from the Late Triassic
(stem mammals) Morganucodon and Kuehneotherium. The study of
population-sized samples will allow an estimate of maximum lifespan for both
taxa. Following the series of proportional relationships between lifespan, body
mass, basal metabolic rate and post-natal growth rate, comparison between the
predicted lifespans and body masses of these basal fossil taxa with those of

extant mammals will provide new information on the metabolic potential of
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basal mammaliaforms. This work will then be expanded and placed in a
broader context by studying a diverse mammaliaform fauna from the Mid
Jurassic, comprising both stem mammaliaforms and crown mammals, in order
to assess differences in life history strategies amongst contemporaneous taxa

occupying different nodes of the mammalian phylogeny.

1.4. Thesis structure

Chapter 2 introduces the biology of cementum and current understanding of the
nature and causation of its circum-annual increment patterns. The complexities in
studying cementum increments are split into biological uncertainties; focusing on the
causation of increments and their complexities and how these have been perceived and
addressed in previous studies, and methodological uncertainties; providing a critical
review of current thin-sectioning and analysis methods. A summary of suggestions
inspired by other age estimation techniques are then presented that may benefit future
studies. Finally, a variety of techniques are presented that may offer new insights into
the relationship between life history and cementum growth, focusing particularly on
micro-computed tomography (LCT) and synchrotron radiation based computed-

tomography (SR CT).

Chapter 3 serves as a case study for the use of SR CT for imaging cementum
increments in some of the basal-most mammaliaforms, Morganucodon and
Kuehneotherium from the Latest Triassic. The imaging of population-sized samples
allowed for minimum estimates of maximum lifespan of nine years for
Khueneotherium and 14 years for Morganucodon, with increments counted using both
human and computer vision. Scanning dentulous specimens suggests that counts are
robust to potential diagenetic alteration, as the same counts are generated for several
teeth and within the dentary bone itself. When these lifespans are projected against
body mass estimates for both taxa, and compared to extant mammals and reptiles, it is
strongly suggestive that both taxa occupied a lower metabolic grade than living
mammals of comparable body mass. This is supported by estimates of basal metabolic
rates and post-natal growth rates generated from these lifespan estimates, that in-turn
suggest significantly lower growth and metabolic rates than living mammals of similar

body mass.
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A lower metabolic potential, relative to living mammals, is also suggested for
Morganucodon from analysis performed in this chapter of the ratio between the area
of its nutrient foramen aperture and the volume of its femur. The aperture of the
nutrient foramina in the femurs of extant mammals and reptiles is known to direct
correlate with the maximum metabolic rate an animal can achieve during sustained
aerobic exercise. Its size, relative to the volume of the femur, can be used to estimate
an index of blood flow for the animal in question. Mammals have been shown to have
significantly higher estimates of blood flow from this ratio than reptiles. However,
Morganucodon provides an estimate significantly closer to those of reptiles,
suggesting that it could not attain the elevated metabolic rates during aerobic exercise

characteristic of extant mammals.

Chapter 4 introduces, describes and discusses the results of an experiment
designed to pioneer the use of SR CT for imaging cementum increments, and isolate
the effects of experimental parameters on the quality of SR CT data of cementum
increments in a laboratory-raised sample of rhesus macaque (Macaca mulatta)
females. Following data acquisition, SR CT datasets are subject to a novel workflow
for processing and analyzing increment data. Datasets are processed in order to isolate
and straighten the cementum tissue, before maximizing increment contrast using
steerable Gaussian filtering. Prior to filtering, the “texture” of images are
quantitatively analysed by using micro-textural metrics to characterize greyscale
distribution in individual SR CT slices. Results of these analyses can further be
compared using principal components analysis in order to generate quantitative
“texture space”, where the most significant variation between datasets can be isolated.
After filtering, contrast is sufficient to algorithmically isolate increments,
transplanting them into their own images. This allows quantitative estimates of two-
dimensional tortuosity to be generated, based on the ratio between the path-length of
individual increments and the shortest possible path-length between its two end-
points. Finally, an algorithmic increment counting technique is introduced that can
generate accurate counts, compared to counts expected from known age, using solely
computer vision. All methods introduced here are first validated in order to test their

robusticity, accuracy and relationship with data quality.

Chapter S presents a second SR CT experiment designed to generate data

that can be applied to the novel image analysis suite presented in Chapter 4 to
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investigate whether sexual dimorphism is present in primate cementum. The female
Macaca mulatta sample studied in Chapter 4 consists of females that were allowed to
breed, and periods of pregnancy were closely monitored and recorded. A further sub-
sample of non-breeding females, a juvenile female and a male specimen from the
same population were also studied and analysed here. Two further samples of
archaeological human cementum were also studied; the first originating from a C12™
excavation from Taunton, Somerset (UK); the second originating from a clo™
excavation at St Georges Church, Bristol (UK). Both archaeological human samples
consisted of osteologically sexed individuals, and the C19™ sample contains three
individuals of known life history, including two females with known pregnancy
records. The application of quantitative analyses of cementum texture and increment
tortuosity suggest that female cementum produces significantly more tortuous
increments that follow chaotic paths through the cementum, relative to highly
contrasting but relatively straighter male increments. Further, increments formed
during pregnancy are noticeably more isotropic and disturbed, compared to
surrounding increments. The degree to which female cementum differs from male
cementum may be sufficient to predict sex, and potentially individual pregnancy

events in individuals of unknown life history.

Chapter 6 extends the SR CT study of fossil cementum into the Middle
Jurassic to cover both mammaliaform and early crown mammal taxa. Cementum was
studied in a wide range of taxa living coevally from the Bathonian fauna (~166-168
million years ago) of Oxfordshire, UK. From increment counts, maximum lifespans of
mammaliaform taxa are similar to those of Morganucodon and Kuehneotherium, and
significantly extend beyond those of extant mammals of comparable body mass.
However, no fossil crown taxon provided lifespan estimates beyond those of extant
mammals of similar body mass. This disparity in lifespan estimates is in-turn reflected
in estimates of basal metabolic rate and post-natal growth rate, suggesting that crown
taxa have significantly higher basal metabolic and growth rates than stem taxa living
coevally in the same fauna.

The mid-Jurassic is a period of significant diversification in the mammalian
fossil record, witnessing a pulse of both taxonomic and ecomorphological diversity.
From the results reported here, it is posited that this reflects a proportional increase in

metabolic potential among crown mammals to similar levels shown by extant forms.

10
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Finally, Chapter 7 summarises the progress made during this project in the
context of previous imaging techniques, understanding and conclusions regarding
cementum study. Future avenues of study are suggested to both test and expand upon
conclusions made here regarding the relationship between cementum growth and

aspects of life history, and to overcome limitations encountered through this project.

11
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Figure 1.1. Summary of cementum ultrastructure. (a) Schematic longitudinal cross section through

an adult bovid molar highlighting the extent of cementum deposition (red). (b) Schematic cross

section of incremental cementum banding. (¢) Schematic cross section across incremental cementum
bands. Obliquely oriented cementoblasts (cementum-forming cells) first form due to the disintegration

of Hertwig’s sheath as a tooth erupts. Cementoblasts aggregate to form a single layer in contact with the
tooths dentine, and deposit collagen fibres onto the dentine surface as the tooth continues to erupt. Fibres
become held in place by calcitic material that is deposited within an amorphous substance surrounding
them, forming the inorganic component of cementum. As cementum grows it attaches to Sharpey’s fibrils,
the principal fibres of the periodontal membrane, securely attaching the tooth to the alveolus. This process
continually repeats itself through life, and the progressive nature of growth allows the attachment of the
tooth root to the alveolus to be altered according to the functionality of the specific tooth. As the
mineralisation front migrates through life, the angle of collagen fibril mineralisation will commonly shift
in response to seasonal changes in food quality, with narrower layers corresponding to lower dietary
quality. All images in (a-c) sourced and modified from Stutz (2002). (d) Detail from a histological thin
section of the cementum of a European hedgehog (Erinaceus europaeus) viewed under reflected light,
displaying distinct series of cementum increments. Scale bar = 50 pm.

12
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Figure 1.2. Summary of various lines of evidence for physiological evolution
amongst synapsids between the Early Permian and End Cretaceous periods (299-
66 million years; herein Ma [mega-annum]). Red nodes with white numbers 1-8
highlight the divergence of major lineages. Fibrolamellar bone indicative of fast growth
rates found in intermittent taxa from the Early Permian derived pelycosaur (node 1)
Ophiacodon. Micro-computed tomographic scanning has shown that encephalisation
quotients (ratio between brain volume and body mass) steadily increased from levels
similar to extant reptiles amongst the Mid Permian basal therapsid (node 2) clade
Dinocephalia, to levels approaching that of extant mammals in the Early Jurassic
mammaliaform (node 4) taxa Morganucodon and Hadrocodium. Comparative
quantitative histological measurements of extant mammals, and fossil cyncodonts (node
3) have been used to suggest fairly static resting metabolic rates close to those of extant
mammals amongst Late Permian-Triassic cynodonts. Evidence of maxillary nasal
turbinates, now only seen in extant endotherms, are first seen in derived therocephalians
of the Early Triassic. Histological evidence also suggests that these taxa may have had
comparably sized red blood cells compared with extant mammals. However, these taxa
show a fall in the proportion of fibrolamellar bone through their evolution. Members of
the derived Late Triassic cynodont clade Prozostrodontia show the earliest evidence of
an ossified intraorbital canal, that house the base of sensory vibrissae (whiskers) in
extant mammals. Morganucodon is the most basal member of Mammaliaformes (node
4), and shows the earliest evidence of diphyodonty (single replacement of ‘milk teeth’),
that has been used to suggest maternal feeding of young via a mammary gland.
Measurements of the morphology of the dentary bone of Morganucodon have also been
used to suggest that the majority of growth of this element occurred before the
replacement of the deciduous ‘milk’ tooth, which may be indicative of the origin of the
rigid ‘determinate’ growth strategy experienced by extant mammals. A more derived
docodont mammaliaform, Castorocauda, is the most basal synapsid with evidence of a
full fur pelage covering the body, a prerequisite for mammalian endothermy.
Castorocauda is also inferred as occupying a semi-aquatic ecology, and forms an early
member of a hypothesised adaptive ecological radiation of mammaliaforms and crown
mammals (node 5) during the Early-mid Jurassic. This included several gliding taxa
including Arboroharamiya (a euharamiyidan taxon that may be part of

Mammaliaformes or crown Mammalia). Finally, a truly parasagittal posture (upright as

14
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opposed to sprawling) has not been shown in any taxon until the earliest therian (node
6) relatives of metatherian/marsupial and eutherian/placental mammals in the Early
Cretaceous. Sketches of synapsids running from left (Early Permian) to right (End
Cretaceous): Dimetrodon (original by Dmitry Bogdanov), Sycosaurus (original by
Eduardo Karkemish), Lystrosaurus (original by Eduardo Karkemish), 7Thrinaxodon
(original by Kana Hebi), Morganucodon (original by Martin Chavez), Castorocauda
(original by April Neander), Arboroharamiya (original by Shi Ai-juan), Vilevolodon
(original by April Neander), Zhangheotherium (original by Nix illustrations),
Liaoconodon (original by Nix illustrations), Repenomamus (original by Nix
illustrations), Catopsbaatar (original by Nix illustrations). Numbered references: 1 —
Shelton and Sander, 2017; 2 — Benoit et al.,, 2017; 3 — Olivier et al., 2017; 4 —
Huttenlocker and Brink, 2014; 5 — Hillenius, 1994; 6 — Huttenlocker and Farmer, 2017,
7 — Benoit et al., 2016; 8 — Rodrigues et al., 2014; 9 — Luo et al., 2004; 10 — Rey et al.,
2017; 11 — Rowe et al., 2011; 12 — O’meara and Asher, 2014; 13 — Meng et al., 2018;
14 — Ji et al., 2006; 15 — Luo et al., 2003.
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in deep time

Figure 1.3. Hypothetical cladogram (evolutionary tree) to summarise stem-crown
classification. The green node (circle) represents the basal node for this group. The
stem members of the group are highlighted in green and are seperated from the crown
node (red circle), that represents the last common ancester of all currently living
members of the entire group (a-d). T Represents extinct taxa.
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Chapter 2

New avenues for the study of

cementochronology

Mammalian dental hard tissues follow a series of natural rhythms that control the pattern
and pace of their deposition. These rhythms are often recorded by lines of arrested
growth and accretional annuli that are produced at a range of periodicities. Such
structures are understood to reflect cyclic changes in deposition rates from external
environmental cues, internal rhythms, and disruptions to deposition due to important life
history events. Cementum, the mineralised tissue that connects teeth to the periodontal
ligament in mammal taxa, is made up of appositional increments of frequently noted
annual periodicity. Further, as it is only resorbed in cases of severe gingival infection,
many workers have attempted to use cementum increment count as a direct
chronological age indicator, a technique known as cementochronology.

However, the exact causation and rhythm of cementum increments is still poorly
understood due to a paucity of direct experimental study. The majority of previous
studies of cementochronology have been based on thin-section histology, and several
caveats of this approach have undermined confidence in the ability to quantitatively
analyse cementum increments. Overall, current study of cementum lacks the application
of modern technology and analytical methods that have revolutionised interpretation of
microstructures and ultrastructures of other hard tissues such as bone, and increased their
use as hallmarks of disease or as records of life history. This review is intended to
highlight novel avenues of cementum study that provide the opportunity to broaden our
knowledge of its growth and maximise its potential as a record of the physiology and

ecology of, principally, living and fossil mammals.
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2.1. INTRODUCTION

Mammals play a pivotal role in a diverse range of global ecosystems, and assessing
their life history is a crucial element of many biological disciplines. Several methods
have been suggested to estimate unknown elements of the lives of both living and
deceased mammals. These can be generally classified into two categories: indicators
that estimate age based on the correlation of various characteristics with bodily age
(Saunders et al., 1992; Dudar et al., 1993; Ritz-Timme et al., 2000); and direct records of
growth represented mainly by the ultrastructure of mineralised tissues (Klevezal and
Kleinenberg, 1967; Stout et al., 1992; Klevezal, 1996; Padian, 2013). The first category,
correlative age estimation methods, range from simple body mass estimates, to the
fusion of epiphyses in long bones. However, several studies have reported substantial
discrepancies between ‘biological’ age estimated by such indicators, and true
chronological age (Morris, 1972; Spinage, 1973; DeMaster, 1984; Lovejoy et al., 1985;
Jones, 1988; Hoppa, 2000). This inconsistency has led to a considerable amount of
research into the second category, direct records of life history, and particularly the
ultrastructure of mineralised tissues (Gauthier and Schutkowski, 2013; Kolb, 2015; Naji
et al., 2016).

All mammalian mineralised dental tissues comprise a series of growth markers of
differing periodicity and causation (Klevezal, 1995; Le Cabec et al., 2015). The two
primary dental hard tissues, enamel and dentine, both produce two sets of growth
markers of differing periodicity that record the growth of teeth. Cross- striations within
enamel prisms, and lines of Von-Ebner within dentine represent diurnal cycles in the
precipitation of both tissues. Striae of Retzius in the enamel and Andresen lines in the
dentine record more long-term periods in growth rate, and both follow the same weekly-
to-monthly periodicity (Klevezal, 1996). Although individual taxa have been shown to
have a wide range in their periodicity of growth markers, these markers are well
understood and have been studied in a host of extant mammal taxa and also in fossil
teeth (von Koenigswald and Mors, 2001; Castanet et al., 2004; Tafforeau and Smith,
2008). However, their use as a record of life history is generally restricted to the period
of tooth growth and formation, which, dependent on species, may be only a small
proportion of an animal’s lifespan. In contrast, cementum, the mineralised tissue
surrounding root dentine, grows continuously throughout life, in a step-wise,

appositional manner. This mode of development is represented by a series of
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increments of different chemical and physical properties, creating discrete changes in
optical luminance (Lieberman, 1993, 1994; Stock et al., 2017; Zander, 1958).
Cementochronology, the study of these increments, has been frequently used to estimate
the chronological lifespan of extant mammals, and as a record of life history events that
affect their physiology (Naji et al., 2016).

However, current understanding of the causation of cementum increments, and the
relationship between increment count and age in extant mammals, is incomplete.
This is largely due to complexities in the pattern of increments frequently seen in
populations of extant mammals (Klevezal, 1995). Problems created by these phenomena
are compounded by the limitations of current methods used to study cementum
increments, and disparities in the interpretation of cementum growth and structure
between laboratories and individual researchers (Naji et al., 2016). The following review
aims to both evaluate current approaches to studying cementum increments, and outline
new methods applied in other disciplines that may optimise future studies based on
cementonchronology. We believe that application of these methods, combined with a
solid grounding in cementum biology and standardised approaches of assessing accuracy
and precision, should increase understanding of the influence of life history variables on
cementum increments. The application of such methods should maximise the potential
of cementum as a record of lifespan and life history in both living and fossil mammals.

Additionally, cementum has been found in a series of fossil and extant animals
outside of the mammalian phylogeny, including crocodiles (Enax et al., 2013), iguanian
squamate reptiles (Luan et al., 2009), ichthyosaurs (Maxwell et al., 2011), mosasaurs
(Luan et al., 2009; LeBlanc et al., 2017), non-mammalian synapsids (LeBlanc et al.,
2016), dinosaurs (Garcia & Zurriaguz 2015; Dumont et al., 2016; LeBlanc et al.,
2017b), and toothed fossil birds (Dumont et al. 2016). It has recently been hypothesized
that cementum, alongside alveolar bone, a periodontal ligament, and thecodont tooth
implantation, is a plesiomorphic shared feature of amniotes in general due to its
presence in stem amniote diadectid fossils that are over 290 million years old (Le Blanc
& Reisz 2013; LeBlanc et al., 2017). Under this scenario, secondary loss of cementum
and other periodontal features is associated with an increased rate of calcification of the
periodontal ligament and timing changes of development and calcification of other
dental tissues (LeBlanc et al., 2017). While we concentrate principally on cementum in

living and fossil mammals in this review, the application of cementochronology thus
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offers the opportunity to open a window on to the lives of a broad range of extant and

extinct animals, and development of new techniques will be applicable to all of these.

2.2 Current understanding of cementum biology

Cementum is a mineralised connective tissue composed of collagen fibres encased
within a matrix formed of hydroxyapatite, the primary component of bone and teeth.
The cementum tissue is common to all animals that display thecodonty (teeth emplaced
in specialised sockets) throughout the fossil record, and has been recently hypothesised
to be plesiomorphic or primitive among amniotes (LeBlanc and Reisz, 2013). The
growth of cementum is initiated and regulated by cells known as cementoblasts, and is
triggered by the eruption of a tooth germ through the epithelial sheath of Hertwig
(Bosshardt and Selvig, 1997). When fully developed, cementum surrounds the entirety
of each root surface (Fig. 1.3). Cementum can also be found in other regions of the
tooth in certain taxa, such as the occlusal surface of the crown in some hypsodont (high
tooth-crowned) mammals.

Collagenous fibres found within cementum can be divided into intrinsic collagen
fibres created within the cementum itself, and extrinsic Sharpey’s fibres (Bosshardt and
Selvig, 1997). Sharpey’s fibres are the extension of periodontal collagen fibres within
the cementum, anchored along the axis of major occlusive forces exerted by the
surrounding hydroxyapatite matrix (Hiiemae and Crompton, 1985). The primary
function of cementum is to attach teeth to the periodontal ligament, the soft tissue that
supports teeth against occlusal forces. A secondary function is to combat the erosive
effects of wear to the tooth crown, by increasing the height of the tooth within the
dental alveolus or tooth socket. The rate of collagen apposition is at least partially
dependent on the relative mastication forces acting upon the tooth, with higher shear
stresses encouraging faster growth (Klevezal, 1995; Leider and Eugene Garbarino,
1987). Apposition rates of cellular and acellular cementum have been measured using
fluorochrome marking in the monkey Macaca fascicularis, and at 0.1-0.5um and 0.1
um respectively, were shown to be one to two orders of magnitude lower than those of
dentine in the same teeth (Bosshardt et al., 1989).

Histological study of cementum using optical microscopy has shown that its

growth is recorded by a sequence of repeated sets of light and dark increments of
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different optical transparencies (Klevezal and Kleinenberg, 1967). Reflected light
microscopy has traditionally been used to partition these series into discrete phases.
Under reflected light, each phase comprises a thick increment of high transparency
cementum (a ‘light’ band), followed by a thin, highly opaque increment of dark
cementum (a ‘dark’ band) (Fig. 1.3). For consistency, ‘light’ increments are defined as
light under reflected light microscopy, and ‘dark’ increments are defined as dark under
reflected light microscopy from herein. Scanning electron microscopy (SEM) has been
used to suggest that the bands represent changes in the arrangement of Sharpey’s fibres
and the rate of their production, relative to the precipitation of the surrounding
hydroxyapatite matrix (Boyde and Jones, 1968; Lieberman, 1993). Lieberman (1993)
hypothesized that in thick light bands the matrix is produced at a sufficient rate to
support Sharpey’s fibres, resulting in fibrils organised perpendicular to the cemento-
dentine junction. Thin dark bands in contrast are proposed to be composed of
chaotically arranged fibrils oriented at lower angles relative to the cemento-dentine
junction, and matrix that is not produced at a sufficient rate to properly support them
(Lieberman, 1993, 1994). As mineralisation rates have been shown to be fairly uniform
relative to these changes in matrix precipitation production, the lower rate of
precipitation through unfavourable seasons usually leads to hypermineralisation of
dark layers (Klevezal, 1995; Lieberman, 1994).

In a recent study, Stock et al. (2017) applied synchrotron X-ray radiation to
examine several chemical and structural elements of beluga whale cementum using X-
ray fluorescence and X-ray diffraction mapping. With resolutions of ~30pum, mapping
highlighted discrete peaks in calcium and zinc content within thick ‘light” bands,
compared to surrounding thin ‘dark’ bands. This, along with corresponding peaks in
carbonated hydroxyapatite, supports previous interpretation of differing degrees of
mineral deposition between bands. However, the equivocal results of their
crystallographic diffraction mapping showed no clear evidence of differences in
hydroxyapatite between dark and light bands, and do not support previous
interpretations of discrete changes in Sharpey’s fibre orientation and structure between
bands. One possibility is that these results may be specific to marine mammals since
they are the opposite of those found in black bears by Smith et al. (1994), who found
no differences in calcium and phosphorous between dark and light bands. However,
another recent study (Colard et al. 2016) used polarized Raman spectroscopy of human

canine teeth and also observed no difference in orientation of mineral crystals and
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collagen fibres between dark and light bands, but instead a small increase in
orientation variability in light lines. Together, these recent results suggest that our
current understanding of the chemical and structural nature of incremental cementum
is incomplete, and may be improved using such novel techniques and methodologies.

Cementum is unique in that its radial growth is continuous throughout an
individual’s entire life, although it is entirely avascular. It is also only rarely resorbed, in
periods of severe gingival infection and caries. These phenomena have led many
workers to derive chronological age estimates from absolute counts of cementum layers.
So far, cementochronology has been used to accurately predict age in more than 70
extant mammal species, spanning 21 families and nine orders (Klevezal, 1995; Naji et
al., 2016). Although the annual periodicity of cementum increments has been widely
corroborated since the 1960’s, there have been several hypotheses proposed to explain
the causation of cementum incrementation. Early publications reported a relationship
between the pattern of increments and reproductive cycles within several taxa (Low et
al., 1963; Mitchell, 1967). However, this interpretation cannot explain increment
patterns found in all animals studied. Regular increments can be found in juvenile
animals, while castration does not seem to have any effect on the pattern of
incrementation (Klevezal, 1995).

The causes of cementum increments are more widely considered to be seasonal
differences in the general growth rate of an individual. Several studies have
implemented tetracycline staining (both intravenously and orally) of teeth to show that
growth of cementum is retarded or stopped altogether during unfavourable seasons
(Coy and Garshelis, 1992; Klevezal, 1995; Kvaal and Solheim, 1995). This most often
correlates with the formation of thin dark increments. However, the timing of formation
of these increments has also been shown to be subject to age and sexual variation. The
only direct experimental study of the causation of cementum increments has highlighted
a correspondence with changes in the frequency and magnitude of mechanical strain on
teeth caused by diet, and differences in the nutritional quality of diet, in domestic goats
(Capra hircus) (Lieberman, 1994). Variations in the orientation of collagen fibres were
found to be due to changes in the ‘hardness’ of foodstuffs making up an individual’s
diet (i.e. the proportion of preliminary softening of food before feeding), and the
resulting magnitude and frequency of occlusal stresses acting upon the tooth. Variation

in the nutritional quality of seasonal diets resulted in changes in the rate of
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cementogenesis, creating thin hypermineralised layers during periods of poor nutritional
intake.

This evidence suggests that light/dark layers are formed due to seasonal changes
in diet quality and mechanical properties. However, this hypothesis can only explain the
occurrence of increments in herbivorous mammals that experience seasonal changes in
diet quality, whereas cementum increments are found across extant Mammalia
regardless of ecology, phylogeny or environment (Appendix 2). Hence, several studies
have sought to examine the effects of other environmental pressures including ambient
temperature (Klevezal and Kleinenberg, 1967; Cipriano, 2002), ultra-violet radiation,
and latitude (Klevezal, 1995; Pike-Tay et al., 1999). The results of these studies,
although equivocal, suggest that a combination of external and internal factors
occurring over seasonal periodicities exert substantial control on the growth of
cementum.

As cementum increments have been suggested to correspond to changes in the rate
of formation of its collagen matrix relative to a near-constant rate of hydroxyapatite
mineralization (Lieberman, 1993), several authors have also shown that the relative
thickness of particular increments can correspond to discrete life history events that
significantly affect the metabolism of the tissue. In several animals, including humans,
incidents such as storm events (Cipriano, 2002), the attainment of sexual maturity
(Klevezal and Stuart, 1994), birth and parturition (Kagarer and Grupe, 2001; Medill et
al., 2010), and even occurrences of renal disease (Kagerer and Grupe, 2001) have all
been demonstrated to record increments of anomalous morphology. Using phase
contrast microscopy, Cipriano (2002) identified significantly broad hypomineralised
bands corresponding with winter storm events in the cementum of captive great apes.
Klevezal and Stewart (1994) noted a distinct decrease in cementum increment width
and an increase in increment organization and contrast with the advent of sexual
maturity in female northern elephant seals (Mirounga angustirostris). Medill et al.
(2010) used a novel indexing system for quantifying cementum increment thickness to
show that female polar bears deposit ‘light’” cementum bands (under reflected light) that
are significantly thinner than surrounding light increments during both pregnancy and
parturition. The significance of these differences allowed for a 70% success rate in a
blind predictive test of the same polar bear material based on relative increm,ent

thickness. Finally, Kagarer and Grupe (2001) used phase contrast microscopy to analyse
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a large sample of human teeth (80 individuals), and found that a range of life history
events were recorded as significantly broad, translucent cementum increments including
pregnancy and renal disease.

The expectation of a consistent correlation between increment count and
chronological age has led to the use of cementochronology in a wide range of scientific
disciplines; from ecology (Coy and Garshelis, 1992; Grue and Jensen, 1979),
conservation biology (Spinage, 1973; Goodwin and Ballard, 1985; Christensen-
Dalsgaard et al., 2010), to archaeology (Klevezal and Shishlina, 2000; Roksandic et al.,
2009) and zooarchaeology (Beasley, 1987; Beasley et al., 1992; Burke, 1992, 1994;
Burk and castanet, 1995; Stutz, 2002), palacoanthropology (Dean 2000), and forensic
science including criminology (Wedel et al., 2013; Colard et al., 2015). There are also
commercial applications of cementochronology, with a number of businesses dedicated
to age estimation of mammals through cementum increment counting, principally
associated with the hunting, and wildlife monitoring and management, industries
(Hamlin et al. 2000). However, reports of poor accuracy and precision in several
validation studies (Renz and Radlanski, 2006; Kasetty et al., 2010) have led to a lack of
uptake of cementochronology by some workers from related disciplines such as
skeletochronology and palaeohistology.

To put these difficulties into context, it must be noted that cementum is a
dynamic, biomechanically responsive tissue, composed of a series of distinct tissue
types (e.g. cellular versus acellular cementum) of differing function and structure (Naji et
al. 2016; Bosshardt & Selvig 1997). As such cementum does not grow homogeneously,
and varies both spatially and temporally in terms of tissue type and increment quality.
This results in two principal forms of uncertainty in the process of estimating age from
periodic biological features;

(a) Biological uncertainty of the correlation between increment
periodicity and chronological age.

(b) Methodological uncertainty due to subjectivity of counting-based age
estimation procedures, especially when data can be noisy.

Methodological uncertainty due to subjective procedures originates primarily from
the lack of an agreed standardisation of cementum preparation, assessment, evaluation,
and interpretation, as well as from a deficiency in understanding of the underlying

biology and structure of the cementum tissue between labs and researchers. Both forms
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of uncertainty have led to mixed results in the accuracy (i.e. proximity of counts to
known/true chronological age) and precision (i.e. repeatability and reproducibility) of
estimated ages in previous validation studies of cementochronology. The highest
correlations between known age and predicted age based on cementum increment count
have reached an accuracy of + 1 year (Hamlin et al., 2000; Rolandsen et al., 2008;
Schrivner et al., 2014). Strong correlations between increment count and chronological
age have even been found in humans that lived from 12 to 96 years of age. In a study
conducted by Wittwer-Backofen et al. (2004), in a sample of 433 teeth from humans of
known age only 2.2% of increment counts deviated from expected counts by more than
5%. Other studies report no significant correlation at all between known and estimated
age, and significant errors in the precision of estimates between workers (i.e. low
reproducibility) (Kasetty et al., 2010; Renz and Radlanski, 2006). In summary, while
most results highlight the potential and general high levels of accuracy of
cementochronology as a tool for assessing longevity and life history in mammals
(Klevezal, 1995, Naji et al. 2016), it is also clear that the contribution of biological and
methodological uncertainty, and the spread of accuracy of results across all studies,

require further investigation.

2.3. Biological uncertainty: complexity in incremental growth

patterns

It is rare for a complete sample of teeth to provide data that give rise to perfect
correlation between cementum increment count and known age. In a meta-analysis of
the previous literature, Klevezal (1995) found that 90% of individuals in 65% of
previous studies involving animals of known age showed a perfect correlation between
increment count and chronological age. The propensity for at least one individual in
most populations studied to show a complex pattern of additional dark bands indicates
that there is an inherent genetic variety in growth strategies in mammal populations, or
plasticity in their response to external environmental signals. Additional dark bands
correspond to additional phases of growth retardation during a single year, and such
polyphase growth is also frequently recorded in long bone and other dental growth
markers (Bowen et al., 1983; Klevezal, 1995; Castanet et al., 2004). Such complex
patterns are often referred to as the ‘doubling effect’, and are commonly found in

tropical-to-sub-tropical mammals where two dark bands, instead of one dark band, are
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formed every year. This phenomenon was first observed in sub-tropical male deer by
Low and Cowan (1963), and ascribed to the biomechanical effects of habitual rutting
during yearly mating seasons (“rut lines”). However, the presence of the doubling effect
in juvenile animals and even spayed captive animals undermines this interpretation
(Klevezal, 1995).

Although there are no hard-and-fast rules controlling the proportion of animals
experiencing polyphase growth in a population, there exist several general trends.
Figure 2.1. presents the results of a meta-analysis of 141 previous cementochronological
studies conducted for this review, in order to examine statistical correlations between
climate-type and the proportion of individuals displaying complex cementum increments
(full dataset in Appendix 2). The populations studied were grouped by their geographic
locations into K&ppen climate classes; “A” (equatorial/tropical rainy), “B” (arid/dry),
“C” (warm temperate/humid mesothermal), and “D” (snow/humid microthermal)
(Lohmann et al., 1993; Kottek et al., 2006;). Képpen climate classification allows the
climates of geographically disparate regions to be quantitatively compared on a global
scale, by combining average annual and monthly temperatures and the seasonality of
precipitation. By grouping populations by the K&ppen climate category under which
they were living, one can attempt to investigate which climates are statistically more
likely to encourage complex cementum growth patterns. We note (Fig. 2.1.a) that lower
latitude populations (equatorial/tropical rainy climates — climate type ‘A’, 60% of
studies report complex increments; arid/dry climates — climate type ‘B’, also 60%) show
higher proportions of studies with individuals displaying complex increments than
higher latitude populations (warm temperate/humid mesothermal climates — climate
type ‘C’, 36%; snow/humid microthermal climates — climate type ‘D’, 47%). However,
non-parametric Kruskal-Wallis testing suggests that this difference is not statistically
significant (n=120, p =0.1157). In total, of the 120 studies examined, 61 (50.8%) had
one or more individuals that displayed complex increments. The mean percentage of
individuals with complex incrementation across all studies was 16.37%.

For the 61 populations containing one or more individuals with complex
cementum increments, we used Kruskal-Wallis testing to examine differences in the
proportion of individuals displaying complexities between climate types. The mean
proportions were (Fig. 2.1.b); equatorial/tropical rainy climates — climate type ‘A’:

48.3% of individuals report complex increments; arid/dry climates — climate type ‘B’:
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24.6%; warm temperate/humid mesothermal climates — climate type ‘C’: 23.1%;
snow/humid microthermal climates — climate type ‘D’: 41% (Fig. 1.3). We identified a
statistically significant difference in mean ranks between climate types (n =61 p
=0.048). Posthoc individual Tukey-Kramer procedures were then performed between all
climate types to determine the specific climate type pairs that show significant
differences in the proportions of individuals with complex increment patterns. Tukey-
Kramer procuedures found that p values exceeded an honest significant difference
(HSD) critical value of 3.79 for comparisons between climate type ‘A’ populations and
climate type ‘B’ populations (HSD=4.271), climate type ‘B’ populations and climate
type ‘D’ populations (HSD=4.133), and between climate type ‘C’ populations and
climate type ‘D’ populations (HSD=4.677). However, comparisons between climate
type ‘A’ populations and climate type ‘D’ populations (HSD=1.83), and between
climate type ‘B’ and climate type ‘C’ populations (HSD=0.26), produced non
significant HSD values (Table 2).

Our results show that in general, when comparing only populations with some
number of individuals having complex incrementation, populations within
equatorial/tropical rainy regions (climate type ‘A’) have the highest proportions of such
individuals. In contrast, populations in arid/dry regions (climate type ‘B’, often
bordering equatorial regions) show the lowest proportion of individuals with complex
increments. However, following a latitudinal gradient towards the poles, populations in
warm temperate/humid mesothermal climates (type C) and then snow/humid
microthermal climates (type D) show an increasing proportion of individuals with
complex cementum increments, although not to levels observed in equatorial/tropical
rainy (type A) regions. This supports a series of general patterns previously
qualitatively described by Klevezal (1995). The authors noted that populations of the
same species living under different climatic conditions consistently show proportions
of individuals with polyphase growth strategies that differ in a predictable way. In
general, populations that experience less seasonal climatic change will have a higher
proportion of individuals with polyphase growth strategies, indicated by complex
cementum patterns. That our data suggests equatorial/tropical rainy regions (climate
type ‘A’) have the highest proportions of complex cementum increments confirms the
observations of Klevezal (1995), as this climate type generally displays the lowest

seasonality of those analysed. We show here that this variation is resistant to
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phylogeny, with disparate clades showing similar patterns (Appendix 2). It has been
shown experimentally that both seasonal climate variation and seasonal diet variation
act as factors acting against polyphase growth and complex increment patterns, and in
favour of annual increments (Klevezal and Kleinenburg, 1967; Klevezal, 1995;
Lieberman, 1994). This combination of genetics and ecology must be acknowledged in
cementum studies, and potential variation away from annual (two-phase) growth
patterns accounted for when using cementum increments in age estimation.

Several studies have also suggested that the periodicity and ‘readability’ of
cementum increments changes predictably between juvenile and adult teeth of certain
species. A number of previous validation studies have shown that increment counts in
the youngest individuals of a population show a tendency towards over-estimation of
known age, whereas counts in the oldest individuals show the opposite and may under-
represent known age (Condon et al., 1986; McLaughlin et al., 1990; Renz and
Radlanski, 2006; Christensen-Dalsgaard, et al., 2010). In several long-living species,
the attainment of sexual maturity is often marked by a decrease in increment complexity
(i.e. a change from two dark increments a year to one), and an increase in the
‘readability’ of increments (Klevezal and Stewart, 1994; Medill et al., 2009). The
readability of increments has been developed as an index of several factors that affect
their ease of counting (Zhivotovsky, 1982). These include the contrast between light
and dark layers, the sinuosity of individual layers (i.e the number and intensity of
curves they experience), and the presence/absence of lensing and coalescing of layers.
The change in readability of cementum with age has been suggested to represent a
change from intense juvenile growth rates to slower adult growth rates, with increments
in adults more affected by changing environmental conditions (Klevezal, 1995).

While such an intrinsic flexibility in growth patterns must be expected in mammal
populations, the negative effects of the previously described phenomena on the
estimation of chronological age using cementochronology can be further compounded
by a lack of understanding of the components of cementum tissue as a whole.
Cementum can generally be divided into three main types based on structure and
function. Acellular extrinsic fibre cementum follows a consistent growth rate and is the
predominant attachment surface for Sharpey’s fibres originating in the periodontal
ligament. In contrast, cellular intrinsic fibre cementum and cellular mixed stratified

cementum are both reactive tissues with growth rates that depend on the extent of
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occlusal forces that the tooth experiences (Bosshardt and Selvig, 1997; Schroeder,
1993). The differences in causation and growth rates between these three cementum
types must be noted as they have been shown to influence the interpretation of
increment counts and patterns (Naji et al., 2016; Schroeder, 1986, 1993). Several recent
studies have shown that only acellular extrinsic fibre cementum provides a reliable
record of chronological age, and cellular intrinsic fibre cementum as well as cellular
mixed stratified cementum provide unstable increment counts with common
coalescence and lensing of increments (Bosshardt and Schroeder, 1990, 1992; Naji et
al., 2014). Acellular extrinsic fibre cementum has also been shown to have considerably
lower instances of complex incrementation with fewer additional lines or increments
(Klezeval 1996 p. 223). By using only acellular extrinsic fibre cementum therefore, a
considerable reduction in the proportions of individuals and studies showing complex
cementum incrementation over the figures shown in the meta-analysis above can be
achieved. However, the distribution of tissue types is not homogeneous around root
surfaces, and is affected by a changing series of external and internal influences through

life (Bosshardt and Selvig, 1997).

2.4. Methodological uncertainty: the need for standardisation in

preparation and study of cementum increments

Although a series of imaging techniques have been used to study cementum
ultrastructure including radiography (Rokert, 1956; Dreyfuss & Frank 1964; Lieberman,
1993; Burke & Castanet 1995), SEM (Boyde & Jones 1968; Lieberman, 1993, 94),
optical coherence tomography (OCT) (Liess-Holzinger et al., 2015), Raman
spectroscopic imaging (Schulze et al., 2004; Colard et al., 2016), and synchrotron-based
X-ray fluorescence mapping (Martin et al., 2004, 2007; Stock et al., 2016), the vast
majority of previous studies that have employed cementochronology have been based
on optical microscopy of thin sections. A wide variety of protocols have been suggested
for the preparation and analysis of thin sections. Regarding choice of teeth, most
validation studies have shown that gross increment patterns and counts are generally
mirrored between right and left lower teeth at the same position, after accounting for
variation in the age of eruption of different tooth types (Wittwer-Backofen et al., 2004;
Medill et al., 2009). It has been suggested that for some purposes such as analyses of
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parturition timing, data from upper and lower premolar teeth of the same position (e.g.
upper and lower first premolars) should not be pooled, as this may bias counts and
inferences of increment patterns (Medill et al., 2009). Several methods of tooth
extraction have also been implemented, although most studies have boiled mandibles
for short periods before manually removing the tooth using dental equipment. Some
studies have advocated sectioning the tooth while still surrounded by an amount of alveolar
bone to minimize the risk of damage to the outer cementum layers (Lieberman et al 1990;
Lieberman 1994; Burke & Castanet 1995). It should be noted that cementum from
specimens that have been kept in formalin for significant periods of time (more than 6
months), peels and deteriorates after removal (Driscoll et al., 1985; pers obs).

There is no current standard for cementum thin section preparation, and many
laboratories professionally produce thin sections of comparable quality using markedly
different techniques (Rolandsen et al., 2008; Naji et al., 2016). The only (implicit)
important standardisation that currently exists is the experimental need for a low
refractive index of the embedding and mounting materials, which should be as close to
zero as possible to minimise optical interference when analysing cementum increments
(Naji et al., 2016). Several studies have advocated the use of polarising light to study
cementum increments (Burke, 1992, 1994; Stutz, 2002). To this end, the birefringent
properties of any mounting medium should be as close to zero as possible to minimise
their effect on the biogenic birefringence patterns of cementum increments (see Stutz
[2002] for a thorough review of polarized light microscopy of cementum increments).
The most vocal argument regarding thin section preparation has been between workers
who favour or avoid decalcification. Most early studies implemented decalcification in
order to chemically stain very thin (4-70 pm) sections. Chemical staining, usually using
haematoxylin and eosin (H&E staining), increases the contrast between increments,
where dark increments are stained considerably more intensively than light increments
(Klevezal, 1995; Kvall and Solheim, 1996). Experimental staining by Foster (2000) may
indicate that this reflects a difference in the relative proportion of extracellular collagen
fibres between light/dark increments. However, validation studies that have compared
decalcified versus undecalcified sections have shown that the difference in increment
contrast is not great enough to warrant the added time and cost of decalcification of
large samples, and has even been shown to reduce readability in some studies when not

using a staining medium by reducing contrast between light and dark increments
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(Beasley et al., 1992; Naji et al., 2016).

The correct orientation of thin-sections has also been debated in the literature. The
majority of studies have been based on longitudinal sections, which allow the entire
vertical profile of increments to be studied. This orientation allows false increments to
be most easily distinguished from principal (annual) increments, as false increments can
be typically shown to coalesce into neighbouring increments towards both the apex, and
cervical neck of the root (Klevezal, 1995; although see Gasaway et al., 1978; Naji et al.,
2016). Regardless of orientation, multiple sections should be prepared to represent one
tooth. Non-decalcified sections should be polished to ~70-100 um thickness. Above this
threshold, increment thickness can have a pronounced effect on the clarity of increments
and hence their readability, as their longitudinal trajectories are commonly shown to
change, affecting the contrast between observed increments (Naji et al., 2016). Below
this threshold, increments are too vague to confidently interpret.

Thin sections are studied using both transmitted and reflected light microscopy,
generally coupled with digital photography. It must be remembered that the optical
nature of increments are reversed under each light source; thick hypomineralised bands
are darker under transmitted light and lighter under reflected light, and thin
hypermineralised bands are lighter under transmitted light and darker under reflected
light. Incorrect interpretation of brightness differences, which are dependent on the
light imaging modality, has occurred in the past and can lead to erroneous
interpretations of relative mineralisation of increments. For example, Cipriano (2002)
introduced dark hypermineralised bands as fast growth ‘summer’ bands, and light
hypomineralised bands as slow growth ‘winter’ bands. Although this definition is
erroneous regarding the relative proportions of mineralization between winter and
summer, it is not made clear under which imaging modality these definitions refer to
and so summer increments may indeed be dark under transmitted light. The area(s) of
highest increment readability from one or more thin sections are commonly chosen
subjectively and recorded digitally. Various image processing methods have been used to
process images of cementum increments to maximise contrast (Fancy, 1980; Lieberman
et al., 1990; Wall and Wall, 2007), including digital contrast stretching, noise reduction
and binarisation.

Although the relative merits of different thin section preparation methods have

been widely discussed (Naji et al., 2016), it is the analysis of thin sections that has
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created the most severe uncertainty in the application of cementochronology. Generally,
it is the thin layers that appear dark under reflected light that are counted. Age estimates
are then based on the total count of dark layers, plus the average age of eruption of the
specific tooth, in the animal under study. Cementochronology requires both a
fundamental understanding of (a) the underlying biological mechanisms creating
incrementation; and (b) a robust methodology for counting increments that must be
strictly followed. However, examples of the failure to meet one or both of these
prerequisites can be frequently seen in the literature. Many workers lack an appreciation
of the complexity of cementum growth, and there is a prevalent notion that increments
follow simple, homogenous deposition around an entire root. Hence, several studies, in
an attempt to minimise the subjectivity of increment counting, have followed
dendrochronology studies by objectively choosing multiple regions along the cementum
tissue in which to count increments (Kvaal and Solheim, 1996; Renz and Radlanski,
2006). For instance, Renz and Radlanski (2006) divided thin-sections into buccal, distal,
mesial and lingual portions and only counted and compared increments within these pre-
defined regions. Counts are generated in each of these fixed regions in several horizontal
sections created along the entire vertical length of the root. Several such studies, having
found contradictory counts within different regions, questioned the relationship
between increment count and chronological age (Obertové and Francken, 2009), and
others dismissed cementochronology altogether (Renz and Radlanski, 2006).

However, these approaches ignore the known variation in the deposition of
acellular extrinsic fibre cementum versus secondary cementum such as cellular intrinsic
fibre cementum and cellular mixed stratified cementum, which may erroneously affect
counts in fixed regions of study. Hence, one should expect differences in increment
counts based on cementum tissue type, and be able to systematically choose regions of

study, which are based on the prevalence of acellular extrinsic fibre cementum.

Such an approach stems from an otherwise to-be-commended common effort to
minimise the subjectivity of increment counting in what is often a complex record.
Increment counting by eye is an inherently subjective activity, and differences in counts
between readers of the same material, and between readings by the same worker can
undermine their use as age estimates (Rolandsen, 2008; Frie et al., 2011, 2013). Most
validation studies have attempted to quantify the readability of increments, and the

accuracy and precision of age estimates of known age material. The popular use of a
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standardised index of readability suggested by Zhivostovsky (1982) (developed from an
original index by Gasaway et al., 1978) in studies throughout the 1980’s and 1990’s
allowed the readability of different samples from different studies to be quantitatively
compared (Klevezal, 1995). These indices were used as a quantitative context for
assessing the effects of various factors on increment counts, and the differences between
age estimates based on increment counts and known age between separate studies and
taxa. However, such a standard of cementum quality evaluation has been little used in

the recent literature.

Recent analyses of increment counts have used various methodologies and
statistical analyses, both to count increments and to test the accuracy and precision of
these counts. Accuracy is widely defined as the deviation of counts from those expected
given an animals known age. Precision is the deviation between individual counts of the
same cementum specimen. Several recent validation studies have used general linear
models (GLMs) to compare the amount of deviation statistically explained by a series of
factors (reader, sex of individual studied, readability score) and/or covariates (age of
individual studied) that are believed to affect the accuracy of increment counts (Frie et
al., 2011, 2013; Rolandsen et al., 2008). Yet methods for testing these GLMs differ
widely in their complexity and logic, as well as the nature of factors they analyse, and
as such they are heavily dependent on the application and data at hand. On this account,
the wide variety of reported causes of inaccuracies of recent studies may not be able to
be confidently and directly compared. This minimises the impact and application of the
results of these studies for other workers, and has done little to assuage the doubts as to
the validity of cementochronology expressed by several authors (McLaughlin et al.,
1990; Renz and Radlanski, 2006; Roksandic et al., 2009).

It is evident that cementum is a tissue of important potential as a chronological
record, offering the chance to decode important elements of the life histories of living
and fossil animals. However, before this potential can be fulfilled, further work is
needed to both accurately correlate the relationship between increment count and
chronological age, and to quantify the factors that cause and control the growth of
cementum and the periodicity of its layers. From this summary, it is clear that the use of
cementochronology for life history analysis is dependent on;

(a) the ecology and environment of the population under study;

(b) the methodology used to analyse increments; and
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(c) the understanding of the reader about the biology of cementum growth and
incrementation (summarised in Figure 2.2.).

Quantification of the effects of external and internal life history variables on
cementum growth is needed, using a standardised methodology following protocols
developed to study the cementum tissue that best records incremental growth patterns.
The remaining review outlines potential ways of following this line of enquiry and

improving on our current understanding of cementochronology.

2.5. Towards a standardised methodology for increment counting
and analysis

The need to develop a global standard to cementum study was recognized in 2010
through the formation of the “Cementochronology Research Program” by workers in
Paris, France. In a recent review (Naji et al. 2016), members of the program propose a
single protocol for the production and study of cementum increments in extant
animals. The simplicity of this protocol and level of detail of its explanation is
sufficient for the novice to begin to study cementum increments, and can be easily
implemented to modify on-going research protocols to meet this standard. However, it
does not significantly alleviate the key problems of the cementochronology technique;
the subjectivity, and inherent dependence on user experience. These are noted as a
potential flaw of cementochronology that can only be minimised by user experience
according to the Cementochronology Research Program, and a methodological
solution other than increased training to gain such experience is not presented by Naji
et al. (2016).

The increments of various mineralised structures are routinely studied at an
industrial scale for age estimation purposes in agricultural disciplines such as fishery
management and deer farming. The high financial and ecological risk associated with
error in reading these structures has led to considerable efforts to attain quality control
and minimise observer error (Van den Broek, 1983; Beamish and Chilton, 1982; Kahn
and Mohead, 2010; Morrongiello et al., 2012). These errors have led to rigorous quality
control testing of more intensely used ageing structures such as the otoliths of fish.
Quality control is usually focused on the development of a reference catalogue of

images covering all known pathologies and inconsistencies that have previously caused
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uncertainty and bias in age estimates from the tissue in question. This is one of the most
crucial aspects of aging practice in fishery management (Campana, 2001). The repeated
referencing of images that highlight negative effects on the correlation between
increment count and chronological age maximises the likelihood that such effects are
taken account of in further age estimates. The continued reference to such catalogues
has thus been shown to significantly improve precision between age estimates of
different workers, and to minimise drift in intra-specific worker accuracy through time
(Campana et al., 1995; Campana, 2001). The development of such a tool for
cementochronology has the potential to improve the accuracy of age estimates based on
cementum increments by providing a universally applicable tool to calibrate increment
data against. This will ultimately improve understanding of both the biology of
cementum, and variability in the periodicity of increments, allowing readers to more
confidently distinguish principal increments from accessory increments.

Several cementochronological studies have advocated the use of objective means
for counting increments, which place minimal dependence on user experience
(Lieberman, 1990; Wall and Wall, 2007; Wall-Scheffler and Foley, 2008). These are
primarily based on the quantification of pixel brightness values in digital images of
cementum increments. By analysing optical increment patterns as peaks and troughs in
pixel values, workers have used statistical methods for counting increments with no
need for manual counting by humans. This method was proposed by Lieberman et al.
(1990), who first used computer image analysis to measure greyscale values along
radial transects through digitized images of cementum. Light increments were
interpreted from peaks, and dark increments as troughs, in greyscale values along a
luminance profile. Although no further work was performed to diagnose genuine
increments from background noise, and manual counting was used in this study, the
authors suggested that the difference between the mean pixel value of the cementum
and the value at the cemento-dentine boundary be used as a reference for this practice
in further studies. Any peak/trough that did not depart from the mean beyond a third of
this value should not be counted. Since this study, related methodologies have been
further developed by a number of authors, including Wall and Wall (2006), Wall-
Scheffler and Foley (2008), Czermak et al. (2006), Klauenberg & Lagona (2007), and
Greenfield et al. (2015). The first two of these papers named their method Digital
Cementum Luminance Analyses (DCLA). DCLA attempts to improve the original
methodology outlined by Lieberman et al. (1990) by adding an absolute cut-off for
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discerning between genuine cementum increments and background noise, and
automating the counting of increments based on the cut-off. Pixel values are recorded
for each peak and trough found along a radial cementum transect, although any peak or
trough with a maximum or minimum point within two greyscale values of the last peak
or trough (respectively) are not counted as increments. Greenfield et al. (2015) further
develop this technique by using automatic peak/trough identification algorithms to
further remove the human element from increment counting. Czermak et al., (2006)
developed a stand-alone piece of software, ‘Auto-TCA’, to automatically count cementum
increments in selected regions of interest. The software uses Gaussian and direct Fourier
filtering to both rearrange the cementum tissue through bicupic interpolation, and increase
contrast between increments. This aids interpretation of trough/peak pairs and eases counting
as it minimizes the effects of refraction artifacts and linear scratches from preperation. Finally,
radial transects are plotted through the cementum for every single pixel of the respective RO,
and their greyscale values recorded. These values are then reversed so that dark increments
form peaks in resultant histograms. These peaks are automatically counted to generate
increment counts, creating 300-500 individual counts. Final estimates of increment counts are
taken as the mean of these individual counts. Klauenberg & Lagona (2007) follow a different
strategy, by using hidden Markov random field modeling to estimate average increment width
instead of peak/trough counts. Dividing the radial width of the cementum tissue by this
estimate then generates increment counts.

Some of the methods described above, including DCLA, rely upon (a-priori)
assumptions regarding the distribution of pixel values caused by incrementation versus
those caused by background noise, defining an absolute threshold value at a certain
distance from the mean pixel value, that a peak or trough must pass through to be
distinguished as reflecting a ‘true’ increment. This value is ultimately specific to the
data and/or methods in the original study, and so may not be confidently applied to
other imaging modalities or techniques, or to taxa that fail to meet the specified cut-off
parameter specified in the original study. Thus, the next stage in DCLA development,
and indeed in such methods in general, should focus on developing a more flexible
strategy for distinguishing cementum increments based on relative instead of absolute
greyscale distribution criteria.

These studies provide a clear step towards the methodological reduction of
subjectivity in counting. However, such techniques have yet to be implemented on a

broader scale in the cementochronology community, and individual methods are seldom
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developed beyond the working group in which they are developed. Some of the reasons
for this may include accessibility of the papers describing the methods, accessibility of the
software for carrying out the analyses, and ease of use of the workflow. Improvements in
each of these categories for existing or forthcoming methods should help to increase their
uptake and use.

It becomes clear from this discussion that the implementation of a standardized
approach is indeed possible for cementochronology. The need for such an approach is
recognised within the community (Naji et al. 2016), and although a global standard for
production is more easily obtained than for analysis of cementum thin-sections, the two
form complementary approaches for increasing the accuracy and precision of
cementochronology. Regarding thin section analysis, inspiration from other disciplines
may foster crucial steps to help minimise the subjectivity and dependence on user
experience suffered by current methodologies. The development of an internet database
of taxon-specific and/or pathology-specific reference images may provide an efficient
way of storing and transferring invaluable knowledge of cementum growth and
structure that would otherwise only be attained through decades of user experience.
Further, once users have used this information to confidently choose the most
representative digital images of cementum increments, objective DCLA counting
methodologies could be applied to minimise subjectivity and maximise accuracy and
precision in increment counts. While not entirely eliminating subjectivity in analysis,
this methodology should provide a significant step towards a global standard to study
cementum increments, with minimal constraint from user experience and subjective

increment counting.

2.6. New possibilities: The application of novel techniques for

studying cementum growth

The advent and availability of powerful new tools for studying the structural and
material properties of biological materials has created significant progression in our
understanding of the growth of various hard tissues such as bones, shells or teeth. Here,
we select and discuss specific techniques that may benefit our understanding of the

growth and nature of cementum increments (Table 3).
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2.7.  Virtual histology and its potential for cementum study

Thin section image analysis represents the current ‘gold standard’ for studying
cementum histology, and the combination of high-powered microscopes, optional
chemical staining and digital imaging allows study of cementum increments in high
definition. However, as previously discussed, several potential problems exist when
estimating increment counts based on thin sections, primarily due to the restrictive
number of samples available per-tooth, and the lack of a three-dimensional (3D)
perspective of study. Counts of layers in an individual’s cementum that are based on a
restricted number of thin sections are essentially subjective, as they cannot be viewed in
the context of the entire tooth and because the orientation of the cut surface determines
irrevocably the (only) direction in which growth markers can be analysed. In contrast,
cementum is a dynamic, biomechanically responsive tissue, and the pattern and number
of layers are known to change both temporally and spatially along and perpendicular to
the tooth’s longitudinal axis in different portions of cementum (Klevezal, 1995; Naji et
al., 2016). As this cannot be fully accounted for in histological data, when seen in thin
sections, such phenomena undermine confidence in counts and limit our understanding

of the relationship between increment count and chronological age.

The study of internal structures of other mineralised tissues has been
revolutionised in the last two decades by the development of X-ray micro-computed
tomography (microCT or uCT). Conventional (i.e. X-ray absorption-based) CT makes it
possible to reconstruct the 3D structure of an object by combining series of two
dimensional (2D) radiographic projections, or slices, that spatially encode the intensity
of transmitted radiation after X-ray wave-fronts have been partially absorbed through
the object at different angles. This allows the study of internal structures of biological
tissues at high resolutions in 3D, with no physical damage to the object in question. This
overcomes several of the major drawbacks of thin-section histology, by allowing
scientists to visualise growth markers in virtual sections that can be aligned in 3D at will,
and to map and evaluate their 3D trajectories within fossil and extant enamel and dentine
without the need for physically cutting thin-sections (Le Cabec et al., 2015; Smith et al.,
2015; Tafforeau et al., 2007; Tafforeau and Smith, 2008). With particular reference to

fossil, archaeological, and some forensic samples, taphonomic, diagenetic
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remineralisation alters the chemical structure of the specimen to a greater or lesser
extent. This can lead to regions where structures such as cementum increments are
altered enough that they are no longer detectable (Stutz 2002; Roksandic et al., 2009;
Naji et al. 2016). Tomographic data allows an almost infinite number of virtual
sections at different orientations through the entire volume of the cementum, such that
regions can be identified with sufficiently good cementum increment preservation to
obtain accurate increment counts, even in specimens where much of the cementum is
greatly altered.

uCT desktop systems were first developed and applied in the field of bone
research (Kuhn et al., 1990), along with guidelines for the assessment and quantification
of cortical and trabecular bone specimens from animals and humans (e.g. Bouxsein et al.,
2010). Such systems have spread in time with increasing development and accessibility,
and pCT scanners are now commonly used in in a host of biological disciplines.
However, the restricted resolution of conventional laboratory-based uCT systems has so
far restricted their use for research to covering quantitative measurements of gross
thickness and density of dental tissues (Olejniczak et al., 2007). Although many
laboratory-based pCT systems advertise sufficient voxel resolutions for imaging
cementum increments (< 1 pm), imaging artifacts such as noise and beam-hardening
effects reduce the actual object resolution possible, and generally obstruct cementum
increments in PCT reconstructions (Fig. 2.3). The tomographic measurement of dental
growth markers has so far been solely based on higher resolution and lower noise
synchrotron radiation-based CT (SR CT) (Smith, 2008; Smith and Tafforeau, 2008;
Tafforeau and Smith, 2008; Smith et al., 2010; Smith et al., 2015). SR CT based on X-
ray absorption is by far the most powerful X-ray method that is regularly used in this
context, where an electron accelerator acts as a highly brilliant X-ray source. Compared
to X-ray sources in conventional pCT scanners (i.e. X-ray tubes), SR sources have a
markedly smaller spot size and provide a very high X-ray flux. This offers a superior
signal-to-noise ratio, especially at high spatial resolutions, and sufficient image contrast
to visualize growth markers in teeth (Olejniczak et al., 2007). In addition, the energy
spectrum of X-rays emitted at SR sources for CT are commonly filtered to provide a
quasi-monochromatic X-ray beam, which leads to less reconstruction artifacts (e.g. the
so-called ‘beam hardening’ effect) that can otherwise be pronounced for conventional,
polychromatic X-ray tubes that emit over a broad energy spectrum. Finally, quasi-

monochromatic SR CT light allows novel phase contrast techniques to be used, which
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exploit the local phase shifts of the X-ray beam that are induced by the object under
investigation, so that boundaries between materials with similar and/or (very) low X-ray
absorption are resolved more clearly (Paganin et al. 2002, Davis et al., 2003). This is of
great benefit to dental increment studies, where material properties and density
differences between increments can be very small.

The majority of published SR CT studies of incremental dental growth to date have
been focused on the contrasting topics of hominid evolution (Smith, 2008; Smith and
Tafforeau, 2008; Tafforeau and Smith, 2008; Smith et al., 2010), and evolution of the
earliest vertebrate teeth (Gai et al., 2011; Cunningham et al., 2012; Jones et al., 2012;
Rucklin et al 2012; Murdock et al. 2013; Chen et al., 2016). The use of phase contrast-
enhanced CT imaging has allowed incremental features in tooth enamel and dentine to
be identified in tomographic data of both extant and fossil teeth, and the increasingly
high spatial resolutions available allow highly precise measurements of their 3D patterns
and periodicity (Le Cabec et al., 2015; Smith et al., 2015; Tafforeau et al., 2007;
Tafforeau and Smith, 2008). 3D models of enamel and dentine based on SR CT data
have revealed features that cannot be readily understood from series of 2D thin sections
such as ontogenetic differences and discrete cellular differences between tissues
(Sanchez et al., 2012). The non-destructive nature of tomography has also permitted the
study of fossils of great importance and fragility including pterosaurs (Martin and
Palmer, 2014), non-mammalian therapsids (Fernandez et al., 2015; Benoit et al., 2017), and
early tetrapods (Sanchez et al., 2016), and has led to the quantification of evolutionary
changes in growth rates in early hominid evolution by comparing fossil and extant

hominid growth increments (Le Cabec et al., 2015; Tafforeau et al., 2007).

Cementum layers are typically between one and ten um in width in terrestrial
mammals (Wall-Scheffler and Foley, 2008), but can be as wide as 20um in cetaceans
(Stock et al., 2017). This makes them a prime candidate to be studied using high-
resolution CT (Fig. 2.3). However, CT has only so far been applied when studying the
structure of the cemento- dentine junction, and cemento-periodontal junction
(Grandfield et al., 2014; Ho et al., 2010). Although optical coherence tomography has
been recently used to identify cementum increments in a fossil cave bear (Ursus
spelaeus) molar, the nature of optical coherence tomography only allowed for a single
area of cementum to be studied, and the spatial resolution provided by this technique

was insufficient to provide accurate increment counts (Leiss-Holzinger et al., 2015). As
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a mineralised tissue, cementum is very similar in structure and chemistry to bone
(Lieberman, 1993). As bone is likely the most common tissue to be studied using high
resolution CT, the parameters suitable for optimizing image acquisition of
microstructure and ultrastructure are reasonably well understood, and a host of novel
techniques have been developed to analyse bone ultra-structure data using tomographic
data (Burghardt et al., 2011; Dalzell et al., 2009; Schneider et al., 2009; Schaff et al.,
2015). These techniques may thus be applied to reveal cementum increments in 3D for
the first time.

CT imaging of incremental patterns in the ultrastructure of the same tissue (e.g.
cementum increments) is ultimately a matter of contrast as much as spatial resolution. Non-
polarized thin section histological data observed by light microscopy represents changes
in the transmitted luminance and optical properties within materials, based on their
composition and 3D ultrastructure. Cementum increments are thus thought to be
distinguished in histological data due to changes in the orientation of collagen fibres
(Lieberman, 1994) and/or the proportion of mineralised matrix between increments (see
Stock et al., [2016] for new evidence supporting differing formation rates and
undermining the hypothesis of changing fibre orientation between increments). However,
tomographic reconstructions based on X-ray absorption cannot be expected to show
changes in luminance due to differential collagen fibre orientation. Instead absorption-
based CT reconstructions reflect changes in the absorption of X-rays through an object,
based on relative densities, ultrastructure and chemistry of internal materials. Thus,
contrasts in x-ray absorption due to incremental change in structure/organisation of the
same tissue may be too subtle to be detected to a quantifiable degree using conventional
uCT technology. This has long been the case for pCT imaging of soft biological tissues
such as muscle (Strandberg et al., 2010; Umetani et al., 2013; Fourmax et al., 2017) and
there are two principal methods used for increasing contrast in pCT imaging; (a) phase
contrast approaches noted above and most widely available at synchrotron light sources
(although phase contrast approaches are being developed and increasingly used in
laboratory CT settings; Birnbacher et al., 2016; Krenkel et al., 2016; Marenzana et al.,
2013); and (b) the use of contrast enhancing staining or perfusion methods applied prior
to scanning. The use of contrast agents are of growing importance in soft tissue
tomographic imaging and several agents are commonly used (Metscher, 2009; Gignac et
al., 2016; see Pauwels et al., 2013 for a review of frequently used contrast agents and

their pros and cons). Further, tomographic contrast agents including gold nanoparticles
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and barium sulphate are increasingly being used to successfully improve contrast
between layers of bone (Leng et al., 2008; Zhang et al., 2010; Ross and Roeder, 2011).
Hence, the application of contrast agents may be a promising avenue of research for the
tomographic study of cementum.

In summary, high-resolution CT imaging can allow changes in the pattern of
cementum increments to be studied across the tooth, both through an essentially infinite
number of arbitrary 2D planes of any orientation and position within the root, as well as
fully in 3D across the entire tissue. This will allow principal increments to be discerned
from transitory accessory lines, providing a higher level of confidence and accuracy of
increment counts. Existing morphometric measures derived from CT data sets of other
biological tissues, such as vascular tortuosity in bone (Freilich et al., 1986; Folarin et al.,
2010) and root canal geometry in teeth (Peters et al., 2001; Hiibscher and Barbakow,
2003), absolute tissue volume of dentine/enamel in teeth (Conroy, 1991; Grine, 1991,
Olejniczak and Grine, 2006), or specific surface area of bone (Hara et al., 2002; Grimand et
al., 2009) may also be usefully applied when studying cementum increments. These
measurements will allow the gross properties of cementum increments to be studied in a
quantitative fashion in 3D for the first time. Comparisons between the 3D properties of
differing increments may provide new insights into patterns of incrementation and
relationships between increment structure and life history variables beyond their 2D
structure. Differences in 2D increment thickness, the most predominant form of
identifying life history variables in thin-section (Coy and Garshelis, 1992; Gagarer and
Grupe, 2001; Medhill et al., 2010), may reflect further differences in 3D properties such

as increment volume and tortuosity.

2.8. Studying cementum as a material

X-ray tomography is a powerful tool with exciting potential for cementochronology.
However, tomographic data is still predominantly visual, and characteristics of
cementum layers in 3D need to be properly defined and quantified (although aspects
such as mineral density can be estimated using tomographic data; see Isoda et al., 2012).
Cementum is a composite, woven material. Changes in optical properties between
increments have been frequently attributed to changes in collagen fibre density and

orientation, as well as to the relative mineralisation of the surrounding matrix (Klevezal,
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1995; Lieberman, 1993, 1994). As such, optical incrementation should occur hand in
hand with changes in material properties and the tissue ultrastructure. Several recent
studies have applied methods previously used for studying physical and chemical
properties of other composite biological structures to reveal new information on the
relationship between the chemistry, structure and incrementation of cementum (Colard
et al., 2016; Stock et al., 2016). These will be discussed here, alongside discussion of
other methods yet to be used on incremental cementum that have the potential to further
our understanding of its growth, chemistry and structure.

Although they do not offer the same extent of 3D visualisation, several
microscopy techniques allow considerably higher spatial resolutions than conventional
X-ray CT. X-ray CT is usually limited by the diffraction limit of visible light at a few
hundred nanometres because X-rays are converted into visible light before actual
acquisition of radiographic projections on the detector. Many other imaging techniques
are not limited by this factor, and have been used to study changes in ultra-structure at
markedly higher spatial resolutions of up to 10 nanometers or less. Scanning electron
microscopy (SEM) was the first tool used to determine the collagen structure of
cementum (Boyde and Jones, 1968). Since then, SEM has frequently been applied when
studying ultrastructure along the boundaries between cementum and dentine
(Grandfield, 2014), cementum and the periodontal ligament (Grandfield et al., 2015),
and between cementum increments (Lieberman, 1994). The recent development of
serial-block-face SEM bridges the gap between the volumetric nature of X-ray CT data
and the nanometer-resolution of SEM. Using an ultramicrotome mounted inside the
vacuum chamber of an SEM microscope, the surface of a sample is repeatedly imaged
and subsequently sectioned in order to generate a volumetric, tomographic dataset (Fig.
2.4.b.). This technique may prove a useful tool for further studying the differences
between collagen structure and mineralization between light/dark layers, and identifying
hallmarks of life history events in the same specimen (Fig. 1.3).

SEM images have been used to statistically characterize and compare specific
patterns in the microscopic wear facets (micro-wear) found on the tooth crowns of
several extant animal taxa. Pioneered by Purnell et al. (2012) several recent micro-wear
studies have employed three-dimensional surface profiling metrics commonly used in
tribology, by modelling the distribution of greyscale values across two-dimensional
SEM images as a third dimension. As greyscale values for each pixel directly relate to

the distance of the sampled region of a surface to the electron detector, their
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distribution provides a height map across the image (Fig. 2.4.c.). This map is then
subject to quantitative metrics designed to characterize discrete elements of greyscale
distribution. These metrics have been shown to isolate significant differences between
the micro-wear of teeth from animals of different feeding ecology (Purnell, 2012;

Purnell et al., 2012, 2013; Evans, 2013; DeSantis, 2016).

A series of techniques have been used for the study of cementum in the wake of
the initial SEM cementum research. These techniques may offer alternative ways of
quantifying changes in structural and material properties between increments. Second
harmonic generation (SHG) imaging is of growing interest in the study of bone and
dental enamel. The technique is based on the ability to generate second-harmonic light,
which differs between materials. When high intensity laser light interacts with materials
that possess certain optical properties, namely asymmetric crystal shape (non-
centrosymmetry) and high second-order nonlinear coefficient (Camagnola et al., 2003),
the original waveform is converted into light at twice the incident frequency. Collagen
possesses both of these properties, and has been imaged at nanometre resolutions using
SHG imaging in a variety of hard and soft tissues (Fig. 2.4.d.) (Moreaux et al., 2000;
Brown et al., 2003a, b; Han et al., 2005; Ambekar et al., 2012). As SHG imaging is
particularly sensitive for collagen, relative to the surrounding matrix, SHG imaging
provides better contrast between discrete collagen fabrics than SEM or optical
microscopy (Ambeker et al., 2012). SHG has been previously used by Aboulfadi and
Hulliger (2015) to study the absolute orientation of collagen fibres within cementum.
The authors found uniform radial extrinsic fibres and a complex association of bipolar
circumferential intrinsic fibres running through the tissue. The study also showed that
SHG has sufficient resolution to compare collagen arrangement between increments.
This could be used in future studies to tease apart structural differences between
increments formed under differing circumstances of life history. A similar technique,
third harmonic generation microscopy (THG) has recently been used to distinguish and
image dentine tubules in fossil teeth (Chen et al., 2015; Brink et al., 2016). THG is more
sensitive than SHG to materials of low contrast in collagen structure and may thus also
be useful for studying partially or completely re-mineralised increments in fossil
cementum.

Another technique, atomic force microscopy (AFM), has the potential to record

several optical and structural phenomena at exceptionally high spatial resolutions, based
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on the interaction of the surface topology of a sectioned specimen with the tip of a
cantilever governed by Hook’s law. AFM has been used to visualise collagen
ultrastructure at sub-nanometre resolution in other mineralised tissues such as bone (Fig.
2.4.e.)(Wallace, 2012) and enamel (Poggio, 2014). There are a wide variety of cantilever
types available, specialised for measuring an equally wide array of properties. AFM has
been previously used by Ho et al. (2004) in order to establish the optimal preparation
techniques and experimental settings for studying the biomechanical properties of
cementum, while Ho et al. (2007) used AFM (both microscopy and nanoindentation) to
hypothesise a newly discovered fibrous joint between dentine and cementum, analogous
to that between cementum and alveolar bone. Hurng et al. (2011) used AFM (again both
microscopy and nanoindentation) to image and quantify mechanical properties of the
structural organization of cementum in human specimens with reduced periodontal
ligament regions. Jang et al. (2014) used AFM to investigate age related change to the
cemento-dentine boundary layer, discovering that the width of the junction significantly
decreased with age.

Following the results of these studies, the use of AFM to analyse the
biomechanical properties of cementum increments in ultra-thin sectioned thin sections
(300 nanometres thick) appears entirely feasible, and may allow visualization and
quantification of the biomechanical and other material properties of dark/light layers, and
those that represent discrete life history events. The use of AFM for studying cementum
increments may thus provide novel data for testing current hypotheses for their causation.
Cementum is widely hypothesised to combat occlusal forces by redistributing pressure
from the tooth to the periodontal ligament, and to combat wear by raising the height of
the tooth above the alveolus (Mays et al., 1995; Veiberg et al., 2007). These
biomechanical functions are put under different pressure regimes due to seasonal
differences in dietary quality, as indicated by changes in the growth rate between
cementum layers. By allowing both material and structural properties to be studied
concomitantly, AFM microscopy would allow the investigation of whether changes in
ultra-structural collagen arrangements between increments had any significant
correspondence with biomechanical properties indicative of different loading regimes such
as elasticity and hardness. A good initial example of this is the study of Grandfield et al.
(2015), which while not focused on cementum increments, used a number of methods
including microCT, Raman spectroscopy and AFM to examine change in the cementum and

alveolar bone of rat molar teeth exposed to artificial mechanical strain, finding a disconnect
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between the resulting planes of induced alveolar bone and cementum growth.

Although of high spatial resolution, many optical techniques are unsuitable for
quantitatively studying chemical aspects of biological tissues that are of importance for
studying cementum, such as the proportion of organic collagen to inorganic mineral
content. Raman spectroscopy is one exception. This technique is based on the
characteristic inelastic (‘Raman’) scattering of laser light created by molecules of
different origins. Precise measurement of the resulting spectrum of scattered light
allows sub-micrometre changes in the ratios of chemical components of a material to be
studied (Fig.2.4.f.). Raman spectroscopy has been frequently used to study differences
in the mineralisation of biological tissues including bone (Buckley et al., 2012) and
dentine (Tsuda et al., 1996; Salehi et al., 2013). Raman spectroscopy has also been used
alongside AFM to study chemical changes across the cemento-dentine boundary
(Grandfield et al. 2014). Further, Colard et al. (2016) used Raman imaging to study
changes in chemical composition and mineral structure within acellular extrinsic fibre
cementum (AEFC), and to examine changes in structure between AEFC increments. The
study found that ‘dark’ bands (under transmitted light) correspond to more mineralized
layers in the cementum. However, conforming to the results of Stock et al., (2016), the
study found no evidence of alternating collagen fibre orientation between ‘light” and ‘dark’

increments.

The Raman spectroscopy technique may be further utilised in cementochronology
studies to identify possible chemical fingerprints created by specific life history events
within single increments. For instance, reproduction, lactation and infant rearing are
energetically expensive processes. Their physiological demands may significantly
influence the ratio between mineral matrix and collagen fibres within the cementum,
leaving discrete changes in the proportion of organic and mineral phases within
corresponding cementum increments. Distinguishing such chemical signals, and
comparing them to structural patterns within/between increments may provide a robust
test for predictions of life history events based on structural properties. Several authors
have also previously attributed additional increments to cycles of sexual activity
occurring within each year (Coy and Garshelis, 1992; Medill et al., 2010). This
interpretation could be tested using Raman spectroscopy and if supported, this
technique may prove a useful tool for distinguishing between additional and principal

(annual) increments.
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Use of the above techniques, in combination with quantitative morphometry based
on 3D image data derived from X-ray tomography, may significantly improve
understanding of what controls cementum incrementation, and how discrete events
through life leave particular imprints on cementum growth. Comparison between
structural patterns and those of collagen ultrastructure and material properties may
provide a robust test for hypotheses regarding the typical hallmarks of life history
variables. However, all methods described here, excluding tomography, are invasive and
involve destructive preparation of samples. This severely limits their potential for the
study of fossil cementum, as permission for researchers to destructively analyse internal
tissue structures can be difficult to achieve, and likelihood decreases with the rarity of
specimens. This reaffirms the need for an accurate method for distinguishing signals of

life history events within non-destructive tomographic data.

2.9. Quantifying the relationship between cementum growth,

incrementation and life history variables

In order to correctly interpret a series of structural hallmarks of life history events
within cementum increments of animals of unknown life history, the same hallmarks
must be first validated in animals of known and controlled life history. To date, the
overwhelming majority of studies that have described a relationship between
environmental/physiological factors and cementum incrementation have been
qualitative and anecdotal (Bodkin et al., 1993; Cipriano, 2002; Kagerer and Grupe,
2001). Only recently have workers begun to study these relationships quantitatively
(Wall-Scheffler and Foley, 2008). Such studies are however still affected by the
caveats of thin section histology (Medill et al., 2009, 2010). Techniques described in
this review may elucidate whether such relationships exist, although a robust

experimental design must be employed.

Very few experiments have been based on animals living in controlled or closely
monitored environments. Such study is necessary in order to isolate the particular
effects of single variables from one another on the structure of cementum increments.
The only previous studies known to the authors, where the aim was to determine a
controlling factor of cementum growth using direct experimentation, have been reported

by Lieberman (1993; 1994) and Klevezal (1995). Through controlling the diets of three
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sub-samples of domestic goats (C. aegagrus), Leiberman successfully isolated the effects
of nutrition on cementum structure in 2D, showing that both the nutritional quality and
material hardness of diet affected the orientation and rate of production of collagen
fibres. However, conclusions were based on qualitative and quantitative examination of
2D SEM images of collagen ultra-structure, as opposed to gross increment morphology.
This may limit the implications of this study for the future analysis of cementum
incrementation, as such high-resolution changes in ultra-structure are rarely assessed.
Among other experiments examining the relationship between cementum increments and
various factors such as environmental conditions (Klevezal, 1995), Klevezal (1975)
compared wild, hibernating dormice (Dryomys nitedula) and hamsters (Mesocricetus
brandlti) with those kept indoors that did not hibernate. The non-hibernating hamster
individuals continued to grow through the winter, and no dark resting increment was
formed in either cementum or jaw bone; however, the non-hibernating dormice did not
grow through the winter, and formed a dark resting increment in jaw bones (cementum was
not analysed). This leads to the suggestion that different species respond differently to

interruption of physiological events such as hibernation, as does cementum incrementation.

Similar experimental designs to these studies, but additionally employing CT
methodologies, may be used to quantitatively distinguish the effects of different
environmental and physiological variables on the gross morphology of cementum
increments. Further, the study of several disparate taxa will provide evidence on
whether the relationship between environmental variables and increment structure are
universal across extant Mammalia and beyond, or if particular clades show individual

phenotypic responses.

2.10. Conclusions

(1) The biology of cementum has been the subject of study for decades. However, since
the earliest recognition of correlation between cementum incrementation and
chronological age, the development and application of cementochronology has received
substantial debate. Much of this stems from a relatively small number of validation
studies that brought into question the correlation between increment count and
chronological age, and highlighted the inherent subjectivity of increment counting

between observers.
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(2) The perceived accuracy of increment counts as a record of chronological age is
affected by the extent of a priori knowledge of the biology of cementum, and the
external/internal factors affecting the periodicity of cementum increments. Several of
the validation studies expected increments to follow a regular pattern. However, our
meta-analysis of previous studies of cementochronology in wild-living mammals shows
that approximately 48% of populations of mammals have a proportion of individuals that
are genetically predisposed to deposit more complex series of increments. This
proportion is less prevalent in climates with stronger seasonal influence. Within studies
the number of individuals with complex cementum increments ranges from 0% to
100%, with a mean of 16.37%. Since many of the studies analysed used cellular cementum,
which is known to be more prone to complex incrementation than acellular cementum, we
expect with appropriate choice of cementum tissue these numbers will begin to be further
reduced in future studies. The biomechanical function of certain types of cementum tissue
can also result in complex patterns of increments, regardless of environment. We believe
that not accounting for these two phenomena contributed to several studies being unable

to determine a strong correlation between cementum increments and absolute age.

(3) The problems caused by such biological complexity have also been compounded by
methodological inconsistencies between cementochronology studies. We have here
discussed a well-established protocol for aging using other mineralised tissues; the
development of a globally accessible reference collection of cementum images. The
application of this common quality control measure may provide a solution for both the
lack of global understanding of biological complexities, and the lack of a universal
standard for assessing their effects on cementochronology. The negative effects of low
reader experience and prior knowledge of cementum biology might be minimised by
developing collections of images displaying both perfect correlation between increment
count and chronological age, and a series of examples of common issues affecting
increment periodicity. Continuously adding images from new studies and taxa to such a
reference collection will help further optimize the accuracy of increment counts. Finally, the
use of objective counting methodologies, based on (semi)automated image processing
procedures as opposed to human increment counting, should minimise the inter and
intra-observer uncertainty of increment counts.

(4) The incorporation of analytical techniques commonly used in other disciplines may

further aid the study of cementochronology. Computed tomography offers a 3D
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perspective at high spatial resolutions, with no physical damage to the specimen under
study. This technique thus presents an important tool for the future study of
cementochronology, allowing the 3D nature of cementum incrementation to be explored
for the first time, through the entirety of the cementum tissue. It will also open up the
technique of cementochronology to unique specimens, such as fossils, that are
unavailable for destructive thin-section sampling.
(5) Other microscopy-based techniques (such as second-harmonic generation imaging
and atomic force microscopy), and spectroscopic/chemical techniques (such as Raman
spectroscopy), have the potential to allow quantitative examination of the effects of life
history variables and events on the structural and material properties of cementum and
cementum increments. The isolation of such life history variables, through rearing
animals in controlled environments, may allow hallmarks representing their particular
impact on cementum structure and material properties to be identified using these and
other techniques. If significant differences in whichever aspects of specific increments
are measured exist, and they are shown to correspond to known life history events in
such controlled experiments, then this variation and the resulting hallmarks can be used
to predict similar events in individuals of unknown life histories.
(6) In summary, we believe that that by combining improvements in current methodology
with new techniques and rigorous experiments, the accuracy, precision, and usefulness of
cementochronology will all be greatly improved. The potential of the application of a
better understood and validated cementochronology to a wide range of fields (including
but not limited to ecology, conservation biology, archaeology, zooarchaeology,
anthropology, palaeontology, palaeoanthropology, forensic criminology, and commercial
hunting, wildlife monitoring and management), will ensure that it is viewed and used as a
powerful technique for investigating a great variety of aspects of individual and

population age and life history.
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Figure 2.1. (a) Proportion of studies with 100% of individuals showing regular
increments (green) versus <100% of individuals showing regular increments (red).
(b) Comparison between the proportions of individuals producing complex
cementum increment patterns within populations grouped into major kdppen climate
types. Thick dark lines represent mean values, bracketed lines represent upper and
lower quartiles, single circle represents individual population falling outside of

the upper quartile. n=61.
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Figure 2.2. Schematic flow chart of the principal factors affecting the accuracy
and precision of counts of cementum increments at each major stage of the
current cementochronology technique. Green boxes highlight biological factors,
orange boxes represent methdological factors.
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Figure 2.3. Comparison between thin section histological data and synchrotron
microcomputed tomographic (SR CT) data of incremental dental cementum.

(a) thin section histological image of the cementum of a female rhesus macaque
(Macaca mulatta) cementum displaying 10 increment pairs considerably obstructed
by radial Sharpey’s fibres. (b) Propagation-based phase-contrast reconstuction image
of the same region displaying the same 10 increment pairs, and considerably higher
increment contrast with substantially less disruption from Sharpey’s fibres. SR CT
imaging performed at the TOMCAT beamline of the Swiss Light Source Synchrotron
using a voxel resolution of 650 nm. Whitescale bars represent 100 um. See
supplementary information for explanation of thin sectioning techniques, and SR CT
experimental parameters.
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Figure 2.4. (a) Schematic diagram of cementum thin section displaying one increment formed
during a year where an important life history event likely to affect body metabolism has occurred
(e.g. pregnancy, disease, poor winter) (band ‘i’). (b) Schematic of serial-block-face scanning
electron microscopy for assessing and comparing volumetric changes in increment shape and
structure. (c) Three dimensional surface mesh based on grey-value distributions of tomographic
data. (d) Schematic of the application of second harmonic frequency generation imaging for
analysing and comparing the polarity of collagen fibres within and between cementum
increments. (e) Schematic of the application of atomic force microscopy for defining topographic
distribution of collagen fibres across and between neighbouring increments formed under
different life history circumstances. (f) Schematic of the potential use of the raman spectroscopy
method for imaging and assessing chemical differences between cementum increments.
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Koppen Populations with >1 . A.Vfarage proportion O.f
. s . individuals per population .
climate | individuals with complex . Variance
. with complex cementum
type cementum increments .
increments
A 8 48.299 818.509
B 8 24.636 685.671
C 11 23.107 235.619
D 34 41.031 751.169

Table 2.1. Proportion of individuals with complex increments in populations
representing the four K&ppen climate types studied here. Climate type A represents
equatorial /tropical rainy climates. Climate type B represents arid/dry climates. Climate
type C represents warm temperate/humid mesothermal climates. Climate type D
represents snow/humid microthermal climates.

Comparison between | Difference in | Honest significant
Koppen climate types means difference

A versus B 23.663 3.682
A versus C 25.192 4.271
A versus D 7.268 1.832
B versus C 1.529 0.259
B versus D 16.395 4.133
C versus D 17.924 4.677

Table 2.2. Results of Tukey-Kramer procedures for each comparison between Koppen
climate types (following Kramer, 1956). Significant values of honest significant
difference (HSD) are highlighted in bold text. These are values that exceed the critical
HSD value of 3.79 for a series of comparisons of 57 degrees of freedom and four
treatments. Climate type A represents equatorial /tropical rainy climates. Climate type B
represents arid/dry climates. Climate type C represents warm temperate/humid
mesothermal climates. Climate type D represents snow/humid microthermal climates.
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Chapter 3: Synchrotron radiation-based micro-computed tomography reveals
reptile-like physiology of early mammals

Chapter 3.

Synchrotron radiation-based computed
tomography reveals reptile-like

physiology of early mammals

A succession of recent discoveries and analyses have revolutionised our knowledge of
the ecological, morphological, and taxonomic diversity of Mesozoic mammals (Luo,
2007; Wilson et al., 2012; Grossnickle and Polly, 2013; Bi et al., 2014; Gill et al., 2014;
Krause et al., 2014; Newham et al., 2014; Close et al., 2015; Martin et al., 2015; Meng
et al., 2015), and have opened new windows onto aspects of their development (Han et
al., 2017), systematics (Bi et al., 2014; Krause et al., 2014; Luo et al., 2015) and
macroevolution (Wilson et al., 2012; Close et al., 2015; Grossnickle and Newham
2016). However, details of the physiologies of Mesozoic mammals are more difficult to
determine from their fossils, and our knowledge of their physiological evolution
remains comparatively poor. Living mammals are endotherms, possessing the ability to
control and maintain metabolically produced heat, and have a substantially higher
capacity for sustained aerobic activity than ectothermic animals (Bennett and Ruben,
1979; Kemp, 2006; Clarke and Portner, 2010). The origin of endothermy is an
important event in mammalian evolution, and a number of competing hypotheses have
been proposed to explain the selective pressures and adaptive pathways of endothermic
evolution. These alternatively suggest that higher maximum metabolic rate (MMR) was
originally selected for to provide more sustained rapid activity (Bennett and ruben,
1979; Koteja, 2000), that higher basal metabolic rate (BMR) was initially selected for
enhanced thermoregulative control (Crompton et al., 1978; Farmer, 2003), or that both
evolved in lockstep with each other (Kemp, 2006; Clarke and Portner, 2010). Within
these hypotheses, various initial selective pressures have been suggested. For example,

increased sustained aerobic activity, whether for its own benefit (Bennett and Ruben,
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1979), to allow increased parental care and provisioning (Koteja, 2000) and increased
foraging ability (Hopson, 2012). Alternatively, increased metabolic efficiency would
allow increased sustained activity (Clarke and Portner, 2010) and the benefits of
embryonic incubation (Farmer, 2003). Overall, increases in both sustained aerobic
capacity and metabolic efficiency would lead to more efficient, integrated animals
(Kemp, 2006).

Direct evidence from modern mammals for any hypothesis is equivocal (Kemp,
2006). Several indirect indicators of metabolic physiology in fossil synapsids have been
suggested (Fig. 1.2), but provide contradictory evidence for the timing of the origination
of endothermy and its evolutionary tempo. These include the presence of fibrolamellar
long bone histology (Gross, 1934; Ray et al., 2004), first seen in the early Permian
synapsid Ophiacodon ~300 Mega Annums (Ma) ago (Shelton and Sander, 2017) and
inferred maxillary nasal turbinates in the Late Permian (~255Ma) therapsid
Glanosuchus, which have been used to suggest that mammalian levels of endothermy
had evolved by the Late Triassic (210Ma)(Hillenius, 1994). Other examples are a trend
toward increased relative brain size (Hulbert, 1980) initiated in late Triassic non-
mammaliaform cynodonts (Benoit et al., 2017) and the mammaliaform (stem mammal
sensu Rowe [1988]) Morganucodon (Rowe et al., 2011); and acquisition of a
parasaggital gait, first seen in the Lower Cretaceous (125 Ma) therian mammals Eomaia
and Sinodelphys (Kilena Jaworowska and Hurum, 2006)(Fig. 1.1.). However, the
inconsistency of these characters in time and with respect to phylogeny (Kemp, 2006;
Ruf et al., 2014; Crompton et al., 2017), along with recent re-assessments of their
function in relation to the evolution of endothermy (Hayes and Garland, 1995; Kemp,
2006; Kohleret al., 2012; Owerkowicz et al., 2015), inhibit their use as conclusive
indicators of endothermic physiology.

Although potentially indicative of certain facets of physiology in fossil taxa
compared to modern endotherms or ectotherms, few of these proxies are directly related
to measurable aspects of metabolic rate. Their relationships to metabolism are therefore
uncertain. The contradictory nature of these indicators also suggests that the evolution
of mammalian endothermy followed a complex path, with different aspects of
physiology following separate rates of evolution towards current mammalian levels

(Kemp, 2007).
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This chapter presents an attempt to improve understanding of physiology at one
of the most important nodes along this transition, by estimating lifespan and blood flow
rate for two of the earliest known mammaliaforms; Morganucodon and
Kuehneotherium. Lifespan can be used to estimate both BMR and post-natal growth rate
(k) in extant mammals, and estimates of blood flow rate (Q;) are directly proportional to
MMR in both extant mammals and ectothermic reptile. These proxies thus offer a more
complete window onto the mammalian physiology, and the chance to directly compare

their metabolic potential with extant mammals.

3.1. Lifespan: a proxy for mammaliaform physiology

We chose to use maximum lifespan estimates for fossil mammaliaform taxa as a proxy
for both basal metabolic rate (BMR)(Hulbert et al., 2007), and postnatal growth rate (k)(
De Magalhaes et al., 2007). In extant mammals, negative correlations have been shown
between both lifespan and mass-specific BMR (Hulbert et al., 2007), and between
lifespan and growth rate (De Magalhaes et al., 2007;Werner et al., 2016). In general, the
longer a mammal species lives, the lower its size adjusted BMR and growth rate.
Growth rates have been shown to strongly correlate with metabolic power in extant
vertebrates, with endotherms growing an order of magnitude faster than ‘cold blooded’
ectotherms (Grady et al., 2014; Werner et al., 2016). An accurate assessment of lifespan
in fossil mammals could therefore provide a key towards estimating their state of

metabolic evolution.

3.2. Cementochronology of mammaliaforms

To estimate lifespan in mammaliaforms we used counts of annual growth increments in
tooth root cementum, a well-established technique used to record lifespan in extant
mammals (Klevezal, 1995; Naji et al., 2016) (Chapter 2). Growth of cementum is
continuous throughout life in extant mammals and seasonally appositional in nature,
forming a series of increments of differing thickness and opacity under light
microscopy. The correlation between increment count and chronological age is well
documented, with one thick increment and one thin, opaque increment deposited every

year, and it has been shown that the thin, relatively dense, hyper-mineralized opaque
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increments record growth rate reduction in unfavourable seasons (Lieberman, 1993;
Stock et al., 2017). Growing evidence from the fossil record suggests that cementum, a
periodontal ligament and alveolar bone may be ancestrally characteristic of all
amniotes, and secondarily lost in taxa lacking these features (LeBlanc and Reisz, 2013;
LeBlanc et al., 2017).

Despite this potential, cementochronology has not previously been attempted for
fossil mammals older than the Pleistocene (2.6 Ma) (Stutz, 2002). This is principally
due to the destructive nature and the restricted sample view (usually just a single image)
provided by histological thin-sectioning techniques. We have overcome these issues by
using for the first time synchrotron radiation computed tomography (SR CT) to non-
destructively image fossilised cementum increments. The three-dimensional (3D) nature
of SR CT allows increments to be studied through the entire cementum tissue and so
provides improved understanding of their count and structure. This minimises the
effects of occasional coalescence and lensing of increments, phenomena that can
otherwise create uncertainty in counts based on single or limited numbers of 2D thin
sections created per-tooth (Klevezal, 1995). Using 3D tomographic data, increments can
be imaged along their entire transverse and longitudinal trajectories, across periods of
noise created by lensing and coalescence, allowing us to confidently distinguish
principal annual increments from the additional increments that lensing and coalescence
occasionally create.

Our chosen taxa, Morganucodon and Kuehneotherium, are two of the earliest
mammaliaforms and are of fundamental phylogenetic importance (Fig. 1.1).
Morganucodontids were one of the most successful early mammaliaform groups, with a
global distribution (Kielan-Jaworowska et al., 2004). Kuehneotheriids were less widely
distributed and, although possessing advanced molars with cusps arranged in an obtuse-
triangle pattern, are of uncertain phylogenetic affinities (Kielan-Jaworowska et al.,
2004). Both taxa are shrew-sized insectivores (body masses of ~26g following scaling
relationships between mandible length and body mass by Foster [2009]), and co-existed
on a small landmass present during the Early Jurassic marine transgression (Hettangian-
Early Sinemurian, about 200 Myr ago), in what is now Glamorgan, South Wales, UK
(Kermack et al., 1973). Large numbers of their bones and teeth were washed into karst
fissures that have subsequently been revealed by quarrying. This provides a rare

opportunity for analysing population-sized samples of fossil material needed for
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confident estimation of maximum lifespan. Importantly, these are the earliest
diphyodont taxa, with a single replacement of non-molar teeth and no molar tooth
replacement. Therefore, estimates of lifespan are accurate to the time of the measured

tooth root formation, plus only the time from birth to that permanent tooth eruption.

3.3. Synchrotron X-ray tomography

Non-destructive SR CT imaging allowed a substantial sample to be analysed and
included both isolated teeth and mandibles with multiple teeth or roots in-situ. The
sample comprised 72 Morganucodon specimens (12 dentaries and 60 isolated teeth),
and 116 Kuehneotherium specimens (2 dentaries and 114 isolated teeth)(Appendix 3.1).
Pilot scans of two Morganucodon m2 teeth (specimens CEM4 and CEM3) were
performed in 2011 on the nanotomography imaging beamline ID22 at the European
Synchrotron Radiation Facility (ESRF). The bulk of all other Morganucodon scans
(n=66) were performed during a four-day experiment at the ID19 beamline of the
European Synchrotron Radiation Facility (18/04/2014-22/04/2014)(for proposal see
Appendix 1.1.). A near-monochromatic beam with 17KeV energy was used with single
propagation distance tomography, and voxel resolutions of 280, 350 and 700
nanometres (nm).

All scans of Kuehneotherium specimens (n=116), and eight Morganucodon
specimens, were performed during a three-day experiment at the TOMCAT
tomographic beamline of the Swiss light Source synchrotron, Switzerland (13/04/2015-
16/04/2015)(for proposal see Appendix 1.2.). A near-monochromatic beam with 20KeV
energy was used with single propagation distance tomography, at a constant voxel
resolution of 330nm.

Reconstructions of tomographic data were generated using both X-ray
absorption-based filtered back-projection algorithms, and “Paganin-style” single
propagation phase retrieval algorithms (Mokso et al., 2013) developed in-house at each
respective beamline. Phase contrast reconstruction techniques are sensitive to the phase-
shift introduced to X-rays as they interact with a sample. This signal can be up to three
orders of magnitude higher than the absorption coefficient (p) of a specimen, making
phase contrast reconstruction a useful alternative to traditional X-ray absorption-based

reconstruction techniques. Single distance phase retrieval algorithms such as the
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paganin-style algorithms implemented here are based on detecting Fresnel edge
diffraction as different rays of the synchrotron beam are affected by hitting the edges of
materials of different material properties. They require a value of B and 6 to be inputted,
related to the real and imaginary portions of the complex refractive index of the sample
under investigation (n = 1 — § + iB). For both experiments p was set at 3.7 10, and &
was set at 1.7 10™'°, following validation experiments by beamline staff at TOMCAT to
determine the optimal values for imaging hard tissues.

The majority of isolated teeth measured were lower second molars (m2), since
unlike the m1 of Morganucodon where there is uncertainty as to whether it was
replaced (Luo et al., 2004), (which would reset the cementum increment clock), no
evidence suggests replacement of m2. However i2, c, p3, p4, m1, m3, m4 teeth were
also studied in dentulous Morganucodon specimens, and p3, p4, ml m3 and m4 teeth

were studied in Kuehneotherium specimens (Table 3.1.).

3.4. Increment counting

Increments were counted by-eye by three different observers following digital image
processing and enhancement. Observer One (Newham) had considerable experience in
counting cementum increments (>100 specimens studied), Observer Two had training
in counting cementum increments (30 specimens studied under guidance from Observer
One) and experience in studying growth patterns in SR CT data of long-bones. Observer
Three had no experience in counting increments or studying growth patterns. Before
counting, every SR CT dataset was investigated by Observer One in order to find the
region(s) of highest contrast between cementum increments and to ensure that regions
of lensing and coalescence were not used for increment counting. The chosen regions
were then used to create ‘virtual thin-sections’ by using the “Z projection” tool in
imagel/Fiji (Schneider et al., 2012) to combine 10 transverse SR CT slices into one
image. This is known to considerably increase contrast between cementum increments,

and all counts were based on these images (Sanchez et al., 2012).
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3.5. Long lifespans and low basal metabolic rates

From the total sample, 34 Morganucodon, and 27 Kuehneotherium specimens were of
sufficient preservational quality for three observers to independently estimate lifespan
from cementum increments. The remainder showed physical and/or diagenetic damage
that prevented increments from being measured (Fig. 3.1.).

Tomographic data presents a number of features that confirm the presence of
cementum in Morganucodon and Kuehneotherium. Cementum is distinguished from
dentine in tomographic data by a distinct boundary layer separating the two mineralized
tissues, external to the granular layer of Tomes of the dentine and interpreted as the
hyaline layer of Hopewell Smith (Fig. 3.2.), often separated from the cementum by a
circumferential crack. Ultra-high resolution imaging (30nm voxel resolution) reveals
that individual Sharpey’s fibre bundles are preserved in several exceptionally preserved
specimens, which can be traced radially through the cementum (Fig. 3.2.). When
studied along the transverse axis of tooth roots, the cementum tissue is ~10—70pum in
radial thickness, and displays a series of contrasting light and dark circumferential
increments representing different material densities (Fig. 3.2.b-f.). Higher density
increments (represented by higher greyscale values) are on average 2-3pm in radial
thickness, and lower density increments are on average 1-3um in radial thickness (Fig.
3.2.d.). Individual increments can be followed continuously both longitudinally and
transversely through the entire volume of a tooth root (Fig. 3.2.g.). Following cementum
increments through the characteristic bulbous portion at the root apex of several
Morganucodon molar roots reveals that this morphology is due to the increasingly
chaotic nature of cementum through these portions, with increments loosing definition
and becoming globular (Fig. 3.3) However, it should also be noted that no evidence of
cellular cementum, the cementum tissue that creates similar bulbous projections along
the roots of extant mammals (Naji et al., 2016), was found in any specimen.

Counts of cementum and dentary increments by each observer provided a
minimum estimate of maximum lifespan of 14 years for Morganucodon, and nine
years for Kuehneotherium (Fig. 3.4.a-b.). Counts were identical between all three
observers for 18 Morganucodon specimens (53%) and 16 Kuehneotherium specimens
(59%). Of the 16 Morganucodon specimens that differed in counts between observers,

13 differed by one count. Two specimens differed by two counts, and one differed by

65



Chapter 3: Synchrotron radiation-based micro-computed tomography reveals reptile-
like physiology of early mammals

four. All 11 Kuehneotherium specimens that differed in counts only differed by one
count (Fig. 3.4.a-b. and Table 3.2.). The precision between increment counts by each
observer was quantified by generating their coefficients of variation (CV; CV =
(standard deviation/mean)*100) and Pearson’s correlation coefficient (), and given
context within the wider cementochronology literature by comparing these metrics to
those of 10 previous cementochronological studies of extant mammals with similar age
ranges (Table 3.3). Mean CV values were 9.32 for Morganucodon and 4.89 for
Kuehneotherium. ANOVA comparisons suggest that these values are considerably
lower than any extant study (F' = 11.7; p<0.01). Mean r values between observers were
0.92 for Morganucodon and 0.96 for Kuehneotherium. ANOVA comparisons showed
no significant difference between these values and those of extant mammals (F=1.55;
p=0.241). Our r values correspond with the highest values in the extant sample, with
only one extant study providing higher values. Both precision metrics analysed here
suggest that SR CT study of fossil cementum increments offers comparable, if not
higher, precision for increment counting than traditional histological methods.

The distributions of age estimates for both taxa follow similar patterns, although
the skew and kurtosis is more exaggerated within the Morganucodon sample (Fig. 3.4.a-
b.). Both show a left (young) skew (mean skewness between observers = 2.05 and 0.47
around a mean age of 5) and positive kurtosis (kurtosis = 5.78 and 0.31 for
Morganucodon and Kuehneotherium, respectively). Age at death distributions of
similarly sized extant wild mammals show similar trends to our data; left skew, positive
kurtosis, and a distinct paucity of yearling taxa (Castanet et al., 2004; Krystufek, 2005;
Haigh et al., 2014). However, in extant mammals the second youngest age or age
category generally has the highest frequency (Krystufek et al., 2005; Haigh et al., 2014).
This is not shown in our samples, and this difference may be due to several factors. As a
fissure-suite death assemblage, our sample cannot be classed as a true population
sample, and is expected to be time averaged over hundreds of years (Flessa et al.,1993).
This may have amplified existing biases in the proportion of individuals of particular
age preserved in the fissures including preservational biases against more fragile
juvenile material.

Maximum lifespan and body mass were plotted for Morganucodon and
Kuehneotherium and recorded data for large wild samples of extant mammal (n=206;

not including gliding or flying taxa) and non-avian reptile (n=190) species (Appendix
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3.2.). ANCOVA comparisons suggest significant differences between the relationships
of logged body mass to logged lifespan in extant mammals and our fossil taxa (F=15.4;
p<0.001), and no significant difference between fossil mammaliaforms and extant
reptiles (£=0.39; p=0.53). This is highlighted when logged values are regressed
alongside those of extant mammals and reptiles using least squares regression (Fig.
3.4.c.). The regressions between logged body mass and logged lifespan for extant
mammals and reptiles are separated for animals below 1kg, and begin to converge in
animals above this mass, as mammals provide a steeper regression slope (0.261) than
reptiles (0.236), and reptiles provide a lower #* value (0.592) than that of mammals
(0.726)(Fig. 3.4.c). Morganucodon and Kuehneotherium are further above the mammal
regression mean line than all extant mammals in the sample below lkg. Morganucodon
is also the furthest non-reptile taxon above the mammal regression line. This suggests
that both fossil taxa have longer maximum lifespans for their body size than any living
terrestrial mammal, and are the only synapsid taxa below 1kg studied here to attain
lifespans above the regression average of extant non-avian reptiles of comparable body
mass. Regression slopes for extant mammals (0.26) and reptiles (0.24) are similar,
although significantly separated (»p<0.001), with reptiles on average living 3 years
longer than mammals of the same body mass.

The only extant mammals in our dataset with relatively extended wild lifespans,
and of comparable body mass to Morganucodon and Kuehneotherium, and are members
of the heterothermic Gliridae (dormice) and Geomyidae (gophers) (Fig. 3.4.c.).
Heterothermy allows such taxa to control their metabolic expenditure, concentrating
activity during favourable conditions and conserving energy during unfavourable
periods using hibernation, aestivation and torpor. This considerably extends the
potential lifespan of heterotherms compared to homeothermic taxa of comparable body
mass (Sibly and Brown, 2007; Giroud et al., 2008)(Fig. 3.4.c.). Comparing mean
maximum lifespans of heterothermic and homeothermic mammals of similar body mass
with ANCOVA regression slopes, the intercept for heterotherms is significantly higher
than homeotherms (p<0.001), whereas the slope is significantly lower (p<0.001) (Fig.
3.5.). This indicates that smaller heterotherms have significantly higher lifespans than
smaller homeotherms, although this difference begins to diminish when body mass is
over 100g. The presence of heterothermic physiological/ecological strategies in

Mesozoic mammals has been previously suggested by analyses of the phylogenetic and
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ontogenetic distribution of such strategies within and between extant mammal clades
(Grigg et al., 2004; Lovegrove, 2012, 2017).

However, more direct evidence of heterothermy is needed before the relatively
long maximum lifespans we estimate for Morganucodon and Kuehneotherium can be
attributed to such a strategy for energy conservation. The inverse relationship between
lifespan and post-natal growth rate (k) in living mammals (De Magalhaes et al., 2007)
suggests a markedly lower growth rate in our basal fossil mammals, compared to living
mammals of similar size. We used the regression between growth rate and lifespan
provided by Magalhaes et al. (2007) to estimate an average post-natal growth rate of
0.01k for Morganucodon and 0.03k in Kuehneotherium (k is a growth rate constant in
days™ estimated for extant mammals by gompertz modelling of growth curves by
Zullinger et al. [1984]). The value is 0.18k for the most profoundly heterothermic living
mammal of comparable body mass, the hazel dormouse (Muscardinus avellanarius).
Similarly, we used the negative relationship between mammalian lifespan and BMR
identified by Hulbert et al. (2007) to estimate a BMR of ~150 kj.kg™"'.day™ for
Morganucodon, and 241 kj.kg".day™ for Kuehneotherium. This is significantly lower
than any extant mammal between 2.4-100g (p<0.001) (e.g. Muscardinus avellanarius
provides an estimated BMR of ~1000 kj.kg™'.day™). Instead, this value is closer to that
of taxa over four times the predicted body mass for these fossil taxa. For example the

coyote, Canis latrans, weighs 13kg and has a maximum wild lifespan of 14.5 years.

3.6. Mandible age estimates match cementum results

The accuracy of cementum increment counts for predicting lifespan in our fossils
mammals was tested by the additional SR CT imaging of annual lines of arrested
growth in the periosteal region of the dentary bone in five Morganucodon specimens
with teeth in-situ. Increments closely matching those seen in histological sections of
extant mammals are clearly visible in fossil dentaries (Fig 3.6.a.). Dentary increments
were counted by each of the three observers and compared to the count from the tooth
cementum in the same specimen. Counts of m1 and m2 cementum increments are
identical to dentary increments (Fig. 3.6; Table 3.4.). This agreement between

cementum and dentary increments suggests that growth in both teeth and jaws was
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following the same, circum-annual rhythm. We consider this strong support for the
accuracy of lifespan estimates based on these increment counts.

The study of dentary specimens also allowed us to compare counts of cementum
increments in multiple positions along the tooth row of individual Morganucodon
specimens, providing new information on basal mammaliaform dental development and
the evolution of diphyodonty. Morganucodon is considered to be the most basal
diphyodont synapsid, possessing the modern mammalian condition of replacement of
the first set of deciduous teeth with a second, permanent set (Luo et al., 2004). The
number of increments was found to be the same in the p4, m1 and m2 teeth. However,
in specimen “bd10” the m4 tooth has one less increment pair (eight pairs) than the m1-
m3 teeth (nine pairs), and in specimen “bd13” the m3 tooth has one less increment pair
(four pairs) than the m1 and m2 teeth (five pairs). Further, the last incisor and canine of
specimen NHMUK M95790 comprise one less increment pair (five pairs) than the pm2
and pm3 teeth (six pairs). This pattern supports previous hypotheses that tooth
replacement of the non-molariform teeth occurs in Morganucodon, while anterior
premolars are generally shed but not replaced (Luo et al., 2004). The molars m2-m4
(and m5 when present), are generally thought to have not replaced (although some
evidence for replacement of the m1 has been shown previously). The similarity in
increment counts between premolar and m1-2 teeth suggests that the premolars weren’t
lost until Morganucodon reached a substantial age. The variability in eruption times for
m3 and m4 that we have found here suggests a labile eruption schedule of primary teeth
in basal mammaliaforms. While the time gap of as much as a year between eruption
times of periosteal molariform teeth indicates an extremely slow eruption schedule in

comparison with living mammals of similar body size.

3.7. Femoral blood-flow suggests low maximum metabolic rate

To gain further understanding of the physiology of basal mammaliaforms, we used a
second proxy to estimate Maximum metabolic rate (MMR). This reflects locomotory
ability and records the highest levels of instantaneous and sustained metabolic activity
an animal is able to produce (Seymour et al., 2012). To generate estimates of MMR we

used micro CT imaging of the most complete Morganucodon femoral diaphyses
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available, measuring the minimal cross sectional area of their nutrient foramina (Fig.
3.5.a.), and plotted this against femoral length (mm). A strong, positive relationship
between these two properties has been previously shown in extant mammals, reptiles
and birds, and the ratio between foramen area and femur length has been used as an
index for relative blood flow through the element during metabolically demanding
exercise (Qi=rf4/L; where r/~=foramen radius and L=femur length)(Seymour et al., 2012;
Allan et al., 2014), which in-turn scales with MMR. Unfortunately Kuehneotherium
could not be included in this analysis due to a lack of suitable femoral specimens.

We compared the estimated blood flow index (Q;) of Morganucodon with
existing and new data for extant reptiles (n=27), extant mammals (n=44), and seven
species of extant varanid lizards that show significantly higher metabolic rates than
other reptile taxa (Grady et al., 2014)(Appendix 3.3.). Data for all reptiles and 39
mammals originated from the supplementary material of Seymour et al. (2012). An
additional five mammals were studied here, as the dataset of Seymour et al. (2012) did
not provide any mammal of comparable body mass to Morganucodon (<50g).

The femora of three adult individuals of 11 extant mammal species of
comparable body mass to Morganucodon were imaged using micro-computed
tomography (uCT) at the University of Helsinki using a Skyscan 1272 pCT scanner
(Table 3.5.). A 60 kV source was used with a 166 uA current (Appendix 3.4.). For each
scan, a total of 1800 angular projections were collected during a 180" rotation, with
each projection occurring over an exposure time of 1060 ms. The raw projection data
were reconstructed using filtered back-projection by the skyscan reconstruction
software “NRecon” (Version 1.7.1.0).

Analysis of uCT femora data was conducted using the Avizo image analysis
software (Version 9.3.0). Foramina were located using the “Orthoslice” tool, to scroll
through transverse CT slices of each femur. Once located, the width of the foramen was
calculated by projecting the volume of the femur using the “volume rendering” tool.
This allowed the maximum width of the foramen to be assessed, and measured using the
“Line Measurement” tool.

Although Morganucodon femoral elements are fairly common in the
Hirmeriella fissure suite, the overwhelming majority are incomplete. We here chose the
three most complete femoral specimens known from the Pontalun 3 fauna, the same

fauna that the Morganucodon teeth imaged using SR CT originated from. Elements
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chosen preserve at least half of the femoral shaft. Length was estimated fro the mid-
shaft diaphysial width of each element using the scaling relationship between the two
measurements established for extant rodents and insectivores by Bou et al. (1987)
where:

Length = 0.9464*width® "'+

Least squares regression and ANCOVA show that Morganucodon had a
significantly lower Qi than extant mammals (F=6.88 p=0.001), and so could not have
achieved the same rates of sustained aerobic exercise. Instead, ANCOVA comparisons
suggest that Morganucodon falls within the Q; range of extant reptiles including
varanids (F=1.783, p=0.55) (Fig. 3.5.). The intercepts of regression slopes for extant
mammals (Q; =7.37E®) and reptiles (Q; =3.63E") are significantly different
(p=<0.01). The slopes for extant mammals and reptiles are also significantly different
(mammals=0.54, reptiles=0.8; p=0.036). Finally, the significant relationship found
between Q;and MMR found by Seymour et al. (2012)(log(MMR) = 7.938(log(Q:)) +
0.843) allowed us to estimate an MMR of 340 kJ.kg™.day" for Morganucodon. This
value is considerably lower than that predicted for any modern mammal of comparable
body size based on Q;. For instance the Q; of Microtus levis (East European Vole), the
mammal with one of the most similar body masses to the maximum body mass

predicted for Morganucodon, provides an MMR estimate of 1514 kJ kg™ .day™.

3.8. Discussion and conclusions

Assessment of three proxies for metabolic rate (growth rate, basal metabolic rate and
maximum metabolic rate) suggests that the entire scope of metabolic potential in the
most basal mammaliaforms had yet to develop significantly beyond what is seen in
modern reptiles. This places previous lines of evidence in a new context, adding
quantitative data to our knowledge of physiology at an important point in mammalian
evolution. We find Morganucodon and Kuehneotherium to possess a mosaic of
plesiomorphic and derived characters relating to life history and endothermy.
Phylogenetic bracketing suggests that both taxa may have exhibited fur (Martin et al.,
2015; Benoit et al., 2016) and a muscular diaphragm (Martin et al.,2015); both

considered key innovations for mammalian endothermy. Morganucodon also potentially
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followed a typically ‘mammalian’ pattern of comparatively rapid juvenile growth
followed by truncated adult growth (O’Meara and Asher, 2016). However, our
discovery of prolonged lifespan and low aerobic capacity suggests that basal
mammaliaforms occupied a lower metabolic grade than modern mammals, and had yet
to attain their level of endothermic physiology. A low, reptilian MMR may suggest that
the insectivorous Morganucodon (Gill et al., 2014) used burst or ambush tactics similar
to modern reptilian insectivores, as opposed to more sustained foraging tactics seen in
extant mammalian counterparts. Such low-energy feeding strategies fit with the low
BMR and growth rates we have estimated from the exceptionally long lifespans found
for Morganucodon and Kuehneotherium, as lower metabolic demand places lower
requirements on food consumption.

Our results and interpretation of multiple life history and physiology related traits in
Morganucodon and Kuehneotherium suggest that the use of previous proxies for
physiology and endothermy in fossil synapsids based on presence or absence of single
morphological and/or histological traits needs to be re-assessed. Evidence in non-
mammalian synapsids, including changes in gait (Kemp, 2005), long-bone histology
(Huttenlocker and Rega, 2012) and development of secondary osteological features
correlated with increased metabolic rate (Benoit et al., 2016; Crompton et al., 2017),
indicate an unquestionable change in physiology from pelycosaur to cynodont-grade
taxa. However, mammalian metabolic physiology had yet to reach the endothermic
levels recorded in modern mammals by the Early Jurassic. This is inconsistent with
previous interpretations of ‘proto-endothermic’ or fully endothermic physiology in non-
mammalian synapsids. Such a contradiction may be due to the often-binary nature of
previous lines of evidence such as the presence/absence of fibrolamellar bone and/or
respiratory nasal turbinates. As these proxies are unable to accurately represent the
complex scale of physiological characteristics that range between ‘ectothermy’ and
‘endothermy’, our data offers a more direct link to measurable aspects of endothermy
such as basal and maximum metabolic rate. The apparently mosaic nature of
mammalian endothermy evolution shown here indicates that use of a single proxy or
trait is unlikely to be able to explain the timing and rates of all aspects of endothermic

evolution.
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Extended data figure 5 | Common diagenetic fabrics encountered in tomographic data of
fossil cementum. (a) Substantial variation in the thickness of individual cementum annuli
along their trajectories in the anterior root of the m2 of specimen bd10. (b) Discrete regions
of diagenetic alteration within the root of m96086, a specimen of otherwise excellent
preservation. (c) Globular diagenetic fabrics have adulterated all ultrastruture in the anterior
root of the m1 of specimen m95809. (d) physical damage to the cementum layer has removed
outer annuli in discrete regions of the cementum of the anterior root of m96273.

White/black lines = 50um.
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Figure 3.2. (a) Micro-computed tomographic reconstruction of Morganucodon tooth
enl05. Green highlights cementum layer. (b) Transverse slice of a synchrotron
radiation-based computed tomographic (SR CT) single distance phase contrast
reconstruction of the root of en105. Cementum is the darker tissue surrounding the
dentine. (¢) Detail of cementum highlighted by red box in (b). Circumferential
increments highlighted using red arrows. (d) Ultra-high resolution SR CT slice of the
region highlighted by dashed red box in (¢) (not exactly equivalent as the region
highlighted in ¢ was not imaged using ultra-high resolution SR CT). Circumferential
increments highlighted using red arrows; radial bands of preserved Sharpey’s fibres
highlighted using blue arrows; Granular layer of Tomes highlighted using yellow
dashed line; hyaline layer of Hopewell-Smith highlighted using green dashed line. (e)
Transverse slice of a SR CT single distance phase contrast reconstruction of the root of
Morganucodon specimen BD12 showing considerably thick layer of cementum around
the root dentine. (f) Detail of the cementum of BD12. Cementum increments
highlighted by 14 multi-coloured arrows. (g) Three-dimensional reconstruction of the
cementum increments of BD12. The colour of each increment conforms to the colours

of each arrow in (f).
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Figure 3.3. Comparison of cementum increment quality between areas of the root.

(a) Tomographic reconstruction of an example Morganucodon m2 tooth, showing the bulbous
base that characterises these teeth, sourced from Rowe and Frank (2011). Red and green
boxes highlight the same areas shown in (b) and (¢) (respectively), although these are from a
different specimen; CEM4. (b) Tomographic slice from the middle third of the distal root of
the CEM4 specimen, showing well-structured regular increments. (c) Tomographic slice from
the base of the same root, showing chaotic plexiform structure. All white scale bars represent
30 pum.
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Figure 3.4. (a) Histogram of Morganucodon cementum increment counts provided by
each of the three observers. (b) Histogram of Kuehneotherium cementum increment
counts provided by each of the three observers. (¢) Linear regressions between logged
body mass and logged maximum lifespan for extant mammals (circles), extant non-
avian ectothermic reptiles (blue crosses), Morganucodon (green circles) and
Kuehneotherium (red diamonds). Minimum body mass estimate for Morganucodon

following Luo et al. (2004), maximum body mass estimate following Foster (2009).
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Figure 3.5. Studies of nutrient foramina in the femora of Morganucodon and
comparison with extant mammals and reptiles. (a) Volume rendering of a Morganucodon
femur, with foramina highlighted red, green, gold and blue. (b) Linear regression between
logged body mass (g), and logged estimated blood flow index (Q) for extant reptiles

(green circles), extant mammals (red circles from Seymour et al., 2011; red circles with
dotted margins from this study), extant varanid lizards (purple circles), and Morganucodon
(blue crosses).
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Figure 3.6. Shared increment patterns between roots of the same tooth, the root of another
tooth, and the dentary of specimen m96413. (a) Four clear increments within the periosteal
region of the dentary, and a fifth incipient increment, marked by multi-coloured three-
dimensional bands, and correspondingly coloured arrows in the accompanying transverse
tomographic slice. (b) This pattern is mirrored in the anterior root of the m1 tooth; (c) the
posterior root of the same tooth; and (d) the anterior root of the m2 tooth.
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Taxon Element 1.\Iumber of Number of specir'nens w.
specimens scanned | readable cementum increments
dentary 4 2
i4 1 1
canine 1 1
pl 1 1
Morganucodon p2 2 2
p3 3 3
p4 5 2
ml 17 12
m2 70 30
pl 1 0
p3 1 0
pS 1 0

Kuehneotherium

po 1 1
ml 4 2
m2 180 26

Table 3.1. All elements imaged using synchrotron radiation-based computed
tomography.
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Observer 1 Observer 2 Observer 3
Specimen Taxon increment increment increment
count count count

enl38 | Morganucodon 2 2 2
m9463 | Morganucodon 2 2 2
m92528 | Morganucodon 3 2 3
m95809 | Morganucodon 3 2 3
m96085 | Morganucodon 3 2 3
en024 | Morganucodon 3 3 3
m96490 | Morganucodon 3 3 3
m96444 | Morganucodon 3 3 3
cem3 | Morganucodon 4 3 3
cem5 | Morganucodon 4 3 4
m96086 | Morganucodon 4 3 4
enl05 | Morganucodon 4 4 4
m46463 | Morganucodon 4 4 4
m96380 | Morganucodon 4 4 4
m96396 | Morganucodon 4 4 4
m96474 | Morganucodon 4 4 5
m96141 | Morganucodon 5 5 3
enl47 | Morganucodon 5 3 4
bd13 | Morganucodon 5 5 5
m96441 | Morganucodon 5 3 5
bd6 | Morganucodon 5 5 5
enl23 | Morganucodon 5 5 5
m96413 | Morganucodon 5 5 5
m96476 | Morganucodon 5 5 5
bdl [ Morganucodon 5 6 5
m95810 | Morganucodon 5 6 5
m96463 | Morganucodon 6 6 6
m96418 | Morganucodon 7 6 7
m95805 | Morganucodon 8 4 8
m96075 | Morganucodon 8 8 8
bd10 | Morganucodon 9 5 6
13 003 | Morganucodon 10 10 9
bd2 [ Morganucodon 14 14 14
juve | Morganucodon 1 1 1
m21081 | Kuehneotherium 2 2 2
m27301 | Kuehneotherium 2 2 2
m27305 | Kuehneotherium 2 2 2
m20990 | Kuehneotherium 3 3 3
m27816 | Kuehneotherium 3 3 3
syl121 | Kuehneotherium 4 4 3
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m27257 | Kuehneotherium
m27436 | Kuehneotherium
m27443 | Kuehneotherium
m21080 | Kuehneotherium
m27273 | Kuehneotherium
m27628 | Kuehneotherium
m27550 | Kuehneotherium
m27520 | Kuehneotherium
m27529 | Kuehneotherium
m27537 | Kuehneotherium
m27344 | Kuehneotherium
m20982 | Kuehneotherium
m27308 | Kuehneotherium
m27505 | Kuehneotherium
m21069 | Kuehneotherium
m27538 | Kuehneotherium
m27545 | Kuehneotherium
m27745 | Kuehneotherium

syl106 | Kuehneotherium
m27653 | Kuehneotherium

syl41 | Kuehneotherium

=N Nl [oll o N ko fo i ko ko)W ko W AV, Bl ko )\ RO, I RO, [ RO, I I NN RO, 15 RO, [ RO, T ¥ SN I S B S

Nl NoR kol ENE ko)l fo ) kol ko N ko W Ko N RO, I LV, T KO, I RV, [ LU, 1 |5 SN [ SN L 0, T [ SN I SNG OS]
Nl ol fo i e N ko N lo N ko N IV, N O, N AV, N L0, N LV, I KO, I LV, [ RV, 15 LU, T I, I [ SNG [ SN I SN QSN

Table 3.2. Estimated increment counts by each of three observers for all Morganucodon
and Kuehneotherium specimens that produced readable cementum increments in
synchrotron radiation-based micro-computed tomographic images
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Study Taxon n Maximum | Mean | Mean

age (years) cv r
Thesis Chapter 3 Morganucodon 34 14 932 0.92
Thesis Chapter 3 Kuehneotherium 27 9 4891 0.96
Gasawey et al. 1978 Alces Alces 72 9 14.2 0.4
Christensen-Dalsgaard et al. 2010 Ursus maritimus 32 15 1521 0.86
Perez-Barberia et al. 2014 Cervus elaphus | 490 17 16.22 [ 0.96
Pasda, 2014 Rangifer tarandus 63 16 1941 0.64
Klevezal and Pucek 1987 Bison bonasus 45 21 [ 20.57| 0.86
Grau et al. 1970 Procyon lotor | 54 9 206 0.92
Landon et al., 1998 Canis lupus 12 6.8 2592] 0.78
Bodkin et al., 1998 Enhydra lutris 14 14 2624 0.88
Kay and Cant, 1988 Macaca mulatta 65 241 2934 0.79
Cederlund et al. 1991 | Capreolus capreolus 74 9 30.5| 0.86

Table 3.3. Results of quantitative analyses of precision for the fossil mammals studied
here, Morganucodon and Kuehneotherium, and those of previous studies of extant
mammals. CV — coefficient of variation; » — Pearson’s correlation coefficient.
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Specimen | Element Count
m96441 ml 5
m96441 m?2 5
m96413 ml 5
m96413 m?2 5
m96413 p4 5
m96396 ml 4
m96396 m?2 4
m96396 dentary 4
m96396 m3 3
m96396 p4 4
m95809 ml 3
m95809 m?2 3

bd13 ml 5
bd13 m?2 5
bd13 m3 4
bd10 ml 9
bd10 m?2 9
bd10 m3 9
bd10 m4 ?
bd6 ml 4
bd6 m?2 4
scan 1 14 6
scan 2 canine 6
scan 3 pl 6
scan 4 p2 7
scan 5 p3 6

Table 3.4. Cementum increment counts for each element in dentulous Morganucodon
specimens.
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Taxon Mean Qi Mean femur length
(cm)

Apodemus flavicolis 3.144E-05 2.15
Micromys minutus 1.468E-05 1.1
Microtus levis 2.255E-05 1.43

Mus musculus 2.38E-05 1.51
Peromyscus truei 1.098E-05 1.75
Sorex minimutissimus 1.002E-05 0.48
Sicista betulina 2.59E-05 1.04
Sorex araneus 4.89E-06 0.83
Sorex minutus 6.37E-06 0.56
Myodes rutilis 1.609E-5 1.17
Neomys fodiens 2.28E-05 1.04
Morganucodon watsoni 3.829E-06 1.25

Table 3.5. Blood flow index (Q;) and mean femur length for the 11 extant mammals
studied here and Morganucodon.
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Chapter 4.

Optimizing synchrotron radiation-
based computed tomographic imaging
and computer vision approaches for
studying cementum

Following the use of synchrotron radiation-based computed tomography (SR CT) for
studying fossilised cementum increments, this chapter focuses on developing methods
for imaging and analysing cementum increments in ‘fresh’ (unfossilised) cementum. An
optimal experimental protocol will be discussed and developed, followed by the
presentation of a series of algorithms designed to analyse the count, shape and texture of
cementum increments using computer vision. SR CT has been performed for a sample
of rhesus macaque (Macaca mulatta) lower first molars from a laboratory population of
known age and controlled life history. The novel method for automatic increment
counting has been integrated in a purpose-built software package in Matlab for studying
cementum increments. Comparison with histological data has confirmed that SR CT
imaging did reliably record cementum increments. The microscopic spatial resolutions
offered by SR CT at excellent signal-to-noise ratio levels has allowed for quantitative
comparisons of increment morphology and texture between individuals, using the
purpose-built software package for dental cementum analysis. First results suggest that
our novel framework for studying dental cementum in 3D, combining SR CT imaging
and user-independent approaches for cementum analysis, may provide a powerful tool
for identifying the effects of discrete life history variables on cementum growth and
incrementation. In summary, the use of semi-automated computer vision approaches to
analysing volumetric SR CT images have the potential to significantly improve

understanding of cementum increments and their development through the lifecourse.

87



Chapter 4: Optimizing synchrotron radiation-based micro-computed tomographic
imaging and computer vision approaches for studying cementum

4.1. Introduction

4.1.1. Synchrotron radiation computed tomography and computer vision for

counting cementum increments

In Chapter 2 the principal caveats of the current gold-standard techniques for imaging
and analysing cementum increments were discussed. The overwhelming majority of
previous cementochronological studies have relied on thin-sectioning to image
cementum increments using light microscopy (Naji et al., 2016). This allows cementum
increments to be viewed at high spatial resolutions, and offers a range of optical
manipulation techniques that filter and highlight increments to varying degrees,
including wave plates for polarised light microscopy (Stutz, 2002) or digital image
enhancement (Lieberman et al., 1990; Wall-Scheffler and Foley, 2008). However, the
destructive nature of thin-sectioning and the restrictive two-dimensional (2D)
perspective offered by histological sections both limit the understanding of the complex

nature of cementum and its increments (Renz and Radlanski, 2006).

Cementum is a dynamic, biomechanically responsive tissue comprised of three
discrete tissue-types; acellular extrinsic fibre cementum (AEFC), cellular intrinsic fibre
cementum (CIFC), and cellular mixed stratified cementum. AECF grows continuously
throughout life, depositing increments with a predominantly uniform, circum-annual
rhythm. CIFC is deposited during periods of substantial occlusal stresses including
damage to the periodontal ligament (Levy and Mailland, 1980; Bosshardt and
Schroeder, 1990, 1992; Lisgarten et al., 1991), and can produce complex patterns of
increments with a poorly constrained increment periodicity and low correspondence
with the animal’s age in years (Naji et al., 2016). Equatorial animals also produce
complex patterns of cementum increments, often experiencing an annual doubling of
dark increments that represent bi-seasonal precipitation patterns rather than circum-
annual weather patterns (Spinage, 1973). Problems created by such phenomena, in
terms of counting increments and understanding their development, are often
compounded by the restricted window onto the tissue itself offered by 2D imaging of
thin sections (Obertova and Francken, 2009). Complex patterns of additional increments
cannot easily be distinguished from prevailing increment patterns using a restricted
number of 2D images. One example for such complex increments patterns is lensing of

individual increments and coalescence between increments. This has often led to a lack
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of accuracy between expected and observed increment counts, and a low precision
between increment counts from different observers of the same material, as shown in
several recent validation studies using populations of known chronological age

(Lipsinic et al., 1986; Renz and Radlanski, 2006; Obertova and Francken, 2009).

The use of synchrotron radiation-based computed tomography (SR CT) for
imaging fossilised cementum in Chapter 3 has shown how 3D imaging can overcome
these limitations. The volumetric nature of tomographic data allowed the inspection of
cementum increments through their entire trajectory through the tissue in both
transverse and longitudinal aspects. This directly overcame one of the major issues
highlighted in this and previous studies of thin section imaging of cementum; the
restricted view of increments, their count and patterns offered by thin section imaging.
By following increments through the cementum, the regions of highest increment
contrast were located. Although the accuracy of increment counts estimated in these
regions could not be quantified for fossil mammals, the identification of these regions
and subsequent image processing (creation of virtual thin sections) had a significant
positive impact on the precision of estimated increment counts between three
independent observers, evidenced by the significantly lower coefficients of variation for
these observers compared to previous studies of similarly aged extant taxa using thin

section histology.

However, the technique used for increment counting in Chapter 3 did not
overcome the second principal caveat of previous histological studies of cementum
increments; the inherent subjectivity involved in estimating increment counts by eye.
This subjectivity is reflected in several findings of a correlation between the accuracy of
increment counts and the experience of the observer, with more experienced observers
providing significantly more accurate counts (Rolandsen, 2008; Frie et al., 2011, 2013).
Numerous attempts have been made in the past to develop objective means of analysing
cementum images. These include quantifying and indexing the ‘readability’ of
cementum images, in order to provide a robust framework for distinguishing the aspects
of cementum images affecting their quality for increment counting. Individual images
can then be graded in terms of specific aspects of increment quality including contrast
between increments, level of complexity in their pattern and presence of imaging or

technical artefacts from the thin sectioning process. The grade of a particular image can
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then be used in order to distinguish the amount of confidence an observer can have in
counts estimated from this image, relative to other images of differing grades within a

sample (Gasaway et al., 1978; Zhivotovsky, 1982).

Several studies have attempted to use computer vision both to aid human
counting of cementum increments, and even to overcome the need for human counting
itself (Czermak et al., 2006; Klauenberg & Lagona, 2007). For instance, by examining
cementum increments in digital images from light microscopy of serial sections, peaks
and troughs in cementum opacity or greyscale ‘luminance’ can be extracted using image
processing program such as ‘ImagelJ’ (Schneider et al., 2012), and studied by using a
method called ‘Digital Cementum Luminance Analysis’ (DCLA) (Wall and Wall,
2006). DCLA methods typically plot luminance values along radial transects of
cementum (Fig. 4.1.a.). Along these transects, thick translucent increments are
represented by distinct peaks in luminance values, and thin opaque increments by
distinct troughs in luminance values (Fig. 4.1.b.). These patterns can then be interpreted
either by eye, counting peaks and/or troughs, or through computer vision using
peak/trough detection algorithms now common to several software packages (e.g.
“findpeaks” in Matlab [MATLAB and Statistics Toolbox release 2015b, the MathWorks
Inc., Natick, Massachusetts, US], and “find peaks” in ImagelJ/Fiji). DCLA offers a less
subjective mean of counting increments by eye, compared to directly reading thin-
section images. The often-complex patterns followed by increments through thin
sections can be difficult to interpret by observers (Renz and Radlanski, 2006), as the
contrast between neighbouring increments is variable at the sub-millimetre scale and so
individual increments can be hard to follow through the entire section (Fig. 4.2.). The
use of radial transects through the cementum minimises the effects of these
complexities for increment counting, as increments can be simplified to peaks and
troughs in luminance values over one dimension (Fig. 4.1.b.). Further, the use of
numerical greyscale values to distinguish neighbouring light and dark increments (light
increments providing high greyscale values versus dark increments providing low
values) allows quantitative thresholds to be developed for distinguishing between
genuine increments and background noise in greyscale values (Fig. 4.1.c.). These
thresholds are often a specific value in greyscale that peaks/troughs representing

light/dark increments must differ from either the last respective peak or trough, or the
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mean value of greyscale for the transect under study, in order to be distinguished as a
‘true’ increment (as opposed to noise in greyscale). For instance, the method proposed
by Wall-Scheftler and Foley (2008) states that each peak/trough must differ from the
greyscale value of the last respective peak/trough by a minimum of two values in order
to be distinguished as a true increment (Fig. 4.1.c.). DCLA approaches have thus
offered a step forward in the objective counting and analysis of increments, as
increments are given an objective definition along each transect, unaffected by human
interpretation of thin sections. However, DCLA techniques have so far relied upon (a
priori) assumptions regarding the contrast in greyscale values caused by incrementation
versus those caused by background noise. The chosen threshold value for distinguishing
increments from noise in each DCLA technique is specific to the image data and/or
analysis methods in the original study, and so may not be confidently applied to other
imaging modalities or techniques, or to taxa that fail to meet the specified threshold
specified in the original study. For instance, it is understood that the cementum of
animals in populations living under different climates provides different levels of
increment contrast and ‘readability’, with higher levels of seasonal change producing
higher contrast increments. So, an absolute threshold value that increments must differ
by that is appropriate for distinguishing highly contrasting increments from noise in the
cementum of populations living under highly seasonal climates (e.g. high latitude
temporal climates) may be too severe for distinguishing increments in the cementum of
populations living under less seasonal climates (e.g. equatorial and low latitude
climates) (Fig. 4.1.c.). Thus, the next stage in DCLA development should focus on
developing a more flexible strategy for distinguishing cementum increments based on

relative instead of absolute greyscale distribution criteria.

4.1.2. The nature of cementum increments and life history events

Although seasonal change in dietary quality is the predominant hypothesis for circum-
annual cementum incrementation, it cannot be the sole factor affecting cementum
growth (Klevezal, 1995). Circum-annual increments are found in human cementum in
modern populations that have no significant dietary change throughout the year

(Kagerer and Grupe, 2001). Several studies have found close correlation and even exact
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matches between increment count and chronological age in populations of modern
humans (Condon et al., 1986; Wittwer-Backofen, 2012, Wittwer Backofen et al., 2004).
Further work has shown discrete differences in the structure and opacity of increments
formed during life history events that significantly affect body metabolism, including
sustained weather events (Cipriano, 2002), the attainment of sexual maturity (Klevezal
and Stuart, 1994), birth and parturition (Bodkin et al., 1993; Medill et al., 2010), and

even occurrences of renal disease (Kagerer and Grupe, 2001).

The effect of pregnancy on cementum growth and incrementation has received
particular attention. Several studies have shown that the radial thickness of increments
formed during pregnancy is significantly more heterogeneous than surrounding
increments (von Beila et al., 2008; Medill et al., 2010). This creates noticeably more
chaotic increments with higher tortuosity (circumferential path length versus minimum
possible path length) than surrounding increments (von Beila et al., 2008). Increments
formed during pregnancy have also been found to be significantly less thick than other
increments in several taxa including black bears (Ursus americanus) by Coy and
Garshelis (1992) and Carrel (1994), polar bears (Ursus maritimus) by Medill et al.,
(2010), humans (Kagarer and Grupe, 2001) and sea otters (Enhydra lutris) (von Beila et
al., 2008).

Other aspects of cementum structure have yet to be studied with the same level
of quantitative rigour in relation to life history. Several studies attempted to use
increment thickness to assess the relationship between cementum growth and climate,
finding no significant correlation between certain climate metrics (e.g. rainfall or mean
air temperature) and increment thickness (Klevezal, 1995; Wall-Scheffler and Foley,
2008). However, this single variable (increment thickness) may not be sufficiently

characterising cementum growth and structure.

Following the use of greyscale values as a third dimension for the detailed
characterisation of cementum increments by Lieberman et al. (1990), the distribution of
greyscale values across an image of cementum may be interpreted as a third dimension
or ‘surface’ (Fig. 4.1.b; Fig. 4.3.d). Considering this surface, inspiration may be taken
from the characterisation procedures of other dental surfaces that are now routinely
investigated in terms of their relationship with life history such as the micro-texture of

enamel crowns (Dong et al., 1993; Stout and Blunt, 2000; Purnell et al., 2012, 2013).
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Several recent studies of dental micro-texture have employed a range of 3D surface
characterisation metrics commonly used in tribological studies of man-made surfaces.
This was pioneered by Purnell et al. (2012), who applied a suite of 3D surface
characterisation metrics to isolate and statistically compare aspects of micro-texture
between the teeth of cichlid fish of varying diet. The authors found significant
differences in several metrics between sub samples of separate diets, and these
differences were pronounced enough to provide predictive power for diet using
principal components analysis (PCA). This methodology may also provide a more
detailed technique for characterising texture in images of cementum, in order to
pinpoint differences in particular aspects of texture that may relate to life history

variables including climate.

4.1.3. Summary and study objectives

Cementum is a tissue of great potential as a record of chronological age and life history
events in mammals. However, in order to fulfil this potential and capture this data with
confidence, it is evident that improvements must be made to cementochronological
imaging and analysis in order to overcome both the effects of biological complexities
(lensing and coalescanece) and thin section preparation artefacts on increment counts,
and subjectivity in counting incremental features. The combination of high-resolution
and 3D imaging offered by SR CT has allowed cementum increments to be followed
through their entire longitudinal and transverse trajectories, overcoming the limitations
of 2D thin-section-based imaging. However, the technique for counting increments
must still be improved to further remove the inherent subjectivity of human vision.

The first objective of this chapter is thus to improve and develop current
computer vision approaches for objectively counting increments in tomographic data.
This will focus on investigating the optimum imaging parameters for SR CT imaging of
cementum increments. A second objective aims to provide a validated and automated
computer vision-based analysis method for user-independent counting of cementum
increments from SR CT data. The final objective of this chapter will be to characterise
and quantify cementum increments and their shape and texture, by further exploring the
potential of combining SR CT data with computer vision-based image analysis of

cementum increments.
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4.2. Materials and Methods

This study is based on SR CT data of the cementum of the lower first molars (m1) of a
laboratory population of female rhesus macaques (Macaca mulatta). All images have
been taken at the TOMCAT beamline of the Swiss Light Source (Villigen,
Switzerland). A series of algorithms have been developed and tested that isolate several
aspects of cementum increment shape and texture as well as estimates of increment
count. A novel image processing workflow has been devised and will be introduced
here to isolate and straighten the cementum in SR CT slices, allowing directional
filtering to enhance increment image contrast.

The peak-trough method for increment counting along radial transects through
the cementum called ‘Digital Cementum Luminance Analysis’ (DCLA) and described
earlier will be developed upon here, by using relative values that increments must
exceed from the mean greyscale value of the transect in question to discriminate
increments from noise, as these correspond with the unique distribution of greyscale
values of each radial transect through the cementum instead of absolute values based on
a-priori assumptions of their distribution (Fig. 4.4). This method will be incorporated
into an algorithm that will allow increment counting using solely computer vision and
used to count increments in SR CT cementum data of the known-age Rhesus macaques
individuals.

The same cementum data will further be used to develop algorithmic, computer-
vision based approaches to quantitatively study aspects of cementum increment
morphometry that may relate to life history. We have developed and will present here
an automated algorithm for the isolation of individual increments in SR CT slices in
order to study their 2D tortuosity. A final algorithm has been developed to
quantitatively characterise aspects of greyscale ‘texture’ in isolated SR CT cementum
data, taking inspiration from tribological surface profiling techniques (Dong et al.,

1993; Stout, 2000).

4.2.1. Experimental sample
This study is focused on the analysis of the right lower first molars (m1) from a sample
of 10 female Rhesus macaques (Macaca mulatta), raised under laboratory conditions

and bred for biomedical research at the Primate Breeding Facility of Public Health
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England, Salisbury (UK) (Table 4.1). The unit was managed by the Defence Science
and Technology Laboratory (DSTL) prior to 1* October 2009. The M. mulatta colony
has been closed and self-contained since 1982, from animals originally imported from
India between 1978 and 1982. All animals used here were routinely monitored and
checked for primate-born diseases of risk to humans (included hepatitis B, herpes B,
and tuberculosis), and were humanely killed using an overdose of pentobarbital, under
Home Office establishment licence 70-1707, due to being unfit for breeding or whole-
animal scientific procedural use. No animal was killed for the specific purpose of this
experiment. Once the animals were killed, their lower jaws were mechanically
dislocated and removed by Public Health England. Lower jaws were then freeze-stored
at -20°C prior to further tissue preparation.

To prepare specimens from m1, lower jaws were first mechanically cleaned of
soft tissue using surgical tools (scalpel, scissors and tweezers). The coronoid and
angular processes were then removed using a handsaw. Once prepared, specimens were
then bathed in tap water in a sealed plastic container, which was stored in a fume
cupboard for three weeks (21 days). This procedure was adopted to rot away the
periodontal ligament and alveolar soft tissue that could not be mechanically removed, in
a controlled manner. After three weeks, teeth were sufficiently loose within the jaw to
be easily removed using surgical pliers, following further cleaning and removal of
necrotic soft tissue. Although the majority of teeth were removed without damage, the
anterior root of the left m1 was damaged in one specimen (1100). All teeth were
removed for all animals, labelled and freeze-stored at -20°C. The left and right m1 teeth
of all animals were fixed in 10% paraformaldehyde (PFA) solution for 10 days to
minimise risk of infection.

Finally, the crowns of all teeth were removed using a Buehler IsoMet” slow-
speed diamond blade saw (Buehler Ltd, Lake Bluff, IL, U.S.). Using the same saw, the
anterior and posterior roots of each m1 tooth were mechanically separated and the
anterior root cut in half along its longitudinal axis. This was in order to minimise the
proportion of dense dentine to cementum to ensure that (SR) CT provides high image
quality data, which can be detrimentally affected if the signal-to-noise ratio is low due
to tissues or materials with relative high X-ray absorptions such as dentine. Processed
tooth roots were then placed on top of ‘Ripmax’ 2 mm-thick carbon fibre rods

(CR200600; Ripmax Ltd, Enfield, UK) cut into 1.5 cm lengths, using Loctite® super
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glue (Liquid ethyl cyanoacrylate super glue, Loctite” brand; Henkel Corporation,
Westlake, OH, U.S.). Carbon fibre rods are very rigid, yield a low X-ray absorption and

do not create any significant X-ray scatter as opposed to metallic sample holders.

4.2.2. X-ray imaging of cementum increments

Dentine, the primary hard tissue of tooth roots, has a substantially higher mineral
content compared to bone tissue (Inoue et al., 2013) and cementum. All three
mineralised dental tissues consist mainly of a combination of inorganic material
(mineralised phase made up primarily of hydroxyapatite), organic material (made up
primarily of collagen) and water. The mineralised phase exhibits a (much) higher X-ray
absorption compared to the organic phase in the regime relevant for (hard) X-ray
imaging. When X-ray imaging tooth material and cementum in situ, together with
dentine and/or bone tissue, the different mineral content levels of these tissues must be
taken into account and can be helpful to distinguish between cementum and the
enveloping dentine, based on different contrast levels in the CT data.

For most terrestrial mammals, cementum increments have a (radial) thickness
between three and 15 pm (Klevezal, 1995), although they can be as thick as 20 um in
cetaceans (dolphins and whales; Stock, 2017). For CT, at least a few voxels should
represent a single feature for reliable identification (and segmentation). When detecting
incremental features using CT, feature boundaries between increments can become
blurred significantly if imaged at insufficient spatial resolutions due to partial volume
effects (Wellington and Vinegar, 1987). Previous studies suggest that neighbouring
incremental features should occupy at least six pixels each in transverse cementum
sections, with a pixel size of at least 1 ym® allowing a series of pixels to accurately
represent their border (Lieberman et al., 1990; Wall and Wall, 2007). Hence, the
maximum voxel size to identify cementum increments is about 1.5 um for cementum
increments of 10-15 um radial thickness, and about 0.5 pum for increments between three
and nine um radial thickness.

In addition to high spatial resolutions in the micrometre range, the X-ray CT
image contrast between consecutive cementum increments must be sufficient for
counting and optimally segmenting them individually. It has been reported that
cementum exhibits significant differences in mineral content and chemical composition

between light and dark increments, based on X-ray fluorescence data (Stock, 2017).
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Preliminary investigation of tomographic imaging using conventional laboratory-based
pCT systems suggests that this technique is unsuitable for imaging cementum
increments (for discussion and presentation of preliminary pCT cementum data see
Appendix 4.1.). Although sub-micron resolutions are achievable in these systems,
imaging artefacts including beam hardening and phase artefacts can obstruct boundaries
between increments. The substantial scanning times necessary to achieve sufficient
transmittance of X-rays through the dense mineralised tissues also creates scan times of
over six hours for each individual specimen, which makes pCT imaging of the
population-sized samples needed for cementochronology impractical both monetarily
and financially. However, the study conducted in Chapter 3 suggests that the
differences in material properties provide sufficient X-ray contrast in SR CT data to
differentiate between individual increments. Conventional X-ray absorption-based SR
CT alone may offer insufficient image contrast to identify individual cementum
increments, and so (free space propagation-based) phase contrast CT imaging
approaches should be be explored to enhance image contrast, in addition to the image
contrast provided by X-ray absorption only. In phase contrast imaging, the coherent
nature of the X-ray source (here the SR source) is utilised. The sample under
investigation induces phase shifts of the coherent X-ray waves, which result in intensity
changes particularly around feature boundaries (edge enhancement), which can be
recorded on a detector, and is added to the intensity changes due to X-ray absorption
only. Phase retrieval algorithms (Paganin et al., 2002, Mayo et al., 2003) aim to retrieve
local phase shifts, while standard X-ray imaging makes use of X-ray absorption and
retrieves local linear X-ray attenuation coefficients of the sample. Hence, phase contrast
imaging provides (additional) image contrast between structures yielding similar X-ray

absorptions.

4.2.3. Synchrotron radiation micro-computed tomography (SR CT)

SR CT was performed at the TOMCAT beamline of the Swiss Light Source (SLS).
Synchrotron sources are large cyclic accelerators in which electrons are accelerated
close to the speed of light, to emit X-rays in magnets, so-called ‘insertion devices’,
around the storage ring, which can be used for different experiments, including X-ray-

based CT. The high brilliance of X-rays generated by SR sources allow achieving high
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quality CT data at micrometre resolutions and below for typical scanning times of a few
minutes, in terms of signal-to-noise ratio, contrast-to-noise ratio and also image
sharpness.

After a preliminary study that was focused on optimising image quality for a
range of experimental settings for phase contrast-based SR CT, an X-ray energy of 20
keV and a sample-to-detector distance of 14 mm was chosen. This provided sufficient
contrast between increments (as shown later), while retaining a sufficiently short total
scan time (6.5 minutes) in order to image the complete sample. For each scan, the
integration time was set to 150 ms, where 1501 projections have been taken.
Propagation-based phase contrast reconstruction was applied to reconstruct SR CT
datasets using a Paganin-style non-iterative phase retrieval algorithm (Paganin et al.,
2002). This algorithm retrieves the phase information for each projection, and requires
estimation of the complex refractive index n = 1 — § + if of the specimen, namely the
ratio between o and £ that is assumed to be constant. Here we used values
experimentally determined by beamline scientists at TOMCAT, optimal for biological
hard tissues: f=3.7-10" and 6 = 1.7-10"'? at the chosen X-ray energy.

4.2.4. SR CT imaging and optimisation

Cementum increments must be imaged with sufficient image contrast to distinguish
thick ‘light” and thin ‘dark’ increments, and at a sufficiently high spatial resolution to
identify individual increments within the cementum tissue. Using SR CT this is feasible
for cementum tissue, yet experimental settings must be optimised.

The effects of various experimental settings for SR CT on cementum increment
imaging were investigated in a quantitative manner. In a preliminary experiment, the
coronal third of the cementum tissue of specimen t56 (12 years old; expected increment
count between nine and ten following an eruption time of 12-18 months for captive
Macaca mulatta individuals) was imaged using SR CT for a range of different
experimental settings. Four key settings (X-ray energy, exposure time, number of
projections, and sample-to-detector distance) were individually varied according to
Table 4.2, while all other experimental settings were fixed at an X-ray energy of 20 keV
and an exposure time of 150 ms for 1501 projections at a sample-to-detector distance of

14 mm. The effects of changing experimental settings on image quality of cementum
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increments were characterised using the image quality metrics signal-to-noise ratio
(SNR) and contrast-to-noise ratio (CNR). SNR was calculated following Verdun et al.,
(2015), and CNR was calculated following Mohammadi et al. (2014). SNR quantifies
the level of image signal in an image relative to the background noise. CNR is a useful
measure for assessing image contrast between distinct structures, such as dark/light
cementum increments.

Image quality metrics for each experimental setting were calculated for 10 SR
CT slices representing the same regions of the tooth root of t56 in each scan (Fig. 4.2).
SNR was calculated as the ratio between the mean greyscale value for a 150 pixel ~ 150
pixel region of interest (ROI) of cementum (S) and the standard deviation of a 150 pixel

" 150 pixel sample of background in each slice (a1):

S
SNR = —
01

CNR was calculated using the method described by Muhamaddi et al. (2014), where the
ratio of the mean greyscale values of the same ROI’s of cementum (g;) and air (g») used
for SNR analysis is divided by the square root of the halved sum of their squared

standard deviations (o6, and o, for cementum and air, respectively):

gdi1— 92

CNR =
[(1/2) - (0% + 02)]*

Mean values of SNR and CNR were calculated from the values for these 10

slices and compared between all experimental settings (Fig. 4.5 and Table 4.2).

4.2.5. Thin-section preparation and histological imaging of cementum

For comparison with SR CT data, the current gold standard of cementum imaging, thin-
section histology, was applied to all scanned tooth roots. All roots were embedded in
‘EPOTHIN’ epoxy resin (Buehler Ltd., Lake Bluff, IL, USA) prior to thin-section
preparation. In order to accurately orientate samples, the resin was left to cure for three
hours until semi-viscous before embedding. The apical apex of each root was then

placed within individual beads of resin within a cylindrical plastic mould of 1cm radius.
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Samples were vertically oriented using a fine brush, in order to orient them as close to
perpendicular to the mould base as possible. The resin was then left to completely cure
for 12 hours. Following this, more ‘EPOTHIN’ was poured over each specimen until it
was entirely coated. Moulds were then placed in a vacuum oven for approximately 20
minutes in order to maximise infiltration of resin within each specimen.

Embedded specimens were ground vertically through the cross-section of roots
to the apical third of the root height using a Buehler Beta grinder/polisher with 800p grit
sandpaper. Once this region was exposed it was polished using 1200p and 2500p
sandpaper, and 6um and 1um Beuhler ‘MetaDi’ diamond suspension paste. Specimens
were thoroughly rinsed with tap water and methylated spirit between each polishing
grade. The polished face of each specimen was then mounted to frosted glass slides
using more EPOTHIN resin. Mounted specimens were ground and polished using the
same method until 70pm thick”.

Thin sections were studied using a Nikon Eclipse Lv100 microscope equipped
with a Nikon DS-Fi2 digital viewfinder at 20x, 50x and 100x objectives under
polarising and non-polarising light. The Nikon DS-FI2 offered a resolution of
2560/1920 pixels for each objective.

4.2.6. Computer vision and cementum analysis

Computer vision methodologies are now commonly used in the study of biological
materials. CT imaging itself can be seen as one first step of computer vision, and
tomographic data can be further processed and analysed in an objective, statistical and
automated fashion using robust computer vision techniques. This was an important
element of our study, especially considering the exceptionally large, volumetric datasets
(>200 GB/scan) created by (phase contrast-based) SR CT imaging, which adds a degree
of complexity to cementum data in both a spatial (3D versus 2D) and data-handling
aspect. The quantitative assessment of increment count, structure and texture is not a
simple task. Further, the exceptionally large size of individual SR CT datasets places
considerable demand on computing power for quantitative analyses. It is therefore key
to optimise the efficiency of image processing and analysis in order to study this data in
an effective manner. Automated image processing and analysis provides a means to
extract and quantify objects and patterns in digital image data in an objective manner. In

terms of cementochronology, it may offer two key advantages over previous methods

100



Chapter 4: Optimizing synchrotron radiation-based micro-computed tomographic
imaging and computer vision approaches for studying cementum

based on human vision. Firstly, a reduction in bias and subjectivity in increment counts.
Human vision is often prone to bias due to pre-conceived notions of patterns in objects
and structures. As a result, studies based on human vision (especially
cementochronology studies) often cite low repeatability and precision between human
observers (Renz and Radlanski, 2006). Computer vision and automated analysis does
not suffer from these problems if analyses are robust and correctly applied. Secondly, a
concise, thoroughly planned and sensitive analysis routine can be applied to a large
number of samples, and samples of a varied nature. The rapid speeds permitted by
modern computer systems can allow an unprecedented amount of cementum data to be
analysed using a wealth of techniques in a fraction of the time that would otherwise be

required for manual analysis.

4.2.7. Image processing: straightening and filtering

Processing of original data and feature extraction is often needed before digital image
analysis. This can involve a wide range of techniques, the vast majority of which are
based on the manipulation of two-dimensional (2D) pixels and/or 3D voxels using
mathematical operations (Nixon and Aguado, 2012). Here, we applied two principal
processing techniques to individual SR CT slices: straightening and isolation of
cementum, and directional filtering of increments (discussed later).

For circumferential structures such as cementum increments, it is often difficult
to apply core processing tools and analyses without distorting results due to
complexities in their patterns and boundaries. Hence, 2D straightening algorithms are
often applied in order to further analyse the data. We chose to use the ‘Straighten’ tool
developed for the open source ImageJ/Fiji image analysis software (Schneider et al.,
2012). This tool applies cubic-spline interpolation across a segmented midline set by the
user. Straightening is then performed using a series of non-linear cubic splines for an
arbitrary number of pixels on either side of the midline that can also be determined by
the user. We here assigned this number on an individual basis for each dataset, based on
the radial thickness of cementum being imaged.

For each dataset, a segmented midline was plotted circumferentially by hand and
through the middle of the cementum of the first 16-bit SR CT slice, then the number of
pixels occupied by this line was manually adjusted until all the cementum was included,

and the “straighten” tool applied (Fig. 4.3). This both isolated cementum data from
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bordering dentine, and straightened the cemento-dentine boundary so that potential
differences in increment patterns and shape could be analysed orthogonal to this layer.
The use of the “macro recorder” tool in imagelJ/Fiji then allowed this method to be
repeated using a simple macro for all other slices in the dataset, by recording the
Cartesian coordinates of each line segment of the midline and number of pixels
occupied by the midline. These values could then be copied into the macro and applied
for all other slices. However, it should be noted that the spatial distribution of
cementum tissue often deviated from this midline as slices progressed vertically through
the cementum and the morphology of the root changed. In these instances, a new
midline had to be applied from the position along the image stack where the deviation
first took place, in order to accurately capture the entire cementum tissue and effectively
straighten the cemento-dentine boundary. Following straightening, all resultant images
were saved in 16-bit format.

The isolation and straightening of the cementum layer is the only portion of the
workflow performed and described here that requires a subjective human input. The
plotting of the midline through the cementum to guide straightening may thus have an
effect on final measurements of cementum increment shape and texture (see sections
4.12-4.13). The effects of variability in midline plotting are assessed in section 4.14.

Once straightened and isolated, the cementum data could then be further
processed using directional filters in order to enhance contrast between increments.
Filtering is commonly used to suppress the contribution of unwanted signals, while
preserving and enhancing the useful signal for the analysis in question. A wealth of
filters can be found in the literature and are commonly available in image processing
and analysis software. Several can be tuned and tweaked for data-specific purposes,

including oriented filters such as the steerable Gaussian filter.

Oriented filters are a class of filters in which a filter of arbitrary orientation is
synthesised as a linear combination of a set of ‘basis filters’. Let’s assume the following

Gaussian function (G) for a set of coordinates x and y that is circularly symmetric:

G(x,y) = e_(x2+y2)
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The directional derivative operator (G;) of this function is steerable. This can be
described using a rotation operator (...)". This operator can be applied to any function

fix,y) so that /' ‘, v) represents f{x,y) rotated through an angle 6 about the origin. Hence,

the first derivative of a Gaussian (G°°) is given by:

60 = 2 o)) = _pye-(2n?)
6x

The same function rotated by 90° is given by:

G = 61 e~(%) = _2ye-(x*+%)
y

On this account, the filter G at an arbitrary orientation 6 can be formulated by taking

the linear combination of Gfoand Gy 0°,
6% = cos(0) 6 + sin(0) 63°°, where

G2 and G?°° form the basis filters for any rotation of G (G¢°). The cos(6) and sin(0)
terms are the corresponding interpolation functions of these basis filters.

Straightening of increments allows a single orientation to be used when filtering

(e.g. G °° for horizontal increments or G{’O for vertical increments), and steerable
Gaussian filtering has been shown here to substantially enhance contrast between
straightened cementum increments (Fig. 4.3.e.). Implementing a steerable Gaussian
filter designed in the Matlab environment (Lanman [2006] following Freeman and
Adelson [1991]), with a 90° orientation and a directional derivative of 1 creates the first
derivative of a cementum image; a separate 8-bit image where light increments are
given greyscale values of 255, and dark increments of zero (Fig. 4.6.b, e.). The addition
of this mask onto the original image thus provides a filtered image that can considerably
increase the contrast of cementum increments (Fig. 4.6.¢c). However, the addition of a
‘raw’ first derivative with the original image can lead to the loss of information due to

the saturation of the resultant image, and original textures and contrast within
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increments can be significantly reduced (Fig. 4.6.e.). This problem can be mediated by
dividing the greyscale values of the mask by a certain integer so that its light increment
greyscale values are lower and its effects on the original image upon addition are
lessened. As it is essential that a filter preserves the fidelity of imaged structures (e.g.
greyscale texture, Fig. 4.6.1.) for subsequent analyses, this was here performed by
dividing all greyscale values within the mask by integers of between two and 10. The
effects of these calculations on the eventual filter were analysed and compared in order
to optimise the parameters of steerable Gaussian filtering in eventual image processing
procedure.

The effects of filter parameters on image contrast and texture were analysed by
measuring and comparing greyscale distributions along 10 transects through the
cementum of the 114 specimen (Fig. 4.6.d.). Distributions were measured along the
same transects after applying first derivative masks that had been divided incrementally
by integers from two to 10. These filtered datasets are here assigned to a naming
convention following “Filter 2” — “Filter 10”, with the number describing the integer to
which the original first derivative mask was divided by (Table 4.3). The modulation
transfer function (MTF) of cementum increments in each transect was used to provide a
quantitative estimate of contrast, and how this changed due to filtering strength. The
effects of filtering on discrete aspects of greyscale distribution in each transect were
also compared to account for potential loss of texture detail.

MTF is a measure of the transfer of contrast (“modulation”) from the original
object to the image, providing quantitative data of how faithfully the image reproduces
detail within the original object. The MTF can be described by the hypothetical
greyscale imaging of a square wave function composed of light and dark increments.
The maximum greyscale intensity possible will originate from the light increments, and
the minimum intensity from the dark increments. The modulation of the original

function can be defined as:

(Lmax - Lmin)

M, =
0 (Lmax + Lmin)

where Liyax describes the maximum greyscale (“luminance”) value of the light

increments, and Lnin describes the minimum greyscale value of the dark increments. If
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the frequency (v) and the ‘modulation’ (contrast) of the original function is known, then
the modulation of the subsequent image (M;) can be measured, and the MTF of the
image can be calculated as the ratio between the image modulation and the original

modulation:

MTF(v) u
V)= —
MO

For this study, as opposed to comparing the biological contrast of the cementum
increments with the contrast of increments imaged using CT, the MTF was used to
provide quantitative information of the amount of contrast added by using steerable
Gaussian filters of increasing strength. For each filter, modulation functions were
calculated for each increment pair along the same 10 transects as unfiltered data, and
MTFs subsequently calculated and compared using ANOVA.

The potential loss of signal from filtering was assessed through comparing the
greyscale distribution of each transect when imaged under each filter strength. After
primary increment pairs had been identified along each transect during MTF analysis,
the number of secondary peaks in greyscale was recorded within each increment pair,
along with their greyscale value and position (Fig. 4.6.f.). ANOVA comparisons were
performed between the number of peaks imaged using each filter and the number
imaged with no filter, as well as the ratio of their value with that of the corresponding
primary peak. This was in order to identify whether certain filter strengths created a
significant loss in detail of the texture of increments, which may limit future analyses
and comparisons between increments.

ANOVA comparisons of MTF values suggest that dividing the first derivative of
an image by between six and 10 provides filters that do not significantly improve
contrast relative to unfiltered values (Table 4.3). Dividing by smaller values steadily
improve contrast until M; values of cementum increments become an order of
magnitude larger than unfiltered values when the first derivative is divided by between
two and four (Fig. 4.6.f). This suggests that a minimum division of six, and an optimum
division of < four should be used for steerable Gaussian filtering of straightened
cementum increments.

Following MTF measurements, ANOVA comparisons suggest that the strength

of filtering has no significant effect on the number of secondary peaks within primary
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cementum increments. Although filtering affects the absolute relationships between
primary peaks and secondary peaks in greyscale (Fig. 4.6.f.), their values are changed
proportionally, thus preserving their relationships even using the strongest filters.
Finally, in visual analysis of transects, the strongest filter (“Filter 2”) provided the most
clear increment pairs, shown by discrete peaks and troughs in absolute greyscale values
directly corresponding to principal light and dark increments, respectively (Fig. 4.6.1.).
In filters where the mask was divided by larger integers these patterns become masked
by secondary peaks and troughs, and become harder to distinguish. This is reflected
when using the automated increment counting algorithm to count increment pairs: The
strongest filter (“Filter 2”) provides the most consistent counts for every measured
transect (Table 4.4).

Results of filter comparisons thus suggest that a steerable Gaussian filter should
divide the first derivative of an image by half before being employed, in order to both
optimise contrast between cementum increments, and preserve texture within
increments. As a Matlab function this can be incorporated into an automated image-
processing framework, to act consecutively after straightening of increments (E-
Appendix 4.2.; for html link to E-Appendices see Appendix 4.2.). This combination of
straightening and filtering has been shown here to significantly enhance image quality
of cementum increments, and to provide data that can be readily examined in

subsequent analyses.

4.2.8. Automated increment counting

The first image analysis algorithm developed here was designed to count increments in
an objective, automated fashion using solely computer vision. Based on the ‘Digital
Cementum Luminance Analysis’ technique (DCLA) (Wall and Wall, 2007), this
algorithm employs population statistics (mean and standard deviation of greyscale
values) to count increments and distinguish ‘real’ increments from greyscale noise.
DCLA was designed to minimise the reliance on human vision for increment counting,
by counting increments as peaks and troughs in 8-bit pixel values that extend beyond a
pre-determined cut-off. Radial transects are plotted through the cementum, and their
greyscale ‘luminance’ profiles plotted. Increments that are within two greyscale values
of the last increment of the same type (light/peak versus dark/trough) are not counted as

a principal increment. However, this technique was found to be insufficient for

106



Chapter 4: Optimizing synchrotron radiation-based micro-computed tomographic
imaging and computer vision approaches for studying cementum

discriminating increments in SR CT data. An absolute cut-off value could not account
for differences in cementum texture and the luminosity of increments between
individual scans.

Before the increment counting algorithm presented here was developed, the
DCLA method for increment counting was applied to SR CT cementum data following
Wall-Scheffler and Foley (2008). Here, the 30 radial transects through the cementum
that were later used for the method of automated increment counting of cementum
regions identified by human vision (“method two” outlined below), were assessed using
the methodology outlined in Wall-Scheffler and Foley (2008). Peaks and troughs were
identified in each transect using the “findpeaks” function in Matlab. Peaks were found
using “findpeaks” of unadjusted transects, while troughs were found using inversed
transects (created using the “flipb” function). From the resultant databases of peaks and
troughs, values that differed by less than three greyscale values from the previous value
were deleted, and the resultant count of peaks and troughs calculated. If peak count
differed from trough count, then increment count was interpreted as their median value.

Mean increment counts estimated using the DCLA method were consistently
and significantly higher than the minimum and maximum expected counts for all
Macaca mulatta individuals (Table 4.5 and Fig. 4.7). The lower 25% quartile matches
the maximum estimated age for three specimens (k91, t56 and t59). The maximum
difference between the mean estimated count and maximum expected count was eight
(110), while the minimum difference in counts was one (k91 and t59).

The consistent over-estimation of increment counts using DCLA is due to the
rigid and arbitrary threshold of two greyscale values that peaks/troughs must differ from
the immediately preceding peak/trough (respectively) to be included in counts. For our
data this threshold was too small to distinguish between increments and accessory
peaks/troughs in greyscale created by noise. Hence, a more flexible approach is needed.

We have here developed a method that distinguishes between increments and
noise in luminance values based on the unique distribution of values within each
individual SR CT slice. As in DCLA, this method is based on the study of the distribution
of greyscale values along transects through cementum. Following convention used in
tribological surface profiling (Gadelmawla et al., 2002; Esfahani et al, 2018),
individual transects are separated into five sections of equal length. The standard

deviation of greyscale values in each cut-off length is then calculated and light-dark
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increment pairs are distinguished as peak-trough systems that depart from the mean
luminance value beyond the local standard deviation. This simple method can be
applied to a broad range of data types, as it makes no a priori assumptions about the
data itself, other than the assumption of an incremental system.

Most importantly, this new method can be operated algorithmically in an
automated fashion using solely computer vision, following an algorithm developed
here in the Matlab statistical environment (E-Appendix 4.2.). In Matlab, each
individual straightened and filtered SR CT cementum image is investigated along a
series of 1000 transects through the cementum (Fig. 4.4.a.). Each transect is divided
into five sections of equal length, and a smoothing spline is fitted to the greyscale
pattern captured within each section, in order to minimise noise in greyscale values.
For these smoothed datasets, the mean greyscale value, its standard deviation and
resultant upper and lower ‘cut-off” values (mean greyscale value plus or minus the
standard deviation, respectively) are calculated. Two new datasets are then created for
each section, the first comprised of only greyscale values above the mean, and the
other of values below the mean (Fig. 4.4.c-d). The dataset comprised of higher
greyscale values thus consists solely of peaks in greyscale, while the dataset
comprised of lower greyscale values consists solely of troughs in greyscale. Inversion
of the trough dataset produces a series of peaks (inverted troughs) that, alongside
those of the peaks dataset, can be identified in terms of their distance from the mean,
and location along the section using the “findpeaks” tool. This allows peaks and
troughs that extend beyond the top and bottom cut-off values (respectively) for each
transect to be identified, providing the first stage of estimating increment counts (Fig.
4.4.c-d). Further measures are taken to ensure that ‘piggy-back’ features caused by
noise along the limbs of an incremental feature do not bias counts (Fig. 4.4.d.). No
peaks/troughs are counted that immediately proceed from the last feature of the same
type; so only one peak is counted for every trough. No peak/trough system where each
feature is separated by less than two pixels are counted to ensure that potential
imaging artefacts such as edge effects or phase do not bias counts (Fig. 4.4). A final
measure is taken to account for increments that are only partly captured inside each of
a neighbouring set of sections along one transect (Fig. 4.4.c-d.). As it is known
whether each section starts and ends with either a peak or a trough, the greyscale value

of the final pixel of each section will indicate whether the section ends halfway
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through a further peak or trough. If the last recorded feature of a section using
‘findpeaks’ is a trough, then a final greyscale value above the sections upper standard
deviation is defined as the ascending limb of a peak and an additional 0.5 is added to
both the original increment count of the section in question (Fig. 4.4.c.), and to the
increment count of the proceeding section (Fig, 4,d). Whereas if the section ends with
a peak, then a final value below the lower standard deviation is defined as indicative
of the descending limb of a trough and an additional 0.5 is added to both the original
increment count of the section in question and the proceeding section. Once increment
counts are estimated for the entire 1000 transects through an image, their mean and
standard deviation are calculated, providing a final estimate of increment count and
information on the precision of estimates for the image.

Following the development of this algorithm, its robusticity was tested by
applying it to a series of digital sine wave patterns of known increment count between
five and 30. Random noise of increasing severity was applied to these patterns in a
controlled manner by increasing their standard deviation. Noise was increased
incrementally by signal-to-noise ratio (SNR) levels of 0.1; starting from a SNR of 0.9,
and ending in an SNR of 0.1. For each SNR level, increments were counted for 30
random sine wave patterns for each count between five and 30. Algorithmic estimates
were deemed to be robust for each count until the standard deviation for the 30
counted sine wave patterns became erroneous by >2.

Finally, this algorithm was used to generate estimates of increment counts for 30
random straightened and filtered SR CT slices oriented transversely through the tooth
roots of each of the 10 M. mulatta individuals following two methods. The first
method used solely computer vision, generating counts for 1000 10-pixel-thick radial
transects through the cementum and saved. The count for each slice was then
determined as the mean count for each of its 1000 transects. The second method
employed human vision to identify slices displaying the highest increment contrast for
each specimen (following Chapter 3). Increment counts were generated for 30 radial
transects through the cementum for these slices. Counts generated by both methods
were then compared statistically using correlation coefficients (Spearman’s » and
Kendall’s 1) with expected counts based on the known chronological age for each

individual.
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4.2.9. Image analysis: cementum texture

The 16-bit greyscale nature of SR CT volumes offers a rich source of comparative data
in terms of grey-scale ‘texture’. Texture is here defined as the spatial organisation of
greyscale distribution within cementum SR CT data. By studying greyscale as a ‘third
dimension’, several metrics commonly used in surface profiling studies can be applied
to SR CT cementum data (Fig. 4.3.d.). 3D surface profiling is now a commonly used
technique in both tribology and biology, with metrics and parameters established for
tribology being increasingly applied to studies of dental micro-wear (Dong et al., 1993;
Stout and Blunt, 2000; Purnell et al., 2012, 2013). These comprise height parameters
(the distribution of greyscale values above and below the mean), spatial parameters (the
direction and spatial periodicity of greyscale values across the x- and y-axis), hybrid
parameters (combining information present in both the x- and y-axis with the ‘z-axis’
provided by greyscale values) and functional parameters that characterise volumetric
information based on the material ratio of the surface in question. 21 metrics were used
here and are described in Table 4.6. Metrics were applied in an automated fashion using
a custom function in Matlab (E-Appendix 4.2.).

The applicability of automated texture characterization metrics designed here
and their discriminatory power for measuring greyscale distributions were tested by
performing them for a sample of model images of controlled greyscale distributions. A
series of images were created that comprised of incremental greyscale surfaces designed
with differing degrees of increment contrast and a range of increment counts (Fig. 4.8)
(based on uni-directional Gaussian distributions — see below for script). Metrics were
then performed on each image, and their results were compared using both ANOVA
comparisons and Principal Component Analyses (PCAs). Results were also compared to
the results of metrics performed for five images composed of randomly generated
greyscale values between 0 and 255, in order to provide a more robust context for
comparisons between surface model images.

The performance of each metric was assessed through comparison between
actual results and the results predicted for each surface model based on their contrast
and increment count. It was predicted that, (a) models of increasing increment contrast
will provide larger values for relative height parameters (e.g. maximum peak height,
maximum valley depth), as there will be increasing differences between the average

greyscale values of light (high grey value) versus dark (low grey value) increments. (b)
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Models of increasing increment count will also provide larger values for relative height
parameters as there will be a higher proportion of pixels occupying the highest/lowest
greyscale values. (¢) Increment count will have a more pronounced effect on functional
parameters relative to increment contrast, as higher counts within the same pixel area
will create thinner increments and so more fundamentally change the material ratio of
the respective surface. (d) Increment count will also have the greatest control on hybrid
and spatial values, as higher increment counts will have a greater effect on the
directionality of a surface. Finally, (e) increment models will all produce substantially
different values for all parameters compared to random greyscale models.

Both PCA and ANOVA comparisons between measured and predicted values
for each parameter suggest that the metrics designed here faithfully interpret discrete
aspects of surface texture. All ANOVA comparisons between incremental models
produced significant results (Table 4.7). Results of metrics are also broadly comparable
with those predicted for each model. Values of all height parameters apart from surface
skew and kurtosis are considerably higher in both high-contrast and high-increment
count models, and high-contrast models have significantly higher values than low-
contrast models of equal increment count. Although ANOV A comparisons suggest
significant differences between values of skew and kurtosis for each increment model,
there is no clear correlation between either parameter and increment count and/or
contrast. Increment count has the most pronounced effect on the majority of functional
parameters, and only core depth and mean valley depth are less affected by increment
count than by increment contrast. Core depth has no clear relationship with either
increment contrast or count, and while mean valley depth is significantly correlated with
increment count, high-contrast models have significantly higher values than low-
contrast models of equal increment count. Increment contrast has the most pronounced
effect on hybrid parameters. Values of all hybrid parameters increase with increased
increment count. Although contrast does significantly affect the values of hybrid
parameters, its effects are considerably smaller than that of increment count. Finally, the
most significant differences in all comparisons are between increment models and
random greyscale models.

PCA of greyscale models reflect the results of ANOVA comparisons. Figure 4.9.
highlights significant separation along principal component 1 (84.8% of total variance)

between all increment models and random greyscale models. Models of varying
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increment contrast and count are significantly separated along principal component 2
(9% of all variance) in a predictable manner, with a negative, linear correlation between
component 2 value and increment count and contrast. These results suggest that the
majority of metrics designed here produce meaningful values that discern ‘real’ patterns
in greyscale, and can thus be applied to cementum data.

After validation, a total of 21 metrics were applied to 30 randomly selected
slices for each Macaca mulatta dataset. These slices were straightened, but not filtered
in order to conserve original 16-bit patterns in greyscale. Following straightening and
isolation of cementum, slices were saved in RGB format and the central third of the
cementum region was isolated (in order to minimise bias produced by phase artifacts at
the cemento-dentine junction and outer cementum edge). The algorithm then applied
texture metrics to this region sequentially and saved the results in a new dataset. Once
each slice had been analysed, their results were compared using ANOVA to reveal
which metrics produced the most informative description of cementum texture and
differences between teeth. Finally, the results for metrics with significant differences
between datasets were investigated using principal components analysis in order to

define the principal variation exhibited in cementum texture between datasets.

4.2.10. Image analysis: increment isolation and tortuosity
A principal record of cementum growth is the structure and shape of its constituent
increments (Medill et al., 2009, 2010). Several discrete life history variables have
previously been traced in the relative shape and thickness of cementum increments in
mammal taxa (Klevezal, 1995). We here use computer vision to isolate individual
cementum increments in straightened, filtered data, and analyse their geometric 2D
tortuosity. 2D tortuosity can be defined by the ratio between the actual length followed
by a path, versus the geometric distance between its endpoints (Fig. 4.3.f). Within these
straightened datasets, the cemento-dentine boundary provides a straight line upon which
transects of increments vary, effectively normalizing their trajectories to this boundary.
As the boundary will be the site of initial radiation of cementum, this is believed to
provide an accurate means of estimating the true tortuosity of increments relative to
each other.

The straightened and filtered cementum slices used for increment counting were

subjected to a novel algorithm designed in Matlab, where increments were individually
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isolated in a step-wise fashion from the outer-most increment (Appendix 4.4.). Isolation
of increments was attempted along radial transects across the x-axis of each slice (Fig.
4.4). For every pixel along the x-axis, y-axis vectors were produced. In filtered data,
only ‘light’ increments will produce grey values above the local standard deviation.
Hence, the first and last pixel of each increment should be able to be easily identified
using double differentiation along each y-axis vector (Fig. 4.4). These values were
recorded for each vector, along with their distance in pixels, in a new dataset providing
information on the location, shape and thickness of each individual increment in the
slice.

Once increments had been isolated, their path-lengths were measured using the
‘Arclength’ tool in Matlab (d’Errico, 2012; E-Appendix 4.2). This function computes
the arc length of a function or 2D curve using linear chordal approximation. Shortest
possible path-lengths were calculated between the two end-points of the increments as
the hypotenuse between their x-axis and y-axis coordinates (Fig. 4.3.f.). Finally,
tortuosity was calculated as the ratio between these two values.

Before ‘real’ cementum data was analysed using this algorithm, its accuracy for
isolating increments, and precision with human vision were validated. First, a series of
10 binary (black and white) digital images were created in ImageJ/Fiji. These consisted
of one-pixel thick white lines, drawn across a black background in increasingly complex
wave patterns using the “Freehand” tool (Appendix 4.3). The lengths of these lines was
calculated using the “Measure” tool and the minimum length between their end points
were measured using the “Analyze skeleton” tool to calculate their Euclidian distance.
Tortuosity calculated for each image as the ratio between these values. These images
were then subjected to our tortuosity calculation algorithm. The accuracy of our
algorithm could thus be measured as the difference between the two calculated
tortuosity values for each phantom. Finally, as a test for precision with human vision, 10
increments previously isolated and analysed using the tortuosity algorithm were isolated
by-hand using a Wacom mobileStudio Pro 16 interactive computer, in the Avizo 3D
analysis software (version 9.3.). The tortuosity of these isolated increments were then
compared to those generated solely by the tortuosity algorithm.

Following validation, the tortuosity algorithm was applied to the outer-most
five increments in the same 30 straightened and filtered SR CT slices previously

analysed for cementum increment count and texture for each scan. Tortuosity results
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were saved for each scan in a separate dataset and statistically compared using

ANOVA.

4.2.11. Final methodological validation

As a final test for the robustness of the above methodologies, the effects of the only
element based on subjective human vision, increment straightening, were assessed.
Increment straightening is dependent on human vision as it is required for the user to
independently denote the midline for cubic spline interpolation. As a result,
repeatability may be compromised due to differences in the co-ordinates of the midline.
The effects of these differences were assessed here by independently straightening
cementum three times in five different SR CT slices. The resultant straightened images
were then processed using the above methodology and their results compared using

ANCOVA.

4.3. Results
4.3.1. SR CT imaging of cementum

Cementum is clearly visible in each SR CT dataset as an incremental tissue wrapping
around the dentine of tooth roots (Fig. 4.2; Fig. 4.10). The cementum is distinguished
from the dentine due to its significantly lower mean grey-values, and the cemento-
dentine boundary is marked by the characteristic tissues of the granular layer of tomes
and the high-density hyaline layer of Hopewell smith (Fig. 4.10). Individual increments
are clearly visible within the cementum and can be followed through the entirety of
each dataset both transversely and longitudinally (Fig. 4.11). Increments become more
complex through portions of cellular cementum, identified by cellular voids.
Comparison between SR CT slices and histological thin-sections of the same
regions of cementum suggests that both modalities represent the same cementum
increments, and so that optical differences between increments in histological data are
reflected as density differences in SR CT data. Thick light increments in histological
data correspond to thick light increments in SR CT data, and so are comparatively dense
relative to thin dark increments. The same count of increments can be seen following

the same patterns in both imaging modalities (Fig. 4.10). SR CT data can further be

114



Chapter 4: Optimizing synchrotron radiation-based micro-computed tomographic
imaging and computer vision approaches for studying cementum

used to help elucidate primary increments from accessory increments in several
specimens. This is illustrated in Figure 4.10.(g-h), where the blur created by phase
contrast reconstruction serves to minimize the lensing of several increments observed in
the corresponding thin-section of the same region.

Quantitative study of signal-to-noise ratios (SNRs) and contrast-to-noise ratios
(CNR) of SR CT data acquired using different experimental settings revealed several
distinct patterns. When X-ray energy was changed in isolation, SNR became
consistently lower with increasing X-ray energy, whereas CNR peaked at 20 keV,
before steadily falling with increasing X-ray energy beyond this point (Fig. 4.5.a-b).
SNR and CNR steadily improved with increasing exposure time (Fig. 4.5.c-d). SNR and
CNR also improved with increased number of projections, although the relative increase
in CNR was insignificant between 3001 and 4501 projections (Fig. 4.5.e-f). SNR
steadily increases with increased sample-to-detector distance until 60mm distance (Fig.
4.5.g). Whereas CNR steadily rises from 14mm distance to a peak at 28mm distance,
before steadily falling between 28mm and 100mm propagation distance (Fig. 4.5.h).

The positive relationship seen here between both SNR and CNR with increasing
exposure time and number of projections has been expected. The opposite relationship
seen between SNR and X-ray energy can be explained by a diminished X-ray
absorption with increased X-ray energy due to an exponentially decreased probability of
photoelectric interactions between X-rays and the tissue. CNR has a more complex
relationship with each experimental setting, with an optimum setting at a different level
compared to SNR for each setting. For instance, we identified the optimal energy at
TOMCAT for cementum increments in terms of CNR at around 20-21 keV, while SNR
has been generally improved for lower X-ray energies.

The steady increase in SNR with increasing propagation distance between
sample and detector is in agreement with the results of Kitchen et al. (2017), but in
contrast to the results of Plumhoff et al. (2017). Instead, Plumhoff et al. (2017) found
that SNR of single distance propagation-based phase contrast reconstructions of muscle
tissue steadily decreased when propagation distance increased between 30mm and
60mm at the same TOMCAT beamline of the Swiss Light Source synchrotron. The
main factors producing the increase in SNR with propagation distance in our study are
the contrasting patterns between the change in standard deviation (o) of the image

background (air) and the mean greyscale value of the cementum (S) with increasing
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propagation distance (Fig. 4.12). g steadily decreases with increasing propagation
distance, whereas S peaks at 28mm propagation distance, before falling until 100mm
distance. The Paganin phase retrieval algorithm acts as a low pass filter, reducing the
image noise in resultant reconstructions (Plumhoff et al., 2017). This filtering has been
enhanced here with increased propagation distance, as shown by Kitchen et al. (2017).
The reason for the different patterns encountered in SNR between the results of Kitchen
et al. (2017), and those of Plumhoff et al. (2017) were attributed by Plumhoff et al.
(2017) to be due to different objectives when considering the optimal ratio of &/p values
for the phase retrieval algorithm. The objective of Kitchen et al. (2017), and of this
study, was primarily to enhance contrast within SR CT data, whereas Plumhoff et al.
(2017) also considered the sharpness of boundaries between materials when optimising
this ratio. Also, the material properties of our mineralised tissue of study, cementum, are
considerably different to the soft tissues studied by both Kitchen et al. (2017)(lung
tissue) and Plumhoff et al. (2017)(muscle tissue). The resultant difference in the chosen
ratios has in-turn resulted in a different balance between contrast and spatial resolution
in the phase-retrieved reconstructions in each study. In order to maximise image
sharpness, the ratio used by Plumhoff et al. for reconstructing their SR CT data is
significantly larger than either our study or that of Kitchen et al. (2017), and so resultant
reconstructions retain a higher proportion of attenuation data and background noise. Our
data is more strongly filtered by the paganin phase retrieval algorithm (that acts as a low
pass filter), which increases with decreasing Fresnel number and so increasing
propagation distance.

The opposing pattern of falling CNR with increasing propagation distance, from
a peak at 28mm to a minimum value at 100mm, is principally driven by a fall in mean
greyscale values of the cementum ROIs sampled with increasing propagation distance
(Fig. 4.12). This pattern conforms to that of Plumhoff et al. (2017), who also found a
steady fall in CNR for increasing propagation distances between 30mm and 60mm.
Visual inspection of the datasets acquired at different propagation distances suggests
that the steady fall in mean greyscale value with increasing distance is due to a decrease
in the greyscale contrast between cementum increments due to image blur. The image
quality of the dataset imaged at 28mm propagation distance represents an optimum in
the trade-off between spatial resolution and contrast, where the blurring inherent in the

paganin phase retrieval algorithm smooths increment boundaries and reduces greyscale
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noise, while greyscale differences are sufficiently retained between light and dark
increments to provide high contrast (Fig. 4.2.c.). For distances below this dataset
(14mm-20mm), high greyscale contrast is provided between increments, but their
boundaries are noisy and less well defined (Fig. 4.2.b.). For distances above this, the
increasing amounts of blur reduce differences in greyscale between light and dark
increments such that by 100mm propagation distance they are difficult to distinguish by
eye (Fig. 4.2.d.). This can also be shown quantitatively by plotting greyscale values
along transects through the same region of cementum in each dataset acquired at
different propagation distances. Examining these plots, it is evident that the highest
contrasts in greyscale values are provided by the 16mm and 20mm datasets, while the
highest overall greyscale values are provided by the 28mm dataset. The lowest contrast
and mean greyscale values are provided by the 100mm dataset (Fig. 4.2.¢.).

Following these optimisation studies, an X-ray energy of 20 keV and a sample-to-
detector distance of 14 mm have been chosen for imaging cementum increments using
propagation-based phase contrast SR CT, at a sub-optimal exposure time of 150 ms and
1501 number of projections due to limited SR time available. These settings provided
sufficient image quality required to identify cementum increments and allowed for

accurate algorithmic increment counts.

4.3.2. Automated increment counting
Robustness tests for our automated increment counting algorithm suggest that it is
theoretically resistant to signal-to-noise ratios (SNRs) of up to 0.2 (Fig. 4.13). Average
automated counts of increments in sine-wave patterns of known increment count are
identical to all known increment counts for SNRs between 0.5-0.9, and standard
deviations of automated counts do not exceed beyond these values (Fig. 4.13). Between
SNR values of 0.2-0.5, average automated counts occasionally differ from actual counts
by a value of one, but actual counts are consistently within the standard deviation of
automated counts (Fig. 4.13). SNRs 0f 0.1 produce more consistent errors of between
one and two values, but actual increment counts are consistently within the standard
deviation of automated counts (Fig. 4.13).

Fully automated increment counts generated using the first method using solely

computer vision were compared to counts expected for each Macaca mulatta individual
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based on the average age of replacement of lower m1 teeth for captive populations of
M. mulatta (approx. 12-18 months; Bowen and Koch, 1970). A potential variation of six
months for m1 replacement necessitated the use of a minimum expected increment
count, and a maximum expected increment count for each individual (one increment
higher than the minimum expected count).

A spearman’s 7 of 0.80 and Kendall’s t of 0.76 suggest significant correlation
between automated counts and expected counts of cementum increments. Each mean
automated count also met either the minimum expected count or maximum expected
count for each individual. Both minimum and maximum expected counts were also
within the standard deviation of automated counts for each specimen (Table 4.1)(Fig.
4.14.a).

When employing the alternative method of selecting by-eye regions of highest
increment contrast, a series of advantages of SR CT imaging became apparent over
thin-sections. Complexities in increment patterns were witnessed intermittently in every
specimen (Figs. 4.10-11), with individual increments lensing and coalescing creating
apparent accessory increments (Fig. 4.11.a.). However, these complexities can be traced
through their entire transverse and longitudinal extent (Fig. 4.11.b), and primary
increments distinguished from transitory accessory increments. Cellular cementum
could also be distinguished from acellular cementum by the presence of cellular voids,
and so could be avoided when identifying high contrast regions. These two factors,
along with the entire coronal third of the cementum tissue being imaged, let to the
confident interpretation of the most highly contrasting region of only principal
cementum increments for each specimen (Fig. 4.11).

Alternate counts provide higher correlations with expected counts than using
computer vision alone, with a Spearman’s » of 0.97 and a Kendall’s t of 0.82. Mean
alternate counts either meet the minimum or maximum expected count for each
specimen, or fall between the two (Fig. 4.15.b). As for the completely automated
counts, both minimum and maximum expected counts are within the standard deviation
of alternate counts for each specimen. However, ANOVA analysis suggests that
standard deviations are significantly smaller in alternative counts than fully automated
counts (Table 4.1)(Fig. 4.14)(P<0.001).

In summary, although using a more traditional methodology of pinpointing

regions of highest increment contrast offers a higher degree of precision when using our
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automated increment counting algorithm, a completely automated approach offers
comparable accuracy for estimating increment counts. Both techniques offer estimates
of counts that either match the minimum or maximum expected count for each

specimen, or fall in between the two.

4.3.3. Image analysis: cementum texture

Validation studies of digital phantoms suggest that all 21 texture metrics have the ability
to reflect significant differences in cementum texture using ANOVA comparisons
(»<0.001) (Table 4.2). Results of metrics are also broadly comparable with those
predicted for each digital phantom (Table 4.7.).

Application of texture metrics to cementum data suggests that each metric
identifies significant differences in greyscale distribution between cementum datasets
using ANOVA (p<0.01)(Table 4.6). Principal components analysis (PCA) separates
individual datasets along both the first principal component (33% of variation), and the
second principal component (22% of variation). The first principal component reflects
differences in the organization of increments, with negative values suggesting poor
organization and poor increment structure. The second principal component reflects
differences in increment contrast (Fig. 4.15). Positive values suggest low contrast, and
negative values suggest high contrast between light and dark increments. Although most
datasets occupy their own portion of ‘texture space’, several overlap substantially (e.g.
k16 and k23; Fig. 4.15), indicating fundamental similarities in cementum structure. In
summary, validation and application to real SR CT cementum data suggests that the
automated application of surface profiling metrics can be used to objectively study

differences in cementum structure.

4.3.4. Increment filtering, isolation and tortuosity

Comparison between three algorithmically isolated increments and manually isolated
increments suggests that computer vision offers an accurate and precise method for
isolating cementum increments in SR CT data. For each dataset, apart from the third
increment of slice three, mean distances between algorithmically and manually isolated
increments are less than four pixels (~2.65um), with a maximum difference of 12 pixels
(~7.92 um) (Fig. 4.16). This is well below the 20-pixel threshold assigned for these

comparisons, and provides sufficient evidence for confidence in automated, computer-
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vision based increment isolation.

Calculations for digital phantoms of known properties also suggest that
tortuosity calculations are accurate, as tortuosity estimates are within 0.05 of known
values for each phantom (Table 4.8). Finally, tortuosity results reflect real differences in
increment shape and structure between scanned cementum tissues. The majority of
datasets show regular tortuosity values between individual increments and slices, with
low standard deviation (Fig. 4.15.b.). However, others show a significant range in
values (examples). These are the same datasets that show the highest variation within
‘texture space’, and further inspection highlights a proliferation of globular, cellular

cementum in these datasets.

4.3.5. Final methodological validation

The final methodological validation performed here was based on comparison between
three datasets created from independent straightening of the same series of tomographic
slices of the specimen k49. ANOVA comparison of tortuosity values of each dataset
produced no significant differences (P>0.05) (Table 4.10). This suggests that the impact
of human variation in cementum straightening has no significant impact on eventual
calculations of increment tortuosity. PCA also suggests that texture metrics are not
significantly affected by this variation. Texture metrics for all three datasets cluster
together within the texture space occupied by the original k49 dataset (Fig. 4.15.a.),
with no significant outliers. Finally, each dataset produces identical automated
increment counts, and are also identical to the original k49 dataset. These results allow
confidence that the only subjective portion of this methodology is robust to variation
that may otherwise bias analyses of cementum texture, increment shape and increment

count.

4.4. Discussion

It is evident from this study that SR CT provides a novel imaging modality for
cementum study with several advantages over traditional histological methods. The sub-
micron resolution and phase contrast reconstruction offered by SR CT imaging

performed here provides comparable increment resolution and higher contrast between
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increments compared to traditional thin-section histological methods. The volumetric
nature of SR CT imaging has further allowed the cementum tissue to be navigated in a
way not possible using thin-sections. Cellular cementum can also be easily
distinguished from acellular cementum. This is of particular importance for counting
cementum increments, as cellular cementum is known to provide less accurate
increment counts than acellular cementum (Naji et al., 2016). However, as cellular
cementum is an important reactive tissue, deposited during periods of increased occlusal
stress (Geppert and Muller, 1951; Bosshardt and Schroeder, 1990, 1992; d’Incau, 2012),
the accurate mapping of cellular cementum throughout an entire tooth root may provide
evidence for temporal and spatial patterns of occlusal stress during life history. This
may in-turn provide a new line of enquiry for assessing dietary trends over macro-
evolutionary scales, by comparing the proportion and location of cellular versus
acellular cementum between individuals along important evolutionary trajectories
(Kaifu et al., 2003; Lozano et al., 2008; von Cramon-Taubadel, 2011).

Although SR CT is generally classed as non-physically destructive, it became
apparent during scanning that cellular voids were damaged at the microscopic level.
Multiple voids were shown in reconstructions to have burst, creating movement artifacts
and eventually micrometer-scale cracks within the cementum tissue. Although this
damage could not be seen by eye, it may indicate that further preparation of teeth
including dehydration may be necessary before SR CT scanning of cementum (Morse,
1945). Sub-micron imaging resolutions have also been recently shown to damage DNA
in cementum during SR CT scanning, although only within the field of view of the scan
itself (Immel et al., 2016).

A further advantage of SR CT data is its information-rich, 16-bit greyscale
format. Using optimal imaging settings, greyscale values can be expected to directly
correspond to physical properties that determine the interaction between cementum
increments and X-rays and, as no physical preparation of the tissue is involved, images
are not effected by preparation artifacts such as surface scratches and topography
(Czermak et al. (2006); Naji et al., 2016). Finally, SR CT data overcomes the common
predicament of thin-section thickness. Variability in thickness has been repeatedly
shown to effect precision in counts between thin sections of differing thickness, as this
property both controls the amount of light that passes through the section and the

amount of blur within and between cementum increments (Naji et al., 2016). This
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property makes SR CT cementum data ideal for study using computer vision. A
minimum slice thickness of 0.65 pm, along with the ability to create ‘virtual thin-
sections’ of any thickness divisible by 0.65 um allows investigation of the effects of
section thickness to be investigated, and overcomes the effect of thin-section thickness
on interpretation of cementum increments. Computer vision has thus been here shown
to be an effective tool for minimizing the subjectivity of cementum study, and
maximizing the information available of cementum growth and structure.

Computer vision may offer a new approach for developing a truly global
standard of cementum study. The algorithms introduced here have the potential to
minimize the effects of two key factors undermining current analyses: the potential
subjectivity of human vision, and reliance of user experience (Naji et al., 2016). These
issues have been widely discussed within modern cementum literature in terms of
increment counting (Kasetty et al., 2010; Frie et al., 2011, 2012; Rolandsen et al., 2008).
Several studies have found significant inconsistencies in increment counts both between
individual researchers, and between calculated counts and expected counts for known
age individuals (Renz and Radlanski, 2006). Further, the proportion of these errors often
correlates with the experience of the observer, with more experienced observers
producing significantly more accurate results than inexperienced observers (Rolandsen,
2008; Frie et al., 2011, 2012). The increment counting algorithm developed here offers
the potential of avoiding this issue completely, as samples of randomly drawn
transverse slices have been shown to produce average counts that accurately reflect
those expected for each individual in our sample, with no human vision required.
Increment counts for these samples will be identical, no matter how many times they are
repeated, and no matter who is using the algorithm. An automated approach means that
any observer can confidently generate increment counts with no dependency on
experience. This effectively levels the playing field for cementochronology, ensuring
that any study following this procedure can operate at the same standard of accuracy
and precision.

Information of increment shape and structure and cementum texture in
tomographic data may also provide a new quantitative window onto cementum growth
and its relationship with life history. The ability to non-invasively study these variables
may allow for analysis of the effects of life history on the cementum of individuals

previously unavailable for thin-section study, including fossil taxa. Of the various life
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history variables previously suggested to have a traceable effect on cementum growth,
pregnancy has received the most attention. Several studies have identified increments
deposited during pregnancy as relatively thin and ultra-mineralized compared to
surrounding increments (Coy and Garshelis, 1992; Kagerer and Grupe 2001; Medill et
al., 2010). The imaging methodology and algorithms developed here have both the
potential to explore patterns previously interpreted as indicative of pregnancy, and to
potentially isolate new tomographic patterns in cementum structure and texture
previously unrecognized in histological thin-sections.

Finally, the suite of algorithms developed here are intended to be made freely
available online and it is encouraged that interested workers investigate them in order to
further develop them and introduce new analyses to the package. This is intended to
foster an international effort to develop robust computer vision-based protocols for
cementum study that can be applied to a wide range of taxa and data types. In a recent
literature review, Naji et al. (2016) identify a lack of a universally subscribed protocol
as a major factor undermining current cementum research. Additional to their suggested
protocol for thin-section preparation and study, our suite of analyses may form the basis

of a new global standard for cementum study.

4.5. Conclusions

We have here provided the first experimental study of non-fossilised incremental
dental cementum using synchrotron radiation microcomputed tomography (SR CT).
SR CT data provides comparable resolution and contrast of cementum increments to
traditional histological thin-sections, and the volumetric nature of SR CT datasets
offers several benefits to study over traditional histological methods. These are chiefly
the non-invasive imaging of internal tissue, a volumetric perspective over the entire
cementum tissue, and the lack of topographic artifacts that can obscure thin-section
images. Finally, a suite of algorithmic analyses has been developed to study SR CT
cementum data in a novel, automated manner. These have the potential to both
remove subjectivity and reliance on user experience when counting cementum
increments, and provide a new model for studying increment growth and its

relationship with life history.
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Figure 4.1. Example of Digital cementum luminance analysis for counting cementum increments.
(@) One straightened, filtered tomographic slice of Macaca mulatta specimen 159. (b) Plot of
greyscale values along transect highlighted by the yellow line in (a). Light increments are
represented as significant peaks in greyscale values. Dark increments are represented as significant
troughs in greyscale values. Additional ‘piggy-back’ peaks occur on the ascending and descending
limbs of several peaks (i - iii) caused by imaging noise. (c) Detail of plot in (b) marked by dashed
red box. The DCLA methodology for distinguishing between increments and noise is displayed here.
The method uses a threshold value of 2 greyscale values that a peak must differ from the preceding
peak to be counted. The peaks counted as light increments are thus labeled 1-3 in red, while those
that are not counted are labeled i-ii in blue. It is shown here that this arbitrary absolute threshold
value has little relation to the observed pattern of incrementation, as a significant peak representing
a light increment (peak i) has not been included in counts, whereas a piggy-back peak along its
descending limb is counted instead.
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Figure 4.2. SR CT scan of a tooth root and regions for signal-to-noise ratio (SNR)
and contrast-to-noise ratio (CNR) calculations. (a) One SR CT slice of the tooth root
of Macaca mulatta individual t56. Blue box highlights region of interest for evaluation
of background signal from which the standard deviation of greyscale values (o) is
generated for SNR calculations. Green box highlights sampling area for cementum
signal from which the mean greyscale value (S) is generated for SNR and CNR
calculations. Dashed red boxes indicate regions highlighted for increasing detail. (b)
Detail from region indicated by dashed red boxes in (a) from the dataset acquired at
16mm propagation distance. (¢) Detail from the same region from the dataset acquired at
28mm propagation distance. (d) Detail from the same region from the dataset acquired at
100mm propagation distance. (e) Plots of greyscale values along transect indicated by
dashed red lines in (b-d) in each dataset acquired at differing propagation distances.
White scale bars in (a) represent 100um in full slice image, and 30pm in detail

highlighted by red dashed box.
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Figure 4.3. Tomographic imaging and analysis of rhesus macaque (Macaca mulatta)
cementum. (a) Single tomographic slice of the specimen 159. (b) Detail of tomographic
slice highlighting circumferencial cementum increments. (c) Striaghtened cementum section
following midline highlighted by yellow dashed line in (b). (d) Three dimensional surface
plot of (c), heat map indicates greyscale value; red is the highest value (255), blue is the
lowest value (0). (e) Filtered image of (d) using steerable gaussian filter. Red line indicates
increment displayed in (f). (f) Algorithmically isolated increment, red dashed line represents
shortest possible path between two end-points, used in tortuosity calculations.
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Figure 4.4. Tomographic cementum increment counting.

(a) Straightened, filtered cementum image. (b) Plot of greyscale values along transect
highlighted by the yellow line in (a). Transects are split into five sections or “cut-offs”.
Light/dark increment pairs are distinguished as peak/trough systems in greyscale values
where both the peak and trough depart from the mean greyscale value of that cut-off (red
line), beyond the upper (green line) and lower (blue line) standard deviation,
respectively. (¢) Detail of the second and third cut-off denoted by red box in (b). (d)
Cutoffs split into their upper and lower datasets comprising of peaks and troughs in
greyscale that exceed beyond the upper and lower standard deviation (respectively). Here,
trough-peak pairs are counted, denoted with red numbers. Troughs and peaks that are not
counted are denoted in blue numerals, as they either do not exceed the relevant standard
deviation, or are less than three pixels in distance from the last respective peak/trough. (e)

Subsequent counts for each cut-off in (b).
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Figure 4.5. Results of parameter sweep for signal-to-noise ratio (SNR) and
contrast-to-noise ratio (CNR) of phase contrast SR CT data of the same region
within specimen 156. (a) SNR values for different X-ray energies. (b) CNR values for
different X-ray energies. (¢) SNR values for different exposure times. (d) CNR values
for different exposure times. (e¢) SNR values for different numbers of projections. (f)
CNR values for different numbers of projections. (g) SNR values for different sample-

to-detector distances. (h) CNR values for different sample-to-detector distances.
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Figure 4.6. Assessment of the effects of steerable filtering on cementum images. (a)
Original straightened 8-bit image of the cementum of the Macaca mulatta individual 114.
(b) 8-bit Image in (a) after Gaussian filtration with a 90° orientation and a directional
derivative of 1, consisting of only greyscale values of 255 (light increments) and zero
(dark increments). (¢) Filtered image produced by addition of (b) to the original image,
after division of greyscale values in (b) by two (“Filter 2”). (d) Filtered image produced
by addition of (b) to the original image, after division of greyscale values in (b) by eight
(“Filter 8”). (e) Greyscale values along transect marked with dashed red line in (b).
Coloured lines indicate the greyscale values that those of the original mask are reduced to by
dividing them by integers between two and 10. (f) Comparison between greyscale
distributions of Filter 2 (black), Filter 8 (blue) and the original image (red). Red box
highlights the distinction between primary peaks and secondary peaks in greyscale used
when assessing the potential loss of information due to filtering. (g) Comparison of
modulation transfer functions of cementum increments between filters. Red boxes
indicate filters with significant differences in modulation compared to the original image
(green box), whereas blue boxes indicate filters without significant differences to the

original (following ANOVA). All scale bars are 75 um.
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Figure 4.7. Comparison between expected increment counts and those estimated
using digital cementum luminance analysis for each Macaca mulatta individual. Blue
boxes indicate the interquartile range around the mean estimated increment count,
indicated by the thick black line. Whiskers represent the extreme lower and upper
estimated counts. Red circles indicate the maximum expected increment count. Green
circles represent the minimum expected increment count.
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Figure 4.8. Incremental models used to test the sensitivity of automated texture metrics.
(a-c) High contrast models of increasing increment count. (d-f) low contrast models of
increasing increment count. (g) Random model of greyscale noise.
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Figure 4.10 (last page overleaf). Comparison between histological and tomographic
data. (a) Detail of histological thin-section of the k49 specimen displaying 11 light
increments indicated by red arrows. (b) Detail of phase-contrast reconstruction of the
same region as (a) displaying 10 increments. (¢) Detail of histological thin-section of
the t46 specimen displaying eight light increments. (d) Detail of phase-contrast
reconstruction of the same region as (¢) displaying eight increments. (e) Detail of
histological thin-section of the 159 specimen displaying 11 light increments. (f) Detail of
phase-contrast reconstruction of the same region as (e) displaying 11 increments. (g)
Detail of histological thin-section of the t56 specimen displaying 10 light increments.
(h) Detail of phase-contrast reconstruction of the same region as (g) displaying 10
increments. Black scale bars represent 30 um. Green whiskers highlight the granular

layer of Tomes. Blue whiskers highlight the hyaline layer of Hopewell Smith.
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Figure 4.11. Example of 3D tomographic modelling of cementum increments in
the male specimen k49. (a) Single tomographic slice displaying 10 increment pairs,
highlighted with coloured arrows. (b) 3D model of increment patterns plotted through
the majority of the scanned root. White scale bar in (a) and black scale bar in (b)
equal 100pm.
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Figure 4.12. The relationship between the standard deviation of 16-bit greyscale
values of background signal (c1), and mean cementum 16 bit greyscale values
(S) with increasing sample-to-detector propagation distance.
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Figure 4.13 (last page overleaf). Results of robusticity tests for algorithmic
increment counts. (a) Counts (black circles) and their standard deviations (green
boxes) for incremental sine wave patterns of between 5 and 30 increments with
signal-to-noise ratios (SNRs) of 0.1-0.5. Inset; box displaying an example of a 10-
increment pattern with an SNR of 0.5. (b) Counts and their standard deviations for
incremental sine wave patterns of between 5 and 30 with SNRs of 0.6-0.8. Inset; box
displaying an example of a 10-increment pattern with an SNR of 0.8. (¢) Counts and
their standard deviations for incremental sine wave patterns of between 5 and 30 with

an SNR of 0.9. Inset: box displaying an example of a 10-increment pattern with an

SNR of 0.9.
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Figure 4.14. Results of two methods of increment counting. (a) Results of fully
automated increment counts for each specimen. (b) Results of semi-automated
increment counts for each specimen. Blue boxes represent the standard deviations of
counts around the mean count (black line) for each specimen. green circles represent
minimum expected counts. Red circles represent maximum expected counts. Purple
circles represent known age of each specimen.
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Figure 4.15. Application of texture and tortuosity analyses to cementum data. (a)
Results of principal components analysis of 21 texture metrics outlined in Table 2.
Component 1 represents 33% of variation. Component 2 represents 22% of variation.
Three-dimensional surface plots represent endpoints of each component. Inset red box
highlights the position of alternate results for the k49 specimen based on different
straightening attempts of the same region. (b) Results of tortuosity analyses. Coloured
boxes represent standard deviations around the mean tortuosity value (black line
within boxes) for each specimen. Whiskers represent highest/lowest values for each

specimen.
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Figure 4.16. Comparison between manually isolated and algorithmically isolated
cementum increments. Boxes represent the standard deviations around the mean
(black line) difference in pixels between algorithmically isolated and manually isolated
versions of the same increment in two-dimensional space. Whiskers represent the
highest differences for each increment.
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Scan Energy | Exposure Number of | Distance Mean Mean

name (KeV) | time (ms) projections (mm) SNR CNR
SO20 19 150 1501 14 187.9 50.7
SO21 20 150 1501 14 123.8 56.9
S0O22 21 150 1501 14 112.9 60.8
SO23 22 150 1501 14 82.6 35.5
SO24 26 150 1501 14 72 24.5
SO25 20 100 1501 14 118.3 50.7
SO26 20 125 1501 14 124 55.4
SO27 20 300 1501 14 177.8 72.3
S028 20 150 3001 14 > 74.5
SO29 20 150 4501 14 22; 81.5
SO30 20 150 6001 14 300.5 84.9
S031 20 150 1501 16 > 59
SO32 20 150 1501 20 213 68.9
S0O33 20 150 1501 28 512 75.2
SO34 20 150 1501 60 912 77.8
SO35 20 150 1501 0(1) 247.4 54.9

Table 4.2. Image quality assessments of single distance phase-contrast reconstructions
using differing tomographic experimental parameters. SNR; signal-to-noise ratio following
Verdun et al. (2015). CNR’ contrast-to-noise ratios following mohammadi et al. (2014).
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Filter F value p value
Filter 2 167.2 <0.01
Filter 3 81.62 <0.01
Filter 4 59.7 <0.01
Filter 5 31.59 <0.01
Filter 6 15.67 <0.01
Filter 7 5.642 0.2
Filter 8 1.38 0.24
Filter 9 1.05 0.27
Filter 10 0.9 0.36

cementum of male specimen t56.

Table 4.3. Results of ANOV A comparisons of the modulation transfer functions of
steerable Gaussian filters of increasing strength, with those of the original image of the

Increment count
Transect | Filter 2 Filter 3 Filter 4
1 10 12 10
2 10 10 13
3 10 9 9
4 9 9 10
5 10 11 10
6 10 10 9
7 10 9 10
8 10 10 10
9 9 8 9
10 10 11 11

transects in filtered images of individual t56.

Table 4.4. Algorithmically generated counts of cementum increments along 10
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Chapter 4: Optimizing synchrotron radiation-based micro-computed tomographic
imaging and computer vision approaches for studying cementum

p
Parameter Category Description F Value | Value
Absolute
average height hieght average greyscale value
of surface 82 <0.001
relative average difference between greyscale values
average height height above the mean greyscale value and the mean
of surface greyscale value 35 <0.001
root mean
square height height root mean square greyscale value
of surface 40 <0.001
maximum
peak height of height value of maximum greyscale peak above average
surface 45 <0.001
n?;/;irg%sn height average value of 10 highest greyscale peaks
peak height above average 50 <0.001
ten point
average . 10 point moving average value of 10 highest
. height
maximum greyscale peaks above average
peak height 81 <0.001
v:ﬁl:;ncllggih height value of lowest greyscale trough below average 87 <0.001
n?i\ileiﬁiil height average value of 10 lowest greyscale troughs
valley depth above average 70 <0.001
ten point
average . 10 point moving average value of 10 highest
.. height
mainimum greyscale peaks above average
valley depth 26 <0.001
maximum . The degree of symmetry of the surface heights
skew hybrid about the mean plane
91 <0.001
ZL;]SIE;} hybrid number of greyscale peaks per unit area 9 <0.001
maximum . The prominance of inordinantely high peaks
kurtosis hybrid and/or deep valleys
30 <0.001
root mean
squared . root mean square of greyscale slopes, evaluated
. hybrid Lo
gradient of over all directions
surface 183 <0.001
developed percentage of additional surface area contributed
interficial area hybrid by the texture as compared to an ideal plane the
ratio size of the measurements region 37 <0.001
surface area functional ratio between absolute surface area and pixel
ratio number 83 <0.001
core
roughness functional | proportion of material occupied by the core
depth 79 <0.001
average peak average difference in greyscale between peaks
height above functional | above the maximum core greyscale value, and the
core maximum core greyscale value 16 <0.001
average valley average difference in greyscale between toughs
depth below functional | beolw the minumum core greyscale value, and the
core minimum core greyscale value 41 <0.001
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sqrface . proportion of the surface that consists of peaks
bearing area functional above the core material
ratio 93 <0.001
horizontal distance of the autocorrelation function
. (ACF) which has the fastest decay to the value
Autocorrelatio . .
spatial 0.2. Large value: surface dominated by low
n length > .
frequencies; low value: surface dominated by
high frequencies 108 <0.001
texture a ¢ ratio from the distance with the fastest to the
X uraeﬁospec spatial distance with the slowest decay of the ACF to the
value 0.2-0.3. 17 <0.001

Table 4.6. Texture metrics, their explanation, and results of ANOVA comparisons
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Chapter 4: Optimizing synchrotron radiation-based micro-computed tomographic
imaging and computer vision approaches for studying cementum

Slice F Value p Value
1 0.33 0.72
2 0.83 0.46
3 0.24 0.79
4 0.43 0.66
5 0.84 0.45

Table 4.9. Results of ANOVA comparisons between three different straightened
datasets of five tomographic slices sampled randomly from the k49 dataset.
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Chapter 5: Exploring the relationship between life history and cementum growth

Chapter S.

Exploring the relationship between life
history and cementum growth

This chapter outlines a series of experiments designed to test the hypothesis that
differences in physiology between male and female mammals influence cementum
growth and structure to a significant degree. The biological reasoning for this
hypothesis is discussed, before introducing the experimental samples and design. Here,
the novel methodologies for studying cementum outlined and tested in chapter 4 are
used for the first time to test for sexual dimorphism in cementum structure and
increment shape in both rhesus macaques (Macaca mulatta), and archaeological human
populations from two different time periods. Our results, although preliminary, suggest
that quantitative analysis of cementum structure and texture may be used to identify sex
in primates of unknown life history. Pregnancy events have also been distinguished by a
unique suite of increment morphologies that may also be used in the future to predict
pregnancies in females of unknown life history. We suggest that the refinement of these
techniques and validation using large samples will pave the way for their use in a range
of disciplines from anthropology to forensic criminology. An example of such
application is given through the pilot study of a single Neanderthal lower first molar

(m1) tooth, potentially sexed as a female using our techniques.
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5.1. Introduction

5.1.1. Exploring the relationship between sexual physiology and cementum growth

As the only mineralized dental tissue to continue growth throughout life, cementum
growth is likely to be directly and/or indirectly effected by several aspects of oral
health. Further, as the majority of collagen fibres within cementum originate from the
periodontal ligament (Sharpey’s fibres), its growth is also directly affected by
periodontal health and disease. It is widely accepted in both anthropological and clinical
literature that female humans encounter a higher rate of periodontal and dental disease
than males, and this pattern is ubiquitous both temporally and geographically
(Haugejordan, 1996; Hillson, 2001; Lukacs and Largaespada, 2006). The preferred
explanation of this pattern in the anthropological literature is sexual partitioning of
labour, with females having more access to food supplies and snacking during food
preparation (in traditional societies) (Walker and Hewlett, 1990; Cohen and Bennett,
1993; Larsen, 1995). However, this cannot explain the continued sexual differences in
oral health exhibited in more developed societies and even in sub-adults (Mansbridge,
1959; Lukacs and Largaespada, 2006). A steady stream of clinical research has
highlighted several key physiological differences between female and male oral
environments that may help to explain these differences without the need for invoking
such complex behavioral hypotheses (Muhler and Shafer, 1955; Percival et al., 1994;
Leimola-Vitranen et al., 2000; Friedlander, 2002; Dodds et al., 2005; Russell and
Mayberry, 2008).

A growing body of studies has begun to link fluctuations in certain hormones to
oral health in mammals. Several studies on populations of laboratory animals have
revealed that instances of dental disease increase proportionally with increasing levels
of estrogen and progesterone, the series of gonadal steroid hormones responsible for
promoting secondary female sexual characteristics (Fig. 5.1) (Muhler and Shafer, 1955,
1955; Delman, 1955; Laine et al., 1988; Liu and Lin, 1973; Person et al., 1998).
Conversely, increases in androgen levels, the gonadal hormones responsible for
promoting male secondary sexual characteristics, had no significant effect on oral health
(Shafer, 1954; Delman, 1955; Laine et al., 1988; Liu and Lin, 1973; Legler and
Menaker, 1980).

The root cause of this relationship between estrogen and dental health was

believed to have been identified by Muhler and Shafer (1955), who found that increased
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levels of estrogen led to decreased thyroid activity and a reduction in saliva flow rate.
Saliva plays several important roles in promoting oral health, including physically
protecting tooth crowns, buffering pH levels and so neutralizing bacterial acids
(Lenander-Lumikari and Loimaranta, 2000), and hosting antimicrobial agents that break
down pathogenic organisms (Marsh, 1999). Further, clinical studies on both animals
and humans have revealed sexual differences in the composition and flow rate of saliva
(Percival et al., 1994; Dodds et al., 2005). Females are consistently found to have lower
rates of saliva production than males, and this is resistant to other factors known to
effect saliva production including disease, medical procedures and medications.
Reduction of saliva flow has been shown to have a significant detrimental impact on
oral health, with increased rates of caries (Lukacs, 2011), and gingivitis (Bergdahl,
2000).

The negative impacts of estrogen on oral health have been shown to rapidly
accelerate during puberty and pregnancy, and fluctuate through the menstrual cycle
(Lukacs and Largaespada, 2006). These effects extend to the periodontium as well as
caries in teeth (Gajendra and Kumar, 2004, Silk et al., 2008). The dramatic rise in
production of estrogen and progesterone during puberty is accompanied among females
by a proportional increase in gingival inflammation and bleeding. Several studies have
also shown a concomitant increase in subgingival bacteria during puberty in females (
Hefti et al., 1981; Mombelli et al., 1989; Mealey and Moritz, 2003). Such microbial
changes have been suggested to be due to preferential enhancement of these bacteria by
female sex hormones (Mealey and Moritz, 2003). Further, significant and observable
gingival inflammatory changes have been documented in association with the menstrual
cycle. Bleeding and swollen gingiva, and increased tooth mobility have all been
reported during ovulation. For example, Hugoson (1971) described an increase in
gingival disease of at least 20% during ovulation in more than 75% of a sample of 26
women. The extracellular matrix, gingival vessels and periodontal fibroblasts are all
affected by hormonal change. Interaction with various growth hormones and steroids
causes activation of proteolytic enzymes from fibroblasts and epithelial cells, which
breakdown connective tissue extracellular components of the gingiva including primary
collagen. Increased concentrations of estrogen and progesterone have also been shown
to stimulate several signaling proteins (cytokines) involved in gingival inflammation,
and so may exacerbate symptoms of gingivitis. Finally, the conversion of estrone to

estradiol (two of the primary forms of estrogen) has been shown to increase in inflamed
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gingiva, and estradiol is known to negatively impact collagen metabolism (Silk et al.,
2008).

Fluctuations in female sexual hormone levels are thus expressed directly and
indirectly as damage to the gingiva, periodontium and tooth crowns (Fig. 5.1). As these
effects include the disruption of growth and breakdown of both periodontal and
cementum cells, this damage has the potential to extend to the cementum. As yet there
have been relatively few studies exploring possible sexual dimorphism in cementum
structure. Kolb (1978) identified significant differences in the timing of formation and
proportion of dark ‘slow growth’ bands in the cementum of male and female foxes
(Vulpes vulpes). Males showed a consistently thicker slow growth band that was
initiated earlier in the year than females. This was also shown in the cementum of
European lynxes (Lynx lynx) by Kvam (1984).

The techniques introduced and validated in Chapter 4 have the power to
distinguish a wide range of variation in cementum structure and increment shape
between samples. Their application for comparison between known female and male
individuals may highlight previously unknown sexual dimorphism in dental cementum

in primates created via sexual differences in hormonal regimes.

5.1.2. Effects of pregnancy on oral health and dental cementum

Pregnancy is an intensive life history event, and creates substantial pressure on a
mother’s metabolism. This pressure is known to manifest itself in various hormonal
changes (Boggess, 2008), increased nutritional demand on the mother (Bucher et al.,
1996), and the harvesting of various minerals from calcified hard tissues (Surarit et al.,
2016). These factors have been hypothesised to influence the growth of cementum
through the pregnancy term (Coy and Garshelis, 1992; Medill et al., 2010). The
periodicity of cementum deposition allows for the entire term of pregnancy to be
recorded in most mammals; either during a single increment for animals with gestation
periods of <6 months, or during an incremental pair (one light increment followed by
one dark increment) for animals with 6-12 month gestation periods. Correspondence
between increment width and opacity with pregnancy have been found in the Atlantic
walrus (Odobenus rosmarus rosmarus; Klevezal, 1995), black bears (Ursus americanus;
Coy and Garshelis, 1992), ringed seals (Phoca hispida; Stewart at al., 1996), humans
(Kagerer and Grupe, 2001), northern sea otters (Enhydra lutris; Biela et al., 2008), and
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most recently polar bears (Ursus maritimus; Medill et al., 2010). However, the cause of
this phenomenon during pregnancy is rarely discussed beyond increased metabolic
demand (Medhill, 2010).

Hormonal changes in the blood, and changes to oral bacterial flora in the saliva
are known to cause adverse effects on dental and oral health during pregnancy. Silk et
al. (2008) outline the three most common pathologies that affect the gingiva, teeth and
periodontal tissue in pregnant women. Gingivitis is the most common oral disease in
pregnancy (60-75% prevalence found in Silk et al., [2008]). During pregnancy,
inflammation of the superficial gum tissue is aggravated by fluctuations in estrogen and
progesterone levels (key hormones involved in maintenance of pregnancy), as well as
changes in oral bacterial flora and suppressed immune response. These factors have also
been attributed to increased levels of periodontitis during pregnancy, the destructive
inflammation of the periodontium. This process involves bacterial infiltration of the
periodontium, producing toxins that stimulate a chronic inflammatory response. The
periodontium is eventually broken down and destroyed and teeth loosen. Tooth
loosening is the third common pathology known during pregnancy, and can occur
without prominent levels of gingivitis or periodontitis. This phenomenon has frequently
been attributed to increases in estrogen and progesterone during pregnancy, although
the mechanisms for increased movement in the absence of gum disease is poorly
understood.

The most significant hormonal change during pregnancy is increased production
of the steroid hormones estrogen and progesterone. This is mainly due to the
development of the placenta, which becomes the main source of both hormones from
the second trimester in humans. Estrogen and progesterone serve important roles during
pregnancy; increasing basal metabolic rate, modulating the immune system and
effecting the vascular system. Concurrent damage to the gingiva and oral tissue is
proportional to this significant influx of hormones. Damage and inflammation to
gingival tissue also releases macrophages. These are important immune-cells that play a
significant part in tissue remodeling by inhibiting tissue breakdown through proteolysis.
Pregnant women with clinical gingivitis have been shown to have low concentrations of
plasminogen activator inhibitor type-2 (PAI-2), the proteolysis-inhibitor produced by
macrophages, relative to non-pregnant women. This reduces the protection of
periodontal connective tissue in pregnant women (Kinnby et al., 1996).

In addition to progesterone and estrogen, prolactin is an important hormone

160



Chapter 5: Exploring the relationship between life history and cementum growth

during pregnancy, to ensure adequate calcium supply for fetal development and
production of breast milk. As such, prolactin has been shown to be a prominent
calciotropic hormone, responsible for resorption of bone and donation of calcium to the
fetus. It has been recently shown for the first time that prolactin may have a similar
function in the periodontal ligament (PDL). In an in-vitro study by Surarit et al. (2016),
prolactin receptors were found within the PDL. Further, when the PDL is exposed to
concentrations of prolactin similar to those experienced during pregnancy, the stemness
potential of PDL cells (that can usually proliferate into a wide range of cells including
cementoblasts, osteoblasts and fibroblasts), is heavily reduced and the formation of
osteoblasts heavily selected for, as opposed to other tissues including cementoblasts.

It is clear that the substantial changes to hormone levels during pregnancy
considerably alter a mother’s gingival biology. In particular the destruction, suppression
of growth and resorption of periodontal connective tissue may significantly affect the
cementum. Growth of acellular cementum is triggered and sustained by fibroblasts and
cementoblasts originating in the PDL. So damage to these cells and a reduction of their
proliferation from periodontal stem cells during pregnancy is highly likely to have a
direct impact on the growth of cementum and quality of cementum matrix. Further, a
primary component of the acellular extrinsic fibre cementum is collagenous Sharpey’s
fibres. As these originate from within the PDL, the joint effects of proteolytic enzymes
and estradiol on periodontal collagen formation may add to the negative effects of
pregnancy on cementum growth.

The effects of pregnancy can thus be expected to extend to cementum growth. A
correspondence between pregnancy events and cementum structure and texture has been
inferred several times in previous studies (Kagerer and Grupe, 2001; Medill et al.,
2010), and all previous studies suggest a similar effect of pregnancy on observed
increment structure. However, previous studies on animals have been field-based, and
human studies have relied on long-period data of life histories based on direct
questioning of patients. These techniques lack sufficient control of samples and rely on
anecdotal and indirect evidence of pregnancy events. This is reflected in their limited
power for prediction and estimation of pregnancy events in animals of unknown life
history.

The only study known to use cementum measurements to generate a predictive

model for pregnancy events was by Medill et al. (2010). Analysis of cementum
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increments was here performed on a large sample (>300) of individual polar bears, from
a monitored population in the Western Hudson Bay, Canada. Pregnancy events and
subsequent periods of parturition were recorded in the field using evidence of females
with cubs that appeared less than one year old. The differences between the “growth
layer group” (GLGs; one thick light increment and its corresponding thin dark
increment) formed during pregnancy and the previous GLG was measured, along with
the difference between the two previous GLGs (when applicable). These measurements
were then inputted into a logistic regression model. The GLG width difference
estimated to provided even (1:1) odds between ‘cub’ (pregnant) and ‘non-cub’ (non-
pregnant) was then used as a threshold in a predictive model subsequently used to
estimate other pregnancy events in a blind test. This model predicted known pregnancy
events with 71% accuracy in females with recorded life histories. However, when the
model was applied to male polar bears, 40.6% had similar reductions in GLG growth as
those seen during pregnancy. This identifies a substantial shortfall in this model, as it is
not yet refined enough to determine sex in a population of unknown demographic. The
fact that similar results can be generated in both male and breeding female individuals
also suggests that further refinement of this methodology is needed, before pregnancy
can be confidently estimated in populations and samples of unknown life history and
demographic.

The primary elements of experimentation that need to be improved beyond those
of previous studies are the level of control of the sample under study, and the
sensitivity/robusticity of the techniques used to compare increments formed during
pregnancy and all other increments. These techniques must be able to distinguish
females that have undergone pregnancy from females that have not undergone
pregnancy, and males in order to be used to confidently estimate pregnancy events in
samples of unknown sex and age demographic. These in-turn need to be based on
comparison between increments formed under no otherwise extenuating circumstances
except for the advent and continuation of pregnancy, with increments formed under
identical (or as close to identical as possible) external and nutritional conditions.
Through the study of laboratory animals with controlled life histories, and monitored
reproductive activity, this research project has attempted to meet these parameters for

the first time.
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5.2. Experimental design

In addition to the 10 female rhesus macaque (Macaca mulatta) specimens studied in
chapter 4, the m1 teeth of two breeding females, one juvenile female, and one male M.
mulatta specimen were also studied at the TOMCAT beamline of the Swiss Light
Source synchrotron facility (SLS) from 04/03/2016 — 07/03/2016. A sample of
archaeological human ml teeth was also studied during this experiment, originating
from a CI2"™ population from Taunton, UK. A second three-day experiment was
conducted at the TOMCAT beamline from 07/03/2017-10/03/2017, focused on a second
sample of archaeological human teeth from C19"™ Bristol (UK). Both archaeological
samples were composed of individuals of known sex. The C12™ sample also contained
two individuals that could not be sexed using osteoarchaeological metrics. The C19™
sample contained three individuals of known age and life history (Table 5.1).

The M. mulatta sample was closely monitored through life. Members of the
population were allowed to breed at will, and pregnancy events were closely monitored
and recorded (Table 5.1). All other aspects of life history (e.g. diet, climate) were
identical between individuals. As pregnancy was the only variable allowed to change
during the individuals’ life histories, the nature of this sample has offered an
unprecedented level of control for comparisons between increments formed during
pregnancy and those formed otherwise. This, alongside previous validation of the
precision and accuracy of SR CT imaging for identifying individual cementum
increments (Chapter 4), allowed for confident assessment of the effects of pregnancy
on cementum growth and structure.

The C12™ archacological human sample originates from the 2005 excavation of
the medieval church and cemetery of St Peter and St Paul, Taunton (South Western
UK). The cemetery is believed to have been in use from at least AD 1342 (the date of
completion of the church; Bush, 1984), until its dissolution in AD 1549. The site was
split into five discrete areas during excavation. Two sites were located within the church
and priory (sites two and five), and the other three were located within the cemetery. All
specimens studied here originate from the cemetery, apart from one male individual
(SK5010), that originates from site five within the priory. only teeth from individuals
that had been sexed using osteoarchaeological parameters were chosen (sexed by Kate
Robson Brown following: Brothwell, 1981; Buikstra and Ubelaker, 1994; Schwartz,
1995; Mays, 1998). The sample studied here consists of three male individuals (sk2011,
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sk2072 and sk2203), two females (sk1404 and sk5010) and two individuals of unknown
sex (sk1634 and sk2201).

The C19™ archaeological human sample originates from a 2007-2008
excavation of the former Roman Catholic convent and chapel of St Catherine of Sienna
(later the Bristol Steiner Waldorf School), and a 2016 excavation of a section of the
cemetery of St Georges Church, Bristol. Both sites originate from burial activity
between 1820-1885. The subsample of four individuals (sk62, sk39, sk11 and sk36)
originating from the convent of St Catherine of Sienna have all been sexed using
osteoarchaeological parameters and are all designated as female. The three individuals
studied from the St Georges church cemetery are associated with coffin plates, and so
could be investigated in further detail for aspects of life history including age in years,
sex and potential recorded pregnancy/birth events. Harriet Packer (sk53) died at 46
years of age, after having one child at 28 years of age. Harriet Rogers (sk334) died at 51
years of age, after having seven children between the ages of 28 and 44. Finally,
Richard Baily (sk228) died at 61 years of age.

The experimental parameters for synchrotron radiation computed tomographic
(SR CT) imaging were kept consistent, following those used in Chapter 4 for each
experiment. All M. mulatta specimens and CI12™ archaeological specimens were
prepared following Chapter 4 section 4.4. Within the C19" sample, teeth from the
three named specimens with recorded life histories remained complete, while all other
specimens were prepared following Chapter 4 section 4.4. The considerably larger size
of the un-processed teeth required different experimental parameters to overcome the
problem of dentine density (see Chapter 4 section 4.5.). Thus, following a quantitative
comparison of a range of scanning parameters (Appendix 5.2.), these specimens were
scanned using 24 KeV X-ray energy, 275 ms X-ray exposure, 4501 angular projections
and 74mm sample-to-detector distance. All phase contrast reconstructions of SR CT
data of mechanically processed teeth used the same & and  values used in Chapter 4
section 4.2.5. However, the three unprocessed teeth required a & value of 9.00 ¢” and a
B value of 5.00 ¢”.

The level of control offered by the M. mulatta sample for studying the effects of
pregnancy and sexual physiology on cementum growth provides an ideal test for the
robusticity of the methods outlined in Chapter 4 for identifying discrete biological
differences in cementum structure and increment shape. Finding such differences

between the cementum of breeding female, non-breeding female and male M. mulatta
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specimens would suggest that these methods may be used to identify sex, and
potentially pregnancy events, in primates of unknown life history. Finally, their
application to the cementum of both archaeological samples will serve as a further test
of their predictive power, and whether they are robust to other factors that may affect

archaeological cementum, including taphonomy and diagenesis.

5.3. Results

5.3.1. Sexual dimorphism in Macaca mulatta cementum

Qualitative comparison between the cementum increments of male and female M.
mulatta individuals suggests several discrete differences between their structure and
shape. Male cementum increments follow relatively uniform (low tortuosity) transects
both transversely and longitudinally through the tissue, and are of roughly equal
thickness (Fig. 5.2). Female increments are considerably more chaotic and follow
conflicting, tortuous transects through the cementum that produce complex patterns as
well as lensing and coalescence (Fig. 5.2). The effects of this tortuosity are compounded
through the cementum, often resulting in severe tortuosity in the outermost increment.
Female increments also show considerably lower contrast than male increments, and are
more poorly organized with lower directionality and higher isotropy than male
increments (Fig. 5.2).

Following cementum isolation, straightening and filtering, the quantitative
analysis of two-dimensional increment tortuosity supports qualitative inference of
higher tortuosity within female cementum increments. Every sample of isolated female
increments produces significantly higher tortuosity values when compared to the male
sample when compared using ANOVA (Table 5.2, Fig. 5.3.a.).

Quantitative analysis of cementum ‘texture’ (greyscale distribution) also
indicates significant differences between female and male cementum. Of the 21
available texture metrics defined in our algorithm, all but three (“ten point average
maximum peak height”, “average maximum height” and “core height”) produced
significant differences between male and female cementum using ANOV A comparisons
(Table 5.3). When the results of these 18 metrics are combined into a principal
components analysis, male cementum and female cementum occupy clearly separated

regions of ‘texture space’. Principal component one (41% of variance) represents
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strength of increment organization, with higher scores reflecting higher isotropy,
weaker increment organization and more chaotically arranged increments. Principal
component two (33% of variance) represents increment contrast, with higher scores
reflecting higher contrast between increments. Juvenile female cementum also occupies
its own region of ‘texture space’, away from both mature female and male cementum.
However, there is substantial overlap between non-breeding and breeding female
cementum (Fig. 5.4), and the texture of four juvenile slices overlaps into breeding

female texture space.

5.3.2. Pinpointing episodes of pregnancy in Macaca mulatta cementum

Although they are subtle, a series of hallmarks can be noted that distinguish increments
formed during pregnancy events and surrounding increments in the breeding female M.
mulatta subsample. Increments formed during sexual immaturity consistently provide
the highest grey values for each female specimen. Following the advent of sexual
maturity (after the third cementum increment, following an average attainment of sexual
maturity at four years old in M. mulatta females), increments become considerably less
well defined and produce lower grey values (Fig. 5.5). The only increments that present
comparable grey values to immature increments are formed during pregnancy. These
increments are also considerably less well defined than other increments. The first
episode of pregnancy is usually the most clearly delineated, as the hypomineralised
band formed that year is the thickest and most highly contrasting of any band formed
during adulthood (Fig. 5.5). This band is also the site of the most common coalescence
of cementum increments, with both the earlier and later light increment merging with it
throughout its radial length.

Although they are less obvious than the first pregnancy event, thick
hypomineralised bands and complex increment patterns also mark other pregnancy
events. Hypomineralised bands formed during pregnancy often truncate, split and
coalesce with the accompanying hypermineralised band. The hypomineralised band
immediately following increments formed during pregnancy commonly cuts into and
coalesces with this increment, in a manner rarely seen in increments formed under
‘regular’ circumstances. These complexities are not exhibited in male cementum and
only rarely in non-breeding female cementum (Fig. 5.f-1.).

Blind sampling of random SR CT slices from each breeding female specimen

tested the predictive power of these hallmarks of pregnancy on cementum increment
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structure. Slices were inspected for hypomineralised bands of anomalous thickness and
contrast formed after the third increment from the cemento-dentine junction, and
regions of significant lensing and coalescence of increments. For each slice, the position
of the increments where these phenomena were observed was noted within the
cementum. The position of these anomalous increments was then compared to the
expected incremental position for each pregnancy event.

All pregnancy events coincided with an increment possessing either a
hypomineralised band of anomalous greyscale, common and significant coalescence
with the immediately following light band, or both (Appendix Table 5.1.). However, in
several specimens, there were additional increments that displayed these features that
did not directly correspond to individual pregnancy events. These were individuals that
underwent pregnancy events every year for several years, with one year between them
without pregnancy (e.g. 172, Fig. 5.e.). The majority of non-pregnant increments
exhibiting hallmarks of pregnancy occurred during these years sandwiched between
multiple pregnancy events.

The results of these blind tests suggest that pregnancy events are recorded in the
cementum by disrupting cementum growth in a characteristic fashion. This disruption is
significant, and distinct enough to provide predictive power. However, the precision of
predictions is so far restricted, as the effects of repeated pregnancy events may extend
into the year immediately after the last pregnancy event, with the increment formed this

year mimicking those deposited during pregnancy.

5.3.3. Sexual dimorphism in archaeological human cementum
Female cementum differs from male cementum in the same way in the M. mulatta and
both archaeological human samples. Increments of female cementum in the C12™
sample are more tortuous and less defined in female cementum. This has also been
shown quantitatively by comparing tortuosity and texture. In both samples female
cementum increments are consistently more tortuous than male increments (Fig. 5.3.b-
c) (Table 5.4).

Female and male cementum SR CT slices also occupy distinct regions of
‘texture space’ within each archaeological sample (Fig. 5.6). For the C12™ sample,
principal component one represents 44.4% of variance, and reflects the strength of

contrast between increments and strength of incrementation, with higher values
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providing more contrast between increments than lower values. Principal component
two represents 25.2% of variance reflecting the level of organization of increments,
with higher values providing lower isotropy and stronger orientation of increments.
Although the majority of male and female slices occupy their own respective region of
texture space, there is overlap between them in the C12"™ sample, with 1 male slice
overlapping into female texture space (Fig. 5.6). When the two specimens of unknown
sex are included in PCA analysis, specimen SK2201 occupies female texture space,
while specimen SK1634 occupies its own texture space, separated from all other
specimens by the most significant degree in the entire sample (Fig. 5.6).

The C19™ sample also exhibits distinct female and male regions of texture space
for each tooth type studied. When PCA is used to compare the ml teeth of female
versus male cementum from the C19™ century sample, female slices are significantly
separated from males along principal component one. This represents 44.2% of
variance, reflecting the degree of organization of cementum increments, with male
increments being significantly less isotropic. However, the male specimen SK228
overlaps with female specimen SK53 along principal component two. This represents
34.6% of variance and reflects the level of contrast between cementum increments (Fig.
5.7.a.). For Im2 teeth, female and male cementum slices are separated along principal
component two, accounting for 28.7% of all variance. However, there is no clear
separation between the sexes along principal component one, accounting for 41.3% of
all variance, as male cementum plots between both female specimens (Fig. 5.7.b.).

Finally, although both samples individually show sexual dimorphism in
cementum texture and increment tortuosity, this is less pronounced when the samples
are merged (Fig. 5.8). Principal component 1 (51% of variance) represents increment
organization, with higher scores reflecting more isotropy and lower organizational
strength. Principal component one still separates female from male cementum slices in
both samples. However, C19™ male texture space substantially overlaps C12™ female
texture space. The C12" data is reversed along principal component one. Although the
original shapes of both female and male texture spaces are retained, there is
considerably more overlap between them and male cementum slices now produce lower
scores along this component than female. Principal component two (21% of variance)
reflects differences in the strength of contrast, with higher values reflecting higher
contrast between light and dark increments. Trends in the C19" sample originally seen

along principal component two are instead reflected along principal component one,
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although again there is considerable overlap between female and male texture spaces in
the combined texture space. In summary, although there is still a sexual signal within
combined PCA texture space, this is weakened. The primary source of variation instead

can be interpreted as site-specific.

5.3.4. Pinpointing episodes of pregnancy in archaeological human cementum
Known pregnancy episodes are more difficult to distinguish in the cementum of two
human females with known pregnancy events, in comparison with Macaca mulatta
cementum. This is chiefly due to the density of cementum increments in human
cementum. For instance, the m1 root of sk53 has 39 increments within 130 pm radial
thickness, with individual increments ranging from ~1.3 pm to 11 um in thickness (Fig.
5.9.a.). This has made it difficult to determine individual increments by eye and follow
their trajectories. However, although the qualitative effects of pregnancy determined in
M. mulatta cementum are difficult to identify in humans, there are significant
differences between increments formed during pregnancy and other increments.

Sk53 (Harriet Packer) had a single child at age 28. The cementum of the m1 root
of sk53 provides 38 increments using our algorithmic counting method (Fig. 5.9.a.), the
number expected given human replacement of the m1 at between six and seven years of
age. Therefore, the increment deposited during this pregnancy could be accurately
located. The hypermineralised band of this increment has the greatest radial thickness,
and provided the single highest greyscale value through the entire cementum tissue.
However, its thickness and morphology were not significantly different than other
increments (Fig. 5.9.a.).

Sk334 (Harriot Rogers) exhibited hypercementosis in all teeth studied. This
condition creates characteristic and excessive build-up of cementum and is caused by a
range of factors including occlusal trauma and stress. Its effects on increment deposition
have yet to be studied. However, although the cementum was too thick to fit into an
entire field of view at the resolutions used here, distinct increments were found through
the entire coronal third of the cementum of the UM1 tooth (Fig. 5.9.b.). These could be
counted using both human vision and our automated algorithmic counting method, and
the increments mapped that formed between ages 28 and 44 (the period during which
Harriot Rogers had seven successful pregnancy events). The increment formed during

the first pregnancy event during the 28" year of life is marked by a series of distinct
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cellular voids running along its circumferential length (Fig. 5.9.b.). These voids are
significantly smaller and more concentrated than other voids and serve to stretch the
hypomineralised portion of this increment, making it the thickest increment of the
cementum tissue. A similar concentration of these voids creates a comparable, although
less pronounced morphology within the increment recorded during the 44™ year of life;
the last year of pregnancy. Although these voids are not seen in any other increment
between the 28" and 44™ years, this period is marked by lower increment contrast than
the surrounding cementum (Fig. 5.9.b.).

In summary, cementum from both individual archaeological females of known
reproductive history shows a morphological reaction to pregnancy. However, the
morphologies of increments formed during these periods are not comparable. The
increased density recorded in sk53 in reaction to pregnancy is contradictory to the

decreased contrast of increments recorded in sk344.

5.4. Discussion

5.4.1. A new method for sexing individuals of unknown life history?

Application of automated quantitative analyses for assessing cementum structure and
increment shape have highlighted sexual dimorphism amongst primate and human
dental cementum for the first time. Female increments follow more chaotic transects
and are less well defined than male increments. Further, episodes of pregnancy, most
notably the first episode of pregnancy, are represented in the cementum of female
rhesus macaque (Macaca mulatta) individuals by exceptionally thick hypermineralised
circum-annual bands, which are the sight of common coalescence with the immediately
following hypomineralised circum-annual band.

The strength of differences between female and male cementum identified here
has the potential to confidently estimate sex from SR CT cementum data of individuals
of unknown life history. The consistent difference in ‘texture space’ occupation by male
and female SR CT cementum data in each sample suggests a predictive power to this
analysis for sexing cementum data. This can be evidenced when adding data from
individuals of unknown sex to the C12™ Principal components analysis (PCA). The
clustering of SK2201 cementum data within known female texture space may be used to

suggest that this specimen was indeed female (Fig. 5.6.b.). The cementum increments of
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this specimen also have significantly higher mean tortuosity values than any C12™ male
individual.

However, the addition of specimens of unknown life history to the C12" sample,
and the results of combining both archaeological samples, also suggests that there may
be a significant taphonomic signal represented in PCAs of cementum texture metrics.
Specimen SK 1634 occupies its own distinct region of texture space within the C12"
sample. Inspection of the SR CT cementum data of this specimen indicates that it has
undergone more severe taphonomic damage than any other specimen. Hence,
taphonomy has the potential to bias comparisons between sexed individuals and must be
accounted for when estimating the sex of unknown individuals using this technique.

The distortion of originally significant differences in texture space occupation
between males and females in individual archaeological samples when they are
analysed together may also imply a taphonomic signal in texture data. The samples have
been buried in significantly different taphonomic environments. The C12" sample was
waterlogged, and the area prone to flooding. Further, there was no clear evidence of
coffins being used for the areas where our sample originated. The C19" excavation sites
were well drained and each individual was recovered from a coffin. This (and the 700
year time gap) lead to significantly better preservation among the C19™ individuals
compared that of the C12" sample. The loss of original sexual signal in the resultant
combined PCA result indicates that caution should be taken when combining samples.

Our results offer a promising new method for identifying sex in samples of
primates of unknown life history, as well as a series of caveats for this method for future
studies. However, the low n numbers of individuals of known sex stipulates that our
findings can only be preliminary. Future studies with more substantial samples of
known individuals (>30 of each sex) should follow in order to more conclusively test
whether the key differences in cementum properties between the sexes are retained at a
population level and are robust to other life history variables. If these differences are
retained, then our methods can be applied to a wide range of applications varying from
evolutionary anthropology, zoology, ecology and even forensic criminology. The ability
to confidently estimate both age, sex and timing of pregnancy events in women from a
single tooth would have significant implications for a range of forensic practices, from
criminology to identifying un-named victims of combat (“john/jane does”). Application

to archaeological populations will open a new window onto specific population-level
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demographics and allow for more accurate assessment of population dynamics, possibly
even allowing future workers to draw more accurate conclusions regarding the causes of

death assemblages and histories of populations of singular historical significance.

5.4.2. Exploring cementum structure through the early hominin fossil record

One such application will be the use of SR CT for the imaging and analysis of
Neanderthal cementum. We performed a pilot study on the cementum of a single
Neanderthal m1 tooth (Fig. 5.10.a.) at the SLS TOMCAT beamline using the same
experimental settings outlined in Chapter 4 section 4.2.5. Subsequent analyses of
increment tortuosity and cementum texture were performed on 30 random slices from
this scan (that were first checked for cracking and/or diagenetic alteration; any slices
that showed either of these features was replaced by another random slice), and the
results compared with the macaque, C12™ and C19" archaeological human samples.

ANOVA comparisons between tortuosity values of Neanderthal and macaque
cementum increments found a statistical difference between male macaque increments
(n=45) and Neanderthal increments (n=45)(F=554.7, p<0.001). However, comparisons
between female macaque cementum increments (n=585) and Neanderthal increments
did not produce statistically significant differences (F=4.86, p=0.054).

ANOVA comparisons between CI12"™ archaeological human cementum
increments and Neanderthal increments show that the Neanderthal increments are
significantly more tortuous than the increments of any C12™ human individual studied
here. Comparisons between both male (n=90) and female (n=135) CI2"™ human
increments and Neanderthal increments produced highly significant differences in
tortuosity values (male comparisons - F=211.1, p<0.001; female comparisons —
F=50.81, p<0.001).

Finally, ANOVA comparisons between C19™ archacological human and
Neanderthal cementum increments conform to those performed between macaque and
Neanderthal cementum. Comparisons between C"™ male (n=45) and Neanderthal
cementum increments produced highly significant differences in tortuosity (F=284.5,
p<0.001). Comparisons between female (n=90) and Neanderthal cementum increments
did not produce statistically significant differences in tortuosity values (F=2.44,
p=0.123).

When comparing Neanderthal and macaque cementum texture, Neanderthal

slices overlap the ‘texture space’ of several female macaque individuals, and do not
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overlap with either male or non-breeding juvenile female individuals (Fig. 5.10.b.).
Addition of Neanderthal data overturns the macaque PCA along principal component 2,
and reduces the distance between male and female texture spaces.

Addition of Neanderthal texture data to the C12™ archaeological human sample
does not significantly change the distribution of the human sample in texture space. The
Neanderthal data again overlaps with female human texture space, clustering most
significantly with the sk2201 specimen of unknown sex (Fig. 5.10.c.). However, when
Neanderthal data is added to the C19"™ texture data it instead occupies its own region of
texture space, with one data point overlapping into male texture space.

Finally, when Neanderthal texture data is added to the C19™ archaeological
human sample of ml teeth, Neanderthal slices occupy their own discrete region of
texture space, falling between female and male cementum slices along PCI, and
providing the lowest datapoints of PC2 (Fig. 5.10.d.). Addition of Neanderthal data to
the Im2 dataset also creates a discrete Neanderthal texture space. But this space
correlates with female slices and is the most geometrically opposed to male slices (Fig.
5.10.e.).

The results of pilot imaging and comparison between the increment tortuosity
and cementum texture of Neanderthal and extant primate cementum data offers a
tempting view onto the potential of these methods for sexing fossilized hominins. The
tortuosity of cementum increments of the Neanderthal specimen are significantly higher
than any male increment from any extant sample. Further, although the Neanderthals
increments are still significantly more tortuous than female human increments form the
C12"™ human sample, they conform to the tortuosity values of females in the macaque
sample and C19"™ human sample. These results, along with correlation between
Neanderthal texture data and female texture data in both the macaque sample and the
C12™ archaeological human sample may be tentatively used to suggest that this
individual was female.

The prospect of sexing non-human hominids and early humans using the
techniques pioneered here has the potential to open up a new line of enquiry for several
aspects of evolutionary anthropology. A wealth of material has been of limited use to
previous demographic studies of early hominins as it consists solely of isolated teeth.
The ability to conduct demographic studies on the distributions of age, sex and even age

at first birth in these populations will greatly increase our knowledge of population
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structure and life history among and between hominin species. Further, several hominin
collections in various museums throughout the world have come under question as to
whether they represent adult and juvenile material of the same species, or two separate
species distinguished by body size. We have here shown that SR CT imaging of
cementum offers a non-destructive method for ageing primates using increment counts.
The removal of teeth and study of the cementum of such specimens with this method
may well offer conclusive evidence as to whether they represent individuals of
significantly different age, or individuals of similar age but significantly different body

size (i.e. potentially different species).

5.4.3. Potential physiological causes for sexual dimorphism in cementum structure
and texture

The series of detrimental effects on gingival health described in section 5.1 may well
explain the significant sexual dimorphism identified here in cementum structure and
texture. The finding of a consistent difference in cementum texture between female and
male individuals, regardless of the occurrence of known pregnancy events, suggests that
hormonal differences have a significant effect on cementum growth. As this is found in
both laboratory-raised Macaca mulatta (rhesus macaque) populations living under
controlled life history variables, and archaeological human populations, it may also
suggest that this hormonal difference is not overwhelmed by other potential life history
variables including diet and climate. This is supported by the finding that increments
deposited during pregnancy (especially the first pregnancy event), the most rapid
amplification of sexual hormonal differences experienced through life, display the most
significant departures in morphology.

For the M. mulatta population, the only life history variable which differed
amongst individuals was the advent of pregnancy. The effects on cementum of these
events have been shown here to be a marked decrease in the definition between an
individual’s slow growth/fast growth bands, with thicker ‘slow growth’ bands and a
break-down of ‘fast growth’ bands. This is often met with lensing and coalescence of
the proceeding fast growth band. A considerably thicker slow growth band may well
correlate with a reduction in growth rate through the last two trimesters of pregnancy,
which at approximately seven months is longer than most winter periods posited to
correlate with other slow growth bands. This is also the period where females

experience a considerable increase in estrogen and progesterone, the major steroid
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hormones previously shown to restrict cementum growth (von Beila et al., 2008; Medill
et al., 2010), and detrimentally act upon gingival tissues including cementum and the
periodontal ligament (PDL). A combination of restricted growth, and damage to the
periodontal ligament may also explain the poorly defined, and isotropic nature of the
boundary between the thick slow growth band formed during pregnancy and the
proceeding fast growth band. The primary collagen fibre constituent of acellular
external fibre cementum (AEFC) is contributed directly by the Sharpey’s fibres of the
PDL. A previous study by Lieberman (1994) has shown that disturbances in the
production and quality of Sharpey’s fibres may be reflected in the morphology of
cementum increments. It has also been shown that damage to the PDL is expressed in
the cementum through resorption of the outermost layer of cementum. This is not a
homogeneous process, and resorption is characterized by a range of expressions at both
the global scale of the root (more intense in labial/lingual surfaces than proximal
surfaces — Andreason, 1980a,b,c), and even at the cellular level (Andreason, 1980c).
The isotropic surface and poorly defined boundary of this pregnant slow growth layer
may thus be a direct expression of this damage caused to the propagating boundary of
this layer, along with damage and disturbance in the growth of Sharpey’s fibres
originating from the PDL. The frequently seen infilling, lensing and coalescence at this
boundary may also be the result of the following fast growth layer inheriting a
disturbed, homogenous surface, infilling resorbed regions.

Although there is a consistent morphological reaction in the growth of
cementum to pregnancy in our M. mulatta population, this is not reflected in the
cementum of the two C19™ human females of known reproductive history. Instead, sk53
shows a prominent, well-defined hypomineralised band rather than a prominent
hypermineralised band during pregnancy. This was also found to be the case in humans
studied by Kagarer and Grupe (2001), where hypomineralised lines were found to
represent a series of life history events including pregnancy. This difference may be
tentatively explained by the difference in increment thickness, and spatial separation
between long-living humans and M. mulatta individuals. Increments are known to
become increasingly densely populated in long living modern humans, making them
difficult to count in thin section (Wittwer-Backofen, 2011; Naji et al., 2016). This may
restrict observed morphological variation within and between increments, serving to

‘flatten’ their patterns, while preserving or even amplifying density differences between
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increments in transverse SR CT slices.

The other C19" individual of known life history (sk334) exhibits a unique series
of morphological markers relating to pregnancy. This individual suffered from
hypercementosis; an idiopathic condition characterized by the excessive buildup of
cementum throughout the tooth root (Souza et al., 2004). As in M. mulatta females, the
first pregnancy is the most marked, however, this event is marked by series of cellular
voids significantly smaller than surrounding cementocytes (an average diameter of 2.52
pum for 10 measured voids, versus an average of 9.46 pum for 10 measured
cementocytes) (Fig. 5.9.b.). These voids are not seen in any other region of this scan,
and are not seen in any other specimen. The only structures of similar size and
distribution found in the literature are epithelial rest cells (Xiong et al., 2013). These
cells are believed to be the remnants of Hertwig’s Epithelial Sheath that survive in the
PDL into adulthood. Although problems in isolating these cells from mesenchymal cells
of the PDL have limited our understanding of their function (Bosshardt and Nanci,
2004), several lines of evidence have been brought forward to suggest a function of
epithelial rest cells in PDL maintenance, repair and regeneration (Rincon et al., 2006;
Bosshardt, 2008; Xiong et al., 2013). The chief line of evidence for this is the consistent
finding of these cells along the boundary between resorbing cementum and functionally
active PDL during periods of PDL damage, and even in replanted teeth. These periods
of regeneration of the PDL are marked by an increased proliferation of epithelial rest
cells along the boundary (Xiong et al., 2013). Although research on either subject is still
in development within the cementochronological community, the fact that these cells
are only seen in increments deposited during pregnancy may be tentatively explained by
a combination of rapid cementogenesis caused by hypercementosis, and the
proliferation of epithelial cells due to damage of the PDL from an unprecedented surge
in androgenous steroid hormones during pregnancy. This may also explain why these
cells are only seen in cementum that suffers from hypercementosis, as the growth rate of
non-pathogenic cementum may not be sufficient for the tissue to capture these cells
during mineralisation.

The particularly pronounced morphology of the first episode of pregnancy may
be explained by a series of factors that distinguish this event from later events. It has
been shown that levels of estradiol, the estrogen species known to negatively impact
collagen metabolism, are significantly higher during the first pregnancy than all other

terms (Bernstein et al., 1986). Prolactin levels have also been found to be significantly
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higher in first-term pregnancies than later terms (Musey et al., 1987). These may both
serve to extend the ‘poor growth’ period of the cementum increment formed during
pregnancy, creating the pronounced dark band seen in each first pregnancy event in our
samples.

Pregnancy provides the most pronounced difference in hormonal regime
between the sexes within our studied samples. However, the consistent dimorphism
between all male and female cementum slices including non-breeding Macaca mulatta
individuals, and Christian nuns from the C19™ sample suggest that background
hormonal regimes may also be sufficient to impose significantly different growth
regimes in cementum between the sexes. Repeated findings by previous studies of a
positive relationship between increased presence of the female sex hormones androgen,
estrogen and progesterone hormones and cases of gingival disease/damage may explain
the higher isotropy and lower increment contrast found in female relative to male
cementum. The menstrual cycle may provide sufficient, regular peaks in these
hormones to affect the propagating cementum boundary. Indeed, several studies have
found that even in periodontally healthy women, cases of gingival discomfort and
periodontal damage increase before or during menses (Machtei et al., 2004). Studies of
specific bone resorption markers have also shown that women commonly go through
increased bone resorption through menses (Chui et al., 1999). Although no such study
has been performed on tooth roots in relation to menses, the effects of periodontal
damage can be expected to extend to the cementum in a similar fashion as during
pregnancy, which may indeed lead to root resorption along the outermost cementum
layer and disturbed production and orientation of Sharpey’s Fibres. This consistent
monthly disturbance to periodontal health throughout the life of a female is here
hypothesized as the primary factor contributing to the sexual dimorphism of cementum

structure seen in our primate samples.

5.5. Conclusions and future work

We have here used a suite of novel methods developed and validated in chapter 4 to
explore differences in the structure and texture of male and female cementum in a range
of primate species raised under both controlled and natural conditions. These methods

and samples have allowed us to isolate for the first time significant sexual dimorphism
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in several aspects of both cementum structure; with females showing significantly more
tortuous increments, and texture; with female cementum showing significantly less
increment contrast and more isotropy. The degree to which the sexes differ in these
aspects has been shown to be enough to potentially sex individuals of unknown life
history by comparing them to individuals of known sex in the same population. Further,
we have shown that episodes of pregnancy are reflected in the cementum through
increments of unique morphology.

We hypothesise that such pronounced dimorphism is linked to intrinsic
differences in hormonal regimes between the sexes, as female sexual hormones are
known to have a damaging effect on the periodontium and encourage root resorption.
This may further explain why pregnancy events produce such a significant effect on the
cementum, as pregnancy creates an unprecedented increase in female sex hormones.

However, it must be noted that the hypotheses proposed here linking oral health,
hormone balance and cementum growth need rigorous testing in future studies. Firstly,
as previously stated, the results presented here can only be deemed preliminary due to
low sample size. It may indeed be possible to test our hypothesized impact of hormonal
regime on cementum health by monitoring or even inducing hormonal regimes in large
populations of model organisms. This would provide a further element of control for
isolating the effects of hormonal stimuli on cementum growth. Further, the use of large
samples would permit a higher temporal resolution for studying cementum growth.
Removing teeth on a monthly basis as individuals experience different hormonal
regimes may allow the mechanisms through which androgens, oral health, and
cementum growth interact. Finally, as our preliminary results agree with conclusions of
previous research suggesting heterogeneous effects of pregnancy between taxa, the
isolation of hormonal effects on the cementum of a range of taxa, raised under identical
conditions, may help to elucidate the specificities of these differences and possible
causes.

The application of our methodology to larger populations of primates of known
sex and reproductive history will allow for more confident conclusions to be drawn
regarding their predictive power within a number of disciplines. There is the potential
for sexing and investigating reproductive histories of primates of unknown life history,
including a wide range of hominin species. The avenues for research using this
validated methodology are discussed here and range from anthropology to forensic

criminology.
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Figure 5.2. Qualitative comparison between increments in breeding female
versus male cementum. (a) Cementum of breeding female specimen t56. (b)
Straightened and filtered modification of image (a) following image processing
methods outlined in Section 4.2. Although 10 increments can be counted, they are
diffuse and difficult to read through portions of the cementum and follow chaotic,
tortuous transects when compared to those of male cementum. (¢) Cementum of male
specimen k39. (d) Straightened and filtered modification of (¢) following image
processing methods outlined in section 5.5. 10 increments can be plotted throughout
the entire cementum tissue and follow uniform transects and regular thickness. (e)
Detail highlighted by red box in (¢) showing series of Sharpey’s fibres. Fibres change
orientation as they progress through each increment; trending more obliquely to the
cemento-dentine junction through thick light increments (as highlighted by dashed
green line). Black lines in (a) and (¢) equal 150pum. White lines in (b) and (d) equal
75 um. Black line in (e) equals 30 um.
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Figure 3. Box-whisker plots displaying the results of tortuosity analyses of isolated
cementum increments. (a) Results of Macaca mulatta tortuosity analyses. (b) Results
of C12™ archaeological human tortuosity analyses. (d) Results of C19™ tortuosity
analyses. Coloured boxes represent standard deviations around the mean value (inset
black line) for each specimen. Upper and lower whiskers represent highest and lowest

values respectively.
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Figure 5.5. Examples of characteristic morphologies of cementum increments
formed during pregnancy in female Macaca mulatta individuals, versus non-
breeding females, a male and a juvenile. In all adult female specimens (a-g),
increments formed before sexual maturity produce significantly higher greyscale values
than those formed during adulthood (see juvenile specimen in i). For females that
undergo pregnancy events (a-e), increments formed during pregnancy are the most
poorly organised, frequently being disrupted, as well as coalescing with the immediately
proceeding increment. This is not seen in non-breeding females (f-g), whose adult
increments are more regular, although still prone to lensing (g). Male cementum
increments (h) are significantly less chaotic than female increments and do not lense or

coalesce. All white scale bars represent 30 um.
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Figure 6. Results of principal components analysis (PCA) of the 11 surface texture
metrics applied to the cementum of 30 random slices from synchrotron radiation
computed tomographic reconstructions of each cn® archaeological human
specimen. (a) PCA plot summarising variance between specimens of known sex.
Component 1 represents 44.4% of variance. Component 2 represents 25.2% of variance.
(b) PCA plot summarising variance between all specimens. Component 1 represents

44.28% of variance. Component 2 represents 25.36% of variance.
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Figure 7. Results of principal components analysis (PCA) of the 18 surface texture
metrics applied to the cementum of 30 random slices from synchrotron radiation
computed tomographic reconstructions of each c1o™ archaeological human
specimen. (a) PCA plot summarising variance in texture between Im1 teeth.
Component 1 represents 44.2% of variance. Component 2 represents 34.6% of variance.
(b) PCA plot summarising variance in texture between Im2 teeth. Component 1

represents 41.3& of variance. Component 2 represents 28.7% of variance.
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Figure 9 (last page overleaf). Distinguishing pregnancy events in human
cementum. (a) Single known pregnancy event identified in the cementum of SK53, as
the thickest hypomineralised increment of highest greyscale value in the radial
trajectory plotted through the cementum, indicated by blue arrows. It must be noted that
the higher greyscales at the edge of the cementum are most likely due to edge
enhancement along the cementum/air interface captured in the phase contrast
reconstruction algorithm. (b) First and last pregnancy events identified in the cementum
of sk334, who suffered from hypercementosis. These events are marked by series of
cellular voids, significantly smaller than surrounding cementocyte voids. These series

are highlighted using blue in-fills in the inset red and green boxes.
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Figure 10. Results of principal components analysis (PCA) of the 18 surface
texture metrics applied to the cementum of 30 random slices from synchrotron
radiation computed tomographic (SR CT) reconstruction of the GAL15
Neanderthal pilot specimen and each extant primate sample. (a) Straightened SR
CT slice of Neanderthal cementum. Scale bar represents 100 pm. (b) PCA plot
summarising variation between the texture of Macaca mulatta and Neanderthal
cementum. (¢) PCA plot summarising variation between the texture of C12™ human and
Neanderthal cementum. (d) PCA plot summarising variation between the texture of Im1
C19™human and Neanderthal cementum. (e) PCA plot summarising variation between

the texture of Im2 C19" human and Neanderthal cementum.
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Age of Known Age in years at known birth events
Specimen | sample Taxon sex age Ist | 2nd | 3rd | 4th | 5th | 6th | 7th
L10 2015 Macaca mulatta female 11 4 6 7 - - - -
T46 2015 Macaca mulatta female 5 - - - - - - -
L100 2015 Macaca mulatta female 11] 10 - - - - - -
L59 2015 Macaca mulatta female 11 3 5 6 7 8 10 -
L72 2015 Macaca mulatta female 11 3 4 6 7 - - -
K91 2015 Macaca mulatta female 12 5 6 7 8 10 - -
L56 2015 Macaca mulatta female 11 4 6 7 - - - -
M8 2015 Macaca mulatta female 9 3 - - - - - -
K39 2015 Macaca mulatta male 12 - - - - - - -
L14 2015 Macaca mulatta female 11 3 4 5 6 7 - -
K24 2015 Macaca mulatta female 12 5 7 - - - -
K23 2015 Macaca mulatta female 12 - - - - - - -
K49 2015 Macaca mulatta female 12 - - - - - - -
K16 2015 Macaca mulatta female 12 - - - - - - -
sk2072 Cl12th Homo sapiens male ? - - - - - - -
sk2203 Cl12th Homo sapiens male ? - - - - - - -
sk2011 Cl12th Homo sapiens male ? - - - - - - -
sk1404 Cl12th Homo sapiens female ? ? ? ? ? ? ? ?
sk5010 Cl12th Homo sapiens female ? ? ? ? ? ? ? ?
sk1634 Cl2th Homo sapiens ? ? ? ? ? ? ? ? ?
sk2201 Cl12th Homo sapiens ? ? ? ? ? ? ? ? ?
sk11 C19th Homo sapiens female ? ? ? ? ? ? ? ?
sk228 C19th Homo sapiens male 61 - - -
sk334 C19th Homo sapiens female 51| 28 - - - - - 44
sk36 C19th Homo sapiens female ? - - - - - - -
sk39 C19th Homo sapiens female ? - - - - - - -
sk53 C19th Homo sapiens female 46 | 28 - - - - - -
sk62 C19th Homo sapiens female ? - - - - - - -
sk63 C19th Homo sapiens female ? - - - - - - -
40,000 Homo
nll BC neanderthalensis ? ? ? ? ? ? ? ? ?

Table 5.1. Life history information for each sample studied.
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Specimen F value p value
k49 168.8 <0.001
159 369.8 <0.001
k14 429.9 <0.001
110 2473 <0.001
114 682.4 <0.001
172 164.3 <0.001
1100 333 <0.001
k16 159.6 <0.001
m3y 686.4 <0.001
k23 51.45 <0.001
156 812.3 <0.001
t46 72.5 <0.001

Table 5.2. Results of ANOVA comparisons between the results of tortuosity analyses
of the cementum increments of female Macaca mulatta individuals and the male

individual k39.
Comparison F p
Mean absolute height of surface 15 <0.01
mean relative height of surface 107 <0.01
Root mean square relative height of surface 133 <0.01
Maximum peak height 57 <0.01
Average maximum peak height 127 <0.01
Minimum valley depth 16 <0.01
Average minimum valley depth 20 <0.01
Average maximum peak height 2 0.2
Tenpoint average peak height 2 0.2
Maximum skew 10 <0.01
Summit density 89 <0.01
Maximum kurtosis 15 <0.01
Root mean square gradient 38 <0.01
Surface area 70 <0.01
Developed interfacial area ratio 37 <0.01
Height 47 <0.01
Depth 39 <0.01
Core 1 0.33
Mean peak height above core 42 <0.01
Mean valley depth below core 15.5 <0.01
Surface bearing area ratio 25 <0.01

Table 5.3. Results of ANOV A comparisons between the results of individual texture
metric analyses between the cementum of female and male Macaca mulatta individuals.
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Female versus male tortuosity ANOVA comparison

Sample Tooth Number of | Number of
osition female male F value p value
P individuals individuals
C12th Im1 2 3 4.5 0.03
C19th Im1 2 1 34.1 <0.001
C19th Im2 3 1 54.9 <0.001

Table 5.4. Results of ANOV A comparisons between the results of tortuosity analyses
of the cementum increments of female versus male archaeological human specimens.
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Chapter 6.

Life history partitioning follows
phylogeny among Middle-Jurassic
mammaliaforms

Our understanding of the early radiation of Mammaliaformes during the late Triassic-to-
Middle Jurassic has rapidly developed over the last decade thanks to a suite of
exceptionally preserved fossils, and the application of state-of-the-art methodologies to
explore their phylogenetic and ecological evolution. We now have examples of Jurassic
mammaliaform taxa occupying an increasingly wide range of highly specialised
ecological niches including volant, semi-aquatic, arboreal and fossiliferous forms.
Recent studies including these new taxa have suggested that they represent part of a
significant adaptive radiation in taxonomic and ecomorphological diversity during the
Middle Jurassic, represented by a Mesozoic-wide peak in rates of morphological change
during this period. We have here studied the fossilised cementum of a large sample of
Middle Jurassic taxa from the Bathonian (168-166 million years ago) of the UK, in
order to assess and compare aspects of life history among Middle Jurassic
mammaliaform groups. This fauna represents major Jurassic clades, and is divided
between mammaliaform (stem mammal) lineages such as the Docodonta, and crown
mammalian clades including Eutriconodonta and Trechnotheria. The opportunity
afforded by fossilised cementum to study lifespan in fossil taxa has allowed us to assess
maximum lifespan for these groups, and we find a significant disparity between short-
living crown mammals and long-living mammaliaforms. Further, as lifespan has been
shown to correlate robustly with basal metabolic rate and post-natal growth rate in
extant mammals, the disparity found in these lifespan estimates suggest a dramatic
change in metabolic potential between mammaliaform and crown mammal clades.
Mammaliaforms retain a metabolically slow life history, with lifespans akin to the more
basal taxa Morganucodon and Kuehneotherium, and extant reptiles of similar body

mass. Crown mammal lineages in contrast show life histories with significantly lower
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lifespans, more similarly to extant mammals. We suggest that this increase in metabolic
potential potentially fostered the rapid rates of evolutionary change found among crown
mammals during this period, and so may be a major factor in the Early-to-Middle

Jurassic adaptive radiation of crown mammals.

6.1. Introduction

Since the publication of complex, molariform teeth from Triassic deposits by Owen in
1871, the original radiation of Mammaliaformes (sensu Rowe, 1988; see Figures 1.2.
and 1.3.) has been firmly placed between the late Triassic and Early Jurassic (Kielan-
Jaworowska et al., 2004). However, several elements of this radiation have been under
intense debate ever since. These include the phylogenetic patterns of the mammaliaform
clade and the placement and origin of crown Mammalia within it (Rowe, 1988; Luo et
al., 2004; Zhou et al., 2013; Zheng et al., 2013; Han et al., 2017), the tempo and pattern
of taxonomic and ecomorphological diversity through this period (Luo, 2007; Newham
et al., 2014; Close et al, 2015), and the evolution of endothermy within
Mammaliaformes and the therapsid order that they arise from (Hayes and Garland,
1995; Farmer, 2003; Kemp, 2006; Lovegrove et al., 2017; Chapter 3). Much of the
initial debate surrounding early mammaliaform evolution was framed by a lack of post-
cranial fossils for the overwhelming majority of taxa (Rowe, 1988). However, over the
last two decades a steady stream of remarkably preserved fossils from the Early-Mid
Jurassic of China (Luo et al., 2001; Ji et al., 2006; Meng et al., 2006; Han et al.,
2017)(and a handful from other locations — Dashzeveg et al., 1995; Ruf et al., 2009;
Vullo et al., 2010; Martin et al., 2015) has considerably improved our understanding of
mammaliaform taxonomy and ecomorphological diversity. Novel methodologies and
technologies have also provided a series of new ways to assess aspects of
mammaliaform evolution and provided new windows onto the lives of mammaliaform
taxa (Rowe et al., 2011; Gill et al., 2014; Grossnickle and Newham, 2016). Several of
these studies have highlighted a significant ‘burst’ in diversity during the mid-Jurassic,
coeval with the appearance of the first definitive crown mammal taxa (Luo, 2007;
Newham et al., 2014; Close et al., 2015). This radiation has also been postulated to
correlate with an increase in metabolic potential, indicated by several changes in

morphology between stem and crown mammals indicative of higher metabolic demand
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(Kemp, 2006), and a significant increase in encephalization quotient (brain volume
versus body mass) between Early Jurassic stem mammals and Middle Jurassic crown
mammals (Rowe et al., 2011).

One such emergent technology, synchrotron radiation-based micro-computed
tomography (SR CT), has allowed the imaging of dental cementum increments for the
first time in fossil mammaliaform taxa (Chapter 3). Cementum is a collagenous tissue
common to all mammaliaforms, found wrapping around the roots of teeth and serving
as an attachment site for the collagenous Sharpey’s fibres of the periodontal ligament
(Klevezal, 1995). Cementum increments have been shown to record a circum-annual
periodicity, with thin-section histological imaging displaying one thick translucent
increment and one thin opaque increment deposited every year (Lieberman, 1993;
Klevezal, 1995). These increments thus serve as a direct record of lifespan (Naji et al.,
2016). Further, a robust inverse correlation between lifespan and both post-natal growth
rate and basal metabolic rate (BMR) have allowed lifespan to be used in this thesis
(Chapter 3) as a proxy for metabolic potential in early mammaliaforms.

We have here repeated the methodology developed in Chapters 3 and 4 of this
thesis for population size samples of fossils from the Middle Jurassic (Bathonian) fauna
of Oxfordshire (UK). This site provides a diverse assemblage of fossil teeth
representing several key mammaliaform and crown mammal lineages. The application
of SR CT provides minimum estimates of maximum lifespan for a substantial number
of specimens for each clade. Comparisons of these lifespans have allowed us to infer
differences in metabolic potential among mammaliaform lineages, and to test whether

these correlate with their phylogenetic placements for the first time.

6.2. Materials and methods

6.2.1. The Bathonian Oxforshire mammaliaform fauna

Disused since 1929, the Kirtlington quarry has provided a highly fossiliferous exposure
of white limestone that has been subject to several studies of Middle Jurassic geology
and palaeontology. Stratigraphic study by McKerrow et al. (1969), and informal
palaecoecological comparisons with middle Bathonian mammal faunas on the Isle of
Skye (Waldman and Savage, 1972) by Freeman (1979) suggest a middle-to-upper

Bathonian age for the Kirtlington mammal fauna (approx. 167-168 mega annums;
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herein Ma). However, later studies suggest an upper Bathonian age (Metcalf and
Walker, 1994; Evans and Milner, 1994; Butler and Sigogneau Russell, 2016). The fauna
was found within an unconsolidated marl lens and removed using sediment processing
techniques outlined in Freeman (1979). Batches of marl sediment were slurried with
water, before being sieved using a 2.1mm coarse sieve. Portions of sediment under
2.1mm grain size were then treated using a 15% by volume aqueous acetic acid. This
left a residue consisting almost entirely of limonite particles and vertebrate micro-
fossils, which were hand-picked by eye. The frequent “hollowing out” of fossil teeth
and enlargement of the pulp cavity have led to the hypothesis that the origin of the
Kirtlington mammal fauna is likely “coprocoenosis”, the accumulation of fossils by
predatory action and digestion.

The exploration of an additional site of contemporaneous material in
Oxfordshire, Woodeaton quarry (Freeman, 1976), has since added to the taxonomic
range of the Bathonian mammaliaform fauna of Oxfordshire. The fauna now includes
the holotypes of several taxa (with additional specimens found more recently in other
UK localities). These include the docodonts Cyrtlatherium, and Krusatodon,, the
dryolestoid Palaeoxonodon, and the Morganucodontids Wareolestes and Cherwellia.
Other taxa with global distributions also found in the fauna can be assigned to crown
Mammalia, including eutriconodonts such as Gobiconodon (the holotype of species
Gobiconodon bathoniensis was found in Kirtlington), Fotriconodon and other
amphitheriids and gobiconodontans that could not be assigned to the genus level,
Trechnotherians including the dryolestoid genus Amphitherium (and other dryolestids
that could not be assigned to the genus level). More enigmatic taxa also found in the
Kirtlington fauna include Shuotherium, which due to its unique, reversed molar crown
pattern (a “pseudotalonid” formed anterior to the trigonid and an underdeveloped
talonid) has been difficult to place phylogenetically, most recently placed in the
Yinnotheria alongside Pseudotribos and Australosphenida. Haramiyidans including
Eleutherodon, and multituberculates including Kermackodon, Millsodon and
Kirtlingtonia (and other specimens that could not be assigned to the genus level) are
also present. The placement of these taxa in relation to each other has been of
particularly intense recent debate (Cifelli, 2013; Zheng, 2013; Zhou, 2013). Both clades
were traditionally grouped into the “Allotheria” clade due to affinities of their unique

molar morphologies, consisting of two longitudinal rows of cusps. However, increasing
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amounts of post-cranial remains have led to a reassessment of Allotheria and several
authors have dismantled the clade, placing multituberculates among crown mammals
and haramiyidans among mammaliaforms. This interpretation has in-turn been
questioned most recently, chiefly due to an interpreted lack of a post-dentary trough in
several newly discovered exceptionally preserved haramiyidan specimens in several
phylogenetic analyses (Zheng et al., 2013; Bi et al., 2014). This hollow in the posterior
of the dentary bone is only found in mammaliaform taxa, and housed the delicate post-
dentary bones involved in hearing, which were subsequently removed from the dentary
in crown mammals (Kielan-Jaworowska et al., 2004). This interpretation places
haramiyidans among the mammal crown and resurrects the Allotheria clade. Here,
Allotheria is retained due to low numbers of individual multituberculate and haramiyid
specimens, in order to provide a more even comparison with other clades represented by
higher numbers of specimens. A complete summary of all taxa studied here is presented
in Table 6.1. Docodonts are uniformly reconstructed as a mammaliaform clade,
appearing along the stem lineage to crown mammals. The only other non-mammalian
mammaliaforms from Kirtlington, the morganucodontans including Wareolestes
(Panciroli and Benson, 2017), are known from limited specimens and neither of the two
imaged in this study produced readable cementum increments. All other taxa in our

sample are considered to be members of crown group Mammalia.

6.2.2. Synchrotron tomographic imaging of fossil cementum
The cementum of a total of 177 fossil teeth was imaged using synchrotron radiation-
based micro-computed tomography (SR CT) during two separate experiments
(Appendix 6.1). 109 fossil mammal teeth were imaged during a three-day SR CT
experiment at the TOMCAT beamline of the Swiss Light Source synchrotron (Villigen,
Aargau, Switzerland) from 18.11.2016-20.11.2016 (for proposal see Appendix 1.5.).
Specimens were imaged using a near-monochromatic X-ray beam of 20 KeV X-ray
energy, with an exposure time of 150 ms over 1501 angular projections. Propagation-
based phase contrast reconstruction techniques were used to reconstruct tomographic
data. For these techniques, sample-to-detector distance was kept at 14mm. A B value of
3.7¢™ and a & value of 1.7¢™'” were used for phase contrast reconstructions.

The cementum of a second sample of 68 fossil teeth was imaged using SR CT

during a three-day experiment conducted at the European Synchrotron Radiation
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Facility (Grenoble, France) between 01.02.17-03.02.14 (for proposal see Appendix
1.6.). Here, a near-monochromatic X-ray beam was used at 19 KeV X-ray energy, with
an exposure time of 25 ms and 2999 angular projections. Propagation distance was kept
at 14mm and a B value of 3.7¢™ and a & value of 1.7¢"'" were used for phase contrast

reconstructions.

6.2.3. Manual and algorithmic increment counting

The increment counting algorithm explained and validated in Chapter 4, designed to
count cementum increments using solely computer vision, was used here in conjunction
with counting increments by eye. The algorithm is based on distinguishing ‘true’
increments from background noise in SR CT data without introducing subjectivity
inherent in human vision. Radial transects are plotted through the cementum of
individual SR CT slices oriented transversely through the tooth root (Chapter 4), and
the greyscale value of each pixel encountered stored in a database. These transects are
then split into five regions of equal length. Within each region, the mean greyscale
value and standard deviation are calculated. Incremental pairs are distinguished as peaks
(representing light increments) and troughs (dark increments) in greyscale that depart
from the mean beyond the upper and lower standard deviation (respectively) (Chapter
4).

Increments were also counted by eye in a random sub-sample of 34 cementum
images by three observers with previous experience counting cementum increments in
SR CT data of fossil cementum (the same observers that previously counted increments
in Chapter 3 Table 3.2). As in Chapter 3, Observer one (Newham) utilised the
volumetric nature of SR CT datasets to follow cementum increments through their
entire longitudinal and transverse trajectories through the tissue. This allowed the
identification of regions of lensing and coalescence between primary cementum
increments, and regions of highest increment contrast that did not suffer from these
phenomena. Such high contrast regions were selected by the observer, and used to
create “virtual thin-sections”, whereby 10 transverse SR CT slices were combined using
the “z projection” tool in Imagel/Fiji (Schneider et al., 2012). This considerably
improved the contrast between cementum increments in resulting images that were

studied by all three observers and used for algorithmic increment counting (Fig. 6.1).
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The precision between algorithmic counts and the counts of each observer was
quantified by calculating the coefficient of variation (CV) between all four estimated
counts for each specimen (three human counts and one algorithmic count)(CV = [mean

count/standard variation]*100), and the Pearson’s correlation coefficient (7):

NIxy—(Zx)(Zy)

\/ [NZxZ— (Zx)Z][NZy%—(Zy)?]

1.r =

where N equals the number of pairs of scores, Zxy equals the sum of the products of
paired socres, Xx equals the sum of x scores, Xy the sum of y scores, £x* the sum of
squared x scores and Xy the sum of squared y scores.

The resultant values of CV and r for our counts were given a context within the
wider cementum literature by statistically comparing them to values from 10 recent
cementochronological studies, including the study described in chapter 3 (Table 3.4),
using ANOVA (analysis of variation).

6.2.4. Estimating body mass in fossil mammaliaforms

Both extant mammals and reptiles exhibit a significant linear relationship between
lifespan and body mass when both factors are log transformed (Fig. 3.4.). Comparison
of their relationships highlights the significantly longer lifespans experienced by
ectothermic reptiles in comparison to endothermic mammals of similar body mass.
Comparing the relationship between body mass and lifespan in fossil mammaliaforms
with that of extant taxa will thus allow inference of their metabolic grade or potential, in
comparison with known ectotherms and endotherms of similar body mass.

Several attempts have been previously made to estimate body mass in fossil
mammals and mammaliaforms, based on scaling factors between various skeletal and
dental elements with known body mass in extant mammal taxa. These include
estimating mass from skull length (Gingerich and Smith, 1984; Millien and Bovy, 2010;
Bi et al., 2014; 3), dentary length (Foster, 2009), humerus length (Campione and Evans,
2012) and femoral length (Luo et al., 2017). However, the Mid-Late Bathonian fauna of
the UK are represented by a scarcity of long bones and cranial remains, especially those
attributable to known mammal taxa. The scaling relationship between dentray length

and body mass from Foster (2009) was thus employed here. This study used a robust
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scaling relationship between the natural logs (In) of dentary length and body mass in 41
extant marsupial taxa to estimate body mass from the dentaries of 21 fossil
mammaliaform taxa from the Morrison Formation (Late Jurassic; approx. 156.3-146.8
Ma), and an additional six mammaliaforms from the Early Jurassic to Early Cretaceous

of the UK and China, where:
2. Ln(body mass; g) = (2.9677*Ln|[dentary length; mm]) — 5.6712

The taxa represented in the Kirtlington fauna are only known from isolated teeth and
dentulous fragments, and so dentary length could not be directly measured. Instead,
dentary length was estimated by developing a series of scaling relationships between
(antero-posterior) m1 length and dentary length for fossil taxa of differing molar counts.
ml and dentary lengths were taken directly from Foster (2009) for the 16 non-
multituberculate taxa studied (multituberculates and other “allotherian” taxa were
excluded as their dentary morphology is highly derived in comparison with other non-
therian mammaliaforms), and for an additional 23 taxa from the wider literature
(Appendix 6.2). For the additional taxa, lengths were measured directly from
accompanying figures, using the scale bars provided. Finally, expected molar counts
were generated for each taxon either from direct counts or estimates from the literature,
or by expected counts based on their phylogenetic affinities.

A series of scaling factors were then generated by using linear least squares
regression to compare m1 length to dentary length, in increasingly broad sub-samples of
molar counts. The * values and n values were recorded for each subsample (Table 6.2).
The broadest subsample (highest # value) that included the relevant molar count for
each taxon represented in the kirtlington fauna, while providing the highest 7 value of
0.84 was comprised of 29 specimens of known dentary length and molar counts
between 3-5. The regression equation between m1 length and dentary length in this sub

sample followed:
3. dentary length (mm) = [m1 length(mm)*10.184] + 8.026

The resultant dentary length estimates based on m1 length for our taxa were then used

to estimate body mass in grams (g) using formula (1).
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For allotherian taxa, body mass was calculated using the scaling formula

between m1 area and body mass presented in Wilson et al. (2012):
4. Ln(body mass) = 1.827*Ln(m1 area) + 1.81

6.2.5. Estimating basal metabolic rate and post-natal growth rate in fossil
mammaliaforms

Hulbert et al. (2007) used linear regression to find a significant relationship between the
logged maximum wild lifespan and the logged mass-specific basal metabolic rate

calculated for 267 extant mammal species:

4. Maximum lifespan (years) = 270*basal metabolic rate (kj.kg’l.day'l)'o'61
This was used to estimate BMR in fossil taxa based on their estimated maximum
lifespan.

de Magalhaes et al. (2007) alternatively used linear regression to compare the
natural logs of lifespan to average post-natal growth rate (k), to find a significant

negative relationship between the two factors following:
5. Ln(maximum lifespan, years) = [0.475*Ln(k ,days™)] — 5.36

This was in-turn used to estimate & in fossil taxa based on their maximum lifespan.

6.3. Results and discussion

Of the 177 specimens scanned, 89 produced readable cementum increments. 33 of these
specimens were docodonts, nine were eutriconodonts, 19 were Trechnotherians, two
were yinotherians (i.e. Shuotherium) six were ‘allotherians’ (multituberculates and
haramiyids), and the remaining 19 could not be assigned taxonomically beyond
‘Mammalia indet.’ (indet; indeterminate). The other 88 specimens had either lost the
cementum tissue, or it had been diagenetically altered beyond the point of increment
preservation (Figs. 6.1-2).

Synchrotron radiation-based micro-computed tomography (SR CT) reveals the
same histological features in tooth roots of several Mid-Jurassic taxa as found in

Morganucodon and Kuehneotherium. A granular layer of Tomes can be interpreted in
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most specimens that provided readable cementum increments (Fig. 6.2.), and a Hyaline
layer of Hopewell Smith is also detectable in several specimens (Fig. 6.2.h.). Cementum
increments can be followed through the entire tooth root, along both their entire
transverse and longitudinal trajectories. There are clear differences in the thickness of
cementum between taxa, with docodontans of high increment counts (>6) displaying
significantly thicker cementum than fossil crown mammals in transverse SR CT slices
(Fig. 6.1.). Both docodontans and crown mammals also display regions of prominent
cellular cementum, evidenced by preserved cellular voids within the cementum (Fig.
6.1.). The presence of cellular cementum in the early synapsid Dimetrodon (LeBlanc et
al., 2016) suggests cellular cementum is pleisiomorphic for mammaliaforms. However,
evidence of cellular voids has not been found in either Morganucodon or
Kuehneotherium (Chapter 3). The disparity in the presence of cellular cementum
between mammaliaform taxa may relate to differences in ecology. Cellular cementum is
known to form as a reactive tissue to accommodate significantly high occlusal forces
acting upon a tooth root (Klevezal, 1995). However, the crown morphology of the
molars of docodonts, eutriconodonts and Trechnotherians suggests an insectivorous
ecology similar to that of Morganucodon and Kuehneotherium (although Repenomamus
has been suggested to be an active carnivore). A build up of cellular cementum over
time may be also explained given the extended lifespans of docodonts. However these
are also comparable to those of Morganucodon and Kuehneotherium.

The cause behind the lack of cellular cementum in Morganucodon and
Kuehneotherium thus remains unclear. Morganucodon is regarded as the first
mammaliaform to exhibit diphyodont replacement of teeth (single replacement of non-
molar teeth). The mechanism behind this transition from continual replacement in the
closest non-mammaliaform synapsid (Sinoconodon) is unknown. It may be that the
relationship between cementum and the periodontium had to fundamentally change in
order to achieve this initial evolutionary change, with collagen fibres only being
received from the periodontal ligament (and thus only forming acellular cementum).
However, this postulation can only remain as such due to the lack of clinical evidence
for these fossil taxa.

Increment counts for the sub-sample of SR CT cementum data of 34 random
specimens suggest high precision both between increment counts estimated by eye by

three independent observers, and between counts estimated by eye and automated
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counts generated using computer vision (Fig. 6.3.a.)(Table 6.3.). The mean coefficient
of variation (CV) between all four counts (three human and one automated count) for all
30 specimens is 6.64. This value is lower than the values for Morganucodon (CV =
9.32), and higher than those of Kuehneotherium (CV = 4.89), calculated in Chapter 3,
and significantly lower than the CV value of any of the 10 previous studies of extant
mammals cited in Chapter 3 (Table 6.4). The highest Pearson’s correlation coefficient
(r) value (=0.99) was between automated increment counts and estimated increment
counts by Observer 1. This value is higher than that of both Morganucodon (¥=0.92)
and Kuehneotherium (r=0.96)(Table 6.4). However the lowest r value, between
automated counts and estimated counts by Observer 2 (r=0.93), is lower than that of
Kuehneotherium. These values support the validity of the presented estimates of
maximum lifespan presented here, based on estimated increment counts, and the future
use of the automated increment counting method pioneered in this thesis.

The Docodonta provide the highest increment counts of any of the fossil clades
in this study. Several specimens have increment counts of between eight and 12 (Figs.
6.2a-b, 6.3.b). The highest count of any crown group specimen is six (Table 6.5)(Figs.
6.2.i., 6.3.b). The distribution of age estimates for each higher order taxon studied here
(Docodonta, n=33; Eutriconodonta, »n=9; Trechnotheria, n=19; Yinotheria, n=2;
“Allotheria”, n=6)(Table 6.5) follow a range of patterns in their skew and kurtosis.
Docodonta and Eutriconodonta show low kurtosis (0.928 and 0.91 respectively), similar
to that of Kuehneotherium (kurtosis of 0.31), whereas Trechnotheria and “Allotheria”
provide negative kurtosis values (-1.419 and -1.005 respectively). All clades show left
(young) skew, with Docodonta providing a considerably higher skew (1.323) than any
other Mid Jurassic clade (0.603 for Eutriconodonta, 0.223 for Trechnotheria and 0.47
for “Allotheria”), and the Early Jurassic Kuehneotherium (0.47). However, no Mid
Jurassic taxon provides a comparably high skew compared to Morganucodon (skew =
2.05).

When all fossil lifespan estimates are compiled for broader samples of
mammaliaforms (comprising lifespan estimates of docodonts, Morganucodon and
Kuehneotherium, n=93) and crown mammals (comprising eutriconodonts,
Trechnotherians and allotherians, n=36), kurtosis remains higher for mammaliaforms
compared to crown mammals (1.779 and -0.91 respectively), as does skew (1.184 and

0.469 respectively). The distribution of the crown mammal sample conforms to the age
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distributions of extant mammals of similar body mass (<150g) and maximum lifespan,
with an overrepresentation of the youngest age classes resulting in left (positive) skew
and low kurtosis around a mean age of three years (Krystufek et al., 2005; Haigh et al.,
2014). The mammaliaform sample instead conforms to the age distributions of reptiles
of similar lifespan, with a distinct lack of yearling taxa and kurtosis levels that conform
closer to a normal distribution around a mean of 4.6 years (Zug et al., 1987).

Using increment counts as a minimum estimate of maximum lifespan, they were
logged, and plotted against logged estimates of body mass for each taxon using least
squares linear regression, and compared to data for extant mammals and reptiles (Fig.
6.4). These comparisons show that all docodont taxa straddle the reptile regression line,
and are the only non-reptile taxa to do so below 1000g. This suggests that their lifespans
significantly extend beyond any extant mammal (or fossil crown mammal) of com-
parable body mass. Instead they conform to extant reptiles of similar body mass,
homoeothermic mammals with body masses two orders of magnitude or more larger
(e.g. Vulpes vulpes, Hyaena brunnea), and heterothermic mammals between one and
two orders of magnitude larger (e.g. Scirius variegatoides, Spermophilus parryii). The
lifespans of crown Mammalia fossil taxa instead conform to those of extant mammals of
equivalent body size (Fig. 6.4). The maximum lifespan estimated for the Trechnotherian
Palaeoxonodon correlates with heterothermic taxa of comparable body size (e.g.
Glirulus japonicas, Muscardinus avellanarius). Whereas the maximum lifespan
estimated for the eutriconodont Phascolotherium correlates with lies close to (but
under) the regression line between body mass and maximum lifespan for extant
mammals, alongside Scalopus aquaticus.

The differences in lifespans between Mid Jurassic stem and crown fossil taxa of
comparable body mass corroborate our previous interpretation of cementum increments
in the basal mammaliaform taxa Morganucodon and Kuehneotherium (Fig. 6.4). Both
taxa produced lifespan estimates similar to those of docodonts recorded here (a
minimum estimate of maximum lifespan of 14 years for Morganucodon, and nine years
for Kuehneotherium), and significantly longer than extant mammals and fossil crown
mammals of comparable body mass. Incorporating the lifespans of these two taxa into
our dataset, the lifespans of all stem mammaliforms are shown to be significantly higher
than any fossil or extant crown mammal of comparable body mass (Fig. 6.4). Following

the inversely proportional relationship between lifespan, basal metabolic rate (BMR),

212



Chapter 6: Life history partitioning follows phylogeny among Middle Jurassic
mammaliaforms

and post-natal growth rate, this was interpreted as evidence for a lower metabolic
potential in mammaliaforms, relative to extant mammals. Our new results add further
support to this interpretation, and pinpoint a major change in metabolic potential
between stem and crown clades living coevally during the Mid Jurassic.

Estimates of lifespan were in-turn used to quantitatively estimate both the BMR
and post-natal growth rate of fossil mammals using the negative logarithmic scaling
relationships presented by Hulbert et al, (2007) and de Magalhdes et al.
(2007)(respectively)(Table 6.6). ANOVA comparisons suggest that BMR is
significantly higher amongst Mid Jurassic crown mammal genera (#n=2, maximum of
1069 kj.kg.day" provided by Phascolotherium), compared with those of Early-Mid
Jurassic mammaliaform genera (n=5, maximum of 241 kj.kg.®"' provided by
Kuehneotherium)(F=16.29; p=0.01). ANOVA comparisons also suggest that growth
rate estimates (k, measured in days') are significantly higher in crown taxa
(eutriconodonts and  Trechnotherians; #n=2) compared to mammaliaforms
(Morganucodon, Kuehneotherium and docodonts; n=5)(F=7.95; p=0.031). Although the
crown mammal Palaexonodon provides one of the smallest body mass estimates in our
sample (16.53g), the other crown taxon Phascolotherium provides one of the highest
estimates (70.76g). Hence, a difference in body mass cannot solely explain the different
estimates of physiological properties between mammaliaforms and crown mammals
during the Early-Middle Jurassic.

A significant increase in metabolic potential from stem to crown mammals may
help explain the well documented ‘burst’ of crown mammalian diversity identified
within the mid-Jurassic (Luo, 2007; Newham et al., 2014; Close et al. 2015). Close et al.
(2015) suggest that this burst is associated with the exploration of ecospace in novel
adaptive zones, and it is during this period that mammals begin to explore a wide range
of ecological niches and behaviours (Luo, 2007). However, until now the causes of this
burst have remained open to conjecture. We suggest that the development, among early
crown mammalian clades, of metabolic potential to levels similar to extant mammals
may be a key driver for this pattern.

Traditionally depicted as obligate terrestrial insectivores with some possible
adaptations for digging, recently discovered docodont species including the semi-
aquatic Castorocauda (one of the largest known mammaliaform taxa at ~500g)(Ji et al.,

2006), and the arboreal Agilodocodon (Meng et al., 2015) considerably increase their
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known ecological diversity. Unfortunately, of these disparate taxa only Castorocauda
and Haldanodon are included in the analysis of Close et al. (2015). The analysis of
Close et al. (2015) suggests slow rates of morphological change along the external node
separating the Docodonta from other mammaliaforms. Comparably slow rates are also
suggested for the Eutriconodonta. However, the nodes separating the Multituberculata,
and the Dryolestidae from other crown mammals are represented by some of the fasted
rates of morphological change in the analysis of Close et al. (2015), only exceeded
during the therian diversification. This is reflected in time series data presented by
Close et al. (2015; Fig. 1.b), where the Early-Mid Jurassic is represented by a
concentration of data points representing significantly high rates of phenotypic
evolution, and no evidence of slow rates of phenotypic evolution. Differences in the
rates of behavioural and ecological change, ontogenetic differences at individual levels
and responses to environmental change are all strongly influenced by metabolism in
tetrapods (Gittleman and Stevens, 2012). Increased metabolic rate has been shown to
encourage higher mutation rates caused by free radicals and metabolic by-products
(Rand 1994). Ectotherms also show much slower rates of molecular evolution for their
size compared to endotherms (Martin, 1995). Hence, the substantial increase in
taxonomic and morphological diversity occurring through the Early-Mid Jurassic
(Newham et al., 2014; Close et al., 2015), represented by the radiation of major crown
mammal clades including eutriconodonts, multituberculates and stem ‘“‘cladotherians”
including dryolestids, may have been fostered by a significant increase in their
metabolic potential relative to more primitive taxa including docodonts and
morganucodontans.

The evolution of endothermy amongst synapsids has been suggested to follow
one of three patterns, differing in the proposed initial selective pressure. These
alternatively suggest that (1) higher maximum metabolic rate (MMR) was originally
selected for to provide more sustained rapid aerobic activity (the “aerobic scope”
hypothesis)(Bennett and Ruben, 1979; Koteja, 2000), (2) that higher basal metabolic
rate (BMR) was initially selected for enhanced thermoregulative control (the
“thermoregulation-first” hypothesis)(Crompton et al., 1978; Farmer, 2003), or (3) that
both evolved in lockstep with each other (the “correlated progression”
hypothesis)(Kemp, 2003; Clarke and Portner, 2010). Within these hypotheses, various

initial selective pressures have been suggested. For example, increased sustained
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aerobic activity has been suggested for its own benefit (Bennett and Ruben, 1979), to
allow increased parental care and provisioning (Koteja, 2000), or for increased foraging
ability (Hopson, 2012). Alternatively increased metabolic efficiency (higher BMR)
would allow increased sustained activity (Clarke and Portner, 2010) and the benefits of
embryonic incubation (Farmer, 2003). Overall, increases in both sustained aerobic
capacity and metabolic efficiency would lead to more efficient, integrated animals
(Kemp, 2006).

The significant increase found here in estimates of BMR and post-natal growth
rate between mammaliaforms and crown mammals among Early-Middle Jurassic fauna
suggests that at least one of these selective pressures was already acting upon
endothermic evolution during this period. However, the lack of evidence for MMR in
the crown mammal taxa studied here means that this result is equally applicable to each
of the three hypothesised initial selective pressures. The most subscribed-to hypothesis
currently regarding metabolic evolution among synapsids is the ‘aerobic capacity
model’ (Hayes and Garland, 1995). This states that the initial selective driver for
endothermic evolution among synapsids was an increase in maximum metabolic rate
(MMR), and so increases in BMR occurred concomitantly after increases in MMR. This
is possible given our results of significant evolution in BMR between mammaliaforms
and crown mammals, although requires evidence of a previous increase in MMR
between non-mammalian cynodont taxa and mammaliaforms, unaccompanied by an
increase in BMR (Fig. 6.5.a.). The study of fossilised nutrient foramina and their
relation to blood flow through the femur of Morganucodon in Chapter 3 suggested that
basal mammaliaforms had yet to achieve an MMR beyond that of extant reptiles by the
Early Jurassic. However, in lieu of directly comparable proxy evidence for MMR in
either more basal non-mammaliaform cynodonts, or more derived Mid-Jurassic crown
mammals, the connotation of this finding for the hypothesised pattern of endothermic
evolution amongst synapsids remains equivocal. When presented together, these results
may either be used to support: (a) an increase in mammaliaform MMR from cynodonts,
followed by an increase in crown mammal BMR (the “aerobic scope” hypothesis)(Fig.
6.5.a.), (b) a stasis in MMR but evolutionary increase in BMR between cynodonts,
mammaliaforms and crown mammals (the “thermoregulation first” hypothesis)(Fig.
6.5.b.), or (c) both properties evolved in lock-step, from low levels amongs non-

mammalian cynodonts, to levels seen in extant ectothermic reptiles amongst
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mammaliaforms, to equivalent levels seen in extant mammals in Mid Jurassic crown
mammals (Fig. 6.5.c.).

Finally, our data provides further support for the interpretation of a mosaic
nature of physiological evolution among mammaliaforms. While exhibiting fur,
whiskers, complex life history strategies and potentially a muscular diaphragm, Middle
Jurassic docodont-grade mammaliaforms had yet to develop a basal metabolic potential
significantly beyond that of ectothermic extant reptiles. This reinforces the need to re-
evaluate the use of singular lines of evidence and their presence/absence for evaluating
the complex process of endothermic evolution among synapsids. It is clear that various
physiological, osteological and morphological traits evolved at different tempos and at
different phylogenetic levels during the evolution from ectothermic pelycosaur-grade
therapsids to endothermic crown mammals. The development of our dataset to cover
mammaliaforms from the Early- to Middle-Jurassic extends the fledgling use of
quantifiable measurements of metabolic properties among fossil mammaliforms,
offering an evolutionary context to results presented for Morganucodon and
Kuehneotherium, and highlights their use for providing a robust framework for

interpreting other lines of evidence for mammaliaform physiology.

6.4. Conclusions

Through the non-destructive sampling of fossilised cementum using synchrotron
radiation computed tomography (SR CT), we have estimated maximum lifespan for a
variety of mammaliform taxa from the Mid Jurassic of the United Kingdom. This fauna
represents several key clades of crown mammals (Eutriconodonta, Trechnotheria and
Multituberculata), and the mammaliaform clade Docodonta. A significant disparity in
maximum lifespan exists between mammaliaforms and crown mammals; with
docodonts living up to 12 years of age and no individual crown mammal living beyond
six years. Following body mass estimation using a novel scaling factor between ml
length and dentary length for non-therian taxa, comparisons could be made between
estimated body mass and lifespan for these fossil taxa and those of extant mammals and
reptiles. These comparisons show that while crown fossil taxa correlate with extant
mammals, docodonts significantly outlive any extant mammal of comparable body mass

and instead correlate with comparably sized reptile taxa and mammals one—to-two
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orders of magnitude larger. The series of inverse proportional relationships between
these factors and basal metabolic rate suggests that mammaliaforms occupied a more
reptilian metabolic grade compared to both fossil and extant members of crown group
Mammalia. This inference is supported by estimates of post-natal growth rate and basal
metabolic rate from the maximum lifespans of stem and crown mammal fossil taxa,
both of which are significantly higher among the crown mammalian taxa studied here.

The finding of a significant difference in metabolic potential between stem and
crown mammals living coevally in the Bathonian of the Middle Jurassic conforms with
previous identification of a significant burst of taxonomic and ecomorphological
diversity amongst crown mammals during this period. Given the well-known positive
relationship between metabolic potential and rate of evolution, we postulate that the
attainment of higher metabolic rates among early crown mammals fostered the rapid
cladogenesis and elevated rate of morphological change found.

Our findings highlight the exciting potential of tomographic cementochronology
for studying the lifespans of Mesozoic mammals. This technique offers the opportunity
to test our hypothesis that a significant increase in metabolic potential occurred coevally
with the evolution of the mammal crown group, and aided the rapid expansion of crown
mammals into novel ecomorphological niches. By studying fossil cementum in taxa
representing key clades across the Mesozoic from the Mid Jurassic to the Late
Cretaceous, future work may plot trends in metabolic evolution through the crown
mammal phylogeny for the first time during this period, with a temporal and
quantitative resolution not available using other, binary indicators of physiology in
fossils. Comparison of lifespans between taxa from different periods of the Mesozoic
will allow us to discriminate whether trends in BMR follow those seen in
ecomorphological diversity and rates of morphological change. If lifespan estimates
remain static throughout the Mesozoic for crown taxa of particular body mass,
proceeding from our Mid Jurassic taxa, this would corroborate the slow rates of
morphological change seen in previous studies and support our inference that the
attainment of the current mammalian metabolic potential occurred during the Mid

Jurassic and drove an adaptive radiation of crown group mammals.
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Figure 6.1. Overview of single distance phase contrast reconstruction data from
synchrotron radiation computed tomographic imaging of Mid Jurassic (Bathonian,
~168-166 Ma) mammaliaform molar roots from the Kirtlington fauna. (a) The
Docodont genus Cyrtlatherium. (b) The docodont genus Krusatodon. (¢) A dryolestoid
specimen that could not be identified to generic level. (d) A eutriconodontid that could
not be identified beyond the family gobiconodonta. (e) The eutriconodontid genus
Phascolotherium. (f) The dyrolestoid genus Palaeoxonodon. (g) The multituberculate
genus Kermackodon. (h) The enigmatic genus Shuotherium. (i) A trechnotheriid
specimen that could not be identified to generic level. All white scale bars represent
100pum. Dashed red boxes indicate regions of interest presented in greater detail in

Figure 2.
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Figure 2. Details of the increment cementum in images presented in figure 1. (a)
The Docodont genus Cyrtlatherium, displaying 10 incremental pairs (b) The docodont
genus Krusatodon, displaying eight incremental pairs (¢) A dryolestoid specimen that
could not be identified to generic level, displaying three incremental pairs (d) A
eutriconodontid that could not be identified beyond the family gobiconodonta,
displaying four incremental pairs (e) The eutriconodontid genus Phascolotherium, two
incremental pairs (f) The dyrolestoid genus Palaeoxonodon, displaying five incremental
pairs (g) The multituberculate genus Kermackodon, displaying five incremental pairs
(h) The enigmatic genus Shuotherium, displaying two incremental pairs. (i) A
trechnotheriid specimen that could not be identified to generic level, displaying six
incremental pairs. All white scale bars represent 30um. Red arrows highlight the light

increment in each incremental pair.
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Figure 6.3. Histograms displaying the frequency distributions of cementum
increment counts. (a) Distributions of counts estimated by eye by three human
observers, and automated counts estimated using the algorithm developed in
Chapter 4. (b) Distribution of counts for higher order taxa estimated by
Observer one. (c) Distributions of counts for all crown mammals studied here
versus the combined stem Mammaliaform samples from this study and Chapter 3.
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and extant mammals (coloured circles).
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Figure 6.5. Schematic illustrations of the three principal hypothesised patterns

for endothermic evolution amongst synapsids. (a) The aerobic capacity hypothesis,
whereby increase in maximum metabolic rate (MMR) is initially selected for, followed
by a concomitant increase in basal metabolic rate (BMR). (b) The thermoregulation-first
hypothesis, whereby increase in BMR is initially selected for, followed by an increase in
MMR. (c) The correlated progression hypothesis, where increase in both BMR and
MMR follow the same temporal pattern. Solid red circles 1 and 2 Highlight the periods
through time where BMR has been confidently estimated among mammaliaforms. Solid
green circle 1 highlights the Late Triassic-Early Jurassic interval where MMR has been
estimated for Morganucodon. Dashed circles indicate where evidence of comparable
measurements of BMR and/or MMR are needed to further assess their temporal patterns.
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mammaliaforms

Taxon Higher level Sl.Jecimens Specim.ens with
taxon imaged readable increments
amphilestid Eutriconodonta 6 1
Amphitherium Trechnotheria 2 2
Borealestes indet. Docodonta 13 11
Borealestes serendipitus Docodonta 4 2
Cyrtlatherium indet. Docodonta 11 5
Cyrtlatherium canei Docodonta 1 1
docodont Docodonta 16 6
dryolestid Trechnotheria 5 2
Eleutherodon "Allotheria" 6 1
eutriconodont Eutriconodonta 4 0
gobiconodont Eutriconodonta 4 2
haramiyid "Allotheria" 2 1
Kermackodon "Allotheria" 1 1
Kirtlingtonia "Allotheria" 1 0
llfi:’l;;z;ift’;nsis Docodonta 10 /
morganucodontid Morganucodonta 1 0
multituberculate "Allotheria" 5 4
Palaeoxonodon ooliticus Trechnotheria 30 15
Peraiocynodon Docodonta 1 1
Phascolotherium Eutriconodonta 10 5
Shuotherium Yinotheria 3 1
Shuotherium dongi Yinotheria 1 1
symmetrodont Trechnotheria 1 0
Wareolestes Morganucodonta 1 0
mammal indet. Mammaliaformes 38 19

Table 6.1. Numbers of scans, and numbers of scans that produced readable cementum
increments, for each clade studied in both synchrotron experiments.
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Subsample Scale r2 n

3-4 molars y=(x*10.167)+7.135 0.88 17
3-5 molars y=(x*10.184)+8.026 0.84 29
3-6 molars y=(x*10.187)+8.5941 0.78 32
full dataset y=(x*9.265)+11.214 0.65 38
4-5 molars y=(x*11.573)+6.58 0.82 22
4-6 molars y=(x*11.834)+6.766 0.75 25
4-9 molars y=(x*10.299)+10.421 0.57 31
5-6 molars y=(x*12.22)+7.004 0.74 15
5-9 molars y=(x*10.448)+11.363 0.55 21
6-9 molars y=(x*11.956)+12.638 0.67 9

Table 6.2. Scaling factors between m1 length and dentary length for
increasingly broad subsamples of Mesozoic fossil mammals (data
presented in Appendix 6.2), separated by number of molars within the
molar row.
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mammaliaforms
Taxon Algorithm | Observer | Observer Observer cv
count one count | two count | three count

Phascolotherium 3 3 2 31 18.182
Phascolotherium 3 3 2 2| 23.094
dryolestid 5 5 2 51 35294
Borealestes 3 3 3 3 0
Krusatodon 3 3 2 2| 23.094
haramiyid 1 1 1 1 0
Mammal indet. 8 8 7 7 7.698
Borealestes 4 4 4 4 0
docodont 6 6 6 6 0
Krusatodon 2 2 2 2 0
docodont 2 2 2 2 0
gobiconodont 5 5 5 41 10.526
dryolestid 4 4 3 3] 16.496
docodont 4 4 4 4 0
Cyrtlatherium 9 10 9 10 6.077
docodont 8 8 8 8 0
Borealestes 5 5 4 51 10.526
Palaeoxonodon freemani 4 4 4 4 0
Palaeoxonodon freemani 4 4 4 4 0
Shuotherium 3 3 3 3 0
Palaeoxonodon freemani 1 1 1 1 0
Krusatodon

kirtlingtonensis 1 1 1 1 0
Palaeoxonodon ooliticus 4 4 4 4 0
Palaeoxonodon ooliticus 5 6 6 6 8.696
Palaeoxonodon ooliticus 6 6 6 5 8.696
Krusatodon 10 10 8 10 | 10.526
Palaeoxonodon ooliticus 5 5 3 5 2.222
Krusatodon

kirtlingtonensis 7 7 6 6 8.882
docodont 5 5 5 5 0
Kermackodon 5 5 5 5 0
Palaeoxonodon ooliticus 1 1 1 1 0
Palaeoxonodon ooliticus 3 3 3 3 0
Shuotherium dongi 2 2 2 2 0
Cyrtlatherium 2 2 2 2 0

Table 6.3. Comparisons between increment counts estimated by three observers,
and those generated by the algorithm presented in Chapter 4. CV; coefficient of
variation.
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mammaliaforms
Maximum Mean

Study Taxon n age (years) cv Mean r
Kirtlington fauna ) 30 10 6.64 0.96
subsample
Thesis Chapter 3 Morganucodon 34 14 9.32 0.92
Thesis Chapter 3 Kuehneotherium 27 4.89 0.96
Gasawey etal. 1978 Alces Alces 72 14.2 0.4
christensen-dalsgaard L
etal 2010 Ursus maritimus 32 15 15.2 0.86
Perez-Barberia et al. 49
2014 Cervus elaphus 0 17 16.22 0.96
Pasda, 2014 Rangifer tarandus 63 16 19.4 0.64
Klevezal and Pucek .
1987 Bison bonasus 45 21 20.57 0.86
Grau et al. 1970 Procyon lotor 54 9 20.6 0.92
Landon et al., 1998 Canis lupus 12 6.8 25.92 0.78
Bodkin et al., 1998 Enhydra lutris 14 14 26.24 0.88
Kay and Cant, 1988 Macaca mulatta 65 24 29.34 0.79
Cederlund et al. 1991 Capreolus capreolus 74 9 30.5 0.86

Table 6.4. Comparisons between precision metrics for synchrotron radiation
computed tomography data of fossil mammaliforms and previous thin section
data of extant mammals. CV; coefficient of variation; ; Pearson’s correlation
coefficient.
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Specimen Increment Higher level Taxon
count taxon
m46212a 1 | Docodonta Peraiocynodon
m100120 3 | Eutriconodonta amphilestidae
CB07a 3602 4 | Trechnotheria Amphitheriidae
m36516a 1 | Trechnotheria Amphitherium
J79453 3 | Docodonta Borealestes
779498 4 | Docodonta Borealestes
m100060 8 | Docodonta Borealestes
m46001 2 | Docodonta Borealestes
m46058 3 | Docodonta Borealestes
m46399 2 | Docodonta Borealestes
m46404 1 | Docodonta Borealestes
m46580 3 | Docodonta Borealestes
m46809 11 | Docodonta Borealestes
m46847 4 | Docodonta Borealestes
m46632 3 | Docodonta Borealestes serepdipitus
m46728 3 | Docodonta Borealestes serepdipitus
m36524 5 | Docodonta Borealestes
m36527 12 | Docodonta Cyrtlatherium
m46778 2 | Docodonta Cyrtlatherium canei
379522 6 | Docodonta docodonta
379536 2 | Docodonta docodonta
m100059 3 | Docodonta docodonta
m36505 4 | Docodonta docodonta
m36541 9 | Docodonta docodonta
m46577 5 | Docodonta docodonta
179445 6 | Trechnotheria dryolestidae
m100063 3 | Trechnotheria dryolestidae
m100097 4 | "Allotheria" Eleutherodon
m100056 2 | Eutriconodonta Gobiconodontidae
m100057 5 | Eutriconodonta Gobiconodontidae
179472 1 | "Allotheria" haramiyidae
m46430 6 | Trechnotheria Kennetherium leesi
m46684 6 | "Allotheria" Kermackodon
CB04 5 | Docodonta Krusatodon
179454 3 | Docodonta Krusatodon
379523 2 | Docodonta Krusatodon
m46222 1 | Docodonta Krusatodon
m46442 10 | Docodonta Krusatodon
m46333 1 | Docodonta Krusatodon kirtlingtonensis
m46531 7 | Docodonta krusatodon kirtlingtonensis
m27628 6 | Mammaliaformes | mammal indet.
CB526 4 | Mammaliaformes | mammal indet.
j79452 4 | Mammaliaformes | Mammal indet.
m100061 3 | Mammaliaformes | mammal indet.
m100062 2 | Mammaliaformes | mammal indet.




mammaliaforms

mammal indet.

m100072 5 | Mammaliaformes
m100083 8 | Mammaliaformes | Mammal indet.
m100119 4 | Mammaliaformes | mammal indet.
m20990 3 | Mammaliaformes | Mammal indet.
m27537 5 | Mammaliaformes | mammal indet.
m46037 2 | Mammaliaformes | mammal indet.
m46441 2 | Mammaliaformes | mammal indet.
m46542 3 | Mammaliaformes | Mammal indet.
m46584 5 | Mammaliaformes | Mammal indet.
m46614 3 | Mammaliaformes | mammal indet.
m46623 4 | Mammaliaformes | mammal indet.
m46704 1 | Mammaliaformes | mammal indet.
m46741 10 | Mammaliaformes | mammal indet.
m46764 6 | Mammaliaformes | Mammal indet.
m100093 4 | "Allotheria" multituberculata
m46234a 1 | "Allotheria" multituberculata
m46289 1 | "Allotheria" multituberculata
pg06 3 | "Allotheria" multituberculata
m46417 3 | Trechnotheria Palaeoxonodon
m46197 4 | Trechnotheria Palaeoxonodon freemani
m46213 4 | Trechnotheria Palaeoxonodon freemani
m46290 1 | Trechnotheria Palaeoxonodon freemani
m46388 5 | Trechnotheria Palaeoxonodon freemani
m46701 1 | Trechnotheria Palaeoxonodon freemani
m46702 3 | Trechnotheria Palaeoxonodon freemani
m46429 6 | Trechnotheria Palaeoxonodon ooliticus
m46524 6 | Trechnotheria Palaeoxonodon ooliticus
m46618 1 | Trechnotheria Palaeoxonodon ooliticus
m46657 2 | Trechnotheria Palaeoxonodon ooliticus
m46698 1 | Trechnotheria Palaeoxonodon ooliticus
m46786 6 | Trechnotheria Palaeoxonodon ooliticus
m46792 1 | Trechnotheria Palaeoxonodon ooliticus
m46503 2 | Eutriconodonta Phascolotherium
CB508 3 | Eutriconodonta Phascolotherium
CB522 3 | Eutriconodonta Phascolotherium
m100092 3 | Eutriconodonta Phascolotherium
m46781 1 | Eutriconodonta Phascolotherium
m46226 3 | Trechnotheria Shuotherium
m46768 2 | Trechnotheria Shuotherium dongi
m46570 1 | Docodonta Simpsonodon
m46761 2 | Docodonta Simpsonodon
m46785 3 | Docodonta Simpsonodon oxfordensis
m46798 2 | Docodonta Simpsonodon oxfordensis
m36518 1 | Eutriconodonta Eutriconodonta

Table 6.5. Increment count estimated using the increment counting algorithm
developed by Newham et al. 2018b for each specimen that produced readable
cementum increments in synchrotron radiation computed tomography data.



mammaliaforms

Lifespan
Taxon (years) est. BMR (kj.kg.day-1) est. Growth rate k (days-1)
Borealestes 11 200 0.021
Cyrtlatherium 12 184 0.017
Krusatodon 10 230 0.026
Phascolotherium 3 1069 0.323
Shuotherium 3 1069 0.323
Palaeoxonodon 6 522 0.075
Morganucodon 14 150.72 0.02
Kuehneotherium 9 241 0.02
Kermackodon 6 522 0.075

Table 6.6. Estimates of physiological metrics for the Mid Jurassic fossil mammaliaform
taxa of the Oxfordshire Bathonian fauna. BMR; basal metabolic rate.
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Chapter 7.

Discussion and conclusions

This research project has attempted to characterise the potential of incremental dental
cementum as a record of life history among living and fossil mammals, isolate the
current caveats limiting the fulfilment of this potential, and develop methodologies for
overcoming these caveats. Cementum increments are believed to represent seasonal
changes in growth rates of the individual and the cementum. The circum-annual rhythm
and continuous growth throughout life of cementum increments (both unique among
mineralised dental tissues), provide an absolute estimate of chronological lifespan
(Klevezal, 1995). Lifespan in extant mammals is a crucial element of study for a range
of scientific disciplines (Kaplan et al., 2003; Hulbert et al., 2007; Wall-Scheffler, 2007),
and cementochronology (the study of cementum increment counts) is now routinely
used in ecology and wildlife management (Naji et al., 2016). Lifespan offers an indirect
proxy for metabolic potential among fossil mammals in relation to estimates of their
body masses (Hulbert et al., 2007; de Magalhaes et al. 2007). The circum-annual
rhythm of cementum deposition also provides this tissue with the potential for recording
significant perturbations to cementum growth beyond those of typical seasonal change
(Coy and Garshelis, 1992; Klevezal and Stewart, 1994; Kagarer and Grupe, 2001;
Cipriano, 2002; von Beila et al., 2008; Medill et al., 2010). Pregnancy is one such event
that has received particular interest in the literature; with several previous studies
suggesting that pregnancy events are recorded in increment morphology to a predictable
degree (Coy and Garshelis, 1992; Kagarer and Grupe, 2001; von Beila et al., 2008;
Medill et al., 2010). The significant increase in flux of the female secondary sexual
hormones estrogen and progesterone during pregnancy are understood to negatively
impact oral and periodontal health and growth (Bixler et al., 1955; Percival et al., 1994;
Leimola-Vitranen et al., 2000; Friedlander, 2002; Dodds et al., 2005; Russell and
Mayberry, 2008) and this can be expected to extend to the cementum tissue.

However, the potential of cementum for recording life history is undermined by
a series of caveats, both biological and methodological. Cementum is a dynamic,

biomechanically responsive tissue and increments have been frequently found to follow
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complex trajectories, both lensing and coalescing with neighbouring increments
(Spinage, 1973; Klevezal, 1995; Renz and Radlanski, 2006). The meta-analysis
conducted in chapter 2 has suggested that these complexities negatively correlate with
the strength of climatic forcing experienced by an individual, with populations in
equatorial regions showing the highest rate of complex increment patterns (Spinage,
1973). This problem can be compounded when studying cementum if the heterogeneity
of cementum tissue-types is not accounted for. Cementum can be chiefly divided into
two tissues; acellular extrinsic fibre cementum (AEFC) and cellular intrinsic fibre
cementum (CIFC). AEFC receives collagen fibres (Sharpey’s fibres) from the
periodontal ligament (PDL). Growth is continuous, and reflective of bodily growth,
making this tissue-type the most reliable for estimating age and life history. CIFC
creates collagen fibres internally, and grows primarily in response to periods of
anomalously high occlusal stress upon the tooth root (Naji et al., 2016).

Beyond biology, the primary limiting factor in previous studies of cementum
increments has been the reliance on histological thin-sections for imaging and analysing
increments (Renz and Radlanski, 2006; Naji et al., 2016). We have sought to overcome
the problems created by this reliance on a restricted, two-dimensional (2D) window
onto increments and their complications, by pioneering micro-computed tomographic
(LCT) techniques for imaging and analysing cementum. Although we have shown here
that current X-ray sources for conventional laboratory-based pCT systems do not
provide the image quality at sub-micron resolutions to accurately image cementum
increments, tomographic imaging using synchrotron radiation sources has been shown
to faithfully image increments at comparable resolution and contrast to histological thin-
sections. However, it must be noted that this image quality is only obtained using
propagation-based phase contrast reconstruction techniques, and image quality is
heavily dependent on choice of experimental settings (Chapter 4; Section 4.3.1.). We
have here directly experimented on the effects of individual settings on eventual image
quality, in order to develop an optimal suite of settings for imaging cementum

Increments.

7.1. Synchrotron radiation computed tomography and computer vision
Synchrotron radiation computed tomography (SR CT) produces data that allows

cementum increments to be studied in a new way, overcoming the primary issues that
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have undermined thin-section based studies. The non-destructive nature of SR CT
imaging means that the entire cementum tissue can be studied (although here only the
coronal third was studied), and so increments can be followed along their entire
trajectories through the scanned portion of the tissue. This reveals complications in
increment patterns in a more complete context. False increments created by lensing, and
coalescence of two increments can be traced and distinguished from ‘true’ increments.
This benefits counting of increments using human vision in two primary ways. First,
regions of complexities can be identified and isolated from traditional analyses of single
‘virtual thin-sections’. Secondly, increments can be followed volumetrically through an
entire scan dataset, producing 3D models of their patterns for the first time.

SR CT data also offers the opportunity to quantitatively study aspects of
cementum structure without distortion of features from preparatory artefacts known to
effect studies of cementum structure using thin-section images (Naji et al., 2016). This
project has developed a novel protocol for processing and analysing SR CT cementum
data using a series of both available and custom algorithms designed to isolate,
straighten and filter cementum in SRCT data, before estimating the count, shape and
texture of its increments. This workflow is summarised in Figure 7.1. and
accompanying Table 7.1., and has allowed the quantitative study of certain aspects of
life history recorded in the ultra-structure of cementum for the first time.

The increment counting algorithm developed here allows increments to be
counted using solely computer vision. This overcomes the major caveats highlighted in
previous studies seeking to validate the use of increment counting as an estimate of
lifespan in extant mammals. The predominant reliance on human vision for counting
increments places an inherent subjectivity upon counts, with individual observers
estimating sometimes significantly different counts for the same specimen. This
problem can be compounded by repeated findings of a significant correlation between
both accuracy and precision of increment counts and experience of the observer. This
project has developed a workflow whereby the application of an algorithm, robust to
significant levels of background image noise, to multiple transects through the
cementum of SRCT slices provides accurate counts of increments to those expected for
individuals of known age, with no application of human vision. Thus, although selecting
regions of high increment contrast by-eye can improve precision between counts among
individual transects of the same image, these results suggest that future

cementochronological studies may not need to apply human vision for counting
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increments in tomographic data. The issue of precision between observers, and the
correlation between accuracy, precision and observer experience would thus be
minimised, as repeated analysis of the same image will always generate the same
counts.

An obvious next step for the development of this algorithm is testing its
robusticity and accuracy for estimating age in long-living organisms with lifespans and
increment counts above the 30 tested for here, namely humans. This development must
consider and account for a series of factors that have been encountered during the
imaging and analysis of human cementum performed here. The validation of
cementochronology for ageing humans has been a focal point of study for the last two
decades, and the majority of studies have found that the accuracy and precision of
increment counts performed using human vision inversely correlates with age (Charles
et al., 1986; Condon et al., 1986; Kvaal and Solheim, 1995; Wittwer Backofen et al.,
2004, 2012). As humans age, increments become increasingly densely spaced and so
more difficult to count by eye (Kagarer and Grupe, 2001; Wittwer-Backofen et al.,
2012). The increment counting algorithm developed here has provided accurate
estimates of increment counts for one human with a known age of 46. Although this is a
promising preliminary result regarding the use of both the scanning parameters and
algorithm developed during this project, further experimentation is needed to more
conclusively validate their efficiency for counting long-living human cementum
increments. The SRCT data acquired for several human individuals suffered from blur
between increments created by partial volume effects through significant portions of the
scanned tissue, where there were insufficient pixels to accurately represent their
boundaries (Fig. 7.2.). This may suggest that the voxel resolution (0.66 pm®) used may
not be sufficient for accurately imaging the cementum of longer living humans. The use
of higher resolutions (e.g. 0.33 pm’) should thus be investigated for studying the
cementum of humans living longer lifespans than 60 years. However, higher resolutions
provide smaller fields-of-view for SRCT imaging, and so less of the cementum tissue
would be represented in each scan. This undermines one of the key benefits interpreted
from the results of this project: the ability to study increments along their complete
transects through significant portions of the cementum tissue. A trade-off between
obtaining sufficient resolution to capture individual increments and imaging sufficient
portions of the cementum tissue to overcome the problems of coalescence and lensing

represents a common problem in tomographic imaging that must be considered in future
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studies. The potential problems for distinguishing primary cementum increments from
complexities between them, through the reduced field of view offered at higher
resolutions, may be minimised by preliminary investigation using lower resolutions.
Regions of acellular extrinsic fibre cementum with high increment contrast can then be

identified at these lower resolutions, and then targeted for high resolution scanning.

7.2. Cementochronology of fossil mammaliaforms and crown

mammals

The validation of the precision and accuracy of the increment counting algorithm has
allowed it to be used here to count cementum increments in Mesozoic fossil mammal
specimens for the first time. This has in-turn provided a novel method of estimating
metabolic potential among fossil mammals, whereby measurable aspects of metabolism
among extant taxa (basal metabolic rate and post-natal growth rate) can be estimated in
fossils. The finding of a considerable disparity between the exceptionally long lifespans
estimated for Late Triassic-Mid Jurassic stem mammaliaform taxa and crown mammals
(both fossil and extant) of comparable body mass suggests that mammaliaforms had yet
to develop the elevated endothermic metabolism of extant mammals. Instead, our results
suggest that the levels of metabolism indicative of extant taxa evolved among the
earliest members of the crown mammal clade during the Mid Jurassic. This corresponds
in time to a frequently observed ‘burst’ of taxonomic (Newham et al., 2014) and
ecomorphological (Luo, 2007) diversity that occurred among the earliest crown
mammals during the Mid Jurassic (Close et al., 2015). It is proposed here that,
following the correlation between metabolic rate and several aspects of evolutionary
rate, this burst in diversity can be directly attributed to the development of metabolic
potential in early crown mammals to levels seen among extant taxa.

Study of lifespan among, and comparison between, key taxa representing other
fossil mammal faunas through time may offer a window onto their physiological
reaction to extreme climatic events and major mass extinctions, and give context to
previous interpretations of their macroevolutionary patterns (Dineen et al., 2014;
Grossnickle and Newham, 2016; Brocklehurst et al., 2017; Liu et al., 2017; Bennett et
al, 2018). Faunal reactions to major extinction events are crucial for understanding and

modelling ecological dynamics and several discrete patterns in ecomorphological and
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taxonomic diversity have been isolated in response to mass extinctions (Pearson, 2001;
Twitchett, 2007; Quental and Marshall, 2013). Recent studies have indicated that these
may represent changes to key life history variables such as changes in growth patterns
and age at sexual maturity, and the ability of a lineage to modify such life history
variables in response to environmental change may be key to their survival (Courtillot,
2002; Botha-brink et al., 2016). For example, skeletal histology has been studied in a
wide range of synapsid taxa across the End Permian mass extinction event (~251.88
Ma) to assess changes in growth rate and potential age at sexual maturity in relation to
the ‘Lilliput effect’ of reduced body size among surviving taxa (Botha-Brink et al.,
2010; Huttenlocker et al., 2013, 2014). Botha-Brink et al. (2016) used the count and
spacing of lines of arrested growth (LAGs) within transverse sections of the long bones
of therapsids to compare growth rates between End Permain and Earliest Triassic taxa.
The study found that reduction in body size in Triassic therapsids was accompanied by
a significant increase in growth rate, represented by a reduction in the count and spacing
between LAGs. This was interpreted as evidence of shorter life expectancies and
younger age-of-reproductive-maturity among early Triassic taxa, relative to their End
Permian relatives. The lack of histological indicators of skeletal maturity amongst
Triassic individuals was also used to suggest that comparatively fewer therapsids were
surviving through to adulthood.

Although cementum cannot offer a complete record of life history in non-
mammalian synapsids, including End Permian-Early Triassic therapsids (as these taxa
continually replaced their teeth), the level of detail offered by skeletal histology may be
both bolstered and ‘ground-truthed’ by studying cementum in mammal populations
experiencing comparable environmental and climatic events during other mass
extinctions. The End-Cretaceous mass extinction event (~66 Ma) is marked by a
decoupling between patterns in global taxonomic and ecomorphologicval diversity
among mammals (Grossnickle and Newham, 2016). This phenomenon was chiefly due
to the selective extinction of ecological specialists and proliferation of generalists. The
ability to use lifespan estimation from cementochronology in conjunction with
histological evidence may provide more information regarding this phenomenon,
offering a physiological context as to why certain taxa were selected for over others.
The ability offered by cementum to estimate absolute age in individual fossil animals
may add a quantitative rigour to studies of their long bone histology, allowing

estimation of the year of life that individual LAGs were deposited. This will, in turn,
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offer the opportunity to provide quantitative estimates of growth rate through life, as the
relationship between LAG count and chronological age can be determined. The ability
to estimate the chronological year-of-life that each LAG represents may also allow the
estimation of absolute chronological age at sexual maturity attained by each individual,
by assessing the year-in-life that osteological correlates of maturity originate.
Comparisons between morphological and textural correlates of cementum increments
with sexual maturity and activity found in this study, with osteological correlates of
sexual maturity in long bones interpreted in previous studies (Klevezal, 1995; Botha-
Brink et al, 2016) may also cross-validate their individual accuracy for predicting these
life history events in fossil taxa. Finally, assessing the physiological differences
between surviving and non-surviving taxa in previous events may suggest which extant
mammals are under greater threat from current climate change (Martinez-Meyer et al.
2004; Blois et al., 2013). The addition of this physiological information to statistically
robust analyses of patterns in global climate and diversity metrics across previous mass
extinction events may add a further level of complexity to models predicting the effects

of future events, including the present threat of anthropogenic climate change.

7.3. The relationship between cementum increment morphology and
life history in fossil hominins

The development of algorithms designed to isolate and measure aspects of increment
shape and texture offers a new approach to studying the relationship between life
history and cementum growth. This thesis serves as a case study for such investigation,
having developed and tested a thoroughly researched hypothesis for the effects of
gender-specific life history variation upon measureable aspects of dimorphic cementum
growth. The findings of significant quantitative differences in cementum increment
shape and texture between male and female primates suggest that cementum growth is
sexually dimorphic among primates. It is posited that these findings reflect clinical
evidence that the elevated levels of estrogen and progesterone within the female oral
environment negatively impact oral health, and provide a less stable environment for
cementum growth (Muhler and Shafer, 1955; Delman, 1955; Laine et al., 1988; Liu and
Lin, 1973; Person et al., 1998). These effects are known to amplify with the
considerable increase in estrogen and progesterone production during pregnancy events

(Gajendra and Kumar, 2004; Lukacs and Largaespada, 2006; Silk et al., 2008). The
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development of our increment counting algorithm has allowed the effects of individual
pregnancy events on female cementum growth to be analysed and we have found
qualitative differences between the properties of individual increments formed during
pregnancy and surrounding increments.

The opportunity afforded by the suite of algorithms developed here to
quantitatively isolate discrete elements of cementum structure, and statistically compare
them between individuals and sub-samples may also allow the effects of other elements
of life history upon cementum growth to be studied with the same quantitative rigour.
Several variables have been suggested to affect the growth of cementum and nature of
incrementation (Klevezal, 1995; Kagarer and grupe, 2001; Cipriano, 2002; Wall-
Scheffler and Foley, 2008). Using the methods developed here, these effects can now be
characterised in terms of specific aspects of increment shape and/or cementum texture,
in order to better elucidate the relationship of these variables with cementum growth.
For instance, comparisons of cementum texture (across the entire cementum tissue) of
individuals raised under different climates may offer a method for quantitatively
studying the effects of climate on cementum growth (Wall-Scheffler and Foley, 2008).
The proportion of individuals with complex increments has been shown here to
correspond with various climate types. The 21 available texture metrics developed for
cementum texture analysis may provide a new level of detail to these comparisons, and
new information on the effects of quantifiable aspects of climate such as strength of
seasonality and rainfall on the growth of cementum and quality of incrementation.

Ultimately, future studies seeking to further explore the relationships between
the aspects of cementum increment structure identified here with pregnancy must utilise
larger samples than those provided here. Both the Macaca mulatta sample and the
archaeological human sample(s) were undermined by an imbalance between breeding
females of known life history, and males. The M. mulatta sample only consisted of one
male individual. Although comparisons of increment shape and texture provided
significant differences between this individual and all females in the sample, there were
also significant differences between aspects of increment texture between individual
breeding females. Further, with only one male individual, the extent of male ‘texture-
space’ occupation is unclear. Hence, more male individuals from this population are
needed to conclusively investigate the potential sexual dimorphism preliminarily
suggested in this study. Conversely, the archaeological sample studied only comprised

two individual females of known reproductive history, and one of these individuals
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suffered from a cementum pathology (hypercementosis). While evidence was found for
difference in the properties of increments formed during pregnancy and surrounding
increments for both individuals, they are not directly comparable and so do not offer
mutual support for any one particular hallmark of pregnancy in the SR CT data of
cementum increments in modern humans.

If upheld in future studies using more complete samples, the findings of
characteristic differences between the structure of individual increments formed during
pregnancy and surrounding increments, and between male and female members of the
same population, in both recent and archaeological specimens in SRCT data, highlight
the potential of the methodology developed here for studying archaeological and fossil
specimens with a forensic level of accuracy. Cementum has recently been used as a
forensic tool for identifying a single “Jane Doe” (unidentified female body in a
criminological context) (Wedel et al., 2015). The chronological age from cementum
was used alongside a suite of osteological metrics to assess the most likely individual
that the body belonged to in the relevant region of discovery. The majority of fossil and
archaeological hominid specimens are fragmented and disarticulated, with teeth being
the most common elements. The use of cementum to study populations of disarticulated
remains offers the chance to both distinguish between individuals, and study their
remains in a new way. If further developed to accurately age long-living hominid
individuals, the increment-counting algorithm may be used to distinguish individuals
based on their age, and the shape of increments and texture of cementum characterised
and statistically compared to reveal potential life history differences.

Further, hominin populations can be compared through time and across the
globe to study macroevolutionary patterns in important demographic metrics. The
concept of niche construction has gained particular recent attention amongst
evolutionary anthropologists studying early human evolution (Fuentes et al, 2010;
Kendal et al, 2011; Dean et al, 2012; O’Brien and Laland, 2012; Fuentes, 2015). Niche
construction describes the building and reshaping of ecological niches by organisms and
thus the changing of the evolutionary pressures, and in human populations can emerge
from, and feedback to, wider ecological systems, genetic processes, physiological and
life history variables, developmental schedules and cultural processes (Laland et al.,
2007). Anton and Snodgrass (2012) proposed that early hominin evolution was
characterised by a niche construction whereby increases in dietary quality, cognition,

and cooperation resulted in lowered mortality risk and fostered changes in brain size,
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life history parameters and behavioural/social complexity. This complex system of
interconnecting parameters and group interactions reflects a drive to include elements of
the new evolutionary synthesis and modern anthropogenic theory when studying ancient
hominin populations (Kendal, 2012; Fuentes, 2015). However, the majority of these
studies are based on modelling of modern populations and lack robust evidence of
demographic parameters for early hominin communities and populations. The potential
demographic data available from SR CT studies of the cementum of hominid
communities, ranging from proportion of genders, age structure, fertility and age at first
reproduction, offer the chance to model aspects of the complex multidimensional group
interactions involved in human niche construction based on direct evidence in the fossil

and archaeological records.

7.4. Summary
The development and validation of SR CT imaging and computer vision approaches to
studying cementum increments pioneered in this project have been attempted to bring
this discipline up-to-date with the techniques and methodologies used to study other
more commonly studied hard tissues and materials. The volumetric nature and sub-
micron resolution of SR CT imaging has overcome the principal caveats of previous
studies based on a limited number of two-dimensional thin sections used to represent
individual specimens. SR CT data has also provided a source for developing a suite of
image analysis algorithms that may benefit future studies of both counts of cementum
increments, and the relationship between their properties and various life history
variables. The increment counting algorithm developed here has been shown to be both
robust to low theoretical signal-to-noise ratios and accurate for ageing primates. The
opportunity afforded by this algorithm to count increments using solely computer vision
overcomes another principal caveat of previous studies, the subjective nature of human
vision. The final two algorithms developed here are based on characterising aspects of
increment morphology and texture in SR CT slices that are potentially indicative of
heterogeneities in their growth relating to life history parameters.

The relationship between cementum increment properties and life history has
been explored along two different lines of enquiry; firstly analysing physiological
evolution amongst our earliest ancestors, and secondly studying potential sexual

dimorphism in our most recent relatives. The discovery of preserved increments within

241



Chapter 7: Discussion and conclusions

fossil cementum in the late Triassic/Early Jurassic mammaliaforms Morganucodon and
Kuehneotherium, and subsequent scanning of these and the increments of later
mammaliform taxa and contemporaneous crown mammals from the Mid Jurassic
revealed a significant disparity between long-living mammaliaforms and short-living
crown mammals. The subsequent use of these lifespans for estimating basal metabolic
rate and post-natal growth rate amongst fossil taxa revealed a comparable disparity
between mammaliaforms and crown mammals, suggesting a significant increase in
metabolic potential amongst the earliest crown mammals.

The application of quantitative analyses of increment shape and texture have
been applied to preliminary samples of primates, a rhesus macaque sample and two
separate archaeological human samples, in order to investigate potential sexual
differences between male and female cementum increments. In all samples, male
increments were found to differ significantly from females in both increment shape and
texture. Although small sample size means that the results presented can only be
considered as preliminary and caveats were found, namely that two separate
archaeological samples from different periods and preservational contexts should be
combined with caution, these preliminary findings suggest that cementum increment
morphology may be used in future studies to estimate gender in individuals of unknown
life history. The finding of further qualitative differences between increments formed
during known pregnancy events and surrounding increments in females also highlights
the potential of using increment parameters to estimate discrete life history events using
the cementum of individuals of unknown life history.

These two studies of disparate elements of both mammal phylogeny and life history
highlight the potential of cementum as a life record. This potential can be maximised
with the continued use of non-destructive imaging and quantitative analysis of robust
samples of controlled life history, building upon the preliminary samples case-studied in

this project.
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Figure 7.1. Summary of workflow developed for this project. Each stage is described and
explaind in accompanying Table 7.1.
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Figure 7.2. Illustration of the partial volume effect on densely spaced cementum
increments within adult human cementum. (a) transverse SR CT slice through the
cementum of C19 individual sk11, showing densely spaced increments that become even
more tightly spaced through the central portion of cementum where it is grown over by
non-incremental cellular cementum. (b) Detail of cementum marked by dashed box in (a),
showing partial volume effects along portions of several increments, where they cannot be
easily distinguished from neighbouring increments by eye. (c) Greyscale values across radial
transect marked by yellow line in (b), highlighting low contrast between increments. (d)
Summary statistics of automated increment counts for 1000 transects plotted through the
isolated, straightened cementum within (a). Scale bars in (a) and (b) represent 100 pm.
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Appendix 1.1. 2014 ESRF proposal

European Syncurotron Rapiation Facry 5%

ESRF User Office R OO
BP 220, F-38043 GRENOBLE CEDEX, France I T B
Delivery address: 6 rue Jules Horowitz, 38043 GRENOBLE, France ESRF
Tel: +33 (0)4 7688 2552; fax: +33 (0)4 7688 2020; email: useroff@esrf.fr; web: http://www.esrf.fr

Application for beam time at ESRF - Experimental Method

Proposal Summary (should state the aims and scientific basis of the proposal): We propose a high-
resolution (~40nm-lum) x-ray micro-/nano-tomography comparative study of the molar teeth of the 200
million year old fossil early mammal Morganucodon watsoni plus a range of modern insectivorous
mammals. The purpose is non-destructive identification, mapping and quantification of growth increments
(hereafter referred to as lines of arrested growth, LAGs) in order to reconstruct life history variables in the
earliest mammals. There is considerable interest in determining the physiology of early mammals [1] but
basic life history variables such as lifespan and growth rate are unknown or poorly understood. All three
principal mineralised tissues of the teeth, cementum, dentine and enamel, are known to record LAGs, from
which life history and developmental patterns can be measured and reconstructed using synchrotron
tomography [2]. Using existing and improved methodologies, this study will provide a clearer
understanding of life history at the earliest stages of mammalian evolution.

Scientific background: During the process of mineralisation, dental tissues such as cementum, dentine
and enamel record periodic incremental features, LAGS, which represent a chronological record of
development. If unmodified by diagenetic processes during fossilisation, these form a permanent record of
the growth of the tooth. Such LAGs have been known for centuries but only recently have non-destructive
synchrotron tomographic methods allowed their visualisation and use for determination of life history
parameters in rare or unique fossils [2]. Thus far, only dentine and enamel LAGs visualised through
synchrotron tomography have been utilised; we aim to combine these with new methods based around
cementum LAG visualisation and quantification to increase understanding of early mammalian evolution.
Relative to the hominids for which life history variables have been determined using synchrotron
methods, early mammals likely had shorter lifespans and much shorter tooth development times, as do
extant analogues including small insectivores such as shrews and hedgehogs. We therefore propose to use
existing methods for analysis using enamel and especially dentine LAGs [2] alongside the development of
synchrotron data based methods designed to overcome many of the shortfalls of current destructive
sectioning for cementum LAG acquisition. Cementum is a collagenous mineralised tissue that connects
tooth roots to the periodontal ligament, supporting dentition within the alveolus against forces applied
through mastication. Cementum LAGs have been shown to reflect seasonal changes, creating alternating
bands within the tissue [3]. As cementum grows continuously through life, these bands offer an absolute
record of annual seasonal change, and hence an estimate of annular age and season of death. Cementum
lines obtained through destructive thin sectioning have been used for aging a range of taxa, including
humans, and for archaeological, zoological, palaeontological and forensic purposes including conservation
and identification of crime victims. However, limitations of the method have been identified, prinicipally
due to difficulties in objectively quantifying LAG numbers from single histological thin sections of
variable location and quality. We feel that this can be improved through the use of tomographic acquisition
of cementum LAGS, which will allow more accurate quantification of LAG numbers due to the
availability of whole root LAG data acquisition, instead of single tooth root thin sections per specimen.
The abundance of well preserved fossil teeth of M. watsoni (fig 1A) presents a unique opportunity
for a quantifiable, population-level sample for non-destructive study of the dental histology and therefore
life history of one of the earliest mammals. Data on the basal condition within mammals is critical for
understanding the evolution of life history in the group as a whole. The large sample includes sufficient
specimens to scan animals of different ontogenetic ages (based on tooth wear and replacement), different
tooth loci etc. Comparison with data from extant insectivore teeth will allow both validation of the use of
cementum LAGS, and allow comparison with the modern condition in small mammals. Pilot data from M.
watsoni tooth roots scanned on ESRF beamline ID22 show cementum LAGS throughout the root (fig 1B)>
These have been validated with histological thin sections of the same tooth roots, also showing the LAGS
(Fig 1C), and trial segmentation of cementum LAG lines from this data was successful (Fig 1D).
Synchrotron scanning will allow sample sizes that cannot be obtained from destructive methods.
ESRF Experiment Description
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o T W S e Ol i il
Figure 1. (A) CT scan of a Morganucodon molar,
with left root overlain by a sketch of cementum
annulations. (B) slice of trial ESRF scan showing
continuous cementum LAGs indicated by white
arrows. (C) Polished thin section showing
comparable cementum layers. (D) 3 Dimensional
profiles of 5 cementum LAGs, with each line

highlighted in different colour. scale bar; 50 um.
With this data, we will test the following questions/hypotheses: 1) Do modern insectivorous mammals
show a direct correlation between ontogenetic age and cementum LAG count? 2) Does the LAG count of
Morganucodon watsoni differ significantly from modern insectivorous mammals?

The proposed experiments will form an integral part of continuing large-scale developmental and
evolutionary biology collaboration, focused on teeth, between the Department of Physics and the Institute
of Biotechnology at the University of Helsinki [3], and additionally incorporate the early mammal
palaeontological expertise of colleaues at the Department of Earth Sciences, University of Bristol. The
resolution offered at the ESRF facility is crucial to this study due to the size of the M. watsoni specimens;
roots are ~0.2-1mm in length and LAGs can be less than 1pm thick. Non-synchrotron microCT scanning
attempts to resolve these features have been unsuccessful.

Experimental technique(s), required set-up(s). measurement strategy, sample details (quantity..etc) :
The proposed experiments will be carried out at ID19 (pink beam, 19keV) using single propagation
distance phase-contrast micro-tomography at 0.25-1um voxel size resolutions, and at ID16A (17/34keV)
using magnified holotomography (multi-propagation distance phase contrast nano-tomography) at 40nm
voxel size. Samples will be prepared at the home laboratory. The sample series will consist of molar teeth
and jaws of fossil and recent mammals, to be measured separately at different resolutions and in different
parts of the tooth/jaw. The samples do not require any special sample environment. The reconstructed data
will be analysed in Helsinki with dedicated software (Avizo, Amira, VolumeGraphics, Matlab etc.).
Beamline(s) and beam time requested with justification : Our team has previously achieved excellent
results examining tooth microstructure with tomography on beamlines ID19 and ID22 (see reports). The
principal request for beamtime is for ID19, where Paul Tafforeau and team are world leaders in
tomographic visualization of tooth incremental structures. Additional nanoscale resolution beamtime on
ID16A will enable validation of results from ID19 but is not essential; the project is viable using ID19
only. ID19 measurements will take approx. 30 minutes each allowing a maximum of 48 per day; including
pre-measurement setup and optimization, we require four full days (12 x eight hour shifts) to scan suitable
samples sizes of M. watsoni and extant species. The ID16A sample will be more modest and each
measurement approx. 2.5 hours; we require two full days (six 8 hour shifts) of beamtime including setup.

Results expected and their significance in the respective field of research: We aim to validate a direct
correlation between annular ontogenetic age and cementum LAG count in insectivourous mammals,
thereby obtaining an average estimated ontogenetic age for the early mammal Morganucodon. Such results
will allow important inferences into various aspects of the ecology and life history of early mammals, and
will provide mehodological improvements in zoological, archaeological paleo and forensic sciences.

References [1] T. Rowe er al., Science 332, 955-957 (2011) [2] T. Smith er al. P.N.A.5107, 20923-20928
(2010) [3] D. Lieberman, Science, 261, 1162-1164 (1993) [4] E. Harjunmaa et al,, Nature, 483, 324-327
(2012)
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Proposal 20141278

Title

Reconstructing the life history of the first mammals - using dental increments to make leaps
in understanding

Abstract

The earliest mammal fossils, 200 milliion years old, are pedominantly tiny teeth and jaws, and
too valuable to be subjected to destructive sampling in large numbers. We propose a novel
combined palaeontological and engineering approach which uses high resolution
synchrotron-based CT (SR microCT) imaging of dental increments from tooth root cementum
across a population sized sample. This will reveal whether their life history and physiology, at
the root of the mammalian tree, differs from that of living mammails.

Proposer / Spokesperson

Dr. Pamela G Gill Dept. of Earth Sciences, Univ. of Bristol
pam.gill@bristol.ac.uk

Principal investigator

Dr. Pamela G Gill Dept. of Earth Sciences, Univ. of Bristol

Co-Proposer

Dr. Philipp Schneider Faculty of Engineering and the Environment, Univ. of
Southampton

Dr. lan J Corfe Inst. of Biotechnology, Univ. of Helsinki

Mr. Elis Newham Faculty of Engineering and the Environment, Univ. of
Southampton

Dr. Philippa Brewer Dep.of Palaeontology, Natural History Museum

Experiment Category
Experiment Type Normal
Research Area Environmental and Earth Science

Experiment Requirements

Eligible for EU Support Yes
Number of Shifts Required 12
Schedule Preferences none
Beamline/Station TOMCAT
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Description

A) Goal of the experiment

We propose a high-resolution X-ray computed tomography (CT) study of the teeth of the 200
million-year-old fossil early mammal Kuehneotherium. The purpose is non-destructive
identification, mapping and quantification of growth increments (lines of arrested growth,
LAGSs) in order to reconstruct life history variables in the earliest mammals. There is
considerable interest in determining the biology and physiology of early mammals [1,2] but
basic life history variables such as lifespan and growth rate are unknown or poorly
understood. We focus on one of the mineralised tissues of the teeth, cementum, which is
known to record LAGs and, unlike bone, is not remodelled during life. Life history and
developmental patterns will be measured and reconstructed using synchrotron-based CT (SR
microCT) [3]. Using existing and improved methodologies, this study will provide a clearer
understanding of life history at the earliest stages of mammalian evolution.

B) Background

During the process of mineralisation, dental tissues such as cementum, dentine and enamel
record periodic incremental features, LAGSs, which represent a chronological record of
development. If unmodified by diagenetic processes during fossilisation, these form a
permanent record of the growth of the tooth. Such LAGs have been known for centuries but
only recently have non-destructive synchrotron tomographic methods allowed their
visualisation and use for determination of life history parameters in rare or unique fossils [3].
Cementum is a collagenous mineralised tissue that connects tooth roots to the periodontal
ligament, supporting dentition within the alveolus against forces applied through mastication.
Cementum LAGs have been shown to reflect seasonal changes, creating alternating bands
within the tissue [4]. As cementum grows continuously through life, these bands offer an
absolute record of annual seasonal change, and hence an estimate of annular age and
season of death. Cementum lines obtained through destructive thin sectioning have been
used for ageing a range of taxa, including humans, and for archaeological, zoological,
palaeontological and forensic purposes. However, limitations of the method have been
identified, principally due to difficulties in objectively quantifying LAG numbers in 2D from
single histological thin sections of variable location and quality. The use of tomographic
acquisition of cementum LAGs will allow more accurate quantification of LAG numbers and
morphology, due to the availability of whole root LAG data acquisition in 3D instead of single
tooth root thin sections per specimen.

Recent pilot scans demonstrated the feasibility of visualizing tooth cementum LAG
microstructures using 3D high-resolution SR CT on the tooth roots of Morganucodon, a tiny
(~30 grams) early mammal, which co-existed with Kuehneotherium during the Early Jurassic
(Fig. TA). A sample of Morganucodon teeth (Fig. 1B) was scanned at the European
Synchrotron Radiation Faclility (ESRF) ID19 beamline. Image post-processing (Fig. 2A; 2B)
and morphometry allowed quantitative characterisation of the cementum LAGs, which were
compared with histological thin sections of some of the same tooth roots (Fig. 2C). This
cross-comparison between conventional histology and SR CT demonstrated that the same
LAGs could be found with both methods. Initial results of high LAG numbers and thus high
lifespans for such a small animal are suggestive of a very different life history and physiology
to extant mammals: similar sized living shrews typically display very limited LAG numbers,
and have lifespans of a maximum of 18 months and correspondingly high metabolic rate
physiologies.

We therefore propose to test quantitatively the hypothesis that early mammals shared
this different life history and physiology, and that this represents the basal condition from
which modern mammals have evolved. Deposits from Glamorgan, UK, have yielded a unique
collection of thousands of fossil teeth and bones from both Morganucodon and the distantly
related early mammal Kuehneotherium [1]. The abundance of well-preserved teeth of
Kuehneotherium (Fig. 3) presents an unprecedented opportunity for a comparative study of
the lifespan and physiology of early mammals. Data on the basal condition within mammals
is critical for understanding the evolution of life history in the class Mammalia as a whole. The
large sample of Kuehneotherium teeth includes sufficient specimens to examine animals of
different ontogenetic ages (based on tooth wear and replacement), allowing a population-
level age distribution to be determined, including a maximum sampled lifespan. High-
resolution SR CT scanning will allow assessment of microscopic LAGs of early mammals in
3D non-destructively, which cannot be achieved by destructive histological thin section
methods in 2D. The high isotropic spatial resolution offered at TOMCAT is crucial to this study
due to the small size of the Kuehneotherium specimens; roots are ~0.3-0.6 mm in diameter
and LAGs can be less than 1&#956;m thick. Non-synchrotron CT scanning attempts to
resolve these features in Morganucodon have been unsuccessful to date.

With the tomographic data generated at TOMCAT we will test the following questions:
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Description

Does the population LAG distribution, maximum LAG count and resulting maximum
estimated lifespan of Kuehneotherium differ from:

1) modern mammals of similar body size?

2) the co-existing early mammal Morganucodon?

The proposed experiments will form a collaboration drawing on the unique combination of
early mammal palaeontological expertise at the University of Bristol, bioengineering and
imaging expertise at the University of Southampton, developmental and evolutionary biology
expertise focused on teeth at the University of Helsinki, and the early mammal collections
and expertise of the Natural History Museum London.

C) Experimental method; specific requirements

Samples will be prepared at the home laboratory in Bristol or the Natural History Museum.
The sample series will consist of fossil teeth of Kuehneotherium, and the samples do not
require any special sample environment. The proposed experiments will be carried out at
TOMCAT at very high resolutions using 40x and 20x objectives and fields of view of 0.35 and
0.7 mm respectively, at energies around 18 keV. The region of interest is a single tooth root,
from just below the neck to just above the root apex (Fig. 3). The reconstructed data will be
analysed and evaluated using commercial software (Avizo, Amira) and in-house software
routines available to and developed by the applicants, respectively. Quantitative
morphometry for LAGs will include measures such as number, thickness, separation and
their respective variations.

D) Results expected

Quantitative morphometry measures characterising the cementum LAGs will provide an
estimated ontogenetic age for the early mammal Kuehneotherium, in comparison to
Morganucodon (ESRF data). Such results will allow important inferences into various aspects
of the ecology and life history of early mammals, and will provide methodological
improvements in zoological, archaeological, palaeontological and forensic sciences.

E) Estimate and justification of the beamtime

Our team has previously achieved excellent pilot results examining Morganucodon tooth
microstructure with SR CT at ESRF beamline ID19. The preservation of many teeth was
exquisite, but some had suffered diagenetic alteration to the internal fabric, which could not
be detected pre-scanning. The sample size allows for this contingency. This request for
beamtime is for TOMCAT, where Marco Stampanoni and team are world leaders in
tomographic visualisation of dental microstructure and incremental features [5]. We estimate
that TOMCAT measurements will take 20 minutes at 18 keV allowing a maximum of 48
samples per day. Including pre-measurement setup and optimisation, we require four full
days (12 x eight-hour shifts) to scan a suitable sample size

(approximately 180) of Kuehneotherium tooth roots.

F) References relevant to the experiment description

[1] P. Gill et al., Nature 512, 303-305 (2014) [2] T. Rowe et al., Science 332, 955-957 (2011)
[3] T. Smith et al. P.N.A.S 107, 20923-20928 (2010) [4] D. Lieberman, Science, 261,
1162-1164 (1993) [5] M. Ruecklin et al., Nature 491, 748-751 (2012)

SLS related publications of the proposers (within the last 18 months)

Gill P G, Purnell M A, Crumpton N, Robson Brown K, Gostling N J, Stampanoni M, Rayfield E
JDietary specializations and diversity in feeding ecology of the earliest stem mammals.
NATURE 512 303 (2014)Beamline: TOMCAT

Carriero A., Doube M., Vogt M., Busse B., Zustin J., Levchuk A., Schneider P., Mueller R.,
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Figure 1. A) The Early Jurassic fossil mammals from the Glamorgan fissure fills; Morganucodon
(foreground) and Kuehneotherium in their island environment. (Painting by John Sibbick).
B) Morganucodon molar, with root overlain by a sketch of cementum annulations.
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Figure 2. A) Tomographic slice of the root of a Morganucodon molar (ESRF data), highlighting five
distinct annuli in the cementum. B) 3D tomographic model of cementum annuli showing the extent of
the same five annuli. C) Thin section histological slice of the same area as the tomographic image.
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Title

Novel 3D assessment of growth increments in dental tissue for studying discrete life history
events.

Abstract

We propose a novel 3D approach for assessment of pregnancy markers in dental tissue
growth increments using high resolution synchrotron-based CT. This will be the most
quantitatively rigorous study of its kind to date, studying the molar teeth of a group of female
macaque in comparison to a group of non-breeding females and males, all otherwise raised
under the same controlled conditions. It is expected that results will form a predictive model,
which will then be used to estimate pregnancy events in a group of mediaeval humans.

Proposer / Spokesperson

Dr. Pamela G Gill Dept. of Earth Sciences, Univ. of Bristol
pam.qgill@bristol.ac.uk
Principal investigator
Dr. Pamela G Gill Dept. of Earth Sciences, Univ. of Bristol

Co-Proposer

Mr. Elis Newham Faculty of Engineering and the Environment, Univ. of

Southampton

Dr. lan J Corfe

Inst. of Biotechnology, Univ. of Helsinki

Dr. Kate A Robson Brown

Dept. of Archaeology and Anthropology, Univ. of Bristol

Dr. Philippa Brewer

Dep.of Palaeontology, Natural History Museum

Dr. Philipp Schneider

Faculty of Engineering and the Environment, Univ. of
Southampton

Experiment Category

Experiment Type

Normal

Research Area

Life and Medical Sciences (excluding Crystallography)

Experiment Requirements

Eligible for EU Support Yes

Number of Shifts Required 12

Schedule Preferences Earlier if possible

Beamline/Station TOMCAT

Links to related proposals of relevance to the current proposal

Proposal | Title/Proposer/Infos given by the proposer about the relation Report

20141278 | Title: Reconstructing the life history of the first mammals - | Available
using dental increments to make leaps in
understanding

Proposer: Dr. Pamela G Gill
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Description

A) Goal of the experiment:

We propose a high-resolution X-ray computed tomography (CT) study to test whether
episodes of pregnancy can be predicted from patterns of growth increments in the cementum
of dental tissue. By using a sample of primates raised under controlled conditions and known
life histories we aim to generate a predictive model for detecting pregnancy events by
mapping the three dimensional (3D) structure of increments to identify patterns in increment
structure. This model will then be used to infer pregnancy events from the cementum of an
archaeological human population of known sex. We suggest that synchrotron-based radiation
tomography (SR CT) will allow us to assess the potential of cementum as a record of
pregnancy in a robust fashion, by allowing us to quantify the relationship between pregnancy
events and 3D cementum growth for the first time. The non-destructive nature of tomographic
measurement will also allow us to develop a method for predicting pregnancy in specimens
that cannot be analysed using traditional destructive histological techniques including rare or
unique fossil material.

B) Background:

The monitoring and interpretation of life history in both living and fossil mammals is of crucial
importance for a range of biological disciplines, and the structure of cementum increments
has been previously suggested to correspond to both an individual age, and important events
such as pregnancy that affect the animal’s physiology and growth. The growth and
development of mineralised dental tissue, H(D:ementum, dentine and enamel) is recorded by a
series of incremental features of differing periodicity and causation. Cementum, the
connective tissue that anchors mammalian teeth within the alveolar socket, is unique among
these tissues as its growth is continuous throughout life, and annual in rhythm. This rhythm is
recorded by a series of circumannual increments of contrasting opacity when viewed under
light microscopy, with relatively dense hyper-mineralized opaque increments recording a
reduction of growth rates during unfavourable seasons [1] (Fig. 1).

Cementum increments have been the subject of histological study for decades and their
counts have successfully been used as an absolute estimate of chronological age in over 70
species of extant mammals [2]. Further, several recent studies have indicated that certain life
history events, which significantly affect the physiology of mammals, may be recorded in
cementum. However, these studies have relied on anecdotal and observed field evidence (e.
g. presence of cubs) for pregnancy events, and thin section histology for studying their
effects [3]. The reliance on thin-section based histological analysis has placed limits on
current understanding of the nature of the structure and causation of cementum increments.
Cementum is a dynamic, biomechanically responsive tissue and increments can be seen to
lense and coalesce in apparently random areas of their vertical and horizontal trajectory. The
2D perspective of study over a limited number of thin sections available per tooth (often only
one), means that such discrepancies in increment patterns cannot be accounted for in the
context of the entire cementum tissue. This creates uncertainty in counts and makes it
difficult to discern patterns in increment structure from transitory noise created by lensing and
coalescence [2].

We aim to use the sub-micron resolution at high signal-to-noise ration and within a 3D
context offered by SR CT as an improved imaging method for studying cementum
increments, allowing us to more confidently study increment structure in relation to pregnancy
events. Recent pilot measurements conducted at the TOMCAT beamline of the Swiss Light
Source Synchrotron demonstrated the feasibility of imaging tooth cementum increments in
both extant and fossil mammals using SR CT (Fig. 2; Figures 1.b. and 3 in experimental
report of proposal 20141278). Pilot measurements of the teeth of the extant European
hedgehog, Erinaceus europaeus, during our recent project (Proposal 20141278) reveal
increments in sufficient contrast and resolution to allow characterisation of their vertical and
horizontal trajectories through the majority of the cementum, as well as quantitative analysis
of relative increment thickness, a necessity for determination of pregnancy events.
Comparisons between reconstructions and histological thin-sections of the same teeth further,
((jemon)strated that tomographic increments reflected optical changes in cementum structure

Fig. 2).

Based on these promising data, we propose a comparative study of the cementum
increments of a sample of female macaque monkeys (Macaca mulatta) that have undergone
recorded biennial insemination and pregnancy events, versus a control sample consisting of
the increments of females that were never inseminated and males. All individuals (12) in this
sample were otherwise raised under the same controlled conditions. This will allow us to test
previously hypothesised relationships between pregnancy and cementum growth with an
unprecedented quantitative rigour, in order to establish whether pregnancy events can be
estimated using the cementum of animals of unknown life history. The analysis of
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Description

tomographic data will allow us to generate a predictive model to study the cementum of
specimens that would otherwise be unavailable for destructive histological analysis. Our
second sample consists of a population of archaeological humans from the late mediaeval
(AD 1086-1539) Priory of St. Peter and Paul, Somerset (UK). The identification of pregnancy
events in this sample will provide important information on aspects of population structure
including absolute pregnancy numbers per individual. Additionally, existing burial information
will be used to assess similarities and differences in relative numbers of pregnancies, and
average age of first pregnancy, in women of known differing status [4].

The proposed experiment will form a collaboration of a combination of expertise in
mammal dental development at the University of Helsinki, mammalian evolution and
palaeoanthropology at the University of Bristol, and bioengineering and X-ray imaging at the
University of Southampton. Developing a new, non-destructive record of pregnancy, an
important aspect of life history in mammals will be of benefit to a wide range of disciplines
including ecology [1], archaeozoology [5], paleoanthropology [6] and even forensic
criminology [7].

C) Experimental method; specific requirements:

Macaque samples will consist of molariform teeth removed from animals culled prior-to this
project, then buffered and dehydrated at the university of Southampton. No animals were
culled specifically for this project, and all samples have been screened for pathologies and
are certified not to carry any disease of danger to humans. The project has full ethical
approval from the University of Southampton and the respective funding bodies to conduct
this experiment. Proposed experiments will take place at the TOMCAT beamline using 40x
and 20x objectives at 0.33 and 0.65 micrometer voxel dimensions (respectively), at energy
levels of 20 keV. Reconstructions will use conventional X-ray absorption based ("grid rec”)
algorithms, and exploratory phase-contrast enhancement ("Paganin-style”) algorithms as
these have produced the most precise measurements to date (Fig. 2). Reconstructed data
will be analysed using commercial software (Avizo, Fiji) in order to process increment data.
Two roots from each macaque tooth will be scanned and separated into two subsamples.
Quantitative morphometric techniques will be applied to one subsample to assess variation in
relative widths between increments formed during pregnancy and surrounding increments. If
significant differences are found, they will form the basis of a predictive model, the power of
which will be assessed using a randomised blind analysis of the second subsample, and a
blind study of archaeological teeth from humans of known sex.

D) Results expected:

We expect that the effects of pregnancy on the body will extend to the cementum tissue in a
predictable way, and that we will be able to identify this effect in tomographic data. Pregnancy
is known to reduce the growth and effect the composition of bone tissue. As cementum is
composed of the same principal components as bone (collagen and hydroxyapatite) in similar
proportions, and is also continuously growing throughout life, it is logical that its growth will be
similarly affected. We thus hypothesise that the increment formed during pregnancy should
have a distinctly different structure compared to surrounding increments of the same type.

E) Estimate and justification of the beamtime:

Our experiment will involve studying both roots of the lower left m1 tooth of 12 individual
macaques and single roots of single teeth for five male and at least 25 female archaeological
humans. The requested voxel resolutions will ultimately limit the field of view per-scan to
approx. 0.8x0.7mm for 0.35 micrometer voxel resolution, and 1.7x1.4mm for 0.65 micrometer
voxel resolution. A region of interest (ROI) has been chosen within the cervical third of the
root (Fig. 1a), as this region is frequently noted as providing the most reliable increment
patterns for aging1. We aim to conduct three measurements along the length of each root
within this ROI, in order to sample a sufficient extent of the cementum tissue. Based on
previous experiments, measurements will take approx. 30 minutes each, allowing a
maximum of 48 per day. 12 macaque samples x 2 roots x 3 measurements = 72
measurements; 30 human samples x 3 measurements = 90 measurements, for a total of 162
measurements (81 hours, 10.125 shifts). We thus request four full days of beamtime (12* 8
hour shifts), including pre-measurement setup and optimization.

F) References

[1] Klevezal, G. A. & Mina, M. V. (1995). Recording structures of mammals. CRC Press. [2]
Naiji, S., et al. (2014). International Journal of Paleopathology. doi:10.1016/j.ijpp.2014.05.003
[3] Medhill, S., et al. (2010). Polar Biology 33, 115-124. [4] Dawson, H and Robson Brown, K.
(2013). American Journal of Physical Anthropology 150:433-441. [5] Dean, C. (2000). Journal
of Anatomy. [6] Jones, J. R. (2012). Quaternary International 252, 195- 201. [7] Colard, T., et
al. (2015). International Journal of Legal Medicine 1-8.
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Key

AB = alveolar bone C=cementum

D =dentine E = enamel

PC = pulp cavity PDL = Periodontal
ligament

Figure 1. Summary of cementum ultrastructure. (a) Schematic longitudinal cross section through

an adult bovid molar highlighting the extent of cementum deposition (red). (b) Schematic cross

section of incremental cementum banding. (c) Schematic cross section across incremental cementum
bands. Obliquely oriented cementoblasts (cementum-forming cells) first form due to the disintegration

of Hertwig’s sheath as a tooth erupts. Cementoblasts aggregate to form a single layer in contact with the
tooths dentine, and deposit collagen fibres onto the dentine surface as the tooth continues to erupt. Fibres
become held in place by calcitic material that is deposited within an amorphous substance surrounding
them, forming the inorganic component of cementum. As cementum grows it attaches to Sharpey’s fibrils,
the principal fibres of the periodontal membrane, securely attaching the tooth to the alveolus. This process
continually repeats itself through life, and the progressive nature of growth allows the attachment of the
tooth root to the alveolus to be altered according to the functionality of the specific tooth. As the
mineralisation front migrates through life, the angle of collagen fibril mineralisation will commonly shift
in response to seasonal changes in food quality, with narrower layers corresponding to lower dietary
quality. All images in (a-c) sourced and modified from Stutz (2002). (d) Detail from a histological thin
section of the cementum of a European hedgehog (Erinaceus europaeus) viewed under reflected light,
displaying distinct series of cementum increments. Scale bar = 50 pm.
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Figure 2. (a) Transverse orthoslice of a section of Ennaceus enropaeus molar
root displaving circumferencial increments within the cementum layer,

which is distinguished from the dentine by a bright drcumferencial boundary
between the two tissues. (b) Detail of the same orthoslice, highli ghting three clear
increments marked by red armows. (c) Detail of a histol ogical thin-sechion of the
same area of the same root, displaving the same three increments, Whate line in
(b), and black line in (c) each represent S0pm.
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This is a continuation request

Original proposal 20151391 [Type=Normal] Click here to download.

Original title Novel 3D assessment of growth increments in dental tissue for
studying discrete life history events.

Report for 20151391  Available, last update: Thu, 15 Sep 2016 23:31:37 +0200

Justification for continuation

Proposal 20151391 was a successful experiment, with high quality data gathered in general.
However, due to the random nature of preservation of the archaeological human samples, a
number of measurements produced poor quality data because of diagenetic sample
alteration. This can be determined only once initial measurements on these samples are
carried out. This meant that the resulting sample of high quality data from archaeological
human samples, by chance, was biased heavily towards male specimens instead of being at
parity with or less than female sample numbers. In order to address this, tomographic data
from additional female samples are required in order to construct statistically robust sample
sizes for statistical testing of separation in morphospace of cementum increments between
male and female samples. In addition, because of the relatively high number of poorly
preserved archaeological samples, meaning numerous initial scans resulted in poor quality
data, not all tests for intra-tooth, intra-root and intra-tooth position variation of increments
were carried out for the archaeological samples. Additionally, and for the same reason, no
entire macaque tooth root sample was assessed for whole volume cementum increment
variation as required. We therefore request an additional 9 shifts in order to produce a
publishable dataset.

Proposer / Spokesperson

Dr. Pamela G Gill Dept. of Earth Sciences, Univ. of Bristol
pam.qgill@bristol.ac.uk

Experiment Requirements

Number of Shifts Required 9
Schedule Preferences Earlier if possible
Beamline/Station TOMCAT
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Experimental report

Proposal 1D 20151391
Last modified 15.Sep.2016 23:31:37
A) Overview

In this TOMCAT experiment we used single distance phase contrast x-ray microtomography
to test whether episodes of pregnancy can be predicted from patterns of growth increments
in the cementum of dental tissue. By using a sample of primates raised under controlled
conditions and with known life histories we are beginning to generate a predictive model for
detecting pregnancy events by mapping the three dimensional (3D) structure of increments to
identify patterns in increment structure. This model will then be used to infer pregnancy
events from the cementum of an archaeological human population of known sex.
Synchrotron-based radiation tomography (SR CT) has let us assess the potential of
cementum as a record of pregnancy in a robust fashion, by allowing us to quantify the
relationship between pregnancy events and 3D cementum growth for the first time. The non-
destructive nature of the tomographic measurements will also allow us to develop a method
for predicting pregnancy in specimens that cannot be analysed using traditional destructive
histological techniques, including rare or unique fossil material.

The monitoring and interpretation of life history in both living and fossil mammals is of crucial
importance for a range of biological disciplines, and the structure of cementum increments
has been previously suggested to correspond to both an individual age, and important events
such as pregnancy that affect the animal’s physiology and growth. The growth and
development of mineralised dental tissue, (cementum, dentine and enamel) is recorded by a
series of incremental features of differing periodicity and causation. Cementum, the
connective tissue that anchors mammalian teeth within the alveolar socket, is unique among
these tissues as its growth is continuous throughout life, and annual in rhythm. This rhythm is
recorded by a series of circumannual increments of contrasting opacity when viewed under
light microscopy, with relatively dense hyper-mineralized opaque increments recording a
reduction of growth rates during unfavourable seasons. Cementum increments have been
the subject of histological study for decades and their counts have successfully been used as
an absolute estimate of chronological age in over 70 species of extant mammals. Further,
several recent studies have indicated that certain life history events, which significantly affect
the physiology of mammals, may be recorded in cementum. However, these studies have
relied on anecdotal and observed field evidence (e. g. presence of cubs) for pregnancy
events, and thin section histology for studying their effects. The reliance on thin-section
based histological analysis has placed limits on current understanding of the nature of the
structure and causation of cementum increments. Cementum is a dynamic, biomechanically
responsive tissue and increments can be seen to lense and coalesce in apparently random
areas of their vertical and horizontal trajectory. The 2D perspective of study over a limited
number of thin sections available per tooth (often only one), means that such discrepancies
in increment patterns cannot be accounted for in the context of the entire cementum tissue.
This creates uncertainty in counts and makes it difficult to discern patterns in increment
structure from transitory noise created by lensing and coalescence. Our 3D SRCT analyses
and animals of known life history allow these issues to be overcome.

B) Quality of measurement/data

Almost 200 non-setup measurements were completed during the 9 shifts. The entire sample
of 14 macaque monkeys was scanned, with multiple tooth row positions, anterior and/or
posterior tooth roots, and regions of interest within roots imaged. A total of 138
measurements were made on this sample. 10 specimens of the archaeological human
sample were scanned, though with only 17 measurements of these, recording a similar range
of toothrow/root/within root locations as for the macaques was not accomplished. An
additional 11 measurements of other hominid specimens as pilot data for future SLS
applications were also made.

A pink beam with 21 KeV energy was used, with 150ms exposure times over 1501 angular
projections. This secured a minimum of 25% transmission through the tooth root and resulted
in total scan times of three minutes. Generally, 10x magnification, voxel sizes of 0.65&#956;
m, and used ‘half-acquisition mode’ to double the lateral field of view to enable the entire
lateral width of the tooth roots to be imaged in a single measurement. Both X-ray absorption-
based (Fourier grid) reconstruction algorithms and phase contrast-based algorithms
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(Paganin) were used to reconstruct SR CT data during the experiment, which allowed some
specimens to be discontinued from additional scans due to preservational issues. Paganin
reconstruction algorithms require the input of # and $ values for phase retrieval of CT data.
These were chosen following an iterative analysis of image contrast, to be #=3.7 e-8 and
$=1.7 e-10. Phase-contrast based reconstructions proved to provide substantially more detail
and less noise than absorption based data, and so were used for subsequent analyses.

Data quality was generally excellent, with low noise images and few movement artefacts.

C) Status and progress of evaluation

The initial results have been used for an 18 month MSc-to-PhD report, with the student
successfully progressing to the full PhD, and have just been submitted in abstract form to an
invited symposium presentation to a high profile international conference in 2017. The data is
currently being fully analysed, and it is expected that it will be submitted for publication in
early 2017.

The initial analyses of the data have concentrated on identifying sex of specimens, and
discriminating between breeding and non-breeding females using the 3D microstructure of
the cementum and cementum increments. To date, all 14 macaque specimens and 8 of 10
archaeoogical specimens have been analysed for discrimination of sex by cementum
microstructure. The next steps are to assess individual increments in the cementum of the
macaques, and compare against known life history records of individuals to see whether
morphometric features of the increments correlate with pregnancy events. This can then be
used to attempt to identify pregnancy events in the archaeological sample without known life
histories.

D) Results

Principal Component Analysis (PCA) of all 14 macaque specimens shows that the 3D
microtexture of cementum increments visualized with SRCT (Fig 1a,b) clearly separates
males from females, and mostly separates breeding females from non/breeding females (Fig
2a). Similarly, male and female specimens are fully separated in a PCA of 8 of the 10
archaeological specimens (Fig 2b). These results show the potential of our methods as a tool
for sexing fragmented remains in forensic, anthropological and archaeological contexts, as
well as sexing in fossil species.
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Fig 1 — Cementum increments in breeding macaque female. a) whole scan inset, zoomed
region main picture. b) straightened and filtered cementum increments, red arrows indicate
pairs. Scale — black line in a = 150um, white line in b = 75um.
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Fig 2 — PCA morphospace plots of female vs male cementum 3D microtexture showing
clear separation of sexes in morphospace. a) Macague monkeys, b) archaeological
humans

Cementum increments and PCA morphospace analyses
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Title

Life and Death in the Middle Jurassic - Metabolic Rates and Lifespans of Mesozoic Mammals
Determined Through Phase Contrast Imaging of Tooth Cementum Increments

Abstract

We propose phase contrast imaging of the teeth of a diverse range of early mammals from
the Mid-Jurassic; a critical period in mammalian evolution. Synchrotron-based CT will allow
us to non-destructively measure tooth cementum growth increments in several key lineages
of Mesozoic mammals, in order to estimate individual ages at death and maximum lifespans
for each species. Using maximum lifespan as a proxy for metabolic rates, this will allow us to
reconstruct their physiological evolution for the first time.

Proposer / Spokesperson

Dr. Pamela G Gill Dept. of Earth Sciences, Univ. of Bristol
pam.qgill@bristol.ac.uk

Principal investigator

Dr. Pamela G Gill Dept. of Earth Sciences, Univ. of Bristol

Co-Proposer

Dr. lan J Corfe Inst. of Biotechnology, Univ. of Helsinki

Dr. Philipp Schneider Faculty of Engineering and the Environment, Univ. of
Southampton

Mr. Elis Newham Faculty of Engineering and the Environment, Univ. of
Southampton

Dr. Philippa Brewer Dep.of Palaeontology, Natural History Museum

Dr. Neil J Gostling Centre for Biological Sciences, Univ. of Southampton

Experiment Category

Experiment Type Normal

Research Area Environmental and Earth Science

Experiment Requirements

Eligible for EU Support Yes
Number of Shifts Required 12
Schedule Preferences None
Beamline/Station TOMCAT

Links to related proposals of relevance to the current proposal

Proposal | Title/Proposer/Infos given by the proposer about the relation Report

20141278 | Title: Reconstructing the life history of the first mammals - | Available
using dental increments to make leaps in
understanding

Proposer: Dr. Pamela G Gill

Infos: This earlier proposal demonstrated the feasibility of
using phase contrast imaging to visualise tooth
cementum increments in small early mammal tooth
roots, and establish lifespans. The surprisingly long
lifespans suggested that the earliest mammals had
not attained the highly developed endothermic
regulation of modern taxa. Having established this
baseline, we now propose a further study of a later
critical time in Mesozoic mammal evolution.
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Description (1/3)

A) Goal of the experiment. We propose a high-resolution X-ray computed
tomography (CT) study of the teeth of a diverse range of early mammals from the
Mid-Jurassic (~174-163 million years ago, herein Ma) (Fig.1); a critical period in
mammalian evolution. The purpose is non-destructive identification, mapping and
quantification of tooth cementum growth increments (lines of arrested growth, LAGs),
in order to estimate lifespan and reconstruct the evolution of physiology in the
earliest mammals. There is great interest in determining the biology, ecology and
physiology of early mammals'™ but basic life history variables such as lifespan and
growth rate, and physiological characters like metabolic rate and grade, remain
unknown. We focus on one of the mineralised tissues of the teeth, cementum, which is
known to record LAGs and, unlike bone, is not remodelled during life. Synchrotron-
based CT (SR CT) will allow us to non-destructively measure these structures in the
representatives of several key lineages of early mammals, in order to estimate their
lifespan, and reconstruct their physiological evolution for the first time.

B) Background. During the process of mineralisation, dental tissues such as cementum,
dentine and enamel record periodic incremental features, LAGS, which represent a
chronological record of animal development. If unmodified by diagenetic processes
during fossilisation, these form a permanent record of the growth of the tooth. Such
LAGs have been known for centuries but only recently have non-destructive SR CT
methods allowed their visualisation and use for determination of life history parameters
in rare or unique fossils’>. Cementum is a collagenous mineralised tissue that
connects tooth roots to the periodontal ligament, supporting dentition within the alveolus
against forces applied through mastication. Cementum LAGs have been shown to reflect
annual seasonal changes, creating alternating bands within the tissue®. As cementum
grows continuously through life, counts of these bands provide an estimate of
annular age and season of death.

Cementum lines obtained through destructive thin sectioning have been used
for ageing a range of taxa for archaeological, zoological, palaeontological and forensic
purposes’. However, limitations of the method have been identified, principally due to
difficulties in objectively quantifying LAG numbers in 2D from single histological thin
sections of variable location and quality. The use of SR CT for studying cementum
LAGs will allow more accurate quantification of LAG numbers and morphology, due to
the ability to study entire roots in 3D, instead of a restricted number of 2D thin sections
per specimen.

In recent experiments (Report 20141278) we demonstrated the feasibility and
necessity of 3D high-resolution SR CT for visualizing tooth cementum LAG
microstructures in the tooth roots of Morganucodon and Kuehneotherium. These are
examples of the earliest mammals, and were tiny (~30 grams) animals that co-existed
during the Early Jurassic (~200 Ma) (Fig. 1). Samples of teeth (Fig. 2a) were scanned at
the TOMCAT beamline at the Swiss Light Source (SLS) using voxel sizes of 325 nm.
Image post-processing and morphometry allowed quantitative characterisation and
counting of cementum LAGs in both taxa (Figs 2b,d). The large sample size permitted by
rapid, non-destructive third-generation SR CT also allowed statistically robust, population-
level specimen counts (ca. 150 specimens scanned for each taxon). Large sample sizes
are vital for providing accurate minimum estimates of maximum lifespan for fossil animal
groups, equivalent to the statistically robust population sampling used to estimate
maximum lifespan in living animals.

The lifespans of living mammals are inversely correlated with their basal metabolic
rate (BMR), and growth rate”®. The maximum age estimates resulting from our SR CT
analyses of the earliest mammals can therefore be used to provide a rare insight into
their physiology. Surprisingly high lifespans were estimated for both Morganucodon and
Kuehneotherium relative to their body mass, and are within the range of living reptiles
rather than living mammals. Resulting low estimates for growth rate and BMR suggest a
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Description (2 / 3)

substantially different physiology than similar sized modern mammals such as shrews,
dormice and desert mice, more akin to those of modern reptiles. This has important
implications for understanding of the evolution of the highly sophisticated endothermic
(“warm-blooded”) mammalian physiology.

Having established the physiology of the earliest mammals as a baseline
(Morganucodon and Kuehneotherium; Report 20141278 and Newham et al. in prep.),
we therefore propose further studies of the cementum increments and lifespans of fossil
mammals that fall between the earliest mammals and modern groups, both
phylogenetically and temporally. Since large sample sizes are needed to statistically
robustly estimate maximum lifespan for species, exceptional fossil faunas are
required.

Following the appearance of the earliest mammals, the next important interval
for mammalian evolution is the Mid-Jurassic (~174-164 Ma)®. This period records the
origination of major new groups, and a peak in rates of morphological and taxonomic
diversification'®. Bathonian stage (168-166 Ma) sites in the UK have yielded most of
the known mammal fossil record for this period. Localities such as Kirtlington,
Oxfordshire, have produced over 1000 well-preserved isolated mammal teeth, with
species often represented by 20-80 fossils. Other sites (e.g. Stonesfield, Oxfordshire
and the Isle of Skye, Scotland) have fewer specimens but preserve whole jaws of
species known from isolated teeth in Kirtlington and elsewhere, allowing analyses of
multiple teeth representing individual animals.

These collections form a diverse assemblage, representing key mammal
groups*'° (Fig. 1) For example, docodonts (e.g. Borealestes; ~40 teeth available)
are the first major clade of mammals to evolve and diversify following the basal
mammals such as Morganucodon. Eutriconodonts (e.g. Amphilestes; ~80 teeth
available) are one of the most diverse Mesozoic mammalian lineages, and are one
of the earliest known crown mammal groups (phylogenetically bracketed by living
groups). Cladotherians (e.g. Palaeoxonodon; >50 teeth available: Amphitherium;
~40 teeth available), are more derived crown mammals, closer to modern mammals
than any other group known during this period.

Cementum studies of these robust samples will thus provide life history and
physiological data for important mammal groups during a key period of evolution.
Pilot data from Mid-Jurassic teeth from Kirtlington (Fig. 2c) suggests that the very
high resolution (325 nm voxel size), high signal-to-noise ratio, and high throughput
available (<30 minute scans) at SLS TOMCAT are crucial for analysing the
ultrastructure of fossil teeth in sufficient sample sizes, and these requirements cannot
be met using current lab-based CT techniques. SR CT data of fossil mammal
cementum LAGs acquired at TOMCAT will therefore allow us to test the following
questions for the first time:

1) Do the lifespans of different fossil mammal groups differ significantly?

2) Are these lifespans significantly different to extant mammals of comparable

size?

3) Is there a distinct temporal and/or phylogenetic trend in the distribution of

lifespans?
The answers to these questions will provide an unprecedented level of detail for our
understanding of physiological evolution in the oldest mammals.

C) Experimental method; specific requirements. Appropriate initial permissions
have been obtained so that samples will be loaned from relevant institutions and
prepared prior to experimentation at the Universities of Bristol and Southampton. The
non-destructive nature and exciting results of previous SR CT studies have ensured
approval from the institutions housing these collections. Samples will consist of
isolated fossil teeth, and teeth within jaw bones, and do not require specialised
sample environments. Proposed SR CT experiments at TOMCAT will require mainly
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Description (3 / 3)

20x objective to obtain 325 nm voxel sizes (and possibly some 10x objective, 650 nm
voxel size), at an X-ray energy of 20 keV. For tomographic reconstructions, we will
use a conventional X-ray absorption-based ("grid rec”) and an exploratory phase
retrieval ("Paganin-style”) approach, as comparisons between these two different
reconstruction methods have allowed for more confident LAG counts in our previous
studies. Resulting reconstructed 3D data will be studied using customised in-house
image post-processing tools. Quantitative morphometry for LAGs will include number,
thickness, separation, and their respective variations.

D) Results expected. Quantitative morphometric measurements of cementum LAGs
imaged using SR CT will provide estimates of age-at-death for statistically robust samples
of a diverse range of Mid-Jurassic Mesozoic mammals. These will form the basis of
minimum estimates of maximum lifespan that can be compared with our previous SR CT
results for the Early Jurassic basal mammals Morganucodon and Kuehneotherium,
(Report 20141278) and with lifespan data for living mammals. Information about BMR and
growth rates of several groups of early Mesozoic mammals, will provide previously
unobtainable insights into the rate of evolution of early mammalian physiology and the
development of endothermy.

E) Estimate and justification of beamtime. Our team has previously scanned both
isolated and in-jaw fossil mammal teeth at SLS TOMCAT, at an average of 20 and 30
minutes per specimen respectively (including sample change, orienting and scanning). We
intend to scan approximately 135 isolated teeth (45 hours) and 90 scans of teeth in jaws
(45 hours). This is to produce a robust sample size of minimum 40 specimens for each of
the three representative groups of Mid-Jurassic mammals in this proposal. With an
additional experimental setup time of 6 hours we thus request a total beamtime of 4
days/96 hours or 12 shifts.

F) References relevant to the experiment description (proposers in bold). [1] Gill,
Purnell, Crumpton, Robson-Brown, Gostling, Stampanoni and Rayfield, Nature 512, 303-
305 (2014) [2] Rowe et al., Science 332, 955-957 (2011). [3] Close et al., Current Biology,
25, 2137-2142. [4] Wilson, Evans, Corfe et al., Nature, 483, 457-460 (2014) [5] Smith et
al. P.N.A.S 107, 20923-20928 (2010) [6] Lieberman, Science, 261, 1162-1164 (1993). [7]
Magalhaes et al., J Gerontol A Biol Sci Med Sci, 62, 149-160. [8] Hulbert et al., Physiol.
Rev. 87, 1175-1213 (2007) [9] Kielan-Jaworowska et al, Mammals from the age of
dinosaurs. (2004) [10] Newham et al., Palaeogeography, Palaeoclimatology &
Palaeocology 412, 32-44 (2014).
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SLS related publications of the proposers (within the last 18 months)

Liebi M, Georgiadis M, Menzel A, Schneider P, Kohlbrecher J, Bunk O, Guizar-Sicairos
MNanostructure surveys of macroscopic specimens by small-angle scattering tensor
tomographyNATURE 527 349 (2015)Beamline: cSAXS

Georgiadis Marios, Guizar-Sicairos Manuel, Zwahlen Alexander, Trussel Andreas J., Bunk
Oliver, Muller Ralph, Schneider Philipp3D scanning SAXS: A novel method for the
assessment of bone ultrastructure orientationBONE 71 42-52 (2015)Beamlines: cSAXS,
CSAXS

Zwahlen Alexander, Christen David, Ruffoni Davide, Schneider Philipp, Schmoelz Werner,
Mueller Ralphinverse Finite Element Modeling for Characterization of Local Elastic Properties
in Image-Guided Failure Assessment of Human Trabecular BoneJOURNAL OF
BIOMECHANICAL ENGINEERING-TRANSACTIONS OF THE ASME 137 011012 (2015)
Beamline: TOMCAT

Fessel G, Li Y, Diederich V, Guizar-Sicairos M, Schneider P, Sell DR, Monnier VM, Snedeker
JGAdvanced Glycation End-Products Reduce Collagen Molecular Sliding to Affect Collagen
Fibril Damage Mechanisms but Not StiffnessPLOS ONE 9 110948 (2014)Beamline: cSAXS

Carriero A., Doube M., Vogt M., Busse B., Zustin J., Levchuk A., Schneider P., Mueller R.,
Shefelbine S. J.Altered lacunar and vascular porosity in osteogenesis imperfecta mouse
bone as revealed by synchrotron tomography contributes to bone fragilityBONE 61 116-124
(2014)Beamline: TOMCAT

Gill P G, Purnell M A, Crumpton N, Robson Brown K, Gostling N J, Stampanoni M, Rayfield E
JDietary specializations and diversity in feeding ecology of the earliest stem mammals.
NATURE 512 303 (2014)Beamline: TOMCAT

Other publications of the proposers (within the last 18 months)

Whiteside, D.l., Duffin, C.J., Gill, P.G., Marshall, J.E.A., and Benton, M.J. 2016. (In press)
The Late Triassic and Early Jurassic fissure faunas from Bristol and South Wales:
Stratigraphy and setting. Palaeontologia Polonica 67.

Newham, E., Benson, R., Upchurch, P., Goswami, A. (2014). Mesozoic mammaliaform
diversity: The effect of sampling corrections on reconstructions of evolutionary dynamics.
Palaeogeography, Palaeoclimatology, Palaeoecology, 412 32-44.,
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Figure 1. Schematic cladogram highlighting the phylogenetic diversity of
Early Jurassic (red) and Mid Jurassic (green) mammal assemblages of the
UK. Nodes 1-5 represent; (1) The Early Jurassic radiation of Mammaliaformes;

(2) The Mid-Jurassic diversification of docodont mammals and other novel groups;
(3) The radiation of crown mammals; (4) The radiation of eutherian mammals
(stem placentals); (5) The radiation of metatherian mammals (stem marsupials).
Sourced and modified from Luo (2007). Note timings of branch endings indicate
originations and not extinctions of major groups.
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Figure 2. (a) Morgamicodon tooth with cementum layer highlighted in red. and green boxes
showing increasing detail of idealised morphology and incrementation. (b) Orthoslice of
Kuelmeotherinm root with detail of cementum showing clear increments, scanned during
experiment 20141278 _ (e) Pilot data of Bathonian age docodont root from the Kirtlington fauna,
showing comparable cementum increments. (d) Greyscale distributions of pixels along yellow
transect in (b) showing clear peaks and troughs corresponding to respective light and dark
increments. White scales bar in (a) = 500um. White bars in all other images = 50um.

Figure 2: Cementum increments
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EUROPEAN SYNCHROTRON RADIATION FACILITY

ESRF User Office X ;
CS 40220, F-38043 GRENOBLE Cedex 9, France I~ jp—
Delivery address: 71 avenue des Martyrs, 38000 GRENOBLE, France ESRF
Tel: +33 (0)4 7688 2552; fax: +33 (0)4 7688 2020; email: useroff@esrf.fr; web: http://www.esrf.fr -

Application for beam time at ESRF - Experimental Method

Proposal Summary (should state the aims and scientific basis of the proposal): We propose a high-
resolution X-ray computed tomography (CT) study of the teeth of a diverse range of early mammals
from the Mid-Jurassic; a critical period in mammalian evolution. The purpose is non-destructive
identification, mapping and quantification of tooth cementum growth increments (lines of arrested
growth, LAGs), in order to estimate lifespan and reconstruct the evolution of physiology in Mesozoic
mammals. There is great interest in determining the biology, ecology, physiology and evolution of
early mammals*** but basic life history variables such as lifespan and growth rate, and physiological
characters like metabolic rate and grade, remain unknown. Synchrotron-based CT (SRCT) measurements
of cementum LAGs in representatives of several key lineages of early mammals will allow us to estimate
lifespans, and building on our prior ESRF data from the earliest mammals, reconstruct their physiological
evolution, including evolution of the mammalian endothermic metabolic grade (‘warm-bloodedness’).
Scientific background:!During tooth mineralisation, the dental tissues cementum, dentine and enamel
record periodic incremental features, LAGs, which represent a chronological record of development.
If unmodified by diagenetic fossilisation processes, these form permanent records of tooth growth.
Such LAGs have been known for centuries but only recently have non-destructive SRCT methods
allowed their visualisation and use for determination of life history parameters in rare or unique
fossils’. Cementum LAGs reflect annular seasonal changes throughout life, creating alternating bands
which record an estimate of annular age and season of death® Destructive thin sectioning to
visualise cementum has been used with many species for archaeological, zoological,
palaeontological and forensic purposes®. In recent experiments [ES152a (ID19) & ES152b (ID16A)] we
demonstrate that 3 D tomographic cementum LAG imaging allows more accurate quantification of LAG
numbers and morphology than single destructive histological thin sections of variable location/ quality.
We visualised 3D tooth cementum LAG microstructures in roots of two of the earliest basal mammals'
Morganucodon and Kuehneotherium, tiny (~30 grams) animals that co-existed in the UK during the Late
Triassic and Early Jurassic (~200Ma) Fig la. Image post-processing and morphometry allowed
quantitative characterisation and counting of cementum LAGs in both species (Fig. 1b,d). The large
sample size permitted by rapid, non-destructive SRCT allowed maximum lifespan estimation from these
methods in statistically robust population-level samples. Living mammal lifespans are inversely correlated
with their basal metabolic rate (BMR) and growth rate”®. Maximum age estimates from SRCT analysis of
early mammals can thus be used to provide insight into their physiology. Surprisingly high lifespans were
identified for Morganucodon and Kuehneotherium relative to their body mass, and resulting low estimates
for growth rate and BMR suggest a substantially different physiology and metabolism, more akin to those of
modern reptiles than similar sized modern mammals such as shrews and dormice.

Having established the physiology of the earliest mammals as a baseline (Newham er al. in prep), we
therefore propose further studies of the cementum increments and lifespans of fossil mammals that fall
between the earliest mammals (Morganucodon and Kuehneotherium) and modern mammals, both
phylogenetically and temporally. Since large sample sizes are needed to statistically robustly estimate
maximum lifespan for species, exceptional fossil faunas are required. Following the appearance of the
earliest mammals, the next important interval for mammalian evolution is the Mid-Jurassic (~174-164
Ma), which records the ori%ination of major new groups and a peak in rates of morphological and
taxonomic diversification®*®. Bathonian stage (168-166Ma) sites in the UK have yielded most of the
known mammal fossil record for this periodg. Localities such as Kirtlington, Oxfordshire, have
produced over 1000 well-preserved isolated mammal teeth, with species often represented by 20-80
fossils. Important groups include multituberculates, haramiyids, docodonts, pseudotribosphenids,
morganucodontids, eutriconodonts, and cladotherians (the group leading to living mammals). Other
sites (e.g. Stonesfield, Oxfordshire and the Isle of Skye, Scotland) have fewer specimens but preserve
whole jaws of species known from isolated teeth in Kirtlington and elsewhere, allowing analyses of

ESRF Experiment Description
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multiple teeth representing individual animals.

Pilot SRCT data from a Kirtlington specimen fig 1c suggests that the sub-micron resolution, high
signal to noise ratio, and phase-contrast based reconstruction available at ESRF ID19 are crucial for
imaging the ultra-structure of small fossil teeth. Lab based CT has proven insufficient, despite
measurements of relevant specimens showing excellent general preservation. We propose that SRCT
ID19 cementum studies of these samples will provide life history and physiological data during a key
period of mammalian evolution and allow us to test the following: 1) Do estimated lifespans, growth
rates and BMR of Mesozoic mammals differ significantly between groups? 2) Are these
characteristics significantly different to those of extant mammals? 3) Are there temporal
/phylogenetic trends in the distribution and evolution of these characters? Answers to these questions
will provide evidence for testing current hypotheses of the evolution of the highly sophisticated
endothermic physiology of modern mammals.

The proposed experiments form part of continuing large-scale developmental and evolutionary
biology collaboration, focused on teeth, between the Department of Physics and Institute of Biotechnology
at University of Helsinki, and incorporate expertise in mammalian evolution at University of Bristol and
the Natural History Museum, London, and bioengineering/X-ray imaging at University of Southampton.
Experimental technique(s), required set-up(s), measurement strategy, sample details (quantity...etc):!
Appropriate permissions have been obtained for samples to be loaned from relevant institutions and
prepared prior to experimentation at the Universities of Bristol and Southampton. Samples will
consist of 145 isolated fossil teeth, and 90 teeth within jaw bones. Proposed experiments are for ID19
beamline, pink beam, 26 keV, 10x and 20x objectives at 0.70pm & 0.35um voxel dimensions. Absorption
& phase contrast reconstructed data will be analysed with commercial software (Avizo). Resulting
increment data will be studied using custom tools in Matlab statistical analysis environment.
Quantitative morphometry for LAGs will include number, thickness, separation, and their variations.
Beamline(s) and beam time requested with justification: The request for beamtime is for ID19, where
Paul Tafforeau and team are world leaders in tomographic visualisation of tooth incremental structures.
Our team has previously (reports ES152a,b) measured isolated & in-jaw fossil mammal teeth on beamline
ID19, at an average of 20 and 30 minutes per-specimen respectively (including sample change & orienting;
acquisitions = 12 minutes). We intend to measure approximately 135 isolated teeth (45 hours, 5.625 shifts)
plus 90 measurements of teeth in jaws (45 hours, 5.625 shifts); we thus request a total beamtime of 4
days/96 hours (12*8 hour shifts) including experimental setup time of 6 hours (45+45+6 hours = 96).
Results expected and their significance in the respective field of research: We aim to determine
maximum lifespan in a range of Middle Jurassic mammals, and infer aspects of their physiology and its
evolution at a critical stage of the mammal fossil record. Improvements in cementum increment agein
methodologies will also benefit many disciplines including ecology’, archaeology /archaeozoology®,
palaeontology (project ES152), palaeoanthropology® and forensic criminology.

References (proposers in bold): [1]Gill er al., Nature 512, 303-305 (2014) [2]Rowe et al, Science 332, 955-
957 (2011) [3]Close et al., Current Biology, 25, 2137-2142 (2015) ) [4]Wilson, Evans, Corfe et al., Nature, 483,
457-460 (2014) [5]Smith et al. P.N.A.S 107, 20923-20928 (2010) [6]Lieberman, Science, 261, 1162-1164 (1993)
[7] Hulbert et al., Physiol. Rev. 87, 1175-1213 (2007) [8] De Magalhées et al., J. Gerontol. A. Biol. Sci. 62, 149-160

(2007) [9]Newham et al., Palacogeography, Palacoclimatology & Palaeocology 412, 32-44 (2015).
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Figure 1. a) Morganucodon tooth with cementum lines overlain on left root. b) Kuhneotherium ES152 data virtual
root slices, whole slice inset, zoomed portion showing increments. c) Kirtlington Bathonian docodont pilot data
showing comparable increments. d) Transect showing lumiance/density across yellow transect in 1b, with 4 peaks.
Scale = Tmm in a, 50um elsewhere.
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Specimen Element Taxon
4906 ml | Morganucodon
BD1 m?2 | Morganucodon

BD10 m?2 | Morganucodon
BD10 m3 | Morganucodon
BD10 m4 | Morganucodon
BD10 m3 | Morganucodon
BD10 ml | Morganucodon
BD13 m3 | Morganucodon
BD13 m?2 | Morganucodon
BD13 m3 | Morganucodon
BD2 m?2 | Morganucodon
BD2 ml | Morganucodon
BD2 p3 | Morganucodon
BD6 m?2 | Morganucodon
BD6 ml | Morganucodon
CEM2 m?2 | Morganucodon
cem3 m?2 | Morganucodon
CEM5 m?2 | Morganucodon
en023 m?2 | Morganucodon
en024 m?2 | Morganucodon
en038 m?2 | Morganucodon
en070 m?2 | Morganucodon
en076 m?2 | Morganucodon
en083 m?2 | Morganucodon
en088 m?2 | Morganucodon
ENO089 m?2 | Morganucodon
en094 m?2 | Morganucodon
en099 m?2 | Morganucodon
enl05 m?2 | Morganucodon
enl07 m?2 | Morganucodon
enl23 m?2 | Morganucodon
enl32 m?2 | Morganucodon
enl34 m?2 | Morganucodon
enl38 m?2 | Morganucodon
enl47 m?2 | Morganucodon
L3 003 m?2 | Morganucodon
L3 005 m?2 | Morganucodon
L3 086 m?2 | Morganucodon
L3 087 m?2 | Morganucodon
L3 087 dentary | Morganucodon
M46463 m?2 | Morganucodon
M92528 m?2 | Morganucodon
M92530 m?2 | Morganucodon




Appendix 3.1

M92533 m?2 | Morganucodon
M95805 m?2 | Morganucodon
M95808 m?2 | Morganucodon
M95809 m?2 | Morganucodon
M95809 ml | Morganucodon
M95810 m?2 | Morganucodon
M95810 ml | Morganucodon
M95810 dentary | Morganucodon
M96072 m?2 | Morganucodon
m96075 m?2 | Morganucodon
m96085 m?2 | Morganucodon
M96086 m?2 | Morganucodon
M96090 m?2 | Morganucodon
m96109 m?2 | Morganucodon
MO96117 m?2 | Morganucodon
MO96118 m?2 | Morganucodon
MO96137 m?2 | Morganucodon
M96141 m?2 | Morganucodon
M96144 m?2 | Morganucodon
M96379 m?2 | Morganucodon
M96380 ml | Morganucodon
M96389 ml | Morganucodon
M96396 m3 | Morganucodon
M96396 m?2 | Morganucodon
M96396 ml | Morganucodon
M96396 p4 | Morganucodon
M96396 dentary | Morganucodon
M96413 m?2 | Morganucodon
M96413 ml | Morganucodon
M96418 ml | Morganucodon
M96441 ml | Morganucodon
M96441 m?2 | Morganucodon
M96444 m?2 | Morganucodon
M96447 m?2 | Morganucodon
M96454 m?2 | Morganucodon
M96455 m?2 | Morganucodon
M96463 m?2 | Morganucodon
M96467 m?2 | Morganucodon
M96474 m?2 | Morganucodon
M96475 m?2 | Morganucodon
m96476 m?2 | Morganucodon
m96483 m?2 | Morganucodon
m96487 m?2 | Morganucodon
m96488 m?2 | Morganucodon
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m96489 m?2 | Morganucodon
M96490 m?2 | Morganucodon
ElisMD1 ml | Morganucodon
Felix Dentary
3 m3 | Morganucodon
M95788 ml | Morganucodon
MO95788 ml | Morganucodon
M95788 p4 | Morganucodon
M95789 m?2 | Morganucodon
M95789 m?2 | Morganucodon
M95789 ml | Morganucodon
M95789 ml | Morganucodon
M95789 p4 | Morganucodon
M95790 14 | Morganucodon
M95790 canine | Morganucodon
M95790 pl | Morganucodon
M95790 p2 | Morganucodon
M95790 p3 | Morganucodon
M95791 p4 | Morganucodon
M95791 ml | Morganucodon
M95791 ml | Morganucodon
M95791 m?2 | Morganucodon
M95802 m3 | Morganucodon
M95802 m3 | Morganucodon
M95802 m3 | Morganucodon
M95802 m4 | Morganucodon
M95802 m4 | Morganucodon
M95802 dentary | Morganucodon
M95803 m?2 | Morganucodon
M95806 m?2 | Morganucodon
M96398 ml | Morganucodon
M96398 p2 | Morganucodon
M96398 ml | Morganucodon
M96398 ml | Morganucodon
M96398 ml | Morganucodon
M96398 p4 | Morganucodon
M96398 p4 | Morganucodon
M96398 p4 | Morganucodon
M96398 p3 | Morganucodon
M96398 p3 | Morganucodon
M96398 p3 | Morganucodon
M20982 m?2 | Kuehneotherium
M27273 ml | Kuehneotherium
M19138 m?2 | Kuehneotherium
M20772 m?2 | Kuehneotherium
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M20775 m2 | Kuehneotherium
M20785 m2 | Kuehneotherium
M20797 m2 | Kuehneotherium
M20801 m2 | Kuehneotherium
M20797 m2 | Kuehneotherium
M20804 m2 | Kuehneotherium
M20813 m2 | Kuehneotherium
M20822 m2 | Kuehneotherium
M20850 m2 | Kuehneotherium
M20852 m2 | Kuehneotherium
M20856 m2 | Kuehneotherium
M20858 m2 | Kuehneotherium
M20859 m2 | Kuehneotherium
M20873 m2 | Kuehneotherium
M20882 m2 | Kuehneotherium
M20887 m2 | Kuehneotherium
M20888 m2 | Kuehneotherium
M20890 m2 | Kuehneotherium
M20893 m2 | Kuehneotherium
M20895 m2 | Kuehneotherium
M20897 m2 | Kuehneotherium
M20901 m2 | Kuehneotherium
M20931 m2 | Kuehneotherium
M20934 m2 | Kuehneotherium
M20942 m2 | Kuehneotherium
M20949 m2 | Kuehneotherium
M20956 m2 | Kuehneotherium
M20959 m2 | Kuehneotherium
M20968 m2 | Kuehneotherium
M20973 m2 | Kuehneotherium
M20980 m2 | Kuehneotherium
M20981 m2 | Kuehneotherium
M20982 m2 | Kuehneotherium
M20984 m2 | Kuehneotherium
M20990 m2 | Kuehneotherium
M20990 m2 | Kuehneotherium
M20996 m2 | Kuehneotherium
M21011 m2 | Kuehneotherium
M21014 m2 | Kuehneotherium
M21021 m2 | Kuehneotherium
M21040 m2 | Kuehneotherium
M21066 m2 | Kuehneotherium
M21069 m2 | Kuehneotherium
M21080 m2 | Kuehneotherium
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M21081 m2 | Kuehneotherium
M21086 m2 | Kuehneotherium
M21091 m2 | Kuehneotherium
M21094 m2 | Kuehneotherium
M21095 m2 | Kuehneotherium
M21097 m2 | Kuehneotherium
M21111 m2 | Kuehneotherium
M21120 m2 | Kuehneotherium
M24849 ml | Kuehneotherium
M24868 m2 | Kuehneotherium
M24868 m2 | Kuehneotherium
M24868 ml | Kuehneotherium
M27257 m2 | Kuehneotherium
M27273 ml | Kuehneotherium
M27273 p6 | Kuehneotherium
M27273 p6 | Kuehneotherium
M27273 p6 | Kuehneotherium
M27273 p6 | Kuehneotherium
M27273 m2 | Kuehneotherium
M27295 m2 | Kuehneotherium
M27301 m2 | Kuehneotherium
M27305 m2 | Kuehneotherium
M27308 m2 | Kuehneotherium
M27311 m2 | Kuehneotherium
M27317 m2 | Kuehneotherium
M27320 m2 | Kuehneotherium
M27322 m2 | Kuehneotherium
M27328 m2 | Kuehneotherium
M27344 m2 | Kuehneotherium
M27436 m2 | Kuehneotherium
M27443 m2 | Kuehneotherium
M27444 m2 | Kuehneotherium
M27447 m2 | Kuehneotherium
M27448 m2 | Kuehneotherium
M27450 m2 | Kuehneotherium
M27472 m2 | Kuehneotherium
M27489 m2 | Kuehneotherium
M27495 m2 | Kuehneotherium
M27505 m2 | Kuehneotherium
M27512 m2 | Kuehneotherium
M27513 m2 | Kuehneotherium
M27520 m2 | Kuehneotherium
M27523 m2 | Kuehneotherium
M27524 m2 | Kuehneotherium
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M27529 m2 | Kuehneotherium
M27534 m2 | Kuehneotherium
M27537 m2 | Kuehneotherium
M27538 m2 | Kuehneotherium
M27541 m2 | Kuehneotherium
M27542 m2 | Kuehneotherium
M27545 m2 | Kuehneotherium
M27548 m2 | Kuehneotherium
M27550 m2 | Kuehneotherium
M27593 m2 | Kuehneotherium
M27608 m2 | Kuehneotherium
M27628 m2 | Kuehneotherium
M27639 m2 | Kuehneotherium
M27651 m2 | Kuehneotherium
M27652 m2 | Kuehneotherium
M27653 m2 | Kuehneotherium
M27663 m2 | Kuehneotherium
M27666 m2 | Kuehneotherium
M27674 m2 | Kuehneotherium
M27675 m2 | Kuehneotherium
M27745 m2 | Kuehneotherium
M27816 m2 | Kuehneotherium
M45265 pS | Kuehneotherium
M45265 pS | Kuehneotherium
M45265 pS | Kuehneotherium
M45265 p3 | Kuehneotherium
M45265 pl | Kuehneotherium
M92774 m2 | Kuehneotherium
SY104 m2 | Kuehneotherium
SY106 m2 | Kuehneotherium
SY124 m2 | Kuehneotherium
SY133 m2 | Kuehneotherium
SY 141 m2 | Kuehneotherium
SY2 m2 | Kuehneotherium
SY49 m2 | Kuehneotherium
SY50 m2 | Kuehneotherium
SY61 m2 | Kuehneotherium
SY92 m2 | Kuehneotherium

Appendix 3.1. Full list of all Morganucodon and Kuehneotherium

specimens scanned.
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Class Species Body Mass lifvevsl[l):n
© (years)
Mammalia Vulpes vulpes 6000 12
Mammalia Tamiasciurus hudsonicus 333 7
Mammalia Bison spp. 500,000 20
Ursus (= Euarchtos)
Mammalia americanus 250,000 26
Mammalia Rangifer tarandus 182,034 15
Mammalia Lagenorhynchus acutus 182,000 27
Mammalia Lagenorhynchus acutus 182,000 22
Mammalia Balaena mysticetus 100000000 40
Mammalia Mustela vison 945 10
Mammalia Scalopus aquaticus 91 3
Mammalia Echinops telfairi 180 1.2
Mammalia Hydrurga leptonyx 360000 26
Mammalia Macropus robustus 21262.5 18.5
Mammalia Leptonychotes weddelli 400000 25
Mammalia Mustela lutreola 440 10
Mammalia Martes pennanti 4000 10
Mammalia Potorous tridactyles 1100 7.3
Mammalia Alouatta palliata 7274.9 25
Mammalia Eulemur macaco 2040 27.1
Eutamias (= Tamias)
Mammalia ruficaudus 68 8
Mammalia Cercocebus albigena 10000 21
Mammalia Cercocebus atys 14000 18
Mammalia Cercocebus torquatus 10000 20.5
Cercopithecus (=
Mammalia Chlorocebus) aethiops 4155 31
Mammalia Cercopithecus diana 4175 34.8
Mammalia Colobus polykomos 9834.9 26
Mammalia Macaca arctoides 5000 30
Mammalia Lemur catta 2900 27.1
Mammalia Mirounga leonina 1600000 23
Mammalia Procavia capensis 3030 8.5
Mammalia Marmosa spp. 26 1
Mammalia Dugong dugon 420000 70
Mammalia Canis latrans 13406.3 14.5
Mammalia Sicista spp. 10 33
Mammalia Aepyceros melampus 57000 13
Mammalia Hyperoodon ampullatus 5800000 37
Mammalia Phocoenoides dalli 102500 22
Mammalia Damaliscus dorcas 80000 214
Mammalia Syncerus caffer 580002.7 18
Mammalia Mellivora capensis 8000 26.4
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Mammalia Taxidea taxus 7107.6 14
Mammalia Procyon lotor 5525 16
Mammalia Dasyuroides byrnei 140 4
Mammalia Phascolarctos cinereus 10250 17
Mammalia Mirounga angustirostris 750000 14
Mammalia Pan troglodytes 44999.7 60
Proechimys
Mammalia semispinosus 360.5 2
Mammalia Apodemus sylvaticus 21.5 1
Mammalia Sciurus carolinensis 506.5 12.5
Mammalia Trichosurus vulpecula 2650 13
Mammalia Elaphurus davidianus 149000 23.3
Mammalia Platanista gangetica 115000 28
Neophocaena
Mammalia phocaenoides 32500 23
Globicephala sieboldii
Mammalia (= macrorhynchus) 726000 63
Globicephala sieboldii
Mammalia (= macrorhynchus) 726000 46
Mammalia Monachus schauinslandi 223000 30
Mammalia Phoca caspica 86000 50
Mammalia Lobodon carcinophagus 225000 39
Mammalia Eumetopias jubatus 310000 30
Mammalia Ommatophoca rossi 250000 21
Mammalia Phoca groenlandica 120000 30
Mammalia Phoca sibirica 90000 56
Mammalia Arctocephalus pusillus 178500 18
Mammalia Elephas maximus 2720000 70
Mammalia Tragelaphus spekei 77999.2 20
Mammalia Macropus giganteus 25875 19.8
Mammalia Macropus parma 4500 7
Mammalia Macropus rufogriseus 16850 18.5
Mammalia Macropus rufus 46250 22
Mammalia Galea musteloides 480 1.3
Mammalia Delphinus delphis 80000 20
Mammalia Tragelaphus imberbis 81575.5 10
Mammalia Litocranius walleri 37999.7 8
Mammalia Physeter catodon 14025000 77
Mammalia Alcelaphus buselaphus 200000 20
Mammalia Phoca largha 150000 32
Mammalia Ochotona princeps 157.6 7
Mammalia Antechinus stuartii 27.5 0.9
Mammalia Panthera tigris 423000 26
Mammalia Berardius bairdii 11380000 71
Mammalia Mesoplodon densirostris 2300000 27
Mammalia Ziphius cavirostris 4775000 36
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Mammalia Mustela putorius 1100 6
Mammalia Canis lupus 80000 13.7
Mammalia Sundamys muelleri 334 0.5
Mammalia Chiropodomys gliroides 25 2
Mammalia Priodontes maximus 45359.7 15
Mammalia Tolypeutes spp. 1487 15
Mammalia Gorilla gorilla 175000 50
Mammalia Hyaena brunnea 72600 12
Tursiops aduncus (=
Mammalia truncatus) 500000 35
Sminthopsis
Mammalia crassicaudata 15 1.5
Sminthopsis
Mammalia crassicaudata 16 1.3
Mammalia Rhombomys opimus 285
Mammalia Rhombomys opimus 285
Mammalia Chinchilla spp. 500 10
Mammalia Cystophora cristata 375000 35
Mammalia Phoca vitulina 100000 34
Mammalia Equus zebra 372000 24
Mammalia Steno bredanensis 130000 32
Mammalia Pseudorca crassidens 1360000 22
Mammalia Alces alces 771000 27
Mammalia Delphinapterus leucas 1460000 30
Mammalia Antilope cervicapra 37500 18
Mammalia Galemys pyrenaicus 60.2 3.5
Mammalia Alouatta seniculus 6145.5 25
Mammalia Aotus trivirgatus 900 20
Mammalia Colobus polykomos 9834.9 30.5
Mammalia Macaca sinica 6120 30
Mammalia Macaca sylvanus 7000 22
Mammalia Papio cynocephalus 23000 40
Mammalia Enhydra lutris 45000 23
Mammalia Nannospalax spp. 178 4.5
Mammalia Sylvilagus floridanus 1172.8 5
Mammalia Setonix brachyurus 3250 13.8
Mammalia Setonix brachyurus 3250 13.8
Mammalia Castor fiber 20,000 24
Gymnobelideus
Mammalia leadbeateri 127 9
Mammalia Cratogeomys castanops 251.8 2.6
Mammalia Cratogeomys castanops 251.8 4.7
Mammalia Kobus ellipsiprymnus 210000.3 18.5
Mammalia Inia geoffrensis 129250 30
Mammalia Pontoporia blainvillei 40500 16
Mammalia Trichosurus caninus 3500 17
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Mammalia Georychus capensis 2393 3
Mammalia Peponocephala electra 206000 47
Mammalia Erignathus barbatus 280000 31
Mammalia Phoca fasciata 90000 30
Mammalia Alouatta palliata 7274.9 20
Mammalia Ovibos moschatus 368502.1 24
Mammalia Hylobates syndactylus 10000 25
Arctocephalus
Mammalia galapagoensis 27000 22
Mammalia Didelphis virginia 1000
Mammalia Erinaceus europaeus 1200 8
Muscardinus
Mammalia avellanarius 27.5 4
Mammalia Ursus arctos 454000 25
Mammalia Giraffa camelopardalis 899994.8 26
Ursus (= Thalarctos)
Mammalia maritimus 425000 30
Madoqua (=
Mammalia Rhynchotragus) kirki 5300.1
Mammalia Erethizon dorsatum 12000 18
Proechimys
Mammalia semispinosus 360 1.7
Mammalia Odobenus rosmarus 1500000 40
Mammalia Reithrodontomys spp. 18 1.5
Mammalia Liomys adspersus 65 1.5
Mammalia Lycaon pictus 36000 11
Mammalia Phoca hispida 124000 43
Mammalia Phocoena phocoena 52500 13
Mammalia Ovis aries 200000 20
Mammalia Ovis aries 130000 24
Cephalorhynchus
Mammalia commersonii 72400 18
Mammalia Ceratotherium simum 2949986.3 36
Mammalia Ceratotherium simum 2949986.3 50
Mammalia Ctenomys talarum 190 1.8
Mammalia Jaculus jaculus 73 4
Mammalia Graphiurus surdus 34 5
Muscardinus
Mammalia avellanarius 30 6
Mammalia Microcavia australis 300 4
reitherodontomys
Mammalia megalotis 17 2
Mammalia Rattus exulans 80 1
Mammalia Glirulus japonicus 40 6
Mammalia Glis glis 150 9
Mammalia graphiurus murinus 34 5.5
Mammalia Cuniculus paca 12000 12.5
Mammalia Napaeozapus insignis 35 4
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Mammalia Marmota flaviventris 5220 15
Mammalia Spermophilus beecheyi 738 6
Mammalia Zapus princeps 24 6
Mammalia Ochotona collaris 200 7
Mammalia tenrec ecaudatus 2400 7
Mammalia Tamias palmeri 69.4 4
Mammalia Tachyglossus aculeatus 7000 45
Ornithorhynchus
Mammalia anatinus 2500 17
Mammalia Tamias senex 108.5
Mammalia Tamias townsendii 118
Mammalia spermophilus lateralis 394
Mammalia meles anakuma 11000 10
Mammalia perognathus fasciatus 14 1.5
Mammalia microtus longicaudus 85 1
Mammalia salpingotus pallidus 12.5 2.5
Mammalia marmota himalayana 9000 17
Mammalia Micromys minutus 6 1
Mammalia ochotona curzoniae 200 2
Mammalia ochotona rutila 400 3
Mammalia cynomys ludovicianus 1675 8
Mammalia Chaetodipus nelsoni 16.5 1
Mammalia sciurus variegatoides 909 12
Mammalia Memphitis 6300 7
Mammalia Sorex alpinus 11.5 1.3
ailuropoda
Mammalia melanoleceuca 125000 15
Mammalia sylvilagus floridanus 1530 3
Mammalia myodes gapperi 42 1.5
Mammalia peromyscus leucopus 25 1
Mammalia orthogeomys grandis 830 2
Mammalia synaptomys cooperi 50 1
Mammalia Chaetodipus villosus 2000 23
Mammalia Spermophilus parryii 1500 10
Mammalia Burramys parvus 45 4
Mammalia Microcebus rufus 98 8
Mammalia Planigale ingrami 4.3 1.3
Mammalia tarsipes rostratus 18 2
Mammalia Perognathus flavescens 16 2
Mammalia Pseudochirulus mayeri 206 5
Mammalia Atelerix frontalis 555 7
Mammalia Zapus trinotatus 27.45 4
Mammalia Crocidura russula 14 1.5
Acanthodactylus
Reptilia boskianus 8.3 9.0
Reptilia Acanthodactylus 7.4 4.0
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pardalis
Reptilia Alsophylax pipiens 1.5 3.5
Reptilia Amalosia lesueurii 3.7 9.5
Reptilia Amblyrhynchus cristatus 3000.0 28.0
Reptilia Amphibolurus muricatus 46.8 4.0
Reptilia Amphibolurus norrisi 38.0 7.0
Reptilia Anolis carolinensis 7.0 7.0
Reptilia Anolis cupreus 1.8 1.5
Reptilia Anolis gemmosus 4.1 3.0
Reptilia Anolis gundlachi 6.9 3.0
Reptilia Anolis humilis 1.8 3.0
Reptilia Anolis intermedius 2.1 2.0
Reptilia Anolis tropidolepis 3.0 3.0
Reptilia Aspidoscelis laredoensis 214 3.0
Aspidoscelis
Reptilia neomexicana 18.6 4.0
Reptilia Aspidoscelis rodecki 12.0 2.0
Reptilia Aspidoscelis scalaris 58.9 3.0
Reptilia Aspidoscelis tesselata 15.6 5.0
Reptilia Aspidoscelis tigris 15.5 8.0
Reptilia Callisaurus draconoides 10.3 5.9
Reptilia Chalcides chalcides 18.8 4.0
Reptilia Cnemidophorus murinus 33.5 5.0
Reptilia Cophosaurus texanus 10.2 6.0
Reptilia Coronella girondica 50.0 16.0
Reptilia Crotaphytus collaris 37.1 10.0
Reptilia Ctenophorus fordi 4.1 3.0
Reptilia Ctenophorus maculosus 8.8 3.5
Reptilia Ctenosaura hemilopha 2800.0 13.0
Reptilia Ctenotus atlas 2.5 4.0
Reptilia Ctenotus lancelini 33 6.0
Reptilia Ctenotus leonhardii 4.9 7.0
Reptilia Ctenotus regius 5.1 4.0
Reptilia Ctenotus schomburgkii 1.7 5.0
Reptilia Cyclura carinata 1005.0 14.0
Reptilia Cyclura cychlura 10380.0 40.0
Reptilia Darevskia armeniaca 2.1 8.0
Reptilia Darevskia brauneri 4.5 13.0
Reptilia Darevskia unisexualis 4.6 7.0
Dinarolacerta
Reptilia mosorensis 5.8 9.0
Diplodactylus
Reptilia conspicillatus 3.9 3.2
Reptilia Draco volans 5.4 3.0
Reptilia Egernia kingii 291.0 13.0
Reptilia Elgaria coerulea 315 8.0
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Reptilia Eremias argus 7.2 11.0
Reptilia Eremias strauchi 33 7.0
Reptilia Eulamprus leuraensis 10.0 6.0
Reptilia Eulamprus tympanum 17.0 15.0
Reptilia Eutropis multifasciata 24.5 8.0
Reptilia Gallotia bravoana 158.5 6.0
Reptilia Gallotia intermedia 91.2 10.4
Reptilia Gambelia wislizenii 47.0 9.8
Reptilia Gehyra variegata 3.0 26.0
Reptilia Hemidactylus brookii 2.0 4.0
Reptilia Hesperoedura reticulata 7.2 11.0
Reptilia Holbrookia maculata 4.9 5.0
Hoplodactylus
Reptilia duvaucelii 118.0 25.0
Reptilia Iberolacerta aurelioi 2.6 17.0
Reptilia Iberolacerta monticola 8.6 15.0
Reptilia Lacerta agilis 8.3 12.0
Reptilia Lacerta schreiberi 21.0 10.0
Reptilia Lacerta strigata 20.6 4.0
Reptilia Leposoma guianense 0.8 2.0
Reptilia Liopholis modesta 5.5 5.0
Reptilia Lygodactylus capensis 0.9 2.1
Malpolon
Reptilia monspessulanus 500.0 20.0
Reptilia Mesalina olivieri 1.9 5.0
Reptilia Nephrurus stellatus 13.1 8.0
Reptilia Niveoscincus ocellatus 12.0 12.0
Reptilia Notechis scutatus 1349.0 17.0
Reptilia Oligosoma alani 60.0 20.0
Reptilia Oligosoma chloronoton 44.7 8.0
Oligosoma
Reptilia lineoocellatum 30.2 8.0
Reptilia Oligosoma suteri 19.8 12.0
Reptilia Oligosoma whitakeri 22.4 20.0
Reptilia Ophisops elegans 3.0 5.0
Papuascincus
Reptilia stanleyanus 4.2 6.0
Reptilia Paralaudakia caucasia 70.0 13.0
Paralaudakia
Reptilia stoliczkana 80.0 10.0
Reptilia Parvilacerta parva 3.1 8.0
Reptilia Phrynocephalus guttatus 4.1 5.0
Reptilia Phrynocephalus persicus 7.8 5.0
Reptilia Phrynosoma platyrhinos 18.8 8.0
Reptilia Plestiodon reynoldsi 1.3 10.0
Reptilia Plestiodon skiltonianus 4.9 8.0
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Reptilia Podarcis bocagei 4.6 4.0
Reptilia Podarcis erhardii 9.5 5.0
Reptilia Podarcis gaigeae 10.8 5.0
Reptilia Pristidactylus achalensis 45.0 11.0
Reptilia Ptyas mucosa 31623 11.3
Reptilia Rhinechis scalaris 389.0 16.0
Reptilia Rhynchoedura ornata 1.8 2.8
Reptilia Sauromalus ater 550.0 39.0
Reptilia Scelarcis perspicillata 3.4 5.0
Reptilia Sceloporus cowlesi 11.3 5.0
Reptilia Sceloporus graciosus 7.0 8.0
Reptilia Sceloporus magister 43.6 6.0
Reptilia Sceloporus occidentalis 13.6 5.0
Reptilia Sceloporus olivaceus 33.6 3.8
Reptilia Sceloporus undulatus 11.3 4.0
Reptilia Sceloporus variabilis 11.0 1.5
Reptilia Scincella lateralis 1.5 4.0
Reptilia Sitana ponticeriana 12.3 6.0
Reptilia Sphaerodactylus vincenti 0.5 4.0
Reptilia Teira dugesii 9.0 16.0
Teratoscincus
Reptilia roborowskii 12.0 6.0
Reptilia Toropuku stephensi 9.7 16.0
Reptilia Trioceros hoehnelii 18.0 4.5
Reptilia Uma inornata 17.3 5.0
Reptilia Uromastyx aegyptia 600.0 33.0
Reptilia Urosaurus graciosus 3.5 5
Reptilia Urosaurus ornatus 34 3.0
Reptilia Uta stansburiana 3.0 4.8
Reptilia Varanus komodoensis 37140.0 62.0
Reptilia Vipera latastei 199.5 14.0
Reptilia Woodworthia brunneus 10.2 42.0
Reptilia Xantusia riversiana 17.3 32.9
Reptilia Zootoca vivipara 3.9 5.0
Acanthodactylus
Reptilia erythrurus 8.7 2.1
Reptilia Alligator sinensis 35800 70
Reptilia Anatololacerta anatolica 9.8 10.0
Reptilia apodus 450 54
Reptilia Aspidoscelis dixoni 18.3 4.0
Reptilia Aspidoscelis exsanguis 15.5 4.0
Reptilia Aspidoscelis uniparens 7.5 4.0
Reptilia Bassiana duperreyi 2.9 7.0
Reptilia Caimen latirostris 60000 22
Reptilia Callisaurus dracoides 18 6
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Reptilia caretta 156500 37
Reptilia Carlia rostralis 5.5 3.8
Reptilia Carlia rubrigularis 3.5 3.6
Reptilia Carlia storri 1.7 33
Reptilia constrictor 3532 40.4
Reptilia coriacea 420000 30
Reptilia crocodylus siamensis 60000 60
Reptilia Ctenophorus isolepis 5.5 2.0
Reptilia Darevskia 6 13
Dinarolacerta
Reptilia TMOSOTensis 6 9
Reptilia dorsalis 60 14.6
Reptilia durissus 1150 19.8
Reptilia Ergenia whitii 25 13
Reptilia exanthematicus 709 12.7
Reptilia Gallotia simonyi 280 20
Reptilia Gambelia sila 38.2 6.0
Reptilia guttata 900 323
Reptilia Hoplodactylus maculatus 8 17
Hydrosaurus
Reptilia ambionensis 1360 25
Reptilia kingi 635 10
Reptilia Lacerta agilis 8.3 12
Reptilia Lacerta viridis 39 8
Reptilia Lacerta vivipara 3.9 12
Reptilia Lampropholis delicata 1.2 12
Reptilia Mecistops cataphractus 230000 56
Reptilia Mississippiensis 150000 73.1
Reptilia molurus 30000 34.2
Reptilia moreletii 84000 80
Reptilia multicarinata 31.5 9.8
Reptilia mydas 160000 75
Reptilia natrix 96.25 20
Reptilia Plestiodon reynoldski 1.3 10
Reptilia Plestiodon obsoletus 30 7.3
Reptilia Ophisops elegans 3 5
Reptilia picta 371.8 61
Plestiodon
Reptilia septentrionalis 15.5 7
Reptilia Pristidactylus achalensis 35 10
Reptilia Pseudemys scritpa 3200 30
Reptilia Ptyodactylus hasselquisti 9.3 11
Reptilia punctatus 430 90
Reptilia reticulatus 32000 29.4
Reptilia Sauromalus ater 550 16
Reptilia Sceloporus graciosus 7 8
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Sceloporus graciosus
Reptilia gracilis 7 8
Reptilia Sceloporus Jarrovi 24 6
Reptilia Sceloporus merriami 4.3 6.0
Reptilia Sceloporus scalaris 4 5
Reptilia scincoides 493 26.6
Reptilia scripta 240 41.3
Reptilia serpentina 10250 47
Reptilia sirtalis 150 14
Reptilia sulcata 43000 543
Reptilia Teira dugesii 9 16
Reptilia temminckii 58500 70.3
Reptilia tetraspis 40000 70
Reptilia tigris 18 7.8
Reptilia Tiliqgua rugosa 617 50
Reptilia trivirgata 450 31
Reptilia varanus griseus 430 17
Reptilia viridis 21.5 10
Reptilia Xantusia vigilis 1.5 9
Reptilia Zootoca vivipara 3.9 5

Appendix 3.2. List of all extant taxa used in linear regressions between logged

body mass and logged lifespan.
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Body mass Femur Foreman
Class Species { ) length diameter Qi
g (mm) (mm)
Morganucodon 3.829
Mammaliaformes | watsoni 16.000 12.500 0.476 | e-7
Morganucodon 3.829
Mammaliaformes | watsoni 26.400 12.500 0.476 | e-7
Aepyprymnus 3.068
Mammalia rufescens 2820.000 103.961 0.599 | e-5
1.498
Mammalia Alces alces 325000.000 429.500 1.789 | e-3
Apodemus 3.144
Mammalia Sflavicolis 23.900 21.500 1.213 | e-5
Arctocephalus
pusillus 1.081
Mammalia doriferus 75000.000 128.413 1.024 | e-3
Bettongia 1.733
Mammalia penicillata 1018.000 79.610 0.406 | e-5
9.346
Mammalia Bos taurus 225000.000 390.000 1.554 | e-4
Camelus 8.637
Mammalia dromedarius 402000.000 456.250 1.564 | e-4
2.702
Mammalia Capra hircus 45000.000 196.000 0.959 | e-4
3.271
Mammalia Dama dama 70000.000 249.500 1.060 | e-4
Dasyuroides 1.756
Mammalia byrnei 92.000 33.693 0.157 | e-6
Elephas 2.466
Mammalia maximus 4545400.000 | 1010.000 4.359 | e-2
5.430
Mammalia Equus asinus 177500.000 356.500 2.320 | e-3
2.447
Mammalia Equus caballus 675000.000 463.750 3.558 | e-2
1.475
Mammalia felis catus 4600.000 109.100 0.378 | e-5
1.080
Mammalia Gazella dorcos 21370.000 154.000 0.718 | e-4
Giraffa 3.995
Mammalia camelopardalis 750000.000 435.000 2.295 | e-3
Hydrurga
Mammalia leptonyx 380000.000 139.250 0.940 | 3.5¢4
Isoodon 2913
Mammalia obesulus 717.000 62.035 0.370 | e-5
7.234
Mammalia Lama glama 100000.000 290.000 1.310 | e-4
Lasiorhinus 3.463
Mammalia latifrons 29917.000 132.550 0.522 | e-5
Leporillus 9.644
Mammalia conditor 315.000 41.503 0.395 | e-6
2.365
Mammalia Lepus capensis 3030.000 119.500 0.461 | e-5
Lobodon 6.276
Mammalia carcinophagus 215000.000 111.720 1.809 | e-3
macroderma 8.033
Mammalia gigas 148.000 43.470 0.153 | e-7
2.812
Mammalia Macropus agilis 12000.000 184.500 0.512 | e-5
Macropus 3.060
Mammalia parryi 12000.000 195.500 0.556 | e-5
Macropus 2.812
Mammalia robustus 29300.000 193.500 0.952 | e-4
1.232
Mammalia Macropus rufus 32490.000 250.750 0.805 | e-4
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Micromys 1.468
Mammalia minutus 7.400 11.000 0.613 | e-5
2.255
Mammalia Microtus levis 26.800 14.325 0.710 | e-6
Mucropus 2.552
Mammalia fuliginosus 30000.000 267.125 1.013 | e-4
Mammalia Mus musculus 30.000 15.100 0.719 | 2e-5
1.609
Mammalia myodes rutilis 30.620 11.700 0.655 | e-5
2.564
Mammalia Neomys fodiens 15.000 10.500 0.677 | e-5
Ornithorhyncus 4.088
Mammalia anatinus 693.000 43.220 0.230 | e-6
Oryctolagus 1.203
Mammalia cuniculus 1590.000 84.292 0.341 | e-5
3.367
Mammalia Ovis aries 21150.000 196.500 1.013 | e-4
2.155
Mammalia panthera pardus 41400.000 244.000 0.956 | e-4
perameles 4.904
Mammalia gunnii 837.000 41.800 0.295 | e-6
Peromyscus 1.099
Mammalia truei 33.200 17.950 0.638 | e-5
Petaurus 3.704
Mammalia breviceps 127.000 40.756 0.213 | e-6
Phascolarctos 4.158
Mammalia cinereus 4765.000 155.000 0.597 | e-5
potorous 2.823
Mammalia tridactylus 976.000 79.028 0.244 | e-6
Pseudocheirus 1.531
Mammalia peregrinus 916.000 59.038 0.233 | e-6
Rattus fuscipes 8.241
Mammalia greyii 76.000 27.108 0.172 | e-6
3.365
Mammalia Rattus lutreolus 109.000 28.955 0.199 | e-6
2.590
Mammalia Sicista betulina 10.000 10.400 0.708 | e-5
7.159
Mammalia Sorex araneus 7.600 8.300 0.438 | e-6
Sorex
Mammalia minimutissimus 2.000 4.800 0.398 | 1e-5
2.045
Mammalia Sus scrofa 55300.000 225.500 0.925 | e-4
Tachyglossus 1.081
Mammalia aculeatus 2725.000 59.295 0.266 | e-5
3.462
Mammalia Ursus arctos 233000.000 356.500 1.185 | e-4
Vombatus 6.094
Mammalia ursinus 22500.000 148.413 1.005 | e-5
6.877
Mammalia Vulpes vulpes 4440.000 127.775 0.604 | e-5
Brachylophus 1.471
Reptilia vitiensis 345.000 47.270 0.100 | e-7
5.003
Reptilia Caretta caretta 13000.000 158.000 0.307 | e-6
Chelodina 7.452
Reptilia mydas 115000.000 47.628 0.478 | e-5
Chelodina 1.311
Reptilia rugosa 2146.000 49.657 0.167 | e-6
Chlamydosaurus 3.521
Reptilia kingii 635.000 67.175 0.121 | e-8
3.887
Reptilia Corucia zebrata 1014.000 30.390 0.115 | e-7
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Crocodylus 2.674
Reptilia Jjohnsoni 16385.000 115.875 0.414 | e-5
Crocodylus 3.554
Reptilia porosus 470000.000 249.000 0.922 | e-4
Ctenophorus 9.706
Reptilia nuchalis 37.000 17.770 0.071 | e-8
Egernia 2.970
Reptilia cunninghami 261.000 25.687 0.101 | e-7
2.419
Reptilia Emydura krefftii 1300.000 39.090 0.194 | e-6
4.391
Reptilia Moloch horridus 31.000 23.295 0.113 | e-7
1.009
Reptilia Nephrurus levis 11.000 26.075 0.080 | e-7
Physignathus 4.496
Reptilia lesueurii 504.000 51.108 0.128 | e-7
Tiliqua 2.639
Reptilia multifasciata 204.000 22.450 0.097 | e-7
Tiliqua 5.099
Reptilia nigrolutea 800.000 28.690 0.120 | e-7
9.599
Reptilia Tiliqua rugosa 609.000 28.840 0.079 | e-8
Tliqua 7.177
Reptilia scincoides 493.000 21.192 0.122 | e-7
Varanus 1.55427
Reptilia giganteus 5333.000 94315 0.343 | e-6
3.994
Reptilia Varanus gouldii 443.000 64.208 0.615 | e-5
2.167
Reptilia Varanus indicus 1287.000 54.400 0.461 | e-5
Varanus 2.816
Reptilia komodoensis 12000.000 105.500 0.956 | e-4
Varanus 5.479
Reptilia mertensi 1121.000 61.575 0.574 | e-5
Varanus 2.522
Reptilia panoptes 2317.000 81.500 0.523 | e-5
Varanus 1.007
Reptilia spenceri 6000.000 98.500 0.828 | e-4
7.683
Reptilia Varanus varius 6343.000 78.563 0.329 | e-6

Appendix 3.3. List of all taxa used for O; and MMR calculations
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Taxon Qi Feml(l:nll;ngth
Apodemus flavicolis 3.144 E-5 2.15
Micromys minutus 1.468 E-5 1.1
Microtus levis 2.255 E-5 1.43
Mus musculus 2.38 E-5 1.51
Peromyscus truei 1.098 E-5 1.75
Sorex minimutissimus 1.002 E-5 0.48
Sicista betulina 2.590 E-5 1.04
Sorex araneus 4.89 E-6 0.83
Sorex minutus 6.37 E-6 0.56
Myodes rutilis 1.609 E-5 1.17
Neomys fodiens 2.28 E-5 1.04
Morganucodon
watsoni 3.829 E-6 1.25

Appendix 3.4. List of all femur specimens imaged using micro-computed
tomography. Qi: blood flow index.
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Appendix 4.1. Preliminary micro-computed tomographic investigation of

cementum increments

Preliminary tomographic measurements of Macaca mulatta cementum were performed
using laboratory based pCT equipment in order to gain first approximations of the
parameters needed for imaging ‘fresh’ (i.e. non-fossil) dental cementum. Initial pCT
scanning of the anterior and posterior roots of the m1 tooth of the k23 specimen was
performed using a Zeiss/Xradia Versa 510 system on 09/10/2015 at the University of
Southampton. The specimen was 12 years old when the m1 tooth was removed. Voxel
size was set at 3um, as this is the smallest voxel size that still allowed the entire root to
fit within the field of view. X-ray energy was 45KeV, the minimum energy that ensured
sufficient X-ray transmittance through the specimen per projection (25% transmission),
at a voltage of 4.5W. However this transmittance was only attained at exposure times of
12 seconds. The source-to-sample distance was minimized (13mm) in order to optimize
flux without adjusting X-ray energy. Two 6:30 hour scans were performed for each root
(four total scans), leading to a total scan time of 26 hours. Scans were centered on the
tip of each root, with the first and third scans including the tip apex of the anterior and
posterior root (respectively). The second and fourth scans were centered at a height
6mm below that of scans 1 and 3 (respectively), Providing an overlap of ~480 um
between scan 1 and 2 (anterior root), and scan 3 and 4 (posterior root).

Cementum is readily distinguished from dentine in pCT tomographic data as a
darker tissue along the circumference of the root. Both tissues are clearly delineated by
a dark layer along their boundary (Fig. 5.3.a) for the entire vertical length of the root.
The dentine appears as a homogeneous tissue with little internal features (Fig. 5.3.a).
No incremental structures (striae of Retzius or lines of Von Ebner) can be detected.
Radial patterns can be distinguished within the dentine that may represent dentine
tubules. These are only apparent in higher contrasting regions towards the root tip.

Cellular cementum can be distinguished from acellular cementum throughout
both roots by cellular voids that are shown to cluster in irregular regions (Fig. 5.3.a).
This allowed volumetric mapping of cellular cementum for the first time (Fig. 5.4).
Mapping indicates that although the overall pattern of cellular cementum is chaotic, it
becomes increasingly more prevalent towards the root apex. Contrast-to-noise ratios of

pCT data did not permit automatic segmentation of cellular voids and so quantitative
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analysis of their distribution concentration could not be performed.

Four thick light increments can be seen intermittently within the acellular
cementum of the anterior root, separated by three dark increments and proceeded by a
fourth dark increment forming the border between the cementum and dentine tissues
(Fig. 5.3). Only the inner-most and outer-most increment pairs are visible for the entire
length of the root. Increments become increasingly highly contrasting apically through
the cementum, and all four increments can only be seen in the apical-most 2mm of the
root.

The identification of four highly contrasting increment pairs in data generated
using laboratory-based uCT X-ray sources suggests that this may well be a viable
technique for cementochronology. However, consideration of the quantitative
measurements of image quality, the accuracy of uCT data for representing true
biological structure, and the practical and technical aspects of these preliminary studies
must be assessed in order to further optimise the experimental parameters used in these
preliminary studies.

Comparison between histological data and preliminary pCT data of the same region of
the k23 specimen suggests that preliminary scanning settings provide sub-optimal
image quality for unfossilised cementum increments (Fig. 5.5). The k23 specimen was
12 years old when the Im1 tooth was removed. Macaca mulatta are understood to
replace their lower first molars during their second year of life (Bowen and Koch,
1970). This should allow for 10 increment pairs to be deposited within the cementum.
10 increment pairs are revealed by thin-section histology of the specimen’s cementum
(Fig. 5.5). However, as only four increment pairs were found the tomographic dataset of
either root, this represents a substantial error in the preliminary use of uCT for
cementochronological purposes in unfossilised teeth. Further, the substantial scanning
times required to ensure sufficient X-ray transmittance through the specimen at the
voxel resolutions required for studying cementum increments (<1 um) mean that the
technique is probably not suitable for imaging the large, population-level samples

required for most comentochronological studies.
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increments

Appendix 4.1. Figure 1. Laboratory-based pCT data of Macaca mulatta dental root
tissues imaged using the Zeiss/Xradia versa 510 system. (a) Transverse orthoslice of the
entire root; cemento-dentine boundary distinguished by a highly contrasting circumferential
dark/light incremental feature (red arrow). Radial texture can be interpretted within the
dentine, although contrast and/or resolution is insufficient to identify radial dentine tubules.
No incremental features can be identified in the dentine. Acellular cementum (red box) can
be distinguished from cellular cementum (green box) due to the cellular voids imaged in the
latter. (b) Detail of cellular cementum highlighted in the red box of (a). Four light increments
can be plotted (red arrow), although the middle two increments coalesce and are not present
through the entire tissue. Top arrow (highlighted with *) indicates increment pair used in step
response function, and contrast-to-noise ratio calculations. (c) Cellular cementum comprising
multiple cellular voids, with four such voids identified using green arrows. White scale bar in
(a) equals 350 um; in (b) equals 150 um; and in (c) equals 250 pm.



Appendix 4.1. Preliminary micro-computed tomographic investigation of cementum
increments

Appendix 4.1. Figure 2. Analysis of cellular voids in cementum. (a) Pore counts in
the cementum of the anterior root of the k23 specimen. The proportion of pore counts
increases with proximity to the root tip through the lower scan (yellow) and the upper
scan (orange), and clusters of pores correlate with discrete nodular morphologies in the
cementum surface. (b) This is reflected in heat maps that reflect correlation between
pore count and distance from the centroid of each orthoslice. Blue represents strong
correlation, yellow represents weak correlation in the posterior root of the k23
specimen.
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increments

Appendix 4.1. Figure 3. Comparison between pCT data and thin-section histological data
of Macaca mulatta cementum. (a) Transverse orthoslice of the dental root of specimen k23.
(b) Transverse histological thin-section of the same region imaged in (a). (¢) Detail of SR CT
cementum data. (d) Histological data of the same region as (¢), highlighting a series of 10
increment pairs (green arrows), only four of which are captured in (¢) (red arrows). White
scalebar shared between (a) and (b) equals 150 pum, and in (¢) and (d) equals 100 pm.
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Appendix 4.2. Html address for E-appendices

https://www.dropbox.com/home/Elis%20Newham%20PhD%20e-appendices
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Appendix 4.3. Digital phantoms of known length designed to test the accuracy
of the cementum increment tortuosity algorithm

4.

Appendix 4.3. Digital phantoms of known length designed to test the accuracy
of the cementum increment tortuosity algorithm. The number of each image
corresponds with the numbers used in Table 4.8. (Copy of this table overleaf on
page 319).




Appendix 4.3. Digital phantoms of known length designed to test the accuracy

of the cementum increment tortuosity algorithm
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Appendix 5.2

Energy

Specimen (KeV) | Exposure (ms) | Projections

sk334 26 800 3001
sk334 26 400 1501
sk334 26 200 1501
sk334 34 275 1501
sk334 34 275 3001
sk334 34 275 4501
sk228 24 275 4501
sk228 26 275 4501

Appendix 5.2. List of experimental parameters investigated
for imaging entire human tooth roots.
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Appendix 6.1. List of all Bathonian taxa imaged using synchrotron radiation-based

computed tomography
Specimen Taxon
CB04 Krusatodon
CB07 Amphetheriid
CBI113 Shuotherium
CB19 Cyrtlatherium
CB500 Phascolotherium
CB506 docodont
CB508 Phascolotherium
CB509 docodont
CB515 multituberculate
CB519 mammal indet.
CB522 Phascolotherium
CB526 mammal indet.
179445 docodont
179452 mammal indet.
J79453 Borealestes
179454 Krusatodon
179462 Palaeoxonodon
179472 haramiyid
179474 Borealestes
J79475 Borealestes
179476 Krusatodon
J79481 multituberculate
J79496 multituberculate
J79498 Borealestes
J79502 amphilestid
J79511 dryolestid
J79522 docodont
J79523 Krusatodon
J79536 docodont
M100056 gobiconodontid
M100057 gobiconodontid
M100059 docodont
M100060 eutriconodont
M100061 mammal indet.
M100062 mammal indet.
M100063 dryolestid
M100067 dryolestid
M100068 mammal indet.
M100070 mammal indet.
M100072 mammal indet.
M100073 docodont
M100074 mammal indet.
M100076 mammal indet.
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Appendix 6.1. List of all Bathonian taxa imaged using synchrotron radiation-based
computed tomography

M100083 mammal indet.
M100086 haramiyid
M100092 Phascolotherium
M100093 multituberculate
M100097 Eleutherodon
M100099 mammal indet.
M100114 amphilestid
M100116 amphilestid
M100117 Phascolotherium
M100119 mammal indet.
M100120 amphilestid
M100121 amphilestid
M100123 eutriconodont
M36501 docodont
M36505 docodont
M36512 Palaeoxonodon
M36513 docodont
M36516 Amphitherium
M36518 eutriconodont
M36524 Borealestes
M36527 Cyrtlatherium
M36530 Palaeoxonodon
M36531 "pantothere"
M36538 Cyrtlatherium
M36541 docodont
M36558 Amphitherium
M45045 mammal indet.
m46001 Borealestes
M46037 mammal indet.
M46041 amphilestid
M46058 Borealestes
M46083 Gobiconodon
M46095 dryolestid
M46194 Morganucodontid
M46197 Palaeoxonodon
M46200 Palaeoxonodon
M46212 Peraiocynodon
M46213 Palaeoxonodon
M46220 Palaeoxonodon
M46222 Krusatodon
M46226 Shuotherium
M46234 multituberculate
M46242 Palaeoxonodon
m46253 "symmetrodonta"
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Appendix 6.1. List of all Bathonian taxa imaged using synchrotron radiation-based

computed tomography
M46289 Kennetherium
m46290 Palaeoxonodon
M46307 mammal indet.
M46321 mammal indet.
M46333 Krusatodon
M46350 Palaeoxonodon
M46388 Palaeoxonodon
M46392 Palaeoxonodon
M46399 Borealestes
M46404 Borealestes
M46417 mammal indet.
M46429 Palaeoxonodon
M46430 Kennetherium
M46434 Cyrtlatherium
M46436 Palaeoxonodon
M46437 Krusatodon
M46439 Shuotherium
M46441 mammal indet.
m46442 Krusatodon
M46444 mammal indet.
M46445 Borealestes
M46446 mammal indet.
M46448 Borealestes
M46454 docodont
M46456 Krusatodon
M46486 Krusatodon
M46488 mammal indet.
M46503 Phascolotherium
M46506 Palaeoxonodon
M46515 Kennetherium
M46517 Kennetherium
M46522 Cyrtlatherium
M46524 Palaeoxonodon
m46531 Krusatodon
M46542 mammal indet.
M46545 docodont
M46549 Borealestes
M46570 Cyrtlatherium
M46577 docodont
M46579 Kirtlingtonia
M46580 Borealestes
M46581 mammal indet.
M46584 docodont
M46597 gobiconodontid
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Appendix 6.1. List of all Bathonian taxa imaged using synchrotron radiation-based
computed tomography

M46605 eutriconodont
M46614 mammal indet.
M46614 mammal indet.
M46618 Palaeoxonodon
M46623 mammal indet.
M46631 mammal indet.
M46632 Borealestes
M46636 Palaeoxonodon
M46639 Palaeoxonodon
M46650A mammal indet.
M46657 Palaeoxonodon
M46677 mammal indet.
M46684 Kermackodon
M46686 mammal indet.
M46688 Cyrtlatherium
M46698 Palaeoxonodon
M46701 Palaeoxonodon
M46702 Palaeoxonodon
M46704 mammal indet.
M46713 mammal indet.
M46728 Borealestes
M46741 mammal indet.
M46761 Cyrtlatherium
M46764 mammal indet.
M46768 Shuotherium
m46775 Wareolestes
M46778 Cyrtlatherium
M46781 Phascolotherium
M46784 docodont
M46785 Cyrtlatherium
M46786 Palaeoxonodon
M46792 Palaeoxonodon
M46798 Cyrtlatherium
M46809 Borealestes
M46821 Eleutherodon
M46832 multituberculate
m46841 Borealestes
M46864 mammal indet.
PGO03 Eleutherodon
PG04 Eleutherodon
PGO5 Eleutherodon
PGO06 multituberculate
PG07 Phascolotherium
Pgl10 Phascolotherium
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Appendix 6.1. List of all Bathonian taxa imaged using synchrotron radiation-based
computed tomography

| PG12 Eleutherodon

Appendix 6. List of all Bathonian taxa imaged using
synchrotron radiation-based micro-computed tomography.
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Appendix 6.2. List of all fossil taxa used in body mass estimation

Higher order Taxon Molar llr\l/f)ll:r 111\1/{:;;' Lel::; th Dentary
taxon count count count (mm) length (mm)
docodonta Agilodocodon 4 4 4 1.27 20.5
seven
Dryolestidae Amblotherium to nine 7 9 0.8 18.3
Amphidontidae | Amphidon 4 13 16.9
Eutriconodonta Amphilestes 5 1.52 22
five to
amphitheriida Amphitherium seven 5 7 1.17 24.7
Zhangeotheriidae | Anebodon 4 4 4 23 35
Eutriconodonta Aploconodon 5 5 5 1 17.9
Dryolestoidea Araeodon 5 5 5 0.9 17.4
Dryolestoidea Archaeotrigon 4 4 4 1.2 21.7
australosphenida | bishops 3 3 3 1.7 18.42
Eutriconodonta Comodon 5 5 5 1.5 25.6
Docodonta Docodon 7 7 7 1.5 32.6
Eutriconodonta Repenomamus 4 4 4 82
docodonta Docodon apoxys 7 7 7 1.58 33.2
docodonta Docofossor 4 4 4 1.3 17.3
eight to
Dryolestidae Dryolestes nine 8 9 1.3 32.3
Dryolestoidea Foxraptor 1.2 21.7
docodonta Fruitafossor 3 3 3 0.5 12.5
Gobiconodon
Eutriconodonta borissiaki 5 5 5 2.6 35.8
Gobiconodon
Eutriconodonta hoburensis 5 5 5 1.4 20
docodonta Haldanodon 5 5 5 1.58 22.7
amphidontidae Juchilestes 6 6 6 1.8 29.1
Dryolestidae Krebsotherium 8 8 8 1 243
Dryolestidae Laolestes 8 8 8 1.1 27.3
Dryolestoidea Paurodon 4 4 4 1.2 21.7
Eutriconodonta Phascolotherium 5 5 5 2 30.8
Eutriconodonta Phascolotherium 5 5 5 2 35.5
Eutriconodonta Priacodon 3 3 3 23 28.5
Eutriconodonta Priacodon 4 4 4 2.4 33
Multituberculate | Psalodon ? 2.1 26.6
metatheria Sinodelphys 3 3 3 1.48 20.8
spalacotheriidae | Spalacotherium 6 6 6 1.72 32.7
Eutriconodonta Spinolestes 4 4 4 1.8 30
four to
Dryolestoidea Tathiodon five 4 5 1.2 21.7
tinodontidae Tinodon 4 4 4 2.2 28.6
Eutriconodonta Triconolestes 5 5 5 1.5 24
Eutriconodonta Trioracodon 3 3 3 2.6 32
eutriconodonta Trioracodon 3 3 3 3.75 453

328




Appendix 6.2. List of all fossil taxa used in body mass estimation

Zhangeotheriidae | Zhangeotherium | 6 | 6| 6 1.6 32.2

Appendix 6.2. List of all fossil taxa used in body mass estimation.
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Appendix 7.1.

Therian mammals experience an
ecomorphological radiation during the
Late Cretaceous and selective
extinction at the K-Pg boundary

It is often postulated that mammalian diversity was suppressed during the Mesozoic Era
and increased rapidly after the Cretaceous—Palaeogene (K—Pg) extinction event. We test
this hypothesis by examining macroevolutionary patterns in early therian mammals, the
group that gave rise to modern placentals and marsupials. We assess morphological
disparity and dietary trends using morphometric analyses of lower molars, and we
evaluate generic level taxonomic diversity patterns using techniques that account for
sampling biases. In contrast with the suppression hypothesis, our results suggest that an
ecomorphological diversification of therians began 10-20 Myr prior to the K-Pg
extinction event, led by disparate metatherians and Eurasian faunas. This diversification
is concurrent with ecomorphological radiations of multituberculate mammals and
flowering plants, suggesting that mammals as a whole benefitted from the ecological
rise of angiosperms. In further contrast with the suppression hypothesis, therian
disparity decreased immediately after the K—Pg boundary, probably due to selective
extinction against ecological specialists and metatherians. However, taxonomic
diversity trends appear to have been decoupled from disparity patterns, remaining low
in the Cretaceous and substantially increasing immediately after the K—Pg extinction
event. The conflicting diversity and disparity patterns suggest that earliest Palacocene
extinction survivors, especially eutherian dietary generalists, underwent rapid

taxonomic diversification without considerable morphological diversification.

Reference:
Grossnickle, D. M., & Newham, E. (2016). Therian mammals experience an
ecomorphological radiation during the Late Cretaceous and selective extinction at the

K-Pg boundary. Proceedings of the Royal Society B. 283(1832), 20160256.
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Appendix 7.1.

Complex neuroanatomy in the rostrum
of the Isle of Wight theropod
Neovenator salerii

The discovery of large, complex, internal canals within the rostra of fossil reptiles
has been linked with an enhanced tactile function utilised in an aquatic context, so far
in pliosaurids, the Cretaceous theropod Spinosaurus, and the related

spinosaurid Baryonyx. Here, we report the presence of a complex network of large,
laterally situated, anastomosing channels, discovered via micro-focus computed
tomography (uCT), in the premaxilla and maxilla of Neovenator, a mid-sized
allosauroid theropod from the Early Cretaceous of the UK. We identify these
channels as neurovascular canals, that include parts of the trigeminal nerve; many
branches of this complex terminate on the external surfaces of the premaxilla and
maxilla where they are associated with foramina. Neovenator is universally regarded
as a ‘typical’ terrestrial, predatory theropod, and there are no indications that it was
aquatic, amphibious, or unusual with respect to the ecology or behaviour predicted
for allosauroids. Accordingly, we propose that enlarged neurovascular facial canals
shouldn’t be used to exclusively support a model of aquatic foraging in theropods
and argue instead that an enhanced degree of facial sensitivity may have been linked
with any number of alternative behavioural adaptations, among them defleshing

behaviour, nest selection/maintenance or social interaction.

Reference:
Barker, C. T., Naish, D., Newham, E., Katsamenis, O. L., & Dyke, G. (2017).
Complex neuroanatomy in the rostrum of the Isle of Wight theropod Neovenator

Salerii. Scientific Reports, 7(1), 3749.
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