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Abstract:

Osteoarthritis is a major health concern in living populations, as well as being one of the
most common pathological lesions identified in the archaeological record. The aetiology of the
disease remains unclear, with a multi-factorial influence of physical strain, age, genetics, and
obesity. Previous studies have identified a relationship between the presence of knee
osteoarthritis on the distal femoral joint and the morphology of the intercondylar notch, patellar
groove, and medial condyle. The current study expands this research to investigate the
relationship between distal femoral, distal humeral, and proximal ulnar joint morphology and
osteoarthritis with 3D shape analysis techniques. These methods provide a more detailed analysis
of joint morphology in order to determine any relationship between 3D shape and osteoarthritis.
The results indicate a complex relationship between joint shape and knee osteoarthritis, with
eburnated right femora showing a statistically significant association. The shapes associated with
eburnated or affected femoral joints can be explained by osteophyte development, and therefore
likely represent systematic shape changes and not a particular joint shape predisposing
individuals to the condition. There was no identifiable relationship found in the proximal ulna or
distal humerus, indicating that joint shape is unlikely to influence the development of the
condition in the elbow joint, and that any shape changes produced by osteoarthritis are not
systematic or quantifiable. The joints analysed in this study were highly influenced by
asymmetry, sexual dimorphism, and allometry, resulting in a small sample size of affected joints
in many datasets. Further analyses of large skeletal samples are needed to more thoroughly
investigate the possible relationship of distal femoral joint shape and osteoarthritis.



Introduction:

Osteoarthritis receives a great deal of attention in both palaeopathological and clinical
studies due to its high frequency in human populations past and present (palaeopathological
literature: Weiss & Jurmain, 2007; Waldron, 1991; Lieverse et al., 2006; clinical literature:
McGonagle et al., 2010; Zhai et al., 2007; Hootman et al., 2003). Despite its prevalence, the
aetiology of osteoarthritis continues to elude researchers. The main theories to date are
biomechanical breakdown of the joint due to physical stress, degeneration associated with
increasing age, and a genetic predisposition (Molnar et al., 2009; Herrero-Beaumont et al., 2009;
Spector et al., 1996). Osteoarthritis can also develop as a consequence of acute injury; this
condition is often referred to as ‘secondary osteoarthritis’, as opposed to ‘primary’ or idiopathic
osteoarthritis (Cymet & Sinkov 2006; Honkonen 1995). 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 (Spector & MacGregor, 2004; Weiss,
2006).

Knee osteoarthritis is very common (Rogers et al., 1990; Weiss & Jurmain, 2007). Felson
et al. (1987) found a prevalence rate of 44% in individuals over 80 years of age having knee
osteoarthritis in the Framingham Heart Study cohort, USA. Osteoarthritis of the elbow has been
considered uncommon, with clinical prevalence reported at 1.3 — 7% (Dalal et al., 2007).
However, elbow osteoarthritis has been found to be more prevalent in archaeological samples,
with Debono et al. (2004) reporting 27% of individuals affected from a Medieval necropolis in
Provence, France. This difference could be due to the condition being under-reported clinically,

the use of different diagnostic criteria (clinical: radiographs, CT scans; archaeological:



macroscopic analysis of dry bone), or differences in physical activities between living and past
populations (Debono et al., 2004).

Although the majority of osteoarthritis research focuses on the articular cartilage, the idea
that other joint components (i.e. ligaments, subchondral bone) also play an important role in the
development and progression of osteoarthritis has been gaining credibility (Karsdal et al., 2008;
Tan et al., 2006; Hunter et al., 2005; Bailey et al., 2004). Bone morphology is influenced by
epigenetic factors, as well as biomechanical stress during growth or remodeling (Pearson &
Lieberman, 2004; Ruff, 2000). However, subchondral bone has less plasticity when it comes to
physical influences than the diaphyseal cross-section or trabecular architecture (Ruff &
Runestad, 1992), suggesting that, in the absence of pathology, the joint geometry developed
during childhood is retained throughout adulthood (Frost 1994a,b). There is a complex
relationship between genetics and physical stress and the development of osteoarthritis and it is
hypothesized that the morphology of the joint itself, influenced by genetics and biomechanical
necessity, may influence the development or progression of osteoarthritis by contributing to the
overall stability and functionality of the joint compartment (Wada et al., 1999; Shepstone et al.,
1999, 2001). The current study aims to identify a possible relationship between joint morphology
of the knee and/or elbow with osteoarthritis. The specific joints, the distal femur, distal humerus,
and proximal ulna, were chosen because they undergo different physical stress and strains which
would likely impact the relationship between joint morphology and biomechanics.

Previous research in this area is limited. Rettig et al. (2008) used metric analyses on
radiographs of 90 elbows of living patients from Indiana, USA to identify any morphological
characteristics of the distal humerus which may predispose individuals to osteoarthritis.

However, they found no statistically significant relationships. Shepstone et al. (1999, 2001)



performed a 2D shape analysis using geometric morphometrics on the inferior aspect of the distal
femoral joint of 101 adult femora from the archaeological skeletal collection of St. Peter’s
Church, Barton on Humber, UK (Waldron & Rodwell, 2007). They were able to identify a
relationship between distal femoral shape and osteoarthritis, with the eburnated joints having
narrower U shaped intercondylar notches, wider medial condyles, and shallower patellar
grooves. The authors suggest that the shape difference of the intercondylar notch may be a risk
factor for developing osteoarthritis but suggest further research is needed (Shepstone et al.,
2001). Wada et al (1999) performed a traditional morphometric analysis on patients and
cadavers, and also found a correlation between narrow intercondylar notches and the progression
of osteoarthritis. Their results suggest that osteophyte development in the intercondylar notch
occurs to stabilize the anterior cruciate ligament (ACL) in the early stages of osteoarthritis.

This paper expands the previous work by analyzing the full 3D morphology of the distal
femur, distal humerus, and proximal ulna from archaeological skeletal populations to identify
possible correlations of joint shape with osteoarthritis. The secondary aim of this paper is to
investigate the potential of using 3D geometric morphometric techniques in osteoarthritis studies,
as they could also be employed in clinical research. These methods will enable a more detailed
and accurate investigation of the relationship between joint shape and osteoarthritis than is
possible with traditional or 2D morphometrics. As Shepstone et al (1999, 2001) and Wada et al.
(1999) have found a correlation between joint morphology and osteoarthritis in the distal femur,
it stands to reason that osteoarthritis may also correlate with the morphology of the distal
humerus and proximal ulna. The null hypothesis to be tested is one of no relationship between
joint morphology and osteoarthritis. If this is refuted and a relationship exists, it could indicate a

joint morphology which influences the development and/or progression of osteoarthritis.



Materials and Methods:

One hundred and forty-seven individuals, producing a total of 155 ulnae, 200 humeri, and
105 femora, from four archaeological English populations dating from the 4"-19" centuries AD
were analysed. These populations were chosen based on the large number of well preserved adult
skeletons. The number of joints per individual studied was dependent on preservation (Table 1,
Table 2).

The presence or absence of eburnation was recorded and the location was reported to
differentiate between joint compartments affected (e.g. tibio-femoral, femoro-patellar, radio-
capitellar, ulno-trochlear). Osteophytes were recorded according to size (</> 2mm from the
original joint margin) and according to the percentage of the joint margin covered (Figure 1).
The presence of porosity and the percentage of a joint surface covered were also recorded and
the location of any joint contour change was recorded (Rogers & Waldron 1995). As there is
disagreement in palaeopathology as to which joint changes should be used to diagnose
osteoarthritis (Weiss & Jurmain, 2007; Waldron, 1991; Rogers & Waldron, 1995; Schrader,
2012; Rothschild, 1997), joints with pathological changes were divided into two groups. The first
group is comprised of only those joints displaying eburnation with osteophytes, porosity, and/or
joint contour change. The second group is comprised of joints displaying eburnation, or two or
more of osteophytes, porosity, and joint contour change (based on Rogers & Waldron, 1995). For
simplicity, the first group is identified as ‘eburnated’ and the second is termed ‘osteoarthritis’.

Three-dimensional Cartesian coordinates of landmarks were digitized on the joint
surfaces using a Microscribe® GLS digitizing system (EMicroscribe Inc) (Figures 2a-c).

Landmarks for the distal femur were based on those used by Stevens & Strand Vidarsdottir



(2008). These landmark data were then superimposed using generalized Procrustes analysis
(GPA), which removes all scale and translational variation from the data (Goodall, 1991); size
information in the form of centroid size, was retained as an independent variable. Centroid size is
the square root of the sum of the squared distances of each landmark from the centroid of the
landmark configuration (Slice, 2007). Principal components analysis (PCA) is used to examine
patterns of shape variance (O’Higgins & Jones, 1998; Mitteroeker & Gunz, 2009). Cross-
validated discriminant function analysis (DFA) was used to determine the power of
discrimination between healthy and osteoarthritic joints (White & Ruttenberg, 2007; Cardini et
al., 2009). To obtain optimal discrimination between groups and reduce noise on higher principal
components (PC), the number of PCs included in the cross-validated DFA was reduced using the
method proposed by Baylac and Friep (2005) and analyses were run on PCs representing five
percent or more of the total shape variance (Zelditch et al., 2004). Regression analyses assessed
the influence of allometry, age, and sexual dimorphism joint morphology. Statistical analyses
were then run on the regression residuals to analyze shape with and without these effects (Slice,
2007). MANOVAs and ANOVAs were performed to determine statistical significance of group
differences, with level of significance set at p<0.05. Analyses were run in Morphologika©
(O’Higgins & Jones 2006), MorphoJ (Klingenberg, 2008), the EVAN toolbox, R (R
Development Core Team, 2010), and SPSS© (SPSS Inc.). Intra-observer error was tested with 6
repeated observations and the smallest distance between different joints was close to 1.5 times
the greatest distance between the repeated observations, indicating that intra-observer error was

unlikely to affect group classification (Neubauer et al., 2010).



Results:
Non-pathological influences of shape:

Table 3 summarizes the DFA scores associated with non-pathological influences of shape
for healthy controls. Asymmetry was a major contributor to shape in all joints. Males have
significantly larger joints than females based on centroid size (ANOVA p<0.001). Regression
analyses revealed a linear relationship between shape and log centroid size in all joints, which
was explained by sexual dimorphism and indicates that the main shape differences between

sexes are allometric. There were no age-related joint shape changes identified.

Osteoarthritis:

Table 4 summarizes the prevalence rates of individuals and joints affected with
eburnation and/or osteoarthritis. Males displayed substantially more eburnation and osteoarthritis
than females. There was a pattern of increasing prevalence of eburnation and osteoarthritic joint
changes with increasing age. The elbow is more often affected by eburnation than the knee and
the proximal ulna is more often affected by any pathological change than are the other two joints.

Any relationship between joint morphology and pathological changes are minimal
compared to asymmetry or sexual dimorphism, even after regression analyses. Attempts were
made to cancel out the effect of these influences by removing the shape variables associated with
asymmetry and sexual dimorphism. This was done by splitting the data into groups (side and
sex) and scaling each individual joint to the mean shape of its associated group (sex or side), and
then scaling those means to the overall mean of the sample. The results obtained through this
method did not produce better discrimination of pathological joints, likely indicating how small

the shape differences are compared to the impact of sexual dimorphism and asymmetry on joint



shape. Therefore, in order to minimise the effect of these non-pathological influences on the
results, the data were divided into individual datasets for sex and side. Unfortunately, this
division of the data resulted in small sample sizes of affected joints in many datasets.

Regression analyses identified allometry as a contributing factor to joint shape even after
sub-division of data, and as osteophyte development would affect the size of the joint, all data
were regressed on log centroid size. Table 5 summarizes the results of the cross-validated DFA
scores of the regression residuals for all eburnated joints compared with healthy controls. Table 6
summarizes the cross-validated DFA scores of the regression residuals for all osteoarthritic
(including eburnated) joints compared with healthy controls. The scores for all analyses in these
tables are based on PCs representing five percent or greater of the total shape variance.

Affected ulnae were not accurately classified based on the shape variables. Of the distal
humeri, only the female left joints were accurately classified. However, MANOVAs found the
difference between the groups to be non-significant and the affected joints do not group from
healthy on the initial PCs (Figure S1). This indicates that the affected joints do not represent an
identifiable group based on shape variables.

The distal femur shows the strongest separation of both eburnated and osteoarthritic
joints. Affected male and female right femora were accurately classified and found to be
statistically different (p<0.022) for both pathological groupings (Figure 3). There were no female
left femora with eburnation, but the joints with osteoarthritis (no eburnation) were statistically
different from healthy joints (p=0.006) and tend to group at the positive end of PC5 and PC6
(Figure 4). Eburnated male left femora were accurately identified with the cross-validated DFA,

but a MANOVA did not find a statistically significant difference from healthy joints. This could



be a result of the small sample size of eburnated joints and a larger sample size may produce a
significant result.

The wireframes illustrated in Figures 3 and 4 demonstrate the mean shapes of eburnated
or osteoarthritic and healthy distal femoral joints. The main shape differences associated with
affected femora relate to the intercondylar notch, with eburnated right and osteoarthritic left
female femora showing a relative narrowing of the notch compared to healthy joints (arrow 1).
This is especially evident in the male right femora. Eburnated male right and osteoarthritic
female left femora appear to have wider condyles than do healthy bones (arrow 2), although this
difference is not apparent in female right femora. Eburnated right femora, both male and female,

also display relatively deeper patellar grooves than healthy joints (arrow 3).

There is no pattern in the distal humeral data related to differences in morphology
associated with humero-ulnar osteoarthritis and radio-humeral osteoarthritis. The sample size of
affected femoral joints was too small to identify the presence of any pattern associated with
femoro-patellar or femoro-tibial osteoarthritis, as only two joints (one male left and one female
right) displayed femoro-patellar osteoarthritis, and the others displayed femoro-tibial
osteoarthritis. Of the male right femoral joints, two had eburnation on the medial condyle, while

one had eburnation on the lateral condyle.

Discussion:

The results indicate a tentative relationship between distal femoral joint shape and
osteoarthritis, with the right femora showing statistically significant shape differences between
eburnated and healthy joints. There was also a significant difference between female left joints

which displayed osteoarthritic changes without eburnation (i.e. osteophytes, porosity, joint



contour change) and healthy joints. However, there was no relationship identified for the male
left femora when any osteoarthritic changes are considered. Also, the accuracy of identifying
affected right femoral joints dramatically decreased when the diagnostic criteria was expanded to
include joints with osteoarthritic changes without eburnation. The proximal ulnae and distal
humeri showed no identifiable relationship between morphology and osteoarthritis. The null
hypothesis, therefore, is supported for the elbow joints, but can be neither supported nor refuted
for the distal femur.

The prevalence of knee osteoarthritis in this population was low and the affected sample
size is too small to make any strong conclusions. The results, however, do suggest that the use of
3D shape analyses have the potential to identify a relationship between femoral joint morphology
and osteoarthritis. Shepstone et al. (1999) and Wada et al. (1999) analysed all femora (side, sex)
in a single dataset. As the current study identified asymmetry, sexual dimorphism, and allometry
as major contributors to joint morphology, the relationship between distal femoral morphology
and eburnation may be more complex than previously identified. The shape differences
identified in the current study are similar to those reported by Shepstone et al. (1999) and Wada
et al. (1999). Both male and female right eburnated femora, as well as female left joints with
osteoarthritic changes without eburnation, had narrower intercondylar notches, although the
inverted ‘U’ shaped notch described by Shepstone et al. (2001) was not apparent in these data.
Eburnated male right and osteoarthritic female left femora also have wider medial condyles than
healthy femora. However, Shepstone et al. (1999) found that eburnated femora had shallower
patellar grooves, while the current study identified the groove as relatively deeper in eburnated

right femora than healthy.



Many studies have identified a relationship between a smaller or narrower intercondylar
notch and damage to the ACL (LaPrade et al., 1994; Good et al., 1991; Souryal et al., 1988) and
Tan et al. (2006) found that ligaments may be one of the first joint components affected by the
onset of osteoarthritis. Quasnichka et al. (2005) found that laxer ACLs were correlated with joint
instability in guinea pigs and suggest that this predisposed the animals to osteoarthritis. They
also found that the intercondylar notch underwent remodeling, becoming narrower, in response
to the lax ACL. The narrow intercondylar notch identified in the current study could be a result
of osteophyte development, as found by Wada et al. (1999), and may be a stabilization technique
for a lax ACL (Quasnichka et al., 2005). However, this shape difference was not found in the
male left femora and, with the exception of the female left femora, joints which displayed
osteophytes without eburnation do not represent identifiable groups on the PCA charts. The
joints showing systematic shape differences associated with the presence of eburnation could
represent a difference in disease progression. The osteoarthritic joints lacking eburnation may
represent an earlier stage of the disease and may therefore not have developed the shape changes
identified with the eburnated right femora. Considering the findings of Quasnichka et al. (2005),
the joints with narrow notches may represent a later stage of the disease whereby the joint has
needed to respond with stabilization techniques. The present data are insufficient to answer these
questions, but do indicate a possible avenue for future research.

The wider medial condyles identified in the male right eburnated and female left
osteoarthritic (no eburnation) joints may also represent a stabilization technique, as suggested by
Shepstone et al. (1999). Individuals with knee osteoarthritis display different femoral alignments
and ranges of leg movements than healthy controls (Baliunas et al., 2002; Childs et al., 2004;

Kaufman et al., 2001). These biomechanical differences would initiate adaptive remodeling in



the subchondral bone as a response to the physical stress (Ruff et al., 2006; Goldring &
Goldring, 2010; Day et al., 2004). The medial condyle generally bears more weight than the
lateral condyle (Lewek et al., 2004; Ruff, 1988) and undergoes more deformation during loaded
flexion (Nambu et al., 1991). Therefore, it is possible that the wider medial condyles represent a
functional adaptation to stabilize the joints during degeneration (Ruff et al., 2006; Dedrick et al.,
1993; Shepstone et al., 1999, 2001). However, the eburnated female right joints do not show the
same difference in medial condylar width. This may be an issue with sample size and the
inclusion of more eburnated femora could provide better insight into how the joint responds to
osteoarthritis.

There are morphological similarities between affected femoral joints, but these are not
consistent throughout the data and therefore, do not support the hypothesis that joint morphology
may be one factor predisposing individuals to osteoarthritis. The narrow intercondylar notch and
wider medial condyles are likely influenced by new bone formation on the joint margins
(osteophytes) as an adaptive response to stabilize the affected joint (Quasnichka et al., 2005;
Wada et al., 1999; Shepstone et al., 1999). The present data suggest that eburnation is the
osteoarthritic change most likely to influence femoral joint shape change or be influenced by a
specific morphological type. The accuracy of identifying pathological right femoral joints is
higher when only those with eburnation are considered in the analysis, and this accuracy
decreases substantially when the analysis includes joints in the ‘osteoarthritis’ group. As the
joints described as ‘osteoarthritic’ based on wider diagnostic criteria are not represented as
identifiable groups, with the exception of the female left femora, the results may indicate that

there are different factors influencing the variation in osteoarthritic joint changes.



These results also indicate the importance of clearly reporting the joint changes used to
diagnose osteoarthritis. As only joints with eburnation tend to represent identifiable groups, it is
suggested that palaeopathologists would benefit from differentiating between eburnated and non-
eburnated osteoarthritic joints. The use of this categorization method into groups of osteoarthritic
changes would provide reliable and accurate interpretations of osteoarthritic studies, even as the
diagnostic criteria adapt with new research findings.

The results of this study support the findings of Rettig et al. (2008) in that there are no
morphological characteristics associated with osteoarthritis on the distal humerus. This study
also found no relationship between proximal ulnar morphology and osteoarthritis. Osteoarthritic
elbow joints do not represent an identifiable sub-group within this skeletal population, indicating
that joint morphology is unlikely to influence the development of osteoarthritis. Additionally,
pathological changes do not result in a systematic alteration of the joint morphology.

It is unclear why the distal femur would show a relationship between joint morphology
and eburnation while the elbow joints do not. It could be related to different biomechanical
functions, as the knee is a weight-bearing joint and the elbow is not. In the absence of trauma or
injury, the elbow joint is one of the most stable joints in the body (Morrey & An 2005; King et
al., 1993). Perhaps osteoarthritis does not result in a systematic shape change because of this
physiological stability, and therefore the joints do not undergo stabilizing remodeling to the same
extent as the distal femur. Eckstein et al. (1993, 1994, 1995) used Finite Element analysis to
determine the influence of joint morphology on stress distribution and found that the incongruity
of the humero-ulnar joint, due to the deep trochlear notch, permits equal and bicentric
distribution of stress (Merz et al., 1997). This indicates that the humero-ulnar joint is not

predominantly affected by loading or stress in one area (such as the medial condyle of the femur)



and, therefore, any functionally adaptive changes would not result in a focused morphological
change in one joint region. The lack of patterning in the data does not indicate that the shape of
elbow joints are not changed by osteoarthritis; instead, the results indicate that the changes are
not systematic and do not affect each joint in a predictable or quantifiable manner.

The main limitation relates to sample size. Joint shape is strongly influenced by factors
unrelated to osteoarthritis, such as asymmetry and sexual dimorphism, and for best results the
sample had to be divided by side and sex. The data from the distal femur indicate that these
methods could possibly quantify joint shape related to osteoarthritis. This study provides a
preliminary indication that 3D geometric morphometrics analysis of the knee joint related to
osteoarthritis will benefit from further investigation. However, future research needs to include a
larger sample to ensure that the number of joints for each side and sex are sufficient for statistical

analysis.

Conclusion:

The current study was unable to identify specific distal humeral or proximal ulnar joint
shapes which may predispose individuals to developing osteoarthritis. In addition, there was no
pattern in the data associated with osteoarthritis, indicating that the condition does not alter the
shape of these joints in a systematic manner. There was a tentative relationship between
eburnation and distal femoral morphology, but it remains unclear whether the shapes identified
predispose individuals to osteoarthritis or if osteoarthritis systematically alters the joint shape.
The shapes associated with eburnation on the distal femur can be explained by functional
adaptive responses to stress and therefore, may not represent a shape influencing the break-down

of the joint components. The results indicate that further analysis with larger sample size may



identify an important relationship between distal femoral joint morphology and osteoarthritis. As
these methods can be used in clinical situations to quantify shape on radiographs or CT images,
future investigation into the relationship between distal femoral morphology and osteoarthritis
could have clinical significance.

Future research should focus on larger sample sizes of pathological joints, especially in
documented skeletal collections. Longitudinal clinical studies on living patients may indicate if
the joint morphology is altered by osteoarthritis and how this relates to the progression of the
disease. Associated physiological information, such as body mass and height, would also greatly

expand the outcomes of this research.

Acknowledgements:

The authors would like to thank Dr. Jo Buckberry and the Biological Anthropology Research
Centre at the University of Bradford for access to the skeletal collections. Special thanks go to
Durham University and the Canadian Centennial Scholarship Fund for financial aid to KAP
during this research. Thanks to Helgi Pétur Gunnarsson for aid with software and Jeff Veltch for

photographs.

References:

Acsadi G, Nemeskéri J. 1970. History of human life span and mortality. Akadémiai Kiado,
Budapest.

Baliunas AJ, Hurwitz DE, Ryals AB, Karrar A, Case JP, Block JA, Andriachhi TP. 2002.
Increased knee joint loads during walking are present in subjects with knee osteoarthritis.
Osteoarthritis and Cartilage 10: 573-579.

Bailey AJ, Mansell JP, Sims TJ, Banse X. 2004. Biochemical and mechanical properties of
subchondral bone in osteoarthritis. Biorheology 41: 349-358.



Baylac M, Friegp M. 2005. Fourier descriptors, Procrustes superimposition, and
datadimensionality: An example of cranial shape analysis in moden human populations. In
Modern Morphometrics in Physical Anthropology, Part 1 Theory and Methods, Slice D. (ed),
Kluwer.

Brooks ST, Suchey JM. 1990. Skeletal age determination based on the os pubis: Comparison of
the Acsadi-Nemeskéri and Suchey-Brooks methods. Journal of Human Evolution 5: 227-38

Burleigh G.1984.Excavations at Baldock 1980-81: An interim report. Hertfordshire's Past 12:3—
17.

Cardini A, Nagorsen D,0’Higgins P, Polly PD, Thorington Jr. RW, Tongiorgi P. 2009. Detecting
biological Distinctiveness Using Geometric Morphometrics: An Example Case From the
Vancouver Island Marmot. Ethology Ecology & Evolution 21: 209-223.

Childs JD, Sparto PJ, Fitzgerald GK, Bizzini M, Irrgang JJ. 2004. Alterations in lower extremity
movement and muscle activation patterns in individuals with knee osteoarthritis. Clinical
Biomechanics 19: 44-49.

Cymet TC, Sinkov V. 2006. Does long-distance running cause osteoarthritis? Journal of the
American Osteopathic Association 106(6): 342-345.

Dalal S, Bull M, Stanley D. 2007. Radiographic changes at the elbow in primary osteoarthritis: A
comparison with normal aging of the elbow joint. Journal of Shoulder and Elbow Surgery 16(3):
358-361.

Day JS, van der Linden JC, Bank RA, Ding M, Hvid I, Sumner DR, Weinans H. 2004.
Adaptation of subchondral bone in osteoarthritis. Biorheology 41(3): 359-368.

Debono L, Mafart B, Jeusel E, Guipert G. 2004. Is the incidence of elbow osteoarthritis
underestimated? Insights from palaeopathology. Joint Bone Spine 71(5): 397-400.

Dedrick DK, Goldstein SA, Brandt KD, O’Connor BL, Goulet RW, Albrecht M. 1993. A
longitudinal study of subchondral plate and trabecular bone in cruciate-deficient dogs with
osteoarthritis followed up for 54 months. Arthritis & Rheumatism 36: 1460-1467.

Eckstein, F, Lohe F, Schulte E, Muller-Gerbl M, Milz S, Putz R. 1993. Physiological incongruity
of the humero-ulnar joint: a functional principal of optimized stress distribution acting upon
articulating surfaces? Anatomy & Embryology 188: 449-455.

Eckstein F, Merz B, Schmid P, Putz R. 1994. The influence of geometry on the stress
distribution in joints — a finite element analysis. Anatomy & Embryology 189: 545-552.

Eckstein F, Merz B, Miller-Berbi M, Holzknecht N, Pleier M, Putz R. 1995. Morphomechanics
of the humero-ulnar joint: Il. Concave incongruity determines the distribution of load and
subchondral mineralization. The Anatomical Record 243(3): 327-335.



Felson DT, Naimark A, Anderson J, Kazis L, Castelli W, Meena RF. 1987. The prevalence of
knee osteoarthritis in the elderly. The Framingham osteoarthritis study. Arthritis & Rheumatism
30(8): 914-918.

Frost HM. 1994a. Perspectives: A vital biomechanical model of synovial joint design. The
Anatomical Record 240: 1-18.

Frost HM. 1994b. Perspectives: A biomechanical model of the pathogenesis of arthrosis. The
Anatomical Record 240: 19-31.

Goldring MB, Goldring SR. 2010. Articular cartilage and subchondral bone in the pathogenesis
of osteoarthritis. Annals of the New York Academy of Sciences 1192: 230-237.

Good L, Odensten M, Gillquist J. 1991. Intercondylar notch measurements with special reference
to anterior cruciate ligament surgery. Clinical Orthopaedics 263: 185-189.

Goodall C. 1991.Procrustes Methods in the Statistical Analysis of Shape. Journal of the Royal
Statistical Society. Series B 53(2): 285-339.

Herrero-Beaumont G, Roman-Blas JA, Castafieda S, Jimenez SA. 2009. Primary Osteoarthritis
no longer primary: Three subsets with distinct etiological, clinical, and therapeutic
characteristics. Seminars in Arthritis and Rheumatism 39: 71-80.

Honkonen SE. 1995. Degenerative arthritis after tibial plateau fractures. Journal of Orthopaedic
Trauma 9(4): 273-277.

Hootman JM, Macera CA, Helmick CG, Blair SN. 2003. Influence of physical activity-related
joint stress on the risk of self-reported hip/knee osteoarthritis: A new method to quantify physical
activity. Preventive Medicine 36:636-644.

Hunter DJ, Niu J, Zhang Y, Nevitt MC, Xu L, Lui LY, Yu W, Aliabadi P, Buchanan TS, Felson
DT. 2005. Knee height, knee pain, and knee osteoarthritis. Arthritis & Rheumatism 52(5): 1418-
1423.

Iscan MY, Loth SR, Wright RK. 1984. Age estimation from the rib by phase analysis: White
males. Journal of Forensic Science 29: 1094-104.

Iscan MY, Loth SR, Wright RK. 1985. Age estimation from the rib by phase analysis: White
females. Journal of Forensic Science 30: 853—63.

Karsdal MA, Leeming DJ, Dam EB, Henriksen K, Alexandersen P, Pastoureau P, Altman RD,
Christiansen C. 2008. Should subchondral bone turnover be targeted when treating
osteoarthritis? Osteoarthritis and Cartilage 16: 638-646.



Kaufman KR, Hughes C, Morrey BF, Morrey M, An K. 2001. Gait characteristics of patients
with knee osteoarthritis. Journal of Biomechanics 34: 907-915.

King GJW, Morrey BF, An, K. 1993. Stabilizers of the elbow. Journal of Shoulder and Elbow
Surgery 2: 165-174.

Klingenberg CP. 2008. MorphoJ: An Integrated Software Package for Geometric
Morphometrics. Molecular Ecology Resources 11: 353-357.

LaPrade RF, and Burnett QM. 1994. Femoral intercondylar notch stenosis and correlation to
anterior cruciate ligament injuries. The American Journal of Sports Medicine 22(2): 198- 203.

Lewek MD, Rudolph KS, Snyder-Mackler L. 2004. Control of frontal knee laxity during gait in
patients with medial compartment knee osteoarthritis. Osteoarthritis & Cartilage 12:745-751.

Lieverse AR, Weber AW, Bazaliiskiy VI, Goriunova Ol, Savel’ev NA. 2006. Osteoarthritis in
Siberia’s Cis-Baikal: Skeletal indicators of Hunter-Gatherer Adaptation and Cultural Change.
American Journal of Physical Anthropology 132: 1-16.

Lovejoy CO, Meindl RS, Pryzbeck TR, Mensforth RP. 1985. Chronological
metamorphosis of the auricular surface of the ilium: A new method for the determination
of age at death. American Journal of Physical Anthropology 68: 15-28.

Magilton J, Kenny J, Boylston A, Council for British Archaeology. 2008. Lepers outside the
gate: excavations at the cemetery of the hospital of St James and St Mary Magdalene,
Chichester, 1986-87 and 1993. York: Council for British Archaeology.

McGonagle D, Tan AL, Carey J, Benjamin M. 2010. The anatomical basis for a novel
classification of osteoarthritis and allied disorders. Journal of Anatomy 216: 279-291.

Merz B, Eckstein F, Hillebrand S, Putz R. 1997. Mechanical implications of humero-ulnar
incongruity- finite element analysis and experiment. Journal of Biomechanics 30(7): 713-721.

Milner GR. 1992. Determination of skeletal age and sex: A manual prepared for the Dickson
Mound reburial team. Dickson Mound Museum, Lewiston, Illinois.

Mitteroecker P, Gunz P.2009.Advances in Geometric Morphometrics. Evolutionary Biology 36:
235-247.

Molnar P, Ahlstrom TP, Leden I. 2009. Osteoarthritis and activity — An analysis of the
relationship between ebunarion, musculoskeletal stress markers (MSM) and age in two Neolithic
hunter-gatherer populations from Gotland, Sweden. International Journal Osteoarchaeology
21(3): 283-291.

Morrey BF, An K. 2005. Stability of the elbow: Osseous constraints. Journal of Shoulder and
Elbow Surgery 14(1): S174-S178.



Nambu T, Gasser B, Schneider E, Bandi W, Perren SM. 1991. Deformation of the distal femur:
A contribution towards the pathogenesis of osteochondrosis dissecans in the knee joint. Journal
of Biomechanics 24)6): 421-423, 425-433.

Neubauer S, Gunz P, Hublin JJ. 2010. Endocranial shape changes during growth in chimpanzees
and humans: A morphometric analysis of unique and shared aspects. Journal of Human
Evolution 59:555-566.

O’Higgins P, Jones N. 1998.Facial Growth in Cercocebus torquatus: An application of three-
dimensional geometric morphometric techniques to the study of morphological variation.
Journal of Anatomy 193: 251-272.

O’Higgins P, Jones N. 2006. Tools for statistical shape analysis. Hull York Medical School.

Pearson OM, Lieberman DE. 2004. The aging of Wolff’s “Law”: Ontogeny and responses to
mechanical loading in cortical bone. Yearbook of Physical Anthropology 47: 63-99.

Phenice TW. 1969. A newly developed visual method of sexing the os pubis. American Journal
of Physical Anthropology 30: 297-302

Quasnichka HL, Anderson-MacKenzie JM, Tarlton JF, Sims TJ, Billingham ME, and Bailey AJ.
2005. Cruciate ligament laxity and femoral intercondylar notch narrowing in early-stage knee
osteoarthritis. Arthritis & Rheumatism 52(10): 3100-3109.

R Development Core Team. 2012. R: A language and environment for statistical computing. R
Foundation for Statistical Computing Vienna, Austria. ISBN 3-900051-07-0, URL
http://www.R-project.org

Rettig LA, Hastings H, Feinberg JR. 2008. Primary osteoarthritis of the elbow: Lack of
radiographic evidence for morphological predisposition, results of operative debridement at
intermediate follow-up, and basis for a new radiographic classification system. Journal of
Shoulder and Elbow Surgery 17: 97-105.

Roberts CA. 1984a. The human skeletal report from Baldock, Hertfordshire. Unpublished.
Bradford, Calvin Wells laboratory, University of Bradford, North Hertfordshire District Council
Archaeology Services.

Roberts CA. 1984b. The Barratt inhumation cemetery, Baldock, Hertfordshire (A11/BAL 11),
Human skeletal material. Unpublished. Bradford, Calvin Wells laboratory, University of
Bradford, North Hertfordshire District Council Archaeology Services.

Rogers J, Waldron T. 1995. A field guide to joint disease in archaeology. Chichester; New
York: J. Wiley.

Rogers J, Watt I, Dieppe P. 1990. Comparison of visual and radiographic detection of bony
changes at the knee joint. British Medical Journal 300(6721): 367-368.


http://www.r-project.org/

Rothschild BM. 1997. Porosity: A curiosity without diagnostic significance. American Journal of
Physical Anthropology 104(4): 529-533.

Ruff CB. 1988. Hindlimb articular surface allometry in hominoidea and Macaca, with
comparisons to diaphyseal scaling. Journal of Human Evolution 17 (7):687-714

Ruff CB. 2000. Body size, body shape and long bone strength in modern humans. Journal of
Human Evolution 38: 269-290.

Ruff CB, Runestad JA. 1992. Primate limb bone structural adaptations. Annual Review of
Anthropology 21: 407-433.

Ruff CB, Holt B, Trinkaus E. 2006. Who’s afraid of the big bad Wolff?: “Wolff’s Law” and
bone functional adaptation. American Journal of Physical Anthropology 129(4): 484-498.

Schrader SA. 2012. Activity patterns in New Kingdom Nubia: An examination of enthseal
remodeling and osteoarthritis at Tombos. American Journal of Physical Anthropology 149: 60-
70.

Shepstone L, Rogers J, Kirwan J, Silverman B. 1999. The Shape of the Distal Femur: A
Palaeopathological Comparison of Eburnated and Non-Eburnated Femora. Annals of Rheumatic
Diseases 58: 72-78.

Shepstone L, Rogers J, Kirwan JR, Silverman BW. 2001. Shape of the Intercondylar Notch of
the Human Femur: A Comparison of Osteoarthritic and Non-Osteoarthritic bones from a Skeletal
Sample. Annals of Rheumatic Diseases 60: 968-973.

Slice DE. 2007. Geometric Morphometrics. Annual Review of Anthropology 36: 261-
281.Somers, K.M. 1986. Multivariate allometry and removal of size with principal components
analysis. Systematic Zoology 35(3): 359-368.

Spector TD, Cicuttini F, Baker J, Loughlin J, Hart D. 1996. Genetic influences on osteoarthritis
in women: a twin study. British Medical Journal 312: 940-944.

Spector TD, MacGregor AJ. 2004. Risk Factors for Osteoarthritis: Genetics. Osteoarthritis and
Cartilage 12: S39-S44.

SPSS Inc. 2007. SPSS Base 8.0 for Windows User's Guide. SPSS Inc., Chicago IL.

Souryal TO, Moore HA, Evans JP. 1988. Bilaterality in anterior cruciate ligament injuries:
Associated intercondylar notch stenosis. American Journal of Sports Medicine 16: 449-454.

Stevens SD, Strand Vidarsdottir U. 2008. Morphological Changes in the Shape of the Non-
Pathological Bony Knee Joint with Age: A Morphometric Analysis of the Distal Femur and



Proximal Tibia in Three Populations of Known Age at Death. International Journal of
Osteoarchaeology 18: 352-371.

Stroud G.(no year) The human skeletal remains from Hickleton, South Yorkshire. Unpublished
skeletal report, held at the Biological Anthropology Research Centre, Archaeological Sciences,
University of Bradford.

Sydes B. 1984. The excavation of St. Wilfrid’s church, Hickleton: an intrim report, September
1984. Unpublished report. Shefflied: South Yorkshire County Council Archaoloigy

Tan AL, Toumi H, Benjamin M, Grainger AJ, Tanner SF, Emery P, McGonagle D. 2006.
Combined high-resolution magnetic resonance imaging and histological examination to explore
the role of ligaments and tendons in the phenotypic expression of early hand osteoarthritis.
Annals of Rheumatic Diseases 65: 1267-1272.

Wada M, Tatsuo H, Baba H, Asamoto K, Nojyo Y. 1999. Femoral intercondylar notch
measurements in osteoarthritic knees. Rheumatology 38(6): 554-558.

Waldron T. 1991. The Prevalence of, and the Relationship Between Some Spinal Diseases in a
Human Skeletal Population from London. International Journal of Osteoarchaeology 1: 103-
110.

Waldron T, Rodwell W. 2007. St. Peter’s Barton-upon-Humber, Lincolnshire: A Parish church
and its community. Oxford: Oxbow Publishing.

Weston D, Boylston A., Ogden AR. (in prep) The Mappa Mundi Excavation at Hereford
Cathedral in 1993: Report on the Human Skeletal Remains.

Weiss E. 2006. Osteoarthritis and body mass. Journal of Archaeological Science 33: 690-695.

Weiss E, Jurmain R. 2007. Osteoarthritis Revisited: A Contemporary Review of Aetiology.
International Journal of Osteoarchaeology 17(5): 437-450,

White JW, Ruttenberg BI. 2007. Discriminant function analysis in marine ecology: Some
oversights and their solutions. Marine Ecology Progress Series 329: 301-305.

Zelditch ML, Swiderski DL, Sheets HD, Fink. 2004. Geometric morphometrics for biologists: A
primer. Elsevier Academic Press: San Diego, CA.

Zhai G, Hart DJ, Kato BS, MacGregor A, Spector TD. 2007. Genetic influence on the
progression of radiographic knee osteoarthritis: A longitudinal twin study. Osteoarthritis and
Cartilage 15: 222-225.



Marginal osteophytes,

with joint margin change
Eburnation
with porosity
and contour

change

"
LLLLLLLLA) LLALALLAL) ALRARRL Luttansoun iaheaan]
'] 10 20 30

40 50

Figure 1) Examples of osteoarthritis with areas of eburnation with porosity circled and arrows
indicating osteophyte formation. (Photographs by Jeff Veitch, Department of Archaeology,
Durham University).
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Figure 2) Locations of 21 landmarks digitized on the proximal ulnar joint (a), 15 landmarks
digitized on the distal humeral joint (b), and 26 landmarks digitized on the distal femoral joint.
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Figure 3) PCA charts illustrating shape variability of (a) male right distal femora on PC1 and
PC2, representing 27% total shape variance and (b) female right distal femora on PC3 and PC4,
representing 21.5% total shape variance. Open squares represent healthy joints, open circles
represent osteoarthritic joints (no eburnation), and filled circles represent eburnated joints.
Wireframes illustrate the shape of mean healthy and eburnated joints.



(A) 0.08

o
0.06
[ ]
0.04 . o
X o o
fi 0.02 £ 1~
= o
=3 o o 0 oo
g 000 o
X o o o
o od o
()
-0.02 u]
o O o0
o
-0.04
o
-0.06 °
-0.08
-0.09 -0.06 -0.03 0.00 0.03 0.06
PC1 (14.6%)
ey
)"\V/’ N\
N
(B)  o0.04
i B o o-
0.02
S g (o % o
< a
o 0.00 o ©
& o0 g
o
-0.02 a o S
s} L
o
-0.04
-0.04 -0.02 0.00 0.02 0.04 0.06

PC5 (7.2%)

Figure 4) PCA charts illustrating shape variability of (a) male left distal femora on PC1 and PC2,
representing 26.6% total shape variance and (b) female left distal femora on PC5 and PC6,
representing 13.3% total shape variance. Open squares represent healthy joints, open circles
represent osteoarthritic joints (no eburnation), and filled circles represent eburnated joints.
Wireframes illustrate the shape of mean healthy and osteoarthritic (no eburnation) female left

joints.
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Figure S1) PCA chart displaying shape variance of female left distal humeri on PC1 and PC2,,
representing 25.2% of the total shape variance. Open squares represent healthy joints, open
circles are osteoarthritic joints, and filled circles are eburnated joints.



Table 1) Number of individuals analysed for each skeletal collection, with number of males and
females summarized. Age and sex of skeletons were determined using standard osteological
methods using cranial, mandibular, and pelvic morphology (Phenice 1969; Acsadi & Nemeskeri

1970; Lovejoy et al. 1985; Iscan et al. 1984, 1985; Brooks & Suchey 1990; Milner 1992).

Site Period Reference Q| & | YA|MA | OA | Total
Hereford Cathedral, | Late medieval | Westonetal, | 29 | 27 | 26 | 10 | 20 56
Cathedral Close, (71-15" C) in prep;
Hereford,
Herefordshire
St James and St Late medieval | Magiltonet | 19 | 47 | 20 | 17 | 29 66
Mary Magdalene, (12-16" C) al 2008
Chichester, Sussex
Baldock, Romano- Roberts 7 |11] 9 4 5 18
Hertfordshire British 19844a,1984b

(4th C)
Hickleton, South Late/ Post- Sydes 1984, | 3 | 4 4 1 2 7
Yorkshire medieval Stroud

(11" -19" C) | unpublished

Total 58 | 89 | 59 | 32 | 56 147




Table 2) Number of joints for each side and sex in groups labeled as eburnated, osteoarthritis
(including those from the eburnation group), and healthy controls. Number of joints per

individual studied was dependent on joint preservation.

Eburnated Osteoarthritis Healthy
? d Q 3 Q 4 Total
Ulnae Left 2 8 8 16 20 31 75
Right 0 11 7 15 20 28 80 155
Humeri  Left 2 6 5 15 32 46 98
Right 3 8 10 21 27 44 102 200
Femora Left 0 2 4 11 17 21 53
Right 3 3 7 14 12 19 52 105




Table 3) Summary of cross-validated DFA scores for non-pathological influences on shape on all
three joints analysed. The DFA score indicates the percentage of joints accurately classified
based on side, sex, and age.

Asymmetry Sexual Dimorphism Age
Left Right
Ulnae 80.4% 70.8% 49.2% 39.8%
Humeri 73.9% 70.0% 73.9% 38.3%

Femora 89.9% 74.5% 72.9% 30.4%




Table 4) Crude prevalence rates (in percentage) of individuals and joints with eburnated joints
and/or joints with osteoarthritis. Crude prevalence rate represents the number of individuals
affected with the appropriate bones preserved.

Q 3 YA MA OA Ulnae  Humeri Femora
Eburnated 25.8% 12.1% 10.7% 21.9% 27.1% 15.5% 12.2% 9.7%
Osteoarthritis  42.7% 37.9% 28.6% 34.4% 59.2% 41.8% 27.5% 34.7%




Table 5) Cross-validated DFA scores of joints with eburnation compared to healthy joints for all
three joints separated by side and sex. Scores are based on PCs which represent more than five
percent of the total shape variance (up to PC8) and indicate the percentage of joints accurately
classified as healthy or pathological.

Male Female
Left Right Left Right
Ulnae Eburnated | 12.5% 36.4% 50.0% -
Healthy 61.3% 71.4% 90.0% -
Total 51.3% 61.5% 86.4% -
Humeri Eburnated | 33.3% 50.0% | 100.0% | 33.3%
Healthy 47.8% 72.7% 87.5% 77.8%

Total 46.1% 69.2% 88.2% | 73.3%
Femora Eburnated | 70.0% | 100.0% - 100.0%
Healthy 90.5% 94.7% - 100.0%

Total 82.6% 95.5% - 100.0%




Table 6) Cross-validated DFA scores of log centroid regressed variables of all joints with
osteoarthritis (including eburnation) and healthy joints for all three joints separated by side and
sex. Scores are based on PCs which represent more than five percent of the total shape variance
(up to PC8) and indicate the percentage of joints accurately classified as healthy or pathological.

Male Female

Left Right Left  Right

Ulnae Osteoarthritic | 33.3.% | 40.0% | 37.5% | 42.8%
Healthy 41.4% | 46.4% | 70.0% | 80.0%

Total 38.3% | 43.4% | 60.7% | 70.4%

Humeri  Osteoarthritic | 66.7% | 40.9% | 80.0% | 33.3%
Healthy 82.6% | 55.8% | 71.8% | 64.3%

Total 78.7% | 50.8% | 72.9% | 56.7%

Femora  Osteoarthritic | 54.5% | 64.3% | 75.0% | 71.4%
Healthy 80.9% | 78.9% | 100.0% | 75.0%

Total 80.9% | 72.7% | 95.2% | 73.7%




