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Quantifying Palaeopathology Using Geometric Morphometrics

Kimberly A. Plomp
Abstract:

Palaeopathology is the study of disease and injury in archaeological bone. Traditional
methods rely heavily on macroscopic description which can have a high degree of subjectivity
and error, as well as limiting the types of research questions possible. Geometric
morphometrics are a suite of shape analysis techniques and provide an opportunity to
investigate possible relationships between skeletal morphological variation and disease. This
thesis aims to demonstrate the potential of applying these methods in palaeopathological
research and the results illustrate the benefits of using quantifiable and objective shape
analysis methods in palaeopathology. The first half of the thesis discusses the use of geometric
morphometrics to investigate skeletal variation to identify possible aetiological factors in the
development of Schmorl’s nodes and osteoarthritis. There was a strong association found
between vertebral morphology and Schmorl’s nodes in the lower spine. These findings have
great implications for both bioarchaeological interpretation and clinical understanding of the
aetiology and pathogenesis of Schmorl’s nodes. Joint morphology of the proximal ulna and
distal humerus was found to have no identifiable relationship with osteoarthritis, indicating
that joint morphology is not a predisposing factor in elbow osteoarthritis, nor does
osteoarthritis deform the joints in a systematic manner. A tentative relationship between
eburnation and knee joint morphology was identified, although these results need to be
verified with future research. If the association can be supported, shape analyses may provide
a way for clinicians to monitor the progression of the disease. Geometric morphometrics were
also shown to objectively record pathological shape deformation resulting from leprosy and
residual rickets. The ability to objectively describe lesions with quantified data will greatly
strengthen palaeopathology by decreasing the subjectivity and error inherent in macroscopic
based methods. This thesis represents promising groundwork for the incorporation of

geometric morphometrics into palaeopathological research.
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Chapter 1) Introduction

Palaeopathology is the study of disease and injury in historic and prehistoric
peoples through the analysis of pathological lesions present on skeletal remains. It
provides valuable insight into the health and quality of life of past populations, the
global and temporal distribution and evolution of disease, as well as generating
information which can be beneficial in clinical research (Roberts and Manchester 2005;
Klepinger 1983; Buikstra and Roberts 2012). Palaeopathology is a growing research
field which has seen the utilization of many innovative techniques to study past disease,
such as ancient DNA, biochemical, and histological analyses (Monot et al. 2005;
Bouwman and Brown 2005; Roberts and Ingham 2008; Von Hunnius 2009). However,
palaeopathology relies heavily on macroscopic descriptions of lesions and subsequent
differential diagnoses; these methods can be subjective and prone to error (Miller et al.
1996; Waldron and Rogers 1991; Davis et al. 2012). Geometric morphometrics is a
collection of statistical techniques for the analysis of shape variability and change in
three- and two-dimensional “objects” (Baab et al. 2012; O’Higgins and Jones 1998).
Although having revolutionized shape analysis in related fields, their utility in
palaeopathological research remains underexplored, but offer the potential of providing
detailed descriptions of small-scale shape variation related to disease processes, as well

as objectifying data.

The present research project aims to explore the possibility of using geometric
morphometric analyses in palaeopathological research by applying the methods to

several pathological conditions affecting the human skeleton. The conditions chosen



were those which affect the shape of skeletal elements and/or ones which have

aetiologies which are not fully understood.

The first three manuscripts use geometric morphometrics to identify
morphological characteristics of skeletal elements associated with pathological
conditions of multiple aetiologies. Both osteoarthritis and Schmorl’s nodes are
commonaly identified in archaeological human remains and have aetiologies which are
poorly understood clinically. Palaeopathologists have a unique opportunity to analyse
human populations and skeletal elements without soft tissue; identifying shape
differences associated with these conditions will contribute to understanding disease
processes which many clinical studies are unable to see without highly detailed
statistical shape analyses. Geometric morphometric techniques are also applicable to,
and usable in, clinical research, allowing for both disciplines to communicate their
results in a more comparative manner. This thesis illustrates the benefits of using
geometric mophrometrics to investigate the relationship between vertebral shape and
Schmorl’s nodes (Manuscript 1-2) and joint shape and osteoarthritis (Manuscript 3). The
aims of these studies were to identify possible morphological characteristics which may
suggest aetiological factors, as well as explore the potential of using these methods to

aid in collaboration between palaeopathological and clinical studies.

The final manuscript focuses on the use of geometric morphometrics to
accurately record and describe pathological lesions on bones. Traditional macroscopic
methods in palaeopathology are inherently subjective and are highly influenced by
observer experience and skill (Miller et al. 1996). These methods also provide

information about lesions which can be difficult to compare between different studies,



as use of language, terminology, and interpretation can differ substantially between
researchers. The application of geometric morphometrics on the recording and
description of pathological lesions will provide quantified and objective data which can
be used in combination with macroscopic description to strengthen palaeopathological
research and increase the scientific relevance of palaeopathological data. Manuscript 4
presents and discusses the results of analyses on the shape deformation of the nasal
aperture due to rhinomaxillary syndrome in leprosy and of femora due to vitamin D
deficiency. The aim of this study is to determine if geometric morphometrics can
quantify pathological shape changes macroscopically identified on archaeological
skeletons and to illuminate the benefits of having quantified data and virtual
environments for illustrating pathological lesions in archaeological skeletons, both for

research and teaching.

The manuscripts in this thesis have been formatted for publication in peer-
reviewed research journals; the publication status of each manuscript is indicated in the
individual section. The manuscripts are multi-authored with Kimberly A. Plomp,
Charlotte A. Roberts, and Una Strand Vidarsdottir as listed authors. All data collection
and data analyses were carried out by Kimberly A. Plomp. Charlotte A. Roberts and
Una Strand Vidarsdottir were supervisors and involved in support, guidance, and
editorial aid during the production of all manuscripts and this thesis. The thesis will first
provide a detailed review of the background literature pertinent to this research (Chapter
2), as well as a detailed summary of all materials (Chapter 3) and methods (Chapter 4)

used in each manuscript.



Chapter 2) Background Information

The following chapter will provide a detailed discussion and overview of
relevant literature pertaining to the pathological lesions and conditions under study in
this thesis. The first section will discuss Schmorl’s nodes, a spinal lesion analyzed in
Manuscripts 1 and 2. The second section will provide a thorough discussion on
osteoarthritis, which is the focus of Manuscript 3. The remaining two sections will
discussion the infectious disease of leprosy and the metabolic disorder, rickets, the

characteristic lesions of which are the focus of Manuscript 4.

2.1) Schmorl’s nodes:

Schmorl’s nodes are lytic depressions with scerlotic margins on the inferior or
superior surface of the vertebral body, caused by a herniation of the nucleus pulposus of
the intervertebral disc through the fibrous capsule into the vertebral endplate (Schmorl
& Junghans 1971; Faccia & Williams 2008). The lesions were first described by
Schmorl in 1927 (Schmorl 1927; Schmorl & Junghans 1971), and are commonly found
in both archaeological and living human populations. Intervertebral disc herniation can
occur without the formation of Schmorl’s nodes when the nucleus pulposus is herniated
in a lateral, medial, posterior or anterior direction (on the transverse plane); Schmorl’s
nodes will only develop when the herniated material is forced into the vertebral
endplate. For clarity, the term “herniation” will be used when the general condition is

discussed, and “Schmorl’s nodes” when the herniation results in the recognized lesion.



Intervertebral Disc:

The intervertebral disc is composed of parallel concentric rings of fibrous tissue
forming the annulus fibrosus (Figure 2.1); the inner and outer layers of the annulus
differ in composition, with the outer layer having a higher proportion of Type I collagen,
and the inner layer having a predominance of Type Il collagen (Vernon-Roberts et al.
2007). The concentric arrangement of fibres in the annulus fibrosus provides resistance
to torsion and flexion-extension during spinal movement, and strengthens the annulus
fibrosus against rupture (Vernon-Roberts 1989). The nucleus pulposus is a semi-
gelatinous substance enclosed by the annulus fibrosus which evenly distributes pressure
on the annulus fibrosus and vertebrae; it is composed of water (=<80%), collagen, and
protein-polysaccharide. The intervertebral disc slowly dehydrates with age, with a loss
of 10-15% of the water content in both the annulus fibrosus and nucleus pulposus after
the 3" decade of life (Vernon-Roberts 1989). Disc herniation occurs when the nucleus
pulposus ruptures through the annulus fibrosus, and Schmorl’s nodes develop as a result
of herniation of the nucleus pulposus into the vertebral endplate and vertebral body

(Figure 2.2).
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Figure 2.1) Diagram of vertebra and intervertebral disc with nucleus pulposus, annulus
fibrosus, and vertebral endplate indicated.

Herniation of
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Figure 2.2) Left: Line drawing of intervertebral disc herniation which would result in
Schmorl’s nodes. Right: Radiograph of lumbar spine with intervertebral disc herniations
producing Schmorl’s nodes. (Radiograph image from Mok et al. 2010: 1945).



Pooni et al. (1986) discuss how the structure of the intervertebral disc can
contribute to its ability to withstand movement without injury. They describe the
thoracic vertebral disc as being more circular than the cervical and lumbar, which
promotes an even distribution of strain on the disc in torsion, but the fibres would not be
able to provide enough support for the disc during flexion. The elliptical discs of the
cervical and lumbar regions are better suited to withstand flexion-extension, but are
weaker during torsion. The disc of the thoracic spine is also thinner than in the cervical
or lumbar regions, and there are shorter fibres in the annulus fibrosus; these features
increase the amount of strain in the fibres during flexion-extension and torsion. The
longer fibre lengths in thicker discs provide better support against disc prolapse. The
authors also state that the range of motion during flexion-extension and torsion in the
thoracic spine is much more restricted than in the cervical or lumbar spine (Pooni et al.
1986). The combination of these features in the thoracic intervertebral disc, along with
the increased compression and physical function of this region, may be one factor
influencing an increase in disc herniation in the lower thoracic spine compared to upper
spinal regions. However, the next more commonly affected region for transverse or
vertical herniations is the lumbar, making the relationship between disc morphology and
herniation unclear because these features differ in the lumbar spine compared to the

thoracic.

There is also a complex relationship between the morphology of the vertebrae
themselves and the intervertebral disc (Adams et al. 2006; Fields et al. 2010; Brown et
al. 2008). Adams et al. (2006) found that degenerative changes of the intervertebral disc

caused the neural arch to withstand more of the compressive force on the vertebrae



during upright posture. Harrington et al. (2001) found a relationship between the size
and form (shape with size) of the vertebral endplate with intervertebral disc herniation.
Larger vertebral endplates in males, and more circular endplates (based on measured
dimensions) in both males and females, were correlated with disc herniation in the lower
lumbar vertebrae. The authors explain that this relationship may be related to LaPlace’s
law. LaPlaces’s law states that the radius of a fluid-filled tube directly relates to the
amount of tension the tube can withstand (Leti¢ 2012). The intervertebral disc is a fluid-
filled tube, and a larger radius, as seen in both the larger and more circular endplates,

could cause higher tension in the disc during compression (Harrington et al. 2001).
Aetiology:

The aetiology of intervertebral disc herniation and Schmorl’s nodes is poorly
understood in both clinical and palaeopathological contexts. The prevalence rates of the
lesion are similar in both archaeological and living populations, suggesting that the
aetiology is not associated with lifestyle (palacopathology literature: Novak & Slaus
2011; Robb et al. 2001; Ustiindag 2009; Caffell & Holst 2010; Kraus et al. 2009; Robb
1994; Saluja et al 1986; Sandness & Reinhard 1992; Slaus 2000; clinical literature:
Schmorl & Junghans 1971; Pfirrmann & Resnick 2001; Dar et al. 2009; Mok et al.
2010). The lesions are commonly seen in the lower thoracic and upper lumbar spine
(Pfirrmann & Resnick 2001; Dar et al. 2010), likely resulting from the biomechanical
stress on these vertebrae due to the transmission of compressive and shearing forces
from the upper body to the lower body in movement during daily activities (Cholewicki
& McGill 1996). Humans display Schmorl’s nodes in a much higher frequency than do

other animals (dogs 5.3% (Gendron et al 2011), chimpanzees 2.0%, and orang-utan
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2.2% (Lovell 1990)). This could suggest that the high prevalence of the lesion in
humans is a result of stress on the spine due to bipedal locomotion (Dar et al. 2010).
Biomechanical studies have indicated that herniations often occur during flexion,
extension, and torsion with moderate to heavy loading (Callaghan & McGill 2001,
Wilder et al. 1988; Goto et al. 2002). When these events do not result in immediate
herniation, they may still affect the integrity of the annulus fibrosus, which could

increase the chance of herniation in the future (Wilder et al. 1988).

Modern clinical literature identifies other possible aetiological factors
contributing to the development of Schmorl’s nodes. Metabolic deficiencies, such as
osteoporosis or hyperparathyroidism, can cause weakening of the vertebral endplate
which may increase the susceptibility of an individual to develop Schmorl’s nodes
(Resnick & Niwayama 1978; Dar et al. 2010). Saluja et al (1986) suggested that the
lesions are a result of a weakened endplate due to incomplete regression of the
notochord during foetal development. Resnick & Niwayama (1995: 1822) discuss how
Schmorl’s nodes develop as a result of a weakened disc or subchondral bone due to
problems during development, such as gaps in ossification, regression of the chorda
dorsali, and/or the presence of vascular channels. Studies have also found evidence
suggesting a strong genetic predisposition for Schmorl’s nodes (Zhang et al. 2010;
Williams et al. 2007). The developmental abnormalities suggested by Saluja et al.
(1986) and Resnick & Niwayama (1995) may be a result of genetic factors influencing
Schmorl’s nodes development (Resnick & Niwayama 1995:1822). For example,
Williams et al. (2007) performed a twin study on 516 British female volunteers and

found that the contribution of heritance in the occurrence of Schmorl’s nodes in both the



lumbar and thoracic spines is high, with estimates of heritability at 72% for the thoracic
spine and 80% for the lumbar. Their results suggest that the aetiology of Schmorl’s
nodes is strongly genetically influenced, while also associated with lumbar disc disease
(Williams et al. 2007). Schmorl’s Nodes also occur in different frequencies in different
ethnic groups, although reported prevalence rates are also likely affected by the use of

different diagnostic criteria and imaging techniques (Dar et al. 2009; Mok et al. 2010).

Clinically, herniation of the intervertebral disc shows little correlation with
patient age (Pfrirrmann & Resnick 2001; Burke 2012; Hamanishi et al. 1994; Dar et al.
2009), but discs with Schmorl’s nodes can display degenerative changes earlier in a
person’s life than those without (Adams et al. 2000). The limited palaeopathological
studies also find no correlation between age at death and Schmorl’s nodes (Ustiindag
2009; Novak & Slaus 2011; Klaus et al. 2009; Slaus 2000). In a study on modern
skeletons from the 20™ century American Hamann-Todd Skeletal Collection, Cleveland
Museum of Natural History, Ohio, USA, Dar et al. (2009) performed an analysis of
Schmorl’s nodes on 240 adult skeletons. This collection is unique in that it has
biographical documentation that accompanies the skeletal remains. They found that
48.3% of individuals had at least one node present in the spine. Schmorl’s nodes were
more common in males than females (54.2% of 120 males vs. 43.0% of 120 females)
with males on average also showing a higher number of lesions (69.3% vs. 30.4% of
511 lesions present). Ethnic origin had a positive correlation, with Schmorl’s nodes
being more frequent in European than African Americans (60.3% of 120 European-
American individuals vs. 36.7% of 120 African-American individuals). The authors

comment that the high prevalence of Schmorl’s nodes in human populations indicates
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that situation specific aetiologies, such as trauma or metabolic deficiencies (e.g.
osteoporosis, hyperparathyroidism), can have a major influence on the lesions. Their
results appear to suggest a genetic or developmental aetiology, with ethnicity and sex
being the main factors affecting the development of Schmorl’s nodes (Dar et al. 2009,
2010). It could be suggested that the difference in prevalence between males and
females in this sample could be due to variation in physical activities; however, the
literature discussed above indicates that spinal development, anatomy, and physiology
likely play a substantial role in this difference (Zhang et al. 2010; Williams et al. 2007;

Harrington et al. 2001).

Schmorl’s nodes have been found in association with moderate disc
degeneration, although the association remains unclear (Adams et al. 2002; Mok et al.
2010; Pfirrmann & Resnick 2001; Williams et al. 2007). Has the herniation initiated disc
degeneration, or has the degeneration in the disc weakened the disc integrity to the point
of herniation? Rannou et al. (2001) comment that disc herniations can occur as a result
of a marked stress on the disc, or as a result of a normal stress on a disc which has been
altered and/or weakened due to degeneration or disease. Mechanical stress may alter the
cellular and molecular mechanisms of disc metabolism, which would contribute to disc
degeneration and herniation (Rannou et al. 2001). The annular fibres provide resistance
to axial rotation and damage to the annulus, and subsequent disc degeneration may be
influenced by the combination of axial stress, flexion, and torsional movements
(Krismer et al. 1996; Hickey & Hukins 1979; Vernon-Roberts et al. 2007). Dar et al.
(2010) suggest that since Schmorl’s nodes are so common, normal daily loading and

movement must play a vital role in their development. Although other factors such as

11



trauma, genetic predisposition, and spinal disease, are all likely to contribute to the
condition, these alone would not explain the high prevalence of the lesion in both living

and archaeological populations.

Pfirrmann and Resnick (2001) studied radiographs of cadaveric thoracic and
lumbar spines of 128 adult individuals from the USA, ranging from 43-93 years of age.
They found that any degenerative changes of the spine found to be correlated with
Schmorl’s nodes were moderate in extent, and that there was no evidence of more
severe degenerative changes, such as vertebral collapse or sclerosis, associated with
Schmorl’s nodes (Pfirrmann & Resnick 2001). The authors also suggest a relationship
between the development of Schmorl’s nodes and the morphology of the vertebral
endplate, stating less concave endplates to be more susceptible to developing Schmorl’s

nodes.
Prevalence and Clinical Significance of Schmorl’s Nodes:

Prevalence rates for Schmorl’s nodes in both archaeological and living
populations have been reported to be between 4 and 76% (palaeopathological literature:
Ustiindag 2009; Dar et al. 2009; Novak & Slaus 2011; L’Abbe & Steyn 2007; clinical
literature: Mok et al. 2010; Pfirrmann & Resnick 2001) (Table 2.1); the differences in
reported figures are due to the use of different diagnostic criteria and diagnostic
techniques, such as radiographs, CT scanning, or the macroscopic analysis of dry bone.
Purported association of back pain with Schmorl’s nodes is unclear, with some studies
finding a positive association and others finding the condition to be asymptomatic

(Hamanishi et al. 1994; Faccia & Williams 2008; Fukuta et al. 2009; Takahashi et al.
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1995; Peng et al. 2003; Fahey et al. 1998). Back pain affects a large number of people
(Webb et al. 2003; Maniadakis & Gray 2000; Macfarlane et al. 2012) and is one of the
most common health problems in living populations, with a global prevalence rate of
between 22 and 65% (Hoy et al. 2012; Walker 2000). Therefore, it is of significant
clinical importance to fully understand the aetiology of intervertebral disc herniations
because back pain may be a consequence of Schmorl’s nodes. Furthermore, recognizing
them in bioarchaeology provides a means to explore quality of life in the past, as

Schmorl’s nodes can by symptomatic (Faccia & Williams 2008).

Faccia and Williams (2008) performed a clinical analysis of MRI scans on 291
adult volunteers from Tennessee, USA. The purpose of the study was to use clinical
information to help understand the effect Schmorl’s Nodes have on quality of life in
terms of resulting back pain, and apply this information to bioarchaeological studies.
The authors found that a significant positive correlation existed in patients reporting
pain and Schmorl’s nodes located in the centre of the vertebral body. They suggested
this to be due to a concentration of basivertebral nerve endings in this area of the
vertebra (Faccia & Williams 2008; Antonnaci et al. 1998; Fras et al. 2003). This study is
unique in that it links the occurrence of a skeletal lesion to reported pain in a clinical
setting, helping the interpretation of these palaeopathological lesions and their effect on

people in the past.
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Table 2.1) Summary of example literature from both palaeopathology and clinical
research. For palaeopathological literature, the prevalence of Schmorl’s nodes, as well
as the date and country of the archaeological site is included. All these studies used
macroscopic analysis. For clinical literature, the country and method of diagnosis is
included. Separate prevalence rates for males and females are included where available.

Palaeopathological Literature

Reference Country Date

Ustiindag 2009 Austria 16™-18" C AD

Novak & Slaus 2011  Croatia 16"-19" C AD
(2 sites)

Slaus 2000 Croatia 14"-18"™ C AD

Rathbun 1987 USA 1840-1870 AD

Bourbou 2003 Greece 7"-8" C AD
(2 sites)

L’Abbe & Steyn 2007  Africa 1910-1999 AD

Klaus et al 2009 Peru 1536-1751 AD

Prevalence
31.4%

29.4 % Koprivno site

17.6% Sisak site

15.6% (21.1% &, 8.8% Q)
39% (54% 3, 27% )
10.4% Eleutherna site

7.8% Messene site
4%
5.9%-20%

Clinical Literature

Reference Country Method
Schmorl & USA Macroscopic
Junghans 1971

Mok et al. 2010 China Radiography
Pfirrmann & USA Radiography
Resnick 2001

Hamanishi et al. Japan MRI

1994

Williams et al. 2007 UK MRI

Dar et al. 2009* USA Macroscopic

Prevalence

38%

16.4% (40% &, 60% <)
58%

19%

30%
48.3%

* based on documented skeletal collection
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Palaeopathology:

Schmorl’s nodes have been used as activity indicators in palaeopathological
research due to their association with spinal trauma and stress, despite their specific
aetiology remaining unknown (Burke 2012; Novak & Slaus 2011; Klaus et al. 2009;
Slaus 2000; Papathanasiou 2005; Coughlan & Holst 2001; Robb et al 2001; Alesan et al.
1999; Sandness & Reinhard 1992; Lai & Lovell 1992; Jimenez-Brobeil et al. 2010;
Robb 1994; Merbs 1983). It is accepted that movement of the spine combined with
loading can cause herniations (Callaghan & McGill 2001; Wilder et al. 1988; Goto et al.
2002), but it is not the only factor influencing the development of the condition, and
therefore the presence of Schmorl’s nodes cannot be used to indicate levels of physical
activity in the past. Some authors even use the presence of Schmorl’s nodes to suggest
sexual division of labour in past populations. Novak & Slaus (2011) go as far as
suggesting that the reason males tend to show more Schmorl’s nodes than females is due
to differences in the type and frequency of physical work carried out. They discuss the
conclusions of other studies, where this difference is suggested to be due to a
development or a genetic predisposition. However, they still conclude that physical
activity is the main cause, citing sources which use the same ideas, such as Robb (1994)

and Ustiindag (2009).

In their study of an ancient skeletal population from Pontecagnano, Italy, Robb
et al. (2001) used Schmorl’s nodes, along with trauma and tibial periostitis, to indicate
differing social status in burials in association with different grave goods. Females
buried without pottery had significantly more Schmorl’s nodes than females with

pottery. The authors suggest this differentiation to indicate unequal levels of physical
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stress between different social classes of females. Males without grave goods were also
found to have higher rates of trauma, periostitis, and Schmorl’s nodes (Robb et al 2001).
Slaus’ (2000) paper on a late medieval population from Noca Raga, Croatia, also notes
that the aetiology of Schmorl’s nodes is unknown, and that their presence should not be
used to indicate particular activities. However, the author suggests that the higher
frequency of Schmorl’s nodes and vertebral osteoarthritis in males is a possible indicator

of sexual division of labour and differing social status between the sexes (Slaus 2000).

Ustiindag  (2009) analysed a post-medieval skeletal population from
Klostermarienberg, Austria, for the occurrence of Schmorl’s nodes. She found that the
lesion was more common in younger adults and that frequency did not increase with age
in the same way as osteoarthritis and vertebral osteophytosis. She also noted that the
lower thoracic vertebrae were the most commonly affected, and suggested this was due
to the more extensive movement in this spinal region compared to the lumbar spine.
Schmorl’s nodes were more common in males than females, and this was suggested to
be a result of different physical activities. During harvesting, males would use scythes
and females would use sickles; Ustiindag argues that the use of scythes by males would
be harder work with more rotational movements than using a sickle, which may explain
the higher frequency of Schmorl’s nodes in the lower thoracic vertebrae in males
(Ustiindag 2009). Although Schmorl’s nodes have been shown to develop under loaded
torsion, flexion, and extension movements of the spine (Callaghan & McGill 2001;
Wilder et al. 1988; Goto et al. 2002), there has been no clinical research to date which
suggests that subtle differences in physical activity, such as using a scythe over a sickle,

can be hypothesised based on their presence.
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Jurmain (1999: 264) suggests that Schmorl’s nodes are given more attention than
they deserve in palaeopathological analyses, and concludes that since their aetiology is
unclear in clinical studies, palaeopathologists should not make any attempt at
hypothesizing their aetiology in archaeological skeletons. Since the lesion can be
asymptomatic, and their association with back-pain is also unknown, he argues further
that they mean very little for the overall health of a population. Faccia and Williams
(2008) found that specific localities of the lesion on the vertebrae may cause pain in
some individuals, indicating that their presence may have had an effect of the quality of
life in the past. While it is agreed that Schmorl’s nodes should not be considered as an
activity indicator in palaeopathological studies, their presence should not be ignored.
They do have an impact on modern health and quality of life, with some lesions being
symptomatic (Takahashi et al. 1995; Peng et al.2003; Faccia and Williams 2008), and

thus should be considered in the past.

Palaeopathological research has the opportunity to study skeletal remains from a
range of human populations, with a wide temporal and geographical scope, without the
need of imaging technology or the ethical issues associated with clinical research. The
continued analyses of all skeletal remains in palaeopathology can greatly add to the
overall understanding of the impact of disease on people’s lives in the past.
Furthermore, in situations where clinical research has not reached a conclusion on the
aetiology of a pathological condition that affects the skeleton, palaeopathological studies
may provide beneficial information on epidemiological factors leading to specific
lesions such as Schmorl’s Nodes in large archaeological samples. Schmorl’s nodes and

intervertebral disc herniation clearly have a complex multi-factorial aetiology and it is
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likely that the lesions can develop in a variety of situations. However,
palaeopathologists should be cautious of interpreting the presence of Schmorl’s nodes as
indicating physical activity affecting the spine, as it is clear that developmental and
genetic factors are influencing the presence of the condition. Comparatively increased
frequency rates for Schmorl’s nodes in a skeletal population cannot be simply taken to

indicate increased physical work.

Conclusion:

The aetiology of intervertebral disc herniation and Schmorl’s nodes remains
unclear, with many studies indicating a multi-factorial aetiology. Following a
comprehensive analysis of both the clinical and palaeopathological literature, it seems
likely that disc herniation occurs when physical strain during loaded flexion-extension
and torsional movements affect a spine that may have a genetic or congenital
predisposition to the condition. This predisposition may be related to the biochemical
composition and/or morphology of the disc itself. The morphology of the vertebrae may
also influence the biomechanics of the spine and the development of Schmorl’s nodes,

and this hypothesis is address in Manuscripts 2 and 3 of this thesis.
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2.2) Osteoarthritis

Osteoarthritis receives a great deal of attention in both palaeopathological and
clinical studies due to its high frequency in human populations (clinical literature:
McGonagle et al. 2010; Zhai et al. 2007; Dominick & Baker 2004; palaeopathological
literature: Cushnaghan & Dieppe 1991; Van Sasse et al. 1989; Bridges 1991; Jurmain
1999; Weiss & Jurmain 2007; Waldron 1991). Joint disease is one of the most
commonly observed conditions in palaeopathology (Waldron 2009; Jurmain & Kilgore
1995), with osteoarthritis being the most prevalent of the joint diseases in clinical
medicine (Wolf 2002). The aetiology of osteoarthritis continues to elude researchers.
There are many theories explaining possible aetiologies for the development of the
disease, all with supporting evidence and convincing arguments. The main theories to
date are biomechanical breakdown of the joint due to physical stress, age degeneration,
a genetic predisposition, and sex hormones. It is now generally accepted that
osteoarthritis is a multifactorial disease, with multiple aetiological factors contributing
to the overall degeneration or break-down of the joint structure (Molnar et al. 2009;
Felson et al. 2000; Herrero-Beaumont et al. 2009; Spector & MacGregor 2004). This
section will provide a brief overview of osteoarthritis, with a focus on aetiology,

symptoms, prevalence, and skeletal manifestations.

Synovial Joints:

As osteoarthritis is a disease affecting the integrity and health of synovial joints,
it is important to understand their underlying structure. Synovial joints are the most

common type of joint in the human skeleton, and are the only joints which are affected
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by osteoarthritic changes. Figure 2.3 displays the synovial joints of the human skeleton,
which are composed of the articular surfaces of two individual bones which are linked
via a capsule of fibrous tissue at the periosteum; ligaments and tendons lie over the
capsule, stabilizing the attachment. Inside the joint capsule there is a synovial
membrane, nerves, and lymph and blood vessels; a layer of hyaline cartilage overlies the
articular surfaces of the bones, the thickness of which varies between joints depending
on size and function (Figure 2.4) (Waldron 2009; Pritzker 1998). This layer of cartilage
is only about 1 — 6 mm in depth and provides a smooth surface between the adjacent
bones which allows for near-frictionless movement (Herzog & Federico 2007). The
friction generated between two bones of a synovial joint has been found to be less than
the friction produced between ice skates on ice (Jurmain 1999). The articular surface of
bone under the cartilage is called the subchondral bone; it is thinner than the compact
bone of the diaphysis, although it has the same histological composition (Jurmain 1999;

Waldron 2009).
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Figure 2.3) Synovial joints of the human body.

Image adapted from http://www.arthursclipart.org/skeletons/skeletons.htm. Accessed
July 2012.
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Articular cartilage

Subchondral bone

Joint capsule Ligament

Figure 2.4) Basic anatomy of a synovial joint.
Image adapted from http://www.becomehealthynow.com/popups/joint_healthy bh.htm,
Accessed July 2012.

Articular cartilage of synovial joints is composed of water, collagen fibers,
proteoglycan ground substance and chondrocyte cells (Jurmain 1999b; Martin et al.
1998). It is divided into three layers, all of which compose a cartilage layer which is
avascular, alymphatic and aneural (Figure 2.5)(Herzog & Federico 2007; Mandelbaum
et al. 1998). The main function of articular cartilage is to decrease the friction between
two bones and to transmit and distribute any mechanical forces across the joint surface
(Herzog & Federico 2007). In order to function properly, articular cartilage must be
flexible when under mechanical pressure, such as compressive, tensile, and shear forces;

the cartilage will deform under loading, and its elastic qualities will enable it to cope
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with heavy loads by releasing water. This loss of water condenses the cartilage by up to

40% of its original depth (Jurmain 1999).

Articular surface

=== - Superficial layer
: ‘ = (10-20%)

Middle layer

(40-60%)
Tide mark
= Deep layer
Calcified (30%)
cartilage -
Subchondral
bone

Cancellous bone

Figure 2.5) Anatomy of articular cartilage, with three layers and underlying subchondral
and cancellous bone indicated. Image adapted from Mandelbaum et al. (1998:854).

Osteoarthritis is considered to be the result of a breakdown of one or more joint
components; the main indicator of osteoarthritis is the loss of articular cartilage, leading
to loss of joint space in patients that is visible on a radiograph. It remains unclear as to

whether the damage and loss of the cartilage is the initiator for osteoarthritis, or if the
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osteoarthritic changes to the subchondral bone (new bone formation/osteophytes) or

other joint components (ligament laxation) precedes cartilage loss (Aspden 2008).

Aetiology:

Variation in how the human skeleton responds to aging and stress causes a wide
variety of skeletal changes, making their interpretation difficult. It is accepted that the
aetiology of osteoarthritis is multifactorial with a variety of factors contributing to the
overall degeneration or break-down of the joint structure; the main theories to date are
biomechanical breakdown of the joint due to physical stress, increased age, a genetic
predisposition, and sex hormones (Molnar et al. 2009; Felson et al. 2000; Herrero-
Beaumont et al. 2009; Spector & MacGregor 2004; Weiss 2006). Herrero-Beaumont et
al. (2009) performed a literature review of clinical studies of osteoarthritis from 1952 to
2008, and suggest that the main factors contributing to osteoarthritis in living
populations is aging, genetics, and sex hormones which stimulate the development of
preliminary osteoarthritic changes. They also found that conditions such as underlying
obesity and injury may increase the severity of the condition in terms of symptoms and

disability.

There is a strong correlation between aging and osteoarthritis (clinical literature:
Herrero-Beaumont et al. 2009; Wright et al. 2009; van der Kaan & van der Berg 2008;
Van Sasse et al. 1989; Mankin et al. 1986; Prescher 1998; palaeopathological literature:
Rando & Waldron 2012; Weiss & Jurmain 2007; Weiss 2005; Maat et al. 1995;
Waldron 1992; Hodges 1991). During aging, the ligaments and tendons of the joint

structure weaken, and the articular cartilage becomes increasingly susceptible to
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breakdown and damage. These changes could cause the development of osteoarthritis
due to the transformation of the joint structure (Mankin et al. 1986; Prescher 1998).
Aging affects the proteoglycans and the Type Il collagen of the extra-cellular matrix, as
well as the chondrocytes of the cartilage; the result is weaker cartilage with reduced
water content (Herrero-Beaumont et al. 2009). Muscles, ligaments and tendons of joints
also undergo changes due to aging; the accumulation of these changes on the joint
results in loss of flexibility and increased stiffness due to the reduction of repair
capability (Herrero-Beaumont et al. 2009). Whether this correlation with age and
osteoarthritis is directly due to the normal degeneration of the joint structure or if it is a
result of multiple aectiological factors accumulating during an individual’s life, is
unknown (Mankin et al. 1986; Wright et al. 2009). Despite the clear relationship
between aging and osteoarthritis, there remain situations where young adults display
severe osteoarthritis and old adults have healthy jo