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Abstract

Musculoskeletal stress markers (MSM) have been widely used by bioarchaeologists
as indicators of physical activity (Jurmain 1999). These stress markers occur at the
sites of the attachment of soft tissues (muscle, tendon, ligament, fascia and menisci) to
bone. They are anomalies of bone formation or destruction at these sites and often
called enthesopathies in clinical literature. The aims of this research were firstly, to
determine the aetiology of these features; in particular, whether they can be used as
Indicators of physical activity. Secondly, to create a new digital and quantifiable

recording method, that 1s both cheap and simple to use.

To achieve the first aim, several literature reviews were undertaken. The first was a
review of the bioarchaeological literature. This covered the majority of methods used
to study activity levels in human skeletal remains. This was undertaken to determine
which questions bioarchaeologists were asking of their samples and which methods
were the most commonly applied. MSM were included to establish which recording
methods were most commonly used and how the data were interpreted. The second
literature review covered the anatomy of the attachment sites (also called entheses).
This research demonstrated that the bioarchaeological recording methods did not take
into account differences in normal anatomy. These difterences were found to be so
great that they would seriously compromise any data collected using the
bioarchaeological methods. The third literature review covered the relationship
between trauma and enthesopathy formation. This demonstrated that the link between
activity-related stress and enthesopathy formation was complex and not a simple,
direct relationship. The final literature review covered the relationship between
enthesopathy formation and disease. Many diseases, for example DISH and
ankylosing spondylitis, were found to be associated with enthesopathy formation. The
findings of these literature reviews indicated that current bioarchaeological recording

methods and interpretive practises are at odds with the clinical literature.

The second aim had to take these factors into account. Pilot studies were undertaken

to develop a new recording method. The final method used visual recording and



measurement of entheses along with digitisation of the surface in two-dimensions
using a profile gauge. The digital curves were then quantified using roughness
parameters commonly used in materials science. These described the surfaces and
could also be used to determine whether this method was applicable to differentiate
between normal entheses and those with enthesopathies. Discriminant function
analysis demonstrated that this was possible. Stringent diagnostic criteria were also
set in place to remove any individuals with possible disease-related enthesopathies.
Using the same method, it was found that these could (in some circumstances) also be
differentiated from the normal samples. In summary, 1t was found that a new
bioarchaeological recording method was required tor MSM and that the new method
was simple to use and that the quantification allowed for differentiation between

normal entheses and those with enthesopathies.

Keywords

Musculoskeletal stress markers (MSM), entheses, enthesopathy, boneftorming,

Fishergate House, York.



Chapter 1: Introduction and Aims

1.1 Importance of occupational stress markers in archaeology and

related disciplines

Clinically, occupational medicine 1s an i1mportant and burgeoning field. It
encompasses the disciplines of psychology, but more importantly for this study,
pathology and trauma related to occupation. The first comprehensive medical text to
discuss the association of occupation and disease i1s Bernardino Ramazzint’s De
Morbis Artificium Diatriba originally published in 1700 (Ramazzini 1983). The text
describes diseases and disorders common in various occupations, from gilding to
soap-making, all based upon his studies of workplaces and existing knowledge
(Franco 1999). Today, the World Health Organisation estimates that 217 million cases
of occupational illness and 250 million cases of work-related injuries occur worldwide
every year (Rosenstock, et al. 2006). Occupational disease and injury is therefore of

extreme significance to human life both in the past and at present.

In the bioarchaeological literature pathological changes thought to be caused by
occupational disease and injury have been widely used to reconstruct activities and
task division in archaeological skeletal populations. It has been used to reconstruct
tool use (Peterson 1998), study temporal trends in activity (Al-Oumaoui, ef al. 2004)
and sexual division of labour (Bourbou 2003). Recently, the applicability ot some
methods has been questioned. The use of degenerative joint disease (DJD), for
example, was studied by Jurmain (1999), who found contradictory evidence for and
against its suitability as an indicator of activity. The other primary method for
studying activity in archaeological human skeletal remains is the presence of
musculoskeletal stress markers (MSM, or clinically called enthesopathies; Jurmain
1999). This means the study of sites of attachment for tendon, ligament and muscle to
the skeleton. There is now a considerable body of bioarchaeological literature using
this method (discussed in Chapter 2). Some authors have even stated that difterent
types of MSM have different aetiologies (Hawkey and Merbs 1995). MSM are ideal



for the study of activity because they relate directly to muscle or joint use. Thercfore.

It may be possible to determine not only which joints were heavily used, but the

direction of loading on them.

1.2 Aims

The primary aim of this research is to determine whether MSM can be used as
indicators of physical activity. For this to be the case there would have to be a direct
link between repetitive stress and MSM presence. The secondary aim of this research
1s to develop a new recording method for MSM, which is based on the normal
anatomy and other aetiological factors. This method should be simple, repeatable,
cheap and ideally quantitative. It should be cheap and simple so that it is readily
usable by other researchers and for this reason it should also be repeatable (low intra-

and inter-observer error rates). It should be quantitative to allow for statistical analysis

of the data.

To achieve these aims a review of bioarchaeological literature, anatomical literature,
and clinical literature on the aetiology of enthesopathies will be necessary. The
bioarchaeological review will provide information on current methods used by
bioarchaeologists for studying activity-related stress in archaeologically derived
skeletal remains and the most common methods of recording MSM. Anatomical
literature will provide a basis for understanding whether these recording methods
reflect the anatomy of these sites under normal and abnormal conditions. The
aetiology of enthesopathies will then be discussed in relation to physical stress and
disease. This will be performed to determine which enthesopathies represent repetitive
physical activity (if any) and to develop methods to avoid recording enthesopathies

caused by diseases as MSM.

I'hese reviews will form the background for creating a new recording method. This
will be tested on skeletons from late medieval Fishergate House, York, England to

determine its repeatability, user-friendliness and most importantly its efficacy.



1.3 Definitions

To avoid confusion the following definitions are used throughout, unless otherwise

stated:

o Enthesis (plural: entheses): this 1s the attachment site (either the origin or the

insertion) of muscle, tendon, ligament and joint capsule to bone (Benjamin, et

al. 2002).

e Enthesopathy (plural: enthesopathies): any deviation from the normal
appearance/blochemistry of an enthesis. This terminology implies abnormality
at the site of the enthesis. Common causes of enthesopathies are trauma and
disease, for this reason it is thought this term 1s justified for the description of
these sites. Changes occurring with the aging process are also included under
the term enthesopathy. This term is also the most common clinical term for the
description of these changes and, because of the clinical background of this
research, it seems sensible to be consistent with this literature in the use of this
term. In the majority of the clinical literature, this term does not connote

suffering.

e Musculoskeletal stress marker (MSM): This is the terminology commonly
used in the bioarchaeological literature for enthesopathies when discussed in
the context of activity-related stress. This term will only be used when
discussing bioarchaeological literature.

e Bone formers: individuals with a propensity to have enthesopathies. By
definition in this thesis, this requires enthesopathies at the sacroiliac joint and
in the spine. This term will be defined further in Chapter 6. Note that this 1s
not the definition proposed by Rogers and colleagues (1997), because the

presence of osteophytes is not required.

e Activity-related stress (or occupational stress): any change in physical state

caused by activity or occupation.



1.4 Structure

The first aim of this thesis 1s addressed via literature reviews. The first literature
review assesses the bioarchaeological approaches to understanding and recording
activity-related stress. Different recording methods are discussed, alongside MSM.
Following this, the second literature review focuses on the fundamentals of MSM: the
anatomy of the entheses. Without understanding this, it is difficult to comprehend
how a recording method can be developed for MSM. The primary feature of MSM s
that, by definition, they are indicators of activity-related stress. Consequently, the
relationship between trauma, activity-related stress (such as sports and occupational
injuries) and MSM was elaborated in the third literature review. It was clear from the
anatomical literature that one of the most common causes of enthesopathy formation

was disease, such cases cannot be referred to as MSM because they are basically

unrelated to activity-related stress.

The second aim of this thesis was to create a new recording method. This had to take
into account the findings of the literature reviews. Materials and pilot methods were
discussed in the following chapter, along with the method which was used in the main
study. The results of this study and their utility were presented and the penultimate
chapter discusses the findings in relation to hypotheses set out in the Materials and
Methods chapter. The final chapter summarises the findings, along with the

limitations of this study and requirements for future analysis.



Chapter 2. Background to Markers of Occupational Stress

2.1 Introduction

This chapter presents a critical review of bioarchaeological literature on
“occupational” stress. MSM are the primary focus of this thesis. but this section will
also discuss the myriad other methods employed. The other methods include
robusticity, biomechanical analysis, and degenerative joint disease (DJD). The aims of
this chapter are to collate the research methods previously used, and to categorize the
research questions they have been used to answer. References to conference abstracts
have been included in this section to provide further evidence of the types of research
questions that scientists would like to apply these techniques to. However, it is
understood that these are not fully peer-reviewed and that because of their length
cannot provide details about methods or results. Nevertheless, they do provide
information about the types of research questions asked and therefore do provide
useful information for this chapter. Further goals are to identify gaps in our
knowledge of this field and to consider the appropriateness of the techniques used.
The ultimate aim of this chapter is to determine how the role of enthesopathies as

MSM can be better understood in relation to activity.

The first medical text to discuss the association of occupation and disease 1s
Bernardino Ramazzini’s De Morbis Artificum Diatriba written in 1700 (Ramazzini
1983). The text describes diseases and disorders common in various occupations,
from gilding to soap-making, all based upon his studies of workplaces and existing
knowledge (ibid.). Today, the World Health Organisation estimates that 217 million
cases of occupational illness and 250 million cases of work-related injuries occur
worldwide every year (Rosenstock, et al. 2006). Occupational disease and injury 1s
therefore of extreme significance to human life both in the past and at present. In this
chapter and the rest of this thesis, activity-related stress, or occupational stress, 1s
defined as any change in physical state caused by activity or occupation. This will
primarily mean change to the skeleton caused by mechanical stress, e.g. movement.

lfowcever. occupational diseases leaving traces on the skeleton will also be discussed.



The phrase “markers of occupational stress” or MOS has been used in the
bioarchaeological literature to cover any change on the human skeleton thought to be
caused by activity-related or occupational stress. This term will be used in this
definition in the present chapter. Modern clinical medicine includes psyvchological
stress under the umbrella of occupational stress (McDonald 2000), but this is not

included 1n this definition, because psychological stress is unlikely to directly change

bone.

2.2 Uses and Abuses of MOS

Evidence, in the form of human skeletal remains, is not the only data on occupation
and activity-levels in the past. Historical, ethnographic and archaeological sources
provide considerable data on the lives of individuals in the past. However, none of
these methods rely on data collected directly from the individuals who lived in the
past. Theoretically, human skeletal remains should, therefore, be ideal for studying the
lives of people in the past. However, it 1s evident that where possible all sources of
data should be considered, because understanding activity-patterns in isolation from

other data, limits its potential use.

Common research questions involve testing theories about activity-level difterences
within populations, for example sex and status differences (Al-Oumaoui, et al. 2004;
Larsen 1997). Temporal and spatial differences, for example comparisons of activity-
levels between hunter-gatherers and agriculturalists, are studied by comparing
populations (Larsen 2000). Studies comparing hypothetical populations, if performed
correctly, provide comparative as opposed to absolute data. This means that it may be
possible to state that one group was more active than another, but not how much more
active. However, comparing data sets can only be performed if the data are
comparable, i.e. the same type of data has to have been collected, age ranges must be
comparable and inter- and intra-observer error must be minimal. This can be difticult
for subjective data sets, as will be discussed below. Hence. one of the aims of this

research 1s to create an objective recording scheme for MSM.
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The role of bioarchaeological data has to be clearly indicated, as there have been
examples of misuse. It has been noted (Jurmain 1999) that cases have occurred in
which bioarchaeological evidence has been used to strengthen archaeological
arguments, while simultaneously the archaeological evidence has been used to
confirm the interpretation of the bioarchaeological data. Such circular arguments must
be avoided at all costs, as they undermine the potential strength of combining data

sources. This concern is important not only in the present chapter and thesis, but for

this research field as a whole.

2.3Methods of Occupational Stress Analysis in Bioarchaeology

Occupational stress in this context is physical stress caused by occupation or frequent
activity (such as hunting, for example), causing bone deformation (e.g. increase in
cortical thickness or bone spur formation). Psychological stress related to occupations,
although an important field in clinical studies, will not be considered, as discussed
above. The remaining chapter will be divided into geometric properties (e.g. cross-
sectional geometry) and MOS, which includes DJD and MSM. Both of these are
based on the principle that deformation of bone from occupational stress is possible
because of continuous re-modelling of bone throughout life. Longitudinal growth of
long bones ceases in adolescents when the growth plates between the epiphyses and
metaphyses ossify. However, cells in the bone remain active leading to both the
deposition and removal of bone on active surfaces, e.g. the trabeculae, and periosteal
and endosteal surfaces. Regions marginal to joints and entheses can also form bone
leading to osteophytes and enthesopathies, respectively (Jurmain 1999). It 1s known
that mechanical stimulus can activate this process, but how this stimulus is transmitted

to cells 1s not fully understood.

In general, it is thought that bone optimises itself for its mechanical role as the support
for the soft tissues (Currey 2002). Consequently. all the active surfaces listed above
have been the object of interest for bioarchaeological studies of occupational stress.
The thickness and shape of bone shafts have been studied for robusticity and cross-
scctional area (Ruft 1992). The pattern of trabeculae has been studied to indicate

dircction of loading forces and thereby function, primarily in comparisons between

1]



non-human primates or hominins and modern humans .(Maga, er al. 2006; Ryan and

van Rietbergen 2005). The prevalence and distribution of both osteophytes (Jurmain
1991) and enthesopathies (Hawkey and Merbs 1995) have also been studied. The
focus of this research has been on the latter because of their close relationship with

specific muscle activity and, therefore, limb movements.

2.3.1 Robusticity and Biomechanical Analysis

Robusticity and biomechanical analysis have been grouped together because they are
both measures of the size and shape of bone. Robusticity is defined here as the
external measurements of bones and the calculation of their indices. In contrast,
biomechanical analytical methods, such as cross-sectional geometry, take into account
the dimensions of the medullary cavity. Some studies have combined robusticity and
biomechanical analysis (Bridges 1989; Marchi, et al. 2006; Sparacello and Marchi
2008; Stock and Shaw 2007). Such research demonstrates that, although cross-
sectional geometry takes into account dimensions of the medullary cavity, both
robusticity and biomechanical analysis techniques are using the geometric

characteristics of the bone to provide functional information. In fact, it has been stated

that:

'Indices derived from external diameters are only estimates of cross-sectional
properties that are more exactly measured through sophisticated methods such as

computed tomography’ (Cole 1994) p. 221)

but these indices "are highly correlated with more precisely measured results and

should, therefore, yield comparable interpretations” (ibid.)

However. it is not clear from the literature how highly correlated these are (Cole
1994; Kniisel 2000; Larsen 1997). It has also been found that external measurements
do not relate to changes occurring internally and can indicate patterns contrary to
those found using cross-sectional geometry (Bridges, et al. 2000). The determination

of robusticity and the interpretation of measurements will be returned to in Chapters 6
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and 7, where they are used to characterise the size and shape of bone in relation to

MSM formation.

2.3.1.1 Robusticity

Robusticity 1s a measurement of the size and shape of a bone. In this section only the
dimensions from measurements of whole bones will be discussed. Bone sections
(whether sectioned by saw or computed tomography [CT]), will be discussed in
relation to cross-sectional geometry. The most commonly used bone for studving
upper limb use 1s the humerus; whilst the femur 1s most often used for the lower limb.
In vivo bone 1s deposited and removed on both endosteal and periosteal surfaces of
these bones, but methods of robusticity assessment can only take into account the
latter. This i1s a considerable limitation of the method. However, it 1s a useful starting
point, as most of the data can be gained using the measurements described in standard
osteological texts (Bass 1995; Brickley and McKinley 2004; Buikstra and Ubelaker
1994) and are, therefore, recorded by most bioarchaeologists. Other measurements
deemed useful are taken from pre-determined landmarks which are decided upon on

the basis of the research question.

In some cases robusticity indices are calculated (Imber pers. comm.; (Carlson, et al.
2007; Cole 1994; Formicola, et al. 1990; Mays, et al. 1999)), in others the raw
measurements are compared using statistical tests (Benfer and McKern 1966; France
1988; Porter 1999a; Steele and Mays 1995). The differences in approach to these data
depend on the research questions. A further limitation of this method is that
deformation of the bone caused by pathological changes or trauma must be recognised
and such bones excluded from these studies to avoid biasing the results. The eftect of
enthesopathy formation at or near to the landmarks measured is also a problem.
Changes at these sites may not represent the same type of loading as that aftecting the
dimensions of the bone as a whole (e.g. enthesis hypertrophy may occur because of

one-off traumatic events) and may compromise data collected.
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Sexual dimorphism, i.e. the skeletal differences between males and females, provides
key data on the different roles of males and females within a population and is a
theme commonly explored both within and outside the field of activity-related
changes. This will be returned to frequently in this chapter in the context of activity-
related differences. Sexual dimorphism in this context is used to measure differences
In size and shape of male and female bones to determine differences in activity
patterns, 1n part because of dietary change (long bone length is often used as a proxy
for stature, which is atfected by diet; Roberts and Manchester 2005), but also because
of loading differences (studied using robusticity and long bone shape; Marchi et al.
2006). It has been hypothesised that sexual dimorphism is greater in hunter-gatherer
populations than agriculturalists. This is because males have a longer growth period
and so can catch-up on growth during calorific abundant periods (Cole 1994).
Bayendor and Martin (1989) found that, although stature was sexually dimorphic
(indicating a hunter-gatherer lifestyle), robusticity was similar in both males and
females, indicating that both sexes led lives with similar activity-levels. In contrast,
Cole (1994) studied the sexual dimorphism in size of Plains Indians across this
supposed subsistence strategy shift from a hunter-gatherer to agricultural economy.
No change in sexual dimorphism in length was found indicating that their sedentary
life raising corn, along with hunting for meat, provided few periods of dietary stress
(ibid.). However, sexual dimorphism in shape did occur in both the hunter-gatherer
and agriculturalist samples, the latter indicating differences in daily activity. Cole
(ibid.) hypothesised that this reflects the primary role of women in the later sampie as

agriculturalists, with men as meat providers, i.e. in part living a hunter-gatherer

lifestyle.

Population based skeletal analysis, as opposed to case studies, are thought to provide
the ability to compare such activities at different sites and make inferences about the
significance of findings Questions relating to subsistence patterns seem to be the most
common, but often status and sexual differences are also studied (Arriaza and Standen
2006: Bridges, et al. 2000; Cole 1994; Kniisel 2000; Veleminsky, et al. 2005). Cole
(1994), as discussed above, compared hunter-gatherer and agricultural hmb
robusticity. Arriaza and Standen (2006), in comparison, compared the robusticity of
humersi to test the hypothesis that agricultural societies have greater task division: e.g.

individuals were either fishermen or farmers, but not both. Growing and processing
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crops, along with tool use changes and sexual differences in labour patterns have also

been explored (Bridges, et al. 2000). Status divisions were tested in Moravia by

comparing robusticity and burial location (Veleminsky, er al. 2005).

A mass grave from the time of the Wars of the Roses (1455-1487) has been found
associated with the Battle of Towton (29" of March 1461), North Yorkshire, England.
Although documentary sources exist for some individuals involved in the battle. the
majority were anonymous (Fiorato, er al. 2001). Although this predates the existence
of standing armies, 1t was not known whether the individuals could be considered
professional soldiers (Kniisel 2000). Robusticity was used to compare the humers
from Towton with those of males from the late medieval Gilbertine priory at
Fishergate, York. The lack of statistically significant differences between the length.
humerus robusticity (the robusticity index as defined by Bass 1995, p. 152) and a
clavicular-humeral robusticity index was thought to indicate that the dead at Towton

were not protessional soldiers, nor were they chosen for the battle based on stature or

physique (Kniisel 2000).

Handedness 1s not necessarily directly related to activity patterns, but precision tasks
are normally carried out with the dominant hand, and it has also been discovered that
the dominant arm utilises more efficient muscle torques, than the opposite side
(Sainburg 2002). It is possible that this is the cause of the size asymmetry between the
dominant and non-dominant hand. The basis of handedness is not fully understood.
However, there is a general right-sided predominance and an increased trend towards
right-handedness with increasing age (Porac and Coren 1981). A large (780
individuals) study of adult human humeri from pre-industrial and industrial
individuals spanning the globe demonstrated that right hand bias has existed since
early modern humans and Neanderthals evolved (Auerbach and Ruff 2006). They aiso
found that asymmetry in industrial samples is not as great as in pre-industrial samples,
perhaps indicating a reduction in mechanical loading with time and mechanisation.
However, diaphyseal breadth was found to be more variable than either long bone
length or articular surface size, and this may indicate that these latter are under greater
genetic control. The presence of asymmetry in both clavicles, which supported MSM
data of asymmetrical arm use (Mays, ef al. 1999), humerus and radius has also been

noted in a sample from medieval Wharram Percy, but it is unclear which specific
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activities caused this (Mays, ef al. 1999; Steele and Mays 1995). However. the ulna.

even in modern athletes, has been found to be less dimorphic and the clavicle shorter

on the dominant side (Steele 2000).

Several problems have been described with this method of studying activity (in
relation to preferential hand and upper limb use). It has been found that the position of
measurements on the humerus affects the data in such a way that skeletons appear
right-side dominant in their proximal humerus, but left-side dominant in the distal
humerus (Kniisel 2000). This was discovered in the skeletons from the mass grave at
Towton. Kniisel interprets this as an indication of these individuals being involved in
archery in which both upper limbs are mechanically loaded, but at the opposite ends
of the same bones (Figure 2.1). However, no reports of this occurring in modern
archers have been found in the clinical data (from a search of Medline July 2006). The
second problem 1s that of paralysis of a limb. A case from Italy has been described
(Churchill and Formicola 1997) with marked asymmetric robusticity of the humerus.
There 1s no obvious pathology, but nerve damage or muscle atrophy (which has
multiple causes) may not be visible on skeletal remains. Ruling out such cases may

prove difficult when assessing robusticity but, if included, may skew results.

Figure 2.1 Archer, demonstrating loading of proximal (arrow head) and distal humerus

(arrow) in right and left arms respectively.

http://gallifrey org/archer g1t
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Physique is also a factor that is difficult to account for in skeletal remains. Attempts
have been made to estimate in vivo body weight from skeletal remains (Daneshvari
and Pearson 2004; Porter 1999a; Ruff, et al. 1991), but some methods have been
found to correlate with weight during growth (e.g. femoral head size as discussed by
Ruff etf al. 1991). Physique and weight are particularly important in the lower limb.
because greater body weight increases the torces aftecting the locomotor system. This
is demonstrated by the propensity for obese individuals to require treatment for
degenerative joint disease of the hip and knee (Brandi, er al. 2001). A weak
correlation exists between skeletal measurements and types of physique (estimated on
live individuals; Porter 1999). Currently, there 1s no method to account for the effect
of weight or physique on bone dimensions, MSM formation or degenerative joint
disease. It is possible that this compromises data because skeletons of obese
individuals will wrongly indicate that these people have been highly active because of

these degenerative changes.

Measurements do have some advantages, though. There are cheap and non-
destructive. Osteological measurements are clearly described in the basic
bioarchaeological textbooks (Bass 1995; Brothwell 1981) and both the British
(Brickley and McKinley 2004) and North American (Buikstra and Ubelaker 1994)
recording standards advise their use. Consequently, comparisons of large data sets can
be made to answer questions about robusticity and growth. For this reason common

long bone measurements will be used in this research (see Chapters 6 and 7).

2.3.1.2 Cross-sectional Geometry

Biomechanical analysis of bone geometry involves the modelling of loading patterns
on bones from their cross-sectional geometric properties. Because of the ability of
bone to re-model [as described by Wolff’s law (Currey 2002)] it is assumed that the
long bone will have adapted to “best suit” its purpose by depositing bone where
required, thus changing the bone’s cross-sectional geometry (as described above bone
re-models on both the internal and external surfaces). By treating the long bone as a
beam, the principal directions of stress can be measured (Ruff, et al. 2006). This is

achieved by studying sections of bone and calculating the amount of bone along the x-
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and y-axes which run perpendicular to the long axis (called the neutral or central axis
and often defined as a centre line) of the bone. At this neutral axis the stress
distribution is zero, but increases with distance to the maximum point found in the
outermost fibres. The area of the bone (often designated CA meaning cortical area)
and the second moment of area can be calculated. From the former it is possible to
study compressive and tensile stress and from the latter it is possible to calculate the
bending stresses (I,) and torsional stresses (J,). The orientation of maximum bending
strength, 0, can also be calculated. Raw data can be used for calculating relative
differences (e.g. 1,/ly), but size standardisation based on long bone length (squared or
cubed) is considered necessary when comparing sexes or populations (Ruff 1994). In

general the rounder a section of the femur is (i.e. the closer I,/1, is to 1) the more

sedentary the individual was (Larsen 2000).

Jurmain (1999), in his review of this field, concluded that biomechanical analysis
avolds the confusion and difficulties of using MOS, because of the soundness of the
underlying hypothesis and the quantitative, rather than qualitative, nature of the
results gathered. Clinical evidence on the relationship between cross-sectional
geometry and activity patterns 1s minimal. The one exception is clinical evidence of
geometric changes resulting from playing tennis. However, this is evidence taken
from elite tennis players and, as Jurmain (1999) points out, drawing conclusions from
such restricted samples is problematic. However, further research into activity-
patterns and bone geometry could help to resolve this caveat. Recent advances, such
as computerised image processing and non-destructive sectioning methods have made
this approach faster and bone geometry can, therefore, be used on larger population
samples (Ruff 1992; Sailer, ef al. 2003). Ruff (1992) also points out the importance of
relating biomechanical findings to more traditional methods of research. such as

metrical analysis, DJD patterns and bone histomorphometry.

The most commonly used methods of creating these bone sections are either direct
sectioning of bone or computed tomography. In addition, X-radiography has been
used. In X-radiography cortical thickness is calculated from the bone width minus
medullary cavity width [bones are positioned antero-posteriorly and medio-laterally |.

The cortical index is then calculated from the cortical thickness divided by bone width
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and multiplied by 100. Bending stress (I,) can be estimated based on either a circular
or an elliptical cross-section (Mays 1999, 2001: O'Neill and Ruff 2003: Stirland 1998:
Weiss 2005). This 1s a cheaper and less destructive method than either sectioning or
computed tomography but even if these measures are standardised by body mass and

long bone length, they are not as accurate as cross-sectional properties (Stock and
Shaw 2007).

A more critical problem 1s recognition of the other factors affecting bone geometry
apart from activity (Bice 2003; Jurmain 1999; Ruff, er al. 2006; Ruff, er al. 1991) .
These include weight (Ruff, er al. 1991), hormones (Bice 2003; Devlin 2004). genes,
diet and age (Bice 2003). The location of the cross-section must also be chosen with
reference to anatomy because of possible effects of local soft tissue attachments,
which change the thickness and shape of the bone (Morgan, et al. 2006). Such factors
must be taken into account during both data collection and interpretation. If this is
done, then biomechanical analysis might be one of the best approaches to measuring
activity-levels in archaeological samples. It should also be recognised that the data
obtained can only be used to study trends or patterns, not as absolute values, because
of the many assumptions that have to be made if biomechanical modelling of the bone

1s based on its beam-like properties (Lieberman, er al. 2004; Rybicki, et al. 1972).

The primary use of cross-sectional geometry has been to compare activity patterns in
different populations (primarily hunter-gatherers versus agriculturalists) (Aldridge, et
al. 1998; Bridges 1989; Bridges, et al. 2000; Brock 1985; Brock and Ruft 1987;
Carlson, et al. 2007; Larsen 2000; Ledger, et al. 2000; Marchi 2006; Marchi, et al.
2006; Ruff 1994; Ruff, er al. 2005; Zabecki, et al. 2004). Others have compared blade
injured and non-injured individuals (Kniisel 2000; Rhodes and Kniisel 2006),
prisoners of war with normal populations (Weiss 2005) and manual versus non-
manual labourers (Mays 2001; Mondragéon and Pearson 2003). Cross-sectional
geometry has also been applied to individuals with pathological changes (Churchill
and Formicola 1997) and those with trauma-related disuse atrophy (Nystrom and
Buikstra 2004). Differences between the sexes have also been studied (Beauchesne, et

al. 2004; Bridges, et al. 2000; Lazenby 1998; Marchi, et al. 2006).
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What 1s clear is that there are no modern clinical models for any of these activities
(Jurmain 1999). Nor are the activities of groups such as hunter-gatherers homogenous
(Carlson, et al. 2007). The differences in diet, gene pool, and age distribution on bone
mechanics and cross-sectional geometry probably all have confounding effects (Bice
2003). Again, these factors have not been fully studied in clinical cases because of the
difficulty in studying actual loading patterns in vivo and, apart from the study of
osteoporosis, such research is rarely useful for either the treatment or the
understanding of diseases. Animal models do exist, but are affected by the same
problems and may not be good proxies for human research. The applicability of
treating a long bone as a beam has also been questioned (Mucci 1987) because of a

lack of congruity between hypotheses and experimental results.

2.3.1.3 Humeral Retroversion

Humeral retroversion is the angle between the transcondylar axist of the distal
humerus and an imaginary line bisecting the humeral head (see Figure 2.2). This has
only rarely been used to study activity. This may, in part, be because of the lack of
clinical literature to support its use (Rhodes 2006). Differences in retroversion
between the left and right sides are used to study activity patterns. One North
American study found that retroversion was associated with robustness and bone
density, but that less than 50% (4./11) of the sample studied demonstrated
retroversion asymmetry (Gjerdrum, et al. 2003). A similar (called humeral torsion)
study (Rhodes 2006) was applied to medieval skeletons (some associated with battles
and some not) from across England along with a modern North American sample.
This study found no statistically significant bilateral asymmetry, but there were
statistical differences within some groups (blade injured versus non-injured and male
versus female). However, Rhodes (ibid.) thought that there was not enough chinical
literature to fully ascertain the relationship between activity and “humeral torsion™.
Rhodes also stated that the individual differences were being masked by population

heterogeneity.
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Figure 2.2 Humeral retroversion. Adapted from (Rhodes 2006). Angles A, B, and C are

all used.

e Dasectine

hiiimeral headd

2.3.1.4 Robusticity and Biomechanical Analysis: Conclusions

Further research i1s required in both external measurements and cross-sectional
geometry to understand the relationship between activity or loading patterns on bones
and how to control for factors, such as diet and age (Bice 2003). Although these are
serious problems, both of these methods have the advantage of being reproducible and
of being quantitative rather than qualitative assessments of skeletal remains. This 1s
important, particularly for human remains which are to be reburied, because the data
can be re-used readily even if its interpretation changes. Qualitative recording
methods often go hand in hand with the interpretations of the results. Additionally, as

will be seen in the next section, the recording of both DJD and enthesopathies relies

on, mostly, non-standardised recording techniques and subjectivity.
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2.3.2 Markers of Occupational Stress (MOS)

Markers of occupational stress (MOS) are well-delimited changes to the skeleton.
such as new bone formation. This section includes discussion of both DJD and MSM,
along with less commonly used indicators such as non-metric traits. Unlike robusticity
and cross-sectional geometry, these are rarely recorded as quantitative data. Typically,

in MOS, presence, absence and severity of lesions are recorded based on macroscopic

visual inspection.

2.3.2.1 Degenerative Joint Disease

Osteoarthritis (OA), also called degenerative joint disease (DJD) to highlight its
perceived mechanical aetiology, is a disease of the synovial joints. Clinically, a
combination of genetic and environmental factors are thought to contribute to the
onset of this disease (Brandi, et al. 2001; Greentield and Goldberg 1997; MacGregor
and Keen 1999). Primary OA 1involves the breakdown of normally smooth hyaline
cartilage leading to its fibrillation, but the exact mechanism of this process 1s poorly
understood (Dandy and Edwards 1999). Further joint movement creates friction
leading to further break down. Unlike bone, hyaline cartilage does not re-model, but
the subchondral bone can and this is normally seen as osteophyte formation. This can
lock the joint, but in cases where the joint is still mobile, but where hyaline cartilage
1S absent, the bone surfaces rub together causing eburnation. The rate of these changes
is dependent on multiple intrinsic and extrinsic factors, such as joint use and the
biochemistry of the local cartilage (Kuettner and Cole 2005). Secondary DJD can also
occur in association with mal-aligned fractures (Jurmain 1999; Neri and Lancellotti
2002). congenital deformities (Jurmain 1999), spondylolithesis (Merbs 2001) and any
other condition that changes joint biomechanics or proprioception (Jurmain 1999).
However. this review focuses on the use of DJD patterns to indicate occupation and

activity-related stress (Jurmain 1999; Knusel 2000). The success of this approach and

recording methods used will be discussed below.



T'he hypothesis that mechanical loading contributes to DJD is put succinctly by Ruff
(1992, p. 53). He stated that because articular surface area cannot change in adults in

response to loading, the only part of the bone able to remodel is the underlying

trabeculae. These become more dense leading to stiffening (i.e. its inability to deform
in response to stress) of joint surfaces. This leads to an increase in stress in the joint
cartilage because the bone itseltf i1s no longer able to cushion the joint upon impact.
This leads to cartilage degeneration and reaction of both subchondral bone and bone
around the margins of the joints, leading to osteophyte formation (Rogers and
Waldron 1995). The most commonly aftected joints are the knee and hip in modern
populations and this 1s generally considered to be related to weight-bearing. However,
it has been discovered that cartilage has varying properties in different joints and that
this 1s why the ankle, a very important weight-bearing joint, is rarely affected
(Kuettner and Cole 2005). It is also important to stress that in clinical literature males
and females have different susceptibilities to DJD: both differences in joint patterns
and frequency are noted (Brandi ef al. 2001). This 1s important to recognise because
research has been published on sexual differences in activities based on DJD patterns

(Jurmain 1999). It is possible that these differences reflect normal sexual dimorphism.

The relationship between mechanical loading and DJD is not clear cut. There have
been many epidemiological studies with contradictory conclusions on the ettect of
repetitive stress on DIJD presence (Chitnavis, et al. 2000; Jurmain 1999). In the
archaeological literature rates of DJD have been compared between manual and non-
manual workers buried at Christ Church, Spitalfields, London (a post-medieval crypt
population) and no statistical differences were found in the appendicular skeleton
(Waldron 1993). However, DJD of the spine was more common in non-manual
workers. This might, in part, be because weak muscles and non-usage of limbs are,
perhaps counter-intuitively, also predisposing factors to DJD (Shakoor and Moisio
2004). Comparisons between modern and archaeologically derived populations have
also been made (Crubezy, er al. 2002; Rogers and Waldron 1995). These studies have
found that prevalence and distribution patterns of DJD differ between these
populations. This may be caused by the recording methods used (Crubezy et al.
2002). but may relate to genetic, environmental or occupational differences (Crubezy

et al. 2002; Rogers and Waldron 1995). This may also be caused by differences in age

distribution of the samples.
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Despite the contradictory clinical evidence for occupational-related DJD, many
palacopathological papers have been published based on this association, and the
questions asked are identical to those asked by researchers using other techniques, i.e.
evidence for changes, or differences, in either subsistence strategy or common
activities (e.g. grinding corn, domestic chores); sexual differences in labour have also
been researched. Primarily, this is achieved by studying differences in disease
patterning (i.e. joints or side of the body affected), but also by quantifying DID
presence 1n a sample (Bourbou 2003; Bridges 1992; Ciranni and Fornaciari 2003;
Cope, et al. 2005; Davidson, et al. 2002; Denton 2002: Derevenski 2000:; Jurmain
1991; Jurmain and Kilgore 1995; Larsen, er al. 2002; Larsen and Williams 2003:
Mortin, et al. 2002; Pinsolle and Vandermeersch 2002; Saunders, et al. 2002: Sciulli
and Oberly 2002; Ubelaker and Newson 2002: Wedel and Rankin-Hill 2004; Wilczak
and Kennedy 1998). Ciranni and Fornaciari (2003) found that in the skeleton of the
cellist (and composer) Luigi Boccherini the distribution of DJD (and MSM) in his
skeleton, could be directly linked to joint usage during cello playing. DJD was found
iIn Boccherint’s thumbs, interphalangeal joints, and in the articular facets of the spine
(probably related to posture). Temporal trends are commonly found and are thought to
indicate changes 1n activity, but it may be possible that other factors are partly
responsible. Population differences have also been found, but whether this relates to
the age distribution of the sample, to activity differences or other causes of DJD

cannot (in most cases) be determined.

One of the other main considerations in recent reviews is the scoring of DJD in
skeletal remains. It has been recommended (Jurmain 1999; Rogers and Waldron
1995) that only “severe™ cases of DJD, i.e. only cases with eburnation (which proves
that cartilage has been removed) should be recorded as DJD, to avoid recording age-
related osteophyte formation. Clinical grading systems for use on cadavers use the
presence of fibrillation of the cartilage and presence or erosion of cartilage as the
primary diagnostic tools (Table 2.1). Note that these criteria make no mention of
either porosity, subchondral bone eburnation or wear grooves, which have also been

described (Rogers and Dieppe 1993), which are all key features of palaeopathological
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diagnostic criteria. The relationship between porosity and DJD is. therefore. poorly

understood.

Table 2.1 Clinical diagnostic criteria for osteoarthritis in cadavers (Kuettner and Cole

2005).

| Grade Description .

e ' .

0 No changes, smooth cartilage

l Fibrillation, pits and/or grooves. No éhange to joint
surface shape

Palae(_)_-p_atholoéicgl use

Changes not visible on bare
bone

2 Fibrillation, fissuring, pitting. Marginal hyperplasia
and small osteophytes |

| 3 Extensive fissuring and change to joint surface
shape. 30% or less of cartilage eroded.

bone

Marginal osteophytes may be
visible (dependent on good
preservation). Stages 2 and 3
are indistinguishable on bare

4 30% or more of cartilage eroded. Osteophytes

prominent, joint surface shape changed.

Marginal osteophytes visible.

It is noted in two earlier works, (Jurmain 1991; Jurmain and Kilgore 1995), that

scoring joints separately at different regions on a scale of severity enables both

statistical analysis of the data and a better understanding of the changes occurring

both within and around each individual joint. However,

it has also been tound that

inter-observer error for the recording of DJD is very high, except in cases where

eburnation is present (Waldron and Rogers 1991). The American Standards for Data

Collection from Human Skeletal Remains (Buikstra and

use the following criteria for diagnosis of DJD:

‘LIPPING, DEGREE
8.1.1 Barely discernible
8.1.2 Sharp ridge, sometime curled with spicules

8.1.3 Extensive spicule formation

8.1.4 Ankylosis

Ubelaker 1994, p.122-123)

LIPPING., EXTENT OF CIRCMFERENCE AFFECTED BY MOST SEVERE

EXPRESSION
8.2.1 <1/3
8.2.2 1/3-2/3
8.2.3>2/3
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SURFACE POROSITY, DEGREE
8.3.1 Pinpoint

8.3.2 Coalesced

8.3.3 Both pinpoint and coalesced present
POROSITY, EXTENT OF SURFACE AFFECTED
8.4.1 <1/3

8.4.2 1/3-2/3

8.4.3>2/3

EBURNATION, DEGREE

8.5.1 Barely discernible

8.5.2 Polish only

8.5.3 Polish with groove(s)

EBURNATION, EXTENT OF SURFACE AFFECTED
8.6.1 <1/3

8.6.2 1/3-2/3
8.6.3>2/3

However, even these standards allow the observer considerable interpretive power and

are unlikely to reduce inter-observer error rates.

As with the data on MSM (discussed in the following section) many of the papers do
not state clearly the recording methods used (Douglas, er al. 1997; Lai and Lovell
1992; Malim and Hines 1998; Steen and Lane 1998; Stirland 2000; Williams 1994).
Most of these papers do not add anything to the discussion of DJD in the context of
this review. However, one paper is notable for its discussion of MSM presence In
relation to DJD (Steen and Lane 1998). This preliminary analysis demonstrated that
DJD patterns echoed the MSM data in the Alaskan population studied. Whether
similar findings occurred in other populations is unknown, but this would tally with
the hypothesis that individuals with enthesopathies and those that develop DJD have a
genetic propensity to form bone (Jurmain 1999; Rogers, et al. 1997). In particular,

both are associated with sex and increased age (Cardoso 2008; Weiss and Jurmain

2007).

26



Advantages and disadvantages of these respective systems are similar to those
discussed in the following section on MSM. The system used depends on hypotheses
regarding DJD development i.e. whether severity is recorded or not. Problems with
statistical analysis of MSM data also apply here, as do the problems of intra- and
inter- observer error. These problems will not be discussed here for two reasons,
firstly they will be discussed in detail in the next section and secondly the

applicability of using DJD to measure activity-levels is questionable at best, because

of its multifactorial actiology.

To conclude, DJD patterns as <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>