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Introduction: Despite OA heritability estimated at 40-65%, fewer than 20 robustly-associated genetic loci explaining ~10% of heritability have been identified.  Genome-wide association studies (GWAS) have been limited by modest sample sizes and the employment of simple dichotomous descriptions of joint involvement. Risk loci associated with hip shape variation, a heritable risk factor for the development of OA, is also largely unknown. 
Aims: We aimed to determine whether case stratification into precise phenotypic sub-categories is a critical parameter in signal detection in GWAS of hip and knee OA, and hip shape variation. This has not previously been tested systematically.    
Method: This thesis describes several nested studies from the arcOGEN resource. We initially describe several GWAS in 2,118 cases with radiographic hip OA, stratified by site of maximal joint space narrowing and bone remodelling response, versus 6,500 population-based controls (PBC).  We also performed several GWAS’ of 2,010 cases with radiographic knee OA, stratified by dominant compartment involvement, versus 6,500 PBC.  Finally, we describe several GWAS with radiographically-derived indices of acetabular and proximal femoral shape.  
Results: We identified suggestive evidence (p<9.9x10-6) of associations at 6 and 10 variants with hip and knee OA endophenotypes respectively.  All would have been missed by a broad phenotype definition approach.  The signal yield was increased beyond that associated with chance.  Compartmental stratification at the knee also increased the disease heritability estimate.  We identified 4 loci (p<9.9x10-6) associated with hip shape variation, including associations with genes regulating myogenesis and skeletal development.  
Conclusion:  We show that increased phenotypic definition in nested case/control cohorts of OA leads to substantial increases in signal detection for susceptibility loci. We report novel associations that were entirely obscured by the heterogeneity of the disease, indicating that the use of narrower OA phenotype definitions can lead to a comprehensive account of variants affecting risk. 
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A		Adenine
AA		Alpha angle
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ADHD		Attention deficit hyperactivity disorder
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HGP		Human Genome Project
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LTF		Lateral tibio-femoral joint
MAF		Minor allele frequency
MC		Multicompartmental
MLR		Maximum likelihood ratio 
MMP		Matrix metalloproteinase
MPFA		Modified proximal femoral angle
MTF		Medial tibio-femoral joint
N		Number
OA		Osteoarthritis
OARSI	Osteoarthritis Research Society International
OR		Odds Ratio
PBC		Population based controls
PCGC		Phenotype correlation-genotype correlation
PFJ		Patello-femoral joint
PPi		inorganic phosphate
QC		Quality control
QQ		Quantile-quantile
QTA		Quantitative trait analysis
RAP		Regional association plot
RNA		Ribonucleic acid
ROS		Reactive oxygen species
RS		Rotterdam Study
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SD		Standard deviation
SHIPS	Semi-automated HIP morphology Software
SNP		Single nucleotide polymorphism
SCFE		Slipped capital femoral epiphysis
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TF		Tibio-femoral joint
THR		Total hip replacement
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BOLT-REML: The BOLT-REML software tool estimates heritability explained by genotyped SNPs for individual traits measured on a set of individuals.  BOLT-REML applies a Monte Carlo algorithm that is much faster than standard methods for variance components analysis (e.g., GCTA) at large sample sizes. 
Clustered regularly interspaced short palindromic repeats (CRISPR):  In the field of genome engineering, CRISPR is used to refer to the specific systems that are programmed to target specific stretches of genetic code and to edit DNA at precise locations.
Genome-wide significance:  Associations between an individual SNP and the phenotype reaching a P value of significance of ≤ 5x10-8.
Genome-wide complex trait analysis (GCTA):  GCTA is a software tool that estimates the heritability explained by all the SNPs on the whole genome for a particular complex trait.
Genomic inflation factor: Is defined as the median of the resulting chi-squared test statistics divided by the expected median of the chi-squared distribution.  It provides quantification of any bulk inflation and the excess false positive rate.
Hardy-Weinberg equilibrium:  The Hardy–Weinberg equilibrium is a state in which both the allele and genotype frequencies of a SNP remain identical between generations of a population.  This is in the absence of other evolutionary factors.
Linkage disequilibrium:  Linkage disequilibrium is the non-random association of alleles at diverse loci in a given population.
Phenotype correlation-genotype correlation (PCGC) regression:  The PCGC software tool enables heritability estimation of qualitative and quantitative phenotypes, based upon the SNPs genotyped for a specific dataset.  It uses the regression method of Haseman and Elston.
RNA interference (RNAi): Is the process by which RNA molecules inhibit gene expression/translation, by neutralisation of targeted mRNA molecules.  RNAi is a precise, efficient, and stable technology for gene suppression.
Sample call rate:  Is defined by the calculation of the number of called SNPs per sample divided by the total number of SNPs in the dataset. The standard threshold for excluding samples is a call rate below 95%. Y-chromosomes should not be included when calculating per sample call rates.
Small interfering RNA (siRNA):  Is the most frequently utilised RNA interference (RNAi) means for inducing short-term silencing of protein coding genes. 
SNP call rate: For a given SNP, its call rate is defined as the proportion of inidividuals in a study for which the corresponding SNP information is not missing.  For example, a call rate of 95% for a certain SNP means that 95% of the individuals possess data for this SNP.
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[bookmark: _Toc492995523]:  INTRODUCTION

[bookmark: _Toc479709802][bookmark: _Toc492995524]1.1	Overview
Osteoarthritis (OA) is a degenerative joint disease that results in pain and loss of function. It is a complex, multifactorial disease that has a strong heritable component.  

The primary aims of this work are to investigate the genetic basis of radiographically endophenotyped hip and knee OA. This chapter outlines the epidemiology, aetio-pathogenesis, diagnosis and clinical manifestations of hip and knee OA.  The genetic basis of hip and knee OA and the motivations for this study will be described.

The secondary aim of this work is to investigate the genetic contribution to hip shape variation.  The relationship between hip shape and OA risk will be discussed, in addition to the evidence for a genetic component to hip morphology.

[bookmark: _Toc479709803][bookmark: _Toc492995525]1.2:	Osteoarthritis:  Epidemiology and Burden of Disease
OA is the most common form of arthritis and the most frequent cause of musculoskeletal disability in developed countries (Ingvarsson, 2000; Mannoni et al. 2003; Andrianakos et al. 2006).  It is the fifth leading cause of disability in older Western populations after cardiovascular, cerebrovascular, and pulmonary diseases (Michaud et al. 2006). 
OA prevalence increases with age and is estimated to affect 40% of individuals over the age of 70 years (Dieppe et al. 2005).  Whilst the overall gender prevalence is similar, men have a higher prevalence of hip OA before age 50 years, after which women have a higher prevalence (Felson, 1998).  Prevalence of knee OA in men is lower compared with women before age 55 years, and this disparity increases with age (Srikanth et al. 2005).  Although OA may affect any joint, it most commonly affects the knee followed by the hip (Zhang et al. 2006).  
The prevalence and burden of OA has steadily risen with the number of US adults with OA expected to reach 25% of the population by 2030 (Hootman et al. 2006).  In 1997, the economic costs of OA had reached upto 2.5% of the gross national product of several industrialized countries (March et al. 1997).   

[bookmark: _Toc479709804][bookmark: _Toc492995526]1.2.1:  Aetiology of Osteoarthritis
OA is a complex disease that involves an interplay of systemic risk (e.g., age, gender, and genetics), intrinsic joint risk factors (e.g., anatomic variants and misalignment), and extrinsic risk factors (e.g., repetitive physical activity, trauma, and obesity) (Reijman et al. 2007) (Figure 1-1).  
[image: ]
 (
Figure 
1
1
: Factors involved in the initiation and progression of OA
Adapted from 
M. B. Goldring & S. R. Goldring 2007
.
)


Environmental factors associated with knee OA include obesity (Blagojevic et al. 2010), biomechanical knee alignment (Khan, 2008; Sharma et al. 2010), previous knee injury (Blagojevic et al. 2010) and age (Blagojevic et al. 2010).  Malalignment, resulting from genetic, developmental, and/or traumatic factors, may lead to altered loading of the articular surfaces of the knee joint (Bruns et al. 1993) and subsequent degenerative change.  Despite this, a recent systematic review found only limited evidence for a relationship between knee malalignment and incident knee OA (Tanamas et al. 2009).  However, knee malalignment is an independent risk factor for progression of radiographic knee OA (Tanamas et al. 2009).  Other risk factors include high bone mineral density (BMD), presence of Heberden’s nodes/hand OA, female gender, intense physical activities and certain occupations have been associated with the onset of knee OA (Blagojevic et al. 2010).  All these factors may operate differently at different stages of the disease (Zhai et al. 2007).  

[bookmark: _Toc479709805][bookmark: _Toc492995527]1.2.2:  Pathogenesis of Osteoarthritis
The precise patho-aetiology remains unclear. It is possible that several mechanisms interact to cause disease initiation and progression.  
Age, gender, trauma, overuse, genetics and obesity each contribution to initiate the process of injury in different components of the joint; converging on a final common pathway involving synovial proliferation, degeneration of cartilage and bone remodelling (Abramson et al. 2006) (Figure 1-2).  This manifests as articular cartilage loss, osteophytosis, subchondral sclerosis, bone marrow lesions and alterations of the synovium (Krasnokutsky et al. 2008).  Localised proliferative and inflammatory synovial changes occur in up to 50% of OA patients, many of whom exhibit no clinical signs of inflammation (Ayral et al. 1996). The concept of OA as “degenerative joint disease” is being challenged by the hypothesis of OA as an inflammatory disorder where the inflammation is present at the molecular level within the articular cartilage (Loeser, 2008).  
The key events that occur in OA cartilage include an imbalance of anabolic and catabolic processes, driven by cytokines and inflammatory mediators.   Articular cartilage matrix damage results in the production of matrix fragments, including fibronectin, collagen, hyaluronic acid and other cartilage matrix proteins. These contribute to disease progression by stimulating the chondrocyte to produce a number of inflammatory mediators (Homandberg, 1999; Knudson et al. 2000; Pulai et al. 2005), including cytokines and chemokines (IL-1, IL-6, IL-7, IL-17, IL-18, MCP-1, LIF, GRO, and oncostatin M); reactive oxygen species (ROS) such as nitric oxide, superoxide, hydrogen peroxide and peroxynitrite; and lipid-derived inflammatory mediators such as prostaglandins and leukotrienes (Loeser, 2008).  These mediators stimulate the chondrocyte to produce proteolytic catabolic enzymes, such as matrix metalloproteinases (MMP’s), inhibiting matrix synthesis leading to cartilage loss.
The anabolic phase of matrix remodelling may be defective within OA cartilage.  Growth factors, including BMP-2, BMP-7, and TGF-Beta, are produced by chondrocytes and stored in the cartilage bound to matrix proteins.  Upon matrix degradation, these growth factors are released and should serve to abrogate the production of catabolic factors and synthesis of new matrix.  In the OA joint this anabolic repair response is insufficient or defective (Loeser, 2008).  
ROS have been also implicated in directly promoting chondrocyte apoptosis (Krasnokutsky et al. 2008).  Increased production of ROS is seen in ageing chondrocytes and following biomechanical stress (e.g., joint malalignment or obesity).  
At present, there exist no treatments that may slow or stop OA progression.  A greater understanding of the molecular and cytokine-based events that drive joint damage in OA progression are central to providing novel targets for effective disease-modifying OA drugs (DMOADs) in the future.  
 (
Figure 
1
2
: The molecular pathogenesis of OA
 
(Abramson et al. 2006)
.
)



[bookmark: _Toc479709806][bookmark: _Toc492995528]1.2.3:  The Clinical Signs of Osteoarthritis
OA presents with joint pain that is mechanical in nature and with loss of function.  Clinical examination demonstrates signs including; joint line tenderness, crepitus, reduced range of movement, angulation deformity, pain on passive movement, joint instability, antalgic gait, joint effusion and muscle atrophy.
[bookmark: _Toc479709807][bookmark: _Toc492995529]1.2.4:  The Radiological Diagnosis & Classification of Osteoarthritis
The diagnosis is made on the basis of a typical history, physical examination and radiographic findings.


[bookmark: _Toc479709808][bookmark: _Toc492995530]Kellgren and Lawrence Grading System
In 1957 Kellgren and Lawrence (KL) devised a radiographic grading system for the diagnosis of OA based upon the features of joint space narrowing, osteophytosis, and subchondral sclerosis and cysts (Kellgren et al. 1957).  The classification grades a joint from normal to severe (0-4) (Table 1-1).  Limitations of the system include the emphasis on osteophyte size and the use of imprecise terms such as “possible” and “gross” for characterising joint space reduction.  
[bookmark: _Ref479211934]
[bookmark: _Toc492996416][bookmark: _Toc479882015]Table 1‑1: KL atlas of standard radiographs of OA (hip) (Kellgren et al. 1957).
	Grade
	Description of features

	0
	No narrowing or osteophytes

	1
	Possible narrowing of joint space medially and possible osteophytes around femoral head

	2
	Definite narrowing of joint space inferiorly, definite osteophytes and slight sclerosis

	3
	Marked narrowing of joint space, slight osteophytes, some sclerosis and cyst formation and deformity of femoral head and acetabulum.

	4
	Gross loss of joint space with sclerosis and cysts, marked deformity of femoral head and acetabulum and large osteophytes.




[bookmark: _Toc479709809][bookmark: _Toc492995531]Osteoarthritis Research Society International Atlas
The requirement for increased detail in the interpretation of joint tissues (Spector and Cooper, 1993), led to the development of radiographic atlases as guides in the evaluation of individual OA features.  In 1996, the Osteoarthritis Research Society International (OARSI) atlas was published (Altman et al. 1995). This was updated in 2007 (Altman and Gold, 2007).  


[bookmark: _Toc479709810][bookmark: _Toc492995532]Local Bone Remodelling Response to Osteoarthritis
The degenerative remodelling changes of the hip in relation to the amount of osteophytosis was classified by Bombelli as: atrophic, normotrophic (or intermediate), or hypertrophic (Maistrelli et al. 1990).  An atrophic hip joint is characterised by bony attrition, large subchondral cysts, and a lack of osteophyte formation.  A hypertrophic hip joint is characterised by florid osteophytosis and subchondral sclerosis with the development of a grossly deformed “megahead” (Maistrelli et al. 1990).  The normotrophic response is intermediate.  

[bookmark: _Toc479709811][bookmark: _Toc492995533]1.2.5:  Treatment of Severe Osteoarthritis
Current therapeutic approaches focus on symptom control until joint replacement is used to replace the damaged joint due to disease progression.  There are no generally accepted selection criteria for joint replacement surgery in patients with OA (Altman et al. 2005; Katz, 2006).   The inconsistent association between radiographic and clinical findings further complicates the decision about when to surgically intervene (Birrell et al. 2005).  

[bookmark: _Toc479709812][bookmark: _Toc492995534]1.3:  The Relationship between Hip Morphology and Osteoarthritis Risk
The aetiology of hip OA is defined as secondary or primary (idiopathic).  Primary OA constitutes the majority of cases (approximately 90%).  Causes of secondary OA include inflammatory diseases (e.g., rheumatoid arthritis and ankylosing spondylitis), trauma (usually fracture), metabolic causes (e.g., calcium pyrophosphate disease and gout), developmental deformities (e.g., developmental dysplasia (DDH) and femoroacetabular dysplasia) and acquired causes (e.g., slipped capital femoral epiphysis (SCFE) and Legg-Calve-Perthe’s disease).   Hip OA in these examples is causally-related to the gross deformity.  For example, children with severe DDH characteristically possess a hypoplastic acetabulum, with incomplete coverage of a deformed femoral head.  These patients commonly develop progressive OA in late adolescence or young adulthood. 
Observations by Murray (Murray, 1965), and later Solomon (Solomon, 1976) and Harris (Harris, 1986), have demonstrated that over 90% of individuals with idiopathic hip OA exhibit subtle variations in acetabular and proximal femoral shape that precede the degenerative process. These developmental variations result in either acetabular dysplasia, which result in a shallow hip socket, and/or femoroacetabular impingement (FAI), which describes morphological abnormalities of the femoral head–neck junction, acetabulum, or both (Ganz et al. 2008).  These deformities result in a focal mechanical overload of articular cartilage, leading to subsequent OA (Leunig, Beaulé, et al. 2009).  
Acetabular dysplasia describes a series of anatomical variations in the shape of the acetabulum, leading to pain, impaired biomechanics, and ultimately OA.   With a prevalence of 3.4% in one large Danish series, acetabular dysplasia is relatively common in Europeans (Jacobsen et al. 2005).  
Reijman et al studied 835 patients from a baseline of no OA, in the Rotterdam cohort for a mean of 6.6 years.  The presence of acetabular dysplasia at baseline was associated with an increased risk of future hip OA (OR[95%CIs] = 2.4[1.2-4.7]) (Reijman et al. 2005).  Agricola and colleagues studied 720 individuals with no OA at baseline, over a 5-year period, and found that acetabular dysplasia was significantly associated with development of incident OA with ORs between 2.62 and 5.45 dependent on the radiographic view taken (Agricola et al. 2013a).  McWilliams et al, compared the non-degenerate contralateral hip of subjects with unilateral hip OA against the hips of controls without hip OA, sourced from the Nottingham Genetics Osteoarthritis and Lifestyle (GOAL) resource (McWilliams et al. 2010).  The unaffected hip in patients with unilateral hip OA had a decreased LCEA and acetabular depth compared with controls.  This was irrespective of side. The lowest tertile of the LCEA in contralateral hips was associated with an eightfold risk of OA (OR[95Cis]= 8.06[4.87-13.35]) and the lowest tertile of acetabular depth was associated with a 2.5-fold risk of OA (aOR 2.53, 95%CIs 1.28-5.00) (McWilliams et al. 2010).  
There exist two distinct types of FAI (Figure 1‑3).  Pincer FAI is characterised by the linear impact of the acetabular rim against the head-neck junction in a local (e.g., acetabular retroversion) or global (e.g., coxa profunda or protrusio) over-coverage of the acetabulum.  The cartilage damage is located circumferentially and includes only a narrow strip (Beck et al. 2005).   Cam FAI occurs with the abutting of a nonspherical extension (usually anterolaterally) of the femoral head into the acetabular cavity (Ganz et al. 2003), causing damage to the anterosuperior acetabular cartilage with labro-cartilagenous separation (Beck et al. 2005).  
In women, deformities associated with cam-type FAI and mild acetabular dysplasia are independent predictors of radiographic OA and THR at 19 years follow up (Nicholls et al. 2011; Thomas et al. 2014).  A cam-deformity identified by an alpha angle of greater than 65° had an increased risk of radiographic OA and THR with each degree increase in alpha angle conferring a 5% and 3% increase in risk respectively (Thomas et al. 2014).  Mild acetabular dysplasia increased the risk of radiographic OA development and THR with each degree reduction in LCEA below 28° associated with a 14% and 21% increase in risk respectively (Thomas et al. 2014).  
A nested longitudinal cohort study from the Johnson County Osteoarthritis Project, following up 120 White Americans and African Americans over a 13-year period from a baseline of no OA, reported an increased risk of OA amongst both men and women with a cam-type deformity, with an OR[95%Cis]=3.6[1.2-10.9] and 4.6[2.1-10.2] respectively (Nelson et al. 2016).   
Data from the CHECK study, suggested that cam-type FAI was strongly associated with 5-year risk of developing OA (OR 3.67 [95%CIs 1.7-8]) (Agricola et al. 2013b).  No associations have been identified between isolated pincer-type FAI and future OA risk (Nicholls et al. 2011; Agricola et al. 2013a; Thomas et al. 2014).



 (
Figure 
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: Proposed mechanisms of joint damage in FAI.
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A lateral view of the right hip representing 
Pincer FAI
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 (C&D) 
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[bookmark: _Toc492995535]1.3.1:  Hip Morphological Parameters and Their Associations with Risk of Osteoarthritis 
Whilst there is no standardised radiological classification system for FAI or acetabular dysplasia, there are several morphological measurements that have been used to describe different features of hip shape (Figure 1‑4).


[image: ]
[bookmark: _Ref479211976][bookmark: _Toc479881955][bookmark: _Toc495415858]Figure 1‑4: Radiological characteristics of FAI and Acetabular Dysplasia.
The associations between these radiological indices and OA risk is detailed in Table 1-2.


 

[bookmark: _Toc492996417]Table 1‑2:  List of associations between abnormal radiological morphological charactertistics of hip shape and OA.  
	Radiological Morphological Characteristic

	Study Design
	Value associated with risk
	Definition of OA
	Risk of developing OA
	Association with OA

	Lateral Center-Edge Angle (LCEA)
	Longitudinal case series, 4-29 year f/up, n=18 (20-35 yrs of age), no OA at baseline
	<20
	ROA
	All developed OA
	(Wiberg, 1939)

	
	Longitudinal case series, n=32 hips (age average 43 yrs), no OA at baseline, f/up 22 years
	<20
	ROA
	All developed OA
	(Cooperman et al. 1983)

	
	Longitudinal cohort study, cases (n=74, OA before age 65) versus controls (n=43, no OA before age 65). 
	<16
	KL≥2
	No controls had a LCEA < 16
	(Murphy et al. 1995)

	
	Cross-sectional cohort study, cases (n=566, all with unilateral OA) versus controls (n=1108, no OA).  Measurements taken from non-degenerate hip for cases.
	<20
	minJSW≤ 2.5mm
	OR[95%CIs] = 10.1[2.9-35]
	(McWilliams et al. 2010)

	
	Longitudinal cohort study, cases (n=58, developed OA by 8 years) versus controls (n=118, did not develop OA), all females (mean age 70 years), f/up 8 years.
	<30
	ROA
	OR[95%CIs] = 3.3[1.1-10.1]
	(Lane et al. 2000)

	
	Longitudinal cohort study, cases (n= 78, developed OA) versus controls (n=757, no OA), mean age 65 years, mean f/up 6.6 years
	<25
	KL≥2
	OR[95%CIs] = 2.4[1.2-4.7]
	(Reijman et al. 2005)

	
	Cross-sectional study, cases (presence of ROA) versus controls (no ROA), n=3859 total individuals.
	<20
	KL≥2
	OR[95%CIs] = 3.2[1.7-5.9]
	(Jacobsen et al. 2005)

	
	Cross-sectional cohort study, n=96 symptomatic (painful) hips, delayed gadolinium-enhanced magnetic resonance imaging of cartilage (dGEMRIC) index used as a marker OA
	<16
	dGEMRIC
	OR[95%CIs] = 1.06[1.02-1.11]
	(Jessel et al. 2009)

	
	Cross-sectional study, cases (presence of ROA) versus controls (no ROA), n=3620  total individuals
	<20
	minJSW≤ 2.5mm
	OR[95%CIs] = 1.6[0.98-2.5]
	(Gosvig et al. 2010)

	
	Longitudinal cohort study, all with no OA at baseline.  Cases (n=25, required THR) versus Controls (n=243, no THR), f/up 20 years
	N/A
	THR by 20 years
	Increased risk of
THR per 1 reduction in LCEA OR[95%CIs] = 1.11[1.02–1.18], P=0.017
	(Nicholls et al. 2011)

	
	Longitudinal cohort study, total n=1003 females (no OA at baseline), 20 year f/up
	<28
	KL≥2
	Each degree less than 28 = 14% increased risk of THR
	(Thomas et al. 2014)

	
	Longitudinal cohort study (CHECK study), n=720 total individuals (no OA at baseline), aged 45-65 years, 5 year f/up. 

	<25
	KL≥2
	OR[95%CIs] = 3.8[1.84-7.84] 
	(Agricola et al. 2013a)

	Horizontal Toit Externa (HTE)
	Cross-sectional cohort study.
	>15
	ROA
	>15 associated with OA
	(Tönnis, 1976)

	
	Longitudinal cohort study, cases  (n=74, ROA before age 65) versus controls (n=43, no ROA before age 65). 
	>15
	KL≥2
	No controls had a HTE > 15
	(Murphy et al. 1995)

	Acetabular depth to width ratio (AIDWR) 
	Longitudinal cohort study, cases  (n=74, ROA before age 65) versus controls (n=43, no ROA before age 65). 
	<38%
	KL≥2
	No controls had an AIDWR <38%
	(Murphy et al. 1995)

	
	Cross-sectional cohort study, cases (presence of ROA) versus controls (no ROA), n=3859 total individuals.
	<250*
	KL≥2
	OR[95%CIs] = 2.5[1.6-4.0]
	(Jacobsen and Sonne-Holm, 2005)

	Sharp’s Angle
	Longitudinal case series, n=32 hips (age average 43), no OA at baseline, f/up 22 years
	>45
	ROA
	All developed OA
	(Cooperman et al. 1983)

	
	Cross-sectional, case (OA) versus controls (no-OA) study, n=3620 individuals
	>45
	minJSW≤ 2.5mm
	OR[95%CIs] = 2.4[2-2.9]
	(Gosvig et al. 2010)

	Alpha Angle
	Cross-sectional case series, n=164 patients, all awaiting THR for OA
	>50
	THR
	42% of those scheduled for THR had CAM deformity (ie, alpha angle >50)
	(Gosvig et al. 2007)

	
	Cross-sectional cohort study, n=965 cases (presence of ROA) versus n= 1111 controls (no ROA).
	PGD presence
	minJSW≤ 2.5mm
	OR[95%CIs] = 6.7[4.6-10.4]
	(Doherty et al. 2008)

	
	Cross-sectional cohort study, cases (presence of ROA) versus controls (no ROA), n=3620 individuals total.
	PGD presence
	minJSW≤ 2.5mm
	OR[95%CIs] = 2.2[1.7-2.8]
	(Gosvig et al. 2010)

	
	Cross-sectional cohort study, cases (presence of ROA) versus controls (no ROA) study, n=50 individuals total.
	>50
	KL≥2
	OR = 2.7
	(Barros et al. 2010)

	
	Longitudinal cohort study, all with no OA at baseline.  Cases (n=25, required THR) versus controls (n=243, no THR), f/up 20 years
	N/A
	THR by 20 years
	Per 1 increase in alpha angle the increased risk of THR was 5.8% [95% CI] 2.3–9.3) (P < 0.001)
	(Nicholls et al. 2011)

	
	Longitudinal cohort study, n=1003 females (no OA at baseline), 20 year f/up
	>65
	KL≥2
	Per 1 above 65, OR[95%CIs] = 1.05[1.01-1.09]
	(Thomas et al. 2014)

	
	Longitudinal cohort study (CHECK study), n=720 individuals total (no OA at baseline), aged 45-65 years, 5 year f/up

	>60
	KL≥2
	OR[95%CIs] = 3.67[1.7-8]
	(Agricola et al. 2013b)

	
	Longitudinal cohort study, n=239 hips (no OA at baseline), mean 12.7 year f/up
	>60
	KL≥3
	Men: OR[95%CIs] = 3.6 [1.2-10.9]; Women: OR[95%CIs] = 4.6[2.1-10.2)
	(Nelson et al. 2016)

	Femoral head to neck femoral width ratio (FHFNR)
	Cross-sectional cohort study, n=965 cases (presence of ROA) versus n= 1111 controls (no ROA)
	<1.27
	minJSW≤ 2.5mm
	OR[95%CIs] = 12.08 [8.05–18.15]
	(Doherty et al. 2008)

	Modified proximal femoral angle (MPFA)
	Longitudinal cohort study, n=43 hips (Tonnis Grade 1 or 2 OA at baseline), f/up minimum 10 years.
	<84
	Tonnis≥2
	Each 1 less than 84 increased risk of OA progression OR[95%CIs] = 1.21[1.03-1.35)

	(Bardakos et al. 2009)

	Femoral neck shaft angle (FNSA)
	Cross-sectional cohort study, n=965 cases (presence of ROA) versus n=1111 controls (no ROA)
	<116 and >140
	minJSW≤ 2.5mm
	OR[95%CIs] = 1.75 [1.01–3.03] & OR[95%CIs] = 2.24[1.50–3.35] respectively
	(Doherty et al. 2008)

	
	Cross-sectional cohort study, cases (presence of ROA) versus controls (no ROA), n=50 individuals in total
	N/A
	KL≥2
	Cases mean FNSA = 134.2 (SD 7.5); Controls mean FNSA = 130.5 (SD 5.6); p=0.003
	(Barros et al. 2010)

	
	Cross-sectional cohort study, cases (presence of ROA) versus controls (no ROA), 4,140 subjects total (mean age 77 years) from the Osteoporotic Fractures in Men study. 
 
	<125
	Croft≥2
	OR[95%CIs] = 2.09[1.24–3.51]
	(Nardo et al. 2015)



ROA=Radiographic OA; minJSW=Minimum joint space width; PGD=pistol grip deformity; dGEMRIC= delayed gadolinium-enhanced magnetic resonance imaging of cartilage; SD=standard deviation; f/up= follow up.
*AIDWR = (acetabular depth / acetabular width) x 100
 (
43
)

 

Acetabular dysplasia is defined by elevated acetabular inclination (quantified by the Sharp’s angle, acetabular tilt, and horizontal toit externa (HTE)) (Tönnis, 1976; Cooperman et al. 1983; Nicholls et al. 2011), a shallow acetabulum (quantified by the acetabular depth to width ratio (AIDWR)) (Murphy et al. 1995), and lateralisation of the femoral head (quantified by the lateral center-edge angle (LCEA)) (Wiberg, 1939)).
Gosvig et al performed a cross-sectional study of 3,620 individuals from the Copenhagen Osteoarthritis Substudy cohort (Gosvig et al. 2010).  Using the radiographic definition of OA as minimum JSW of ≤2.5mm, they report an association between an elevated Sharp’s angle (>45 degrees) and incident OA (OR[95%CIs] = 2.4[2-2.9]) (Gosvig et al. 2010).  Horizontal Toit Externa (or the Tonnis angle) is a measure of the inclination of the weight-bearing sourcil of the acetabulum.  The normal range is generally accepted to be 0-10 degrees.  Murphy followed the status of the contralateral hip in 286 patients who had had a THR for OA secondary to dysplasia (Murphy et al. 1995).  None of the patients in whom the hip was OA-free at the age of 65, had a HTE greater than 15 degrees, or a AIDWR of less than 38%, or a LCEA less than 16 degrees (Murphy et al. 1995). 
It is generally thought that an LCEA of less than 20 degrees represents under-coverage of the femoral head and therefore acetabular dysplasia.  Several studies have reported an increased prevalence of incident OA, and an increased risk of future OA with an LCEA of <20 degrees, reporting OR’s ranging from 1.1-10.1, dependent on the definition of OA (McWilliams et al. 2010) (Lane et al. 2000; Reijman et al. 2005; Jacobsen et al. 2005; Jessel et al. 2009)  (Gosvig et al. 2010)  (Nicholls et al. 2011; Agricola et al. 2013a; Thomas et al. 2014).
An alpha angle of greater than 50 degrees, a femoral head to femoral neck width ratio of less than 1.27, or the presence of a Pistol Grip deformity, is generally thought to represent a Cam-type FAI (Doherty et al. 2008). A pistol grip deformity denotes a non-spherical femoral head shape and is named such after the appearance of a Flintlock pistol grip.
Several studies report the association between an alpha angle of greater than 50 degrees (Gosvig et al. 2007; Barros et al. 2010) or greater than 60 degrees (Agricola et al. 2012; Thomas et al. 2014; Nelson et al. 2016) with both incident and future risk of OA.  Doherty et al, reported that a FHFNR < 1.27 or the presence of a pistol grip deformity was associated with a 12 and 7 fold increase respectively in the rate of incident OA (Doherty et al. 2008).  
Other morphological indices unrelated to acetabular dysplasia or FAI are known to be associated with OA risk.  These include the femoral neck-shaft angle (FNSA) and the modified proximal femoral angle (MPFA).  Nardo et al, performed a cross-sectional study of 4,140 subjects total from the Osteoporotic Fractures in Men study, comparing 3 hip morphology measures and their association with prevalent hip OA defined as Croft ≥2 (Nardo et al. 2015).   A significant association between FNSA <125 degrees and OA (OR[95%CIs] = 2.09[1.24–3.51]) was reported (Nardo et al. 2015).  A similar association between FNSA and incident OA was reported by Doherty et al, in a large cross-sectional cohort study of 965 cases with OA versus 1,111 controls with no OA (Doherty et al. 2008).   Associations between a low FNSA (<116 deg) and high FNSA (>140 deg) with OA prevalence (OR=1.8 and 2.2 respectively) were reported (Doherty et al. 2008).  

Bardakodas and Villar, in a longitudinal study of 43 hips with either Tonnis Grade 1 or 2 OA at baseline, reported that an MPFA < 84 degrees was associated with an increased risk of OA progression at 10 years (Bardakos et al. 2009).  In fact each degree less than 84 degrees increased the risk of OA progression 20.6 times (95% CIs 3.4 to 34.8) (Bardakos et al. 2009). 


Hip Preservation Surgery
The goal of surgery for FAI and acetabular dysplasia is to relieve pain and hopefully prevent or delay the onset of OA.  
In a recent systematic review the outcomes of operative treatment of FAI were found to be significantly better than nonsurgical management (Harris et al. 2013).  The studies however were largely limited to level IV evidence (Harris et al. 2013).  Recruitment toward the first multicentre randomised controlled trial (The Fashion Study) investigating the 12-month outcomes of physiotherapy versus surgery in the treatment of FAI (Wall et al. 2016) is currently underway.  Whilst a few studies have revealed improved hip biomechanics post correction, whether FAI-corrective surgery prevents OA has not been clearly demonstrated (Sampson et al. 2015).  Despite this, there exists evidence that restoring normal hip anatomy may delay the onset of OA.  Comba et al reported in their group of 42 patients that had undergone hip arthroscopy for FAI, that those patients with pre-operative Tonnis grade 0 or 1 hips did not require a THR at 7 years follow-up (Comba et al. 2016).  Additionally, Beaule et al, in their group of 10 patients that had undergone surgical correction of FAI, demonstrated evidence of decreased BMD and decreased cartilage degeneration at the previous zones of impingement, at a mean of 2 years post surgery (Beaulé et al. 2017).
Since its introduction in 1984 (Ganz et al. 1988), the Peri-Acetabular Osteotomy (PAO) has become one of the most frequently performed operations to treat acetabular dysplasia.   During the procedure, the acetabular sourcil is redirected to provide optimal coverage of the femoral head, improving hip biomechanics, reducing pain, and delaying the onset of OA.  At 20 (Steppacher et al. 2008) and 30 years (Lerch et al. 2017) followup following a PAO for dysplasia, 60% and 29% of patients respectively reported good to excellent clinical results, no progression of OA, and no need for conversion to THR.  

 
[bookmark: _Toc479709816][bookmark: _Toc492995536]1.4:  Identifying the Genetic Basis of Disease
Detailed below is an introduction to the fundamental principles of genetic epidemiology, and the various methods employed to identify genetic markers associated with complex disease.  Focus is then placed on the recent technological advancements that enable high throughput genome-wide association studies. The ‘missing heritability’ associated with genome-wide association studies thus far is also discussed.

[bookmark: _Toc479709817][bookmark: _Toc492995537]1.4.1:  Introduction to Genetic Epidemiology
Genetic epidemiology is the study of genetic factors and their interaction with environmental factors in the occurrence of disease in human populations (Khoury et al. 1993).  
The Human Genome Project (HGP) successfully sequenced the human genome by 2004 (International Human Genome Sequencing Consortium, 2004).  In 2005, the International Hapmap Project (Thorisson et al. 2005), developed a haplotype map (HapMap) of the human genome, which described the common patterns of human genetic variation.  In 2010, the 1000 Genomes Project released the most detailed series of human genetic variation, providing data on approximately 15 million SNPs with frequencies as low as 0.1% in the populations studied (1000 Genomes Project Consortium et al. 2010; 1000 Genomes Project Consortium et al, 2012). At the time of writing this thesis, data from the UK 10K Project and Haplotype Reference Consortium are being periodically released, and provide an even deeper insight into how low frequency and rare genetic variants contribute to disease (Muddyman et al. 2013). 

[bookmark: _Toc479709818][bookmark: _Toc492995538]1.4.2:  Basics of DNA
DNA is a linear molecule consisting of two long polynucleotide chains composed of four types of nucleotide subunits. Each of these chains is known as a DNA strand. Each single strand has two different ends called 5’ and 3’, oriented in opposite directions. 
Hydrogen bonds between the nucleotide bases hold the two chains together, in a double-helix configuration.  Nucleotides are composed of a five-carbon sugar to which are attached one or more phosphate groups and a nitrogen-containing base. In the case of the nucleotides in DNA, the sugar is deoxyribose attached to a single phosphate group  (deoxyribonucleic acid), and the base may either be adenine (A), cytosine (C), guanine (G), or thymine (T) (Alberts et al. 2014). The nucleotides are covalently linked together in a chain through the sugars and phosphates, which thus form a “backbone” of alternating sugar-phosphate-sugar-phosphate.   The members of each base pair can fit together within the double helix only if the two strands of the helix are antiparallel (A-G, T-C) (Alberts et al. 2014).  A consequence of these base-pairing requirements is that each strand of a DNA molecule contains a sequence of nucleotides that is exactly complementary to its partner strand.  The human genome consists of an estimated 3.3 billion pairs of bases (Burton et al. 2005).
Specific triplets of bases (codons) correspond with specific amino acids.  In total, 64 triplet combinations are possible.  Amino acids provide the building blocks from which proteins are made.  Most genes consist of introns (non-coding sections) and exons (coding sections).  Transcription is the process by which the DNA sequence is copied into a single-stranded messenger RNA (mRNA) by the enzyme RNA polymerase. This is the first step of gene expression.  The transcribed RNA is similar to DNA, but T is replaced with U (uracil), and only contains exons.  If the gene transcribed encodes a protein, the transcribed RNA transports the code to ribosomes for decoding and subsequent protein synthesis, a process called translation.  The ribosome facilitates decoding by inducing the binding of complementary Transfer RNA (tRNA) anticodon sequences to mRNA codons.  Mutations in 1 or more bases (e.g., A-G or T-C) modify the sequence, resulting in a change to the amino acid sequence.  This can alter the genetic code, either as a substitution or frameshift, and consequently affects the resulting peptide structure and function.   

[bookmark: _Toc479709819][bookmark: _Toc492995539]1.4.3:  Genetic Variation
99·9% of the genome between unrelated individuals is identical.  The remaining 0.1% may vary in several ways.  Genetic variation at a designated locus is termed a polymorphism. Structural polymorphisms can manifest in several ways; single nucleotide polymorphisms (SNP’s), various repetitive elements that involve relatively short DNA sequences (for example, micro- and minisatellites), and small (usually <1 kb) insertions, deletions, inversions and duplications (Feuk et al. 2006).   The most important classes are microsatellites and SNPs (Burton et al. 2005).   A SNP, the commonest variation, affects only a single nucleotide base at a specific locus within a gene.  SNPs generally have 2 alternative forms called alleles (Figure 1-5). The frequency of the least common allele of an SNP in a population is termed the minor allele frequency (MAF), and varies between populations.  A locus at which two SNP alleles are both present at a frequency of 1% or greater is termed a common SNP (Gibbs et al. 2003).  Throughout the human genome there are approximately 15 million SNPs (1000 Genomes Project Consortium, 2012).
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[bookmark: _Toc479881957][bookmark: _Toc495415859]Figure 1‑5: Single nucleotide polymorphism (SNP) (Dnabaser.com 2015). 

SNPs can be located in either protein-coding or non-coding regions of the genome.  Non-synonymous SNPs are located in protein-coding regions and modify the amino acid order in the gene product.  The more common synonymous SNPs do not affect code sequence and may occur anywhere (intronic and intergenic) (Carlson et al. 2004).  A non-synonymous SNP in a coding sequence is therefore more likely than other categories of SNP to alter protein expression or function (Carlson et al. 2004), and therefore contribute to disease.
The human genome consists of 22 homologous pairs of autosomal chromosomes and one pair of sex chromosomes.  The mother and father each provide one chromosome in each of the 22 homologous pairs.   The two homologues despite having the same sequence of genes in the identical positions, can usually be distinguished by sequence variations at various loci.
Meiosis is the process of cell division and associated replication and separation of DNA that proceeds to the creation of sperm and ova (Alberts et al. 2014).  During meiosis, each chromosome lines up with its opposite number, and crossing over or recombination of random sections of genetic material (alleles) occurs between the 2 chromosomes. Two genetic loci are linked if their alleles are inherited together more often than would be expected by chance (Gabriel et al. 2002). This non-random process called linkage disequilibrium, occurs if the two loci are close enough that they tend not to be separated by crossing over. The degree of LD however, between any 2 loci does not correlate in a precisely predictable way with the physical distance between them (Reich et al. 2001).   Gene mapping utilises the natural processes of crossing over and recombination during meiosis via linkage disequilibrium (Pritchard et al. 2001).  For instance, alleles of SNPs that remain together during recombination, are passed predictably from parent to offspring, and can therefore assist as proxies for each other.  The r2 statistic quantifies this correlation between two SNPs, and ranges from 0, where there is no correlation, to 1 where perfect correlation exists (Pearson, 2008).  Genome-wide association studies, as explained later, rely on this phenomenon of linkage disequilibrium, with one SNP acting as a ‘tag’ or ‘marker’ for several other SNPs.

[bookmark: _Toc479709820][bookmark: _Toc492995540]1.4.4:  Identifying the Heritability of Disease
Heritability is the proportion of the entire phenotypic variation in a trait that can be accredited to genetic effects (Manolio et al. 2009).  Evidence of heritability, can be deduced by assessing phenotypic aggregation within families.  If a disease is heritable, the relatives of individuals with the disease should be more likely to suffer from the same disease themselves than members of the background population.   Familial studies make no attempt to ascertain the cause of this correlation (Burton et al. 2005).  In binary traits, familial aggregation can be quantified by the recurrence risk ratio (Risch, 1990).  The recurrence risk ratio is a ratio of prevalence’s (Rothman et al. 2008).  The intra-family correlation coefficient (ICC) is commonly used to assess familial aggregation of continuous traits (Burton et al. 2005). 
[bookmark: _Toc479709821][bookmark: _Toc492995541]1.4.5:  Methods of Identifying Associated Genetic Variants
There are 2 general approaches to mapping genes that predispose to disease; linkage and association studies.  
Linkage analysis, by use of observations of related individuals down the generations of a pedigree, is used to identify broad genomic regions that might contain a disease gene.   By genotyping genetic markers and studying their segregation through pedigrees, it is possible to infer their position relative to each other on the genome. This process can be done to map genetic markers or to map disease or trait loci (Teare et al. 2005).  Linkage analysis has been most successful when applied to disorders of simple Mendelian inheritance.  Its success has been limited in the study of complex diseases.  This has been due to issues of poor phenotypic definition, inadequate sample size (and subsequent power), and its ability to only identify relatively large regions of interest.  
The more commonly used approach to gene mapping is via association studies, either candidate or genome-wide.  The basic premise identifying SNPs that occur more frequently within those that have a disease (cases), compared to those that do not (controls).  

Candidate Gene Association Study
The candidate gene approach selects candidate genes based on a priori knowledge of the gene’s biological function. Variants are often selected on the basis of limited and flawed theories of the mechanisms relating genes with disease (Tabor et al. 2002).  Many candidate gene associations do not replicate in ensuing studies (Hirschhorn et al. 2002) (Morgan et al. 2007). 
Despite these criticisms, there have been many successful candidate gene studies.  A good example is the association between SORL1 and Alzheimer’s disease (J. H. Lee et al. 2007).  Another is the robust, replicated association between dopamine D4 receptor (DRD4) and attention deficit hyperactivity disorder (ADHD) (Faraone et al. 2001).
[bookmark: _Toc479709822][bookmark: _Toc492995542]The Genome-Wide Association Study (GWAS)
A GWAS is defined as a study of genetic variants across the entire human genome of individuals in order to discover genetic associations with a particular disease or trait (National Institute of Health (US), 2007).  There are now over 2000 loci where GWAS have found one or more SNPs to be associated with altered risk of a complex trait disease (Pal et al. 2015).   The associated common variants have individually only modest effects, often with odds ratios of less than 1.2 for dichotomous traits, or with explained variance of less than 1% for quantitative traits (de Bakker et al. 2008). A role for common variants with large effects can effectively be ruled out given the power of single studies to detect such effects and the relatively complete coverage of common variation of genome-wide SNP arrays (Barrett et al. 2006; Pe'er et al. 2006).
The GWAS method has been ground-breaking because it allows investigators to scan the entire human genome using a hypothesis-free approach, in many thousands of individuals (Hirschhorn et al. 2005).  GWAS signifies an important progression over candidate gene and pedigree-based linkage studies (Pearson, 2008).
Pearson describes the typical GWAS consisting of 4 elements: (1) the selection of a large group of cases who exhibit the disease or trait (phenotype) under investigation, and a large group of controls with whom to compare; (2) the acquisition of DNA and its genotyping, and quality control procedures to ensure accurate genotyping; (3) association tests between the SNPs and the phenotype of interest (4) identification of suitable replication cohorts, and subsequent replication of associated variants from the discovery study. Meta-analysis of association results is then invariably performed, with functional studies also an option (Pearson, 2008).  Multistage designs are used by many GWAS in order to minimise the frequency of false-positive associations and provide cost-effectiveness whilst maintaining statistical power (Hirschhorn et al. 2005). 
GWAS is able to unearth interactions between genes, as with APOE and GAB2 in Alzheimer disease (Reiman et al. 2007).  It can also, as in the case of exfoliation glaucoma (Thorleifsson et al. 2007) and atrial fibrillation (Gudbjartsson et al. 2007), discover high-risk genotypes or aggregation of several SNPs within a particular gene.  GWAS have also identified genetic variants related to quantitative traits such as height (Weedon et al. 2007) and body mass index (BMI) (Warrington et al. 2015).  
GWAS are classically primarily executed on a discovery cohort of cases and controls.  Only the SNPS (<5% of the total number in the discovery dataset) with the most statistically prominent associations are then taken forward for replication in independent case-control studies, limiting the eventual associations to those with the lowest p-values in the discovery study (Hoover, 2007)
The selection of study participants is vital.  Case misclassification can dilute the power of a study and prejudice the outcome toward no association.  In addition, as shown in the large-scale GWAS of the highly heterogenous disease OA, the investigation of stratified, homogenous endophenotypes, are likely to lead to an increased number of genetic discoveries underpinning disease development (Panoutsopoulou and Zeggini, 2013).    
Selection of genotyping platform (technology used to assay the genotypes of the study participants) is influenced by; the number of SNPs to be examined, the available budget, resources, and sample size.  The ideal platform combines high throughput and accuracy with low cost per SNP analysis (Kwok, 2001; Syvänen, 2001).   
Many platforms exist, with several being able to genotype millions of sites simultaneously, for example, the Illumina Inc. BeadArray technology (Shen et al. 2005).  BeadArray technology combines a miniaturized array platform with a high level of assay multiplexing and scalable automation.
[bookmark: _Toc479709825][bookmark: _Toc492995543]1.4.6: Meta-analysis and Replication
Almost all of what we presently know about the genetics of human polygenic disorders and quantitative traits has derived from meta-analysis of genome-wide association data (Panagiotou et al. 2013). 
Meta-analysis is defined as a statistical method, which allows the quantitative synthesis of results from different studies in order to estimate a common summary effect (Lau et al. 1997). The need for large sample sizes meant that meta-analysis of GWAS data from different studies was recognized as the appropriate method to achieve adequate sample sizes and optimal power for the discovery of genetic associations with modest effect sizes (Evangelou et al. 2007; Skol et al. 2007). Meta-analysis of multiple GWAS datasets is now a well-established and validated strategy for both discovery and replication of genetic association studies (Skol et al. 2007).
GWA meta-analysis is feasible due to technical advances in imputation of missing genotypes between different studies (de Bakker et al. 2008; Li et al. 2009), but also due to the creation of consortia that facilitate sharing of data between the different studies (Panagiotou et al. 2013). 
Replication of results in independent samples is an important strategy for unscrambling the small number of true positive associations from the majority of false positives associations reported in the discovery GWAS (Chanock et al. 2007).  
Replication is initially attempted in cohorts that are as comparable as possible to the discovery study, but then may be broadened to include different populations or study designs, in order to provide greater generalisability and validity (Pearson, 2008).   
[bookmark: _Toc479709826][bookmark: _Toc492995544]1.4.7:  Missing Heritability
Robustly associated loci identified by GWAS, either singly or in aggregate, typically explain only a small proportion of trait heritability (Manolio et al. 2009).   This issue of missing heritability is clearly demonstrated in the study of complex diseases such as OA.  Whilst familial studies report heritability estimates of between 40-65% for OA (MacGregor et al. 2008), all reported OA-associated SNP discoveries thus far only explain a fraction (<12%) of the overall genetic component (Panoutsopoulou and Zeggini, 2013).  This so-called “missing heritability”, is likely to be explained by low frequency and rare variants, gene–environment interactions, structural variants, and epigenetic changes (Manolio et al. 2009).   Nearly half of the disease-associated SNPs from published GWAS are not located in or near known genes (gene deserts) (O'Sullivan, 2014).
Phenotype misclassification also substantially reduces the power to detect association, particularly in case-control studies (Y. Yang et al. 2004; Edwards et al. 2005; Barral et al. 2006; Gordon et al. 2007; Buyske et al. 2009).  
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[bookmark: _Toc492995545]1.4.8:  Importance of Phenotype Definition
The majority of variants discovered via GWAS convey small effects sizes. Optimising statistical power for the detection of such small effects is crucial (Evangelou, Fellay, et al. 2011).   Phenotype classification and heterogeneity are important factors to overall success, principally through their influence on statistical power.  Statistical power has traditionally been sought by maximising sample sizes and detecting variants with large effect sizes.  Lenient definitions and relaxed eligibility criteria may allow for more participants to be eligible but may dilute genetic effects if the phenotype measurements become imprecise (Ji et al. 2006; Wojczynski et al. 2008). 
Three phenotypic measurement issues, namely, phenotypic complexity, measurement bias, and phenotypic resolution, provide additional viable explanations of the missing heritability (van der Sluis et al. 2010).  Whilst this is most relevant in the study of many unobservable psychological and psychiatric traits, so called latent variables, where phenotypic modelling poses a challenge (Mellenbergh & Van Heerden 2003), optimised modelling of the phenotypic part of the genotype-phenotype data improves the power to detect genetic variants by 20-99% (van der Sluis et al. 2010).
This loss of statistical power to detect a genetic variant is a function of phenotypic resolution (or reliability) of a test.  Test-reliability is expressed as an approximation of the ratio of the variance attributable to the latent trait of interest (systematic variance) to the total variance of the measure (including unsystematic and error variance) (van der Sluis et al. 2010).   Therefore, if a sample size of N<780 is required for a power of 80% to detect a genetic variant that explains 1% of the variance in the error-free trait, then N<1300 is required to achieve the same power if the phenotypic instrument has a reliability of .7 (van der Sluis et al. 2010).
The heterogeneous nature of complex diseases with respect to genetic susceptibility and disease pathophysiology (Manchia et al. 2013) is also not fully captured during the phenotypic modelling process.  OA is a highly heterogeneous disease with varying and distinct clinical and radiological manifestations, such as varying patterns of anatomical joint involvement and bone remodelling responses to the disease, each with differing genetic contributions.   Disease heterogeneity reduces the statistical power to detect genetic association and greatly decreases the estimates of risk attributed to genetic variation (Manchia et al. 2013). As the degree of heterogeneity increases (defined as the presence of “non-cases” within a case population), so does the minimum sample size required to achieve sufficient statistical power. For example, heterogeneity of 50% increases the required sample size by approximately three times (Manchia et al. 2013).  
In psychiatric disorders, the strategy of studying more homogenous sub-groups of individuals has been shown to significantly decrease the number of cases needed for adequately powered genetic studies (Jaitovich-Groisman & Cruceanu 2010; Davies 1986).   Similarly, the investigation of the quantitative trait bone mineral density (BMD) in a GWAS for osteoporosis, confirmed substantial increases in power gained as a result of utilising a phenotype closer to the underlying biology of the disease (Estrada et al. 2012).  Fifty-six loci associated with BMD at genome-wide significance, whereas only 6 associated at that same theshold with a clinical history of fracture (Estrada et al. 2012).
Therefore, in spite of an inherent loss of sample size, the study of more homogenous, narrower phenotypes, contiguous with the biology of a disease, has the potential to lead to the discovery of many more variants behind individual mechanisms of disease development and progression.  In addition, the effect sizes of those marginally significant variants identified in GWAS may be larger if they were examined in more homogeneous samples (Manchia et al. 2013; Evangelou et al. 2011), further closing the gap of missing heritability. 
[bookmark: _Toc479709828][bookmark: _Toc492995546]1.5:  The Genetic Aetiology of Osteoarthritis
Twin studies estimate the genetic contribution to susceptibility of radiographic OA at the hip and knee in women is between 39% and 70% (MacGregor et al. 2008).  Strength of heritability is site-specific with hand and hip OA more heritable than knee OA (MacGregor et al. 2008; Loughlin, 2005).  Individual radiographic features of OA (e.g. osteophytes and joint space narrowing) differ in their heritability both within and between body sites (Spector & MacGregor, 2004).  There is a genetic contribution to cartilage volume and progression of disease (MacGregor et al. 2000) (Figure 1-6). 
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[bookmark: _Ref479212180][bookmark: _Toc479881962][bookmark: _Toc495415860]Figure 1‑6: Interplay between genetics, load history, hip shape, and cartilage type to subsequent OA risk.

Prior to the advent of GWAS, several candidate gene association studies and 5 genome-wide linkage scans demonstrated limited success in identifying robust replicating genetic loci affecting OA risk (Ikegawa, 2007; Jiang et al. 2006; Lane et al. 2006; Miyamoto et al. 2007; Valdes et al. 2007).   The notable exception being rs143383 in the GDF5 gene (Miyamoto et al. 2007; Evangelou et al. 2009).  GDF5 encodes growth differentiation factor 5, a bone morphogenetic protein involved in joint formation (Miyamoto et al. 2007).  In the discovery study, an association with hip OA of rs143383 (T allele) located in the 5’-UTR of GDF5 was reported in Japanese and in Chinese cohorts (Miyamoto et al. 2007).  Pooled evidence for association from two independent Japanese studies attained genome-wide significance with allelic OR[95%CIs] of 1.79 [1.53 -2.09], p=2×10-13 (Miyamoto et al. 2007).  The GDF5 SNP was later associated with knee OA in Caucasians in a subsequent meta-analysis across a total of 6,861 knee OA cases and 10,103 controls, with allelic OR[95%CIs] of 1.16 [1.10-1.22], p=9.6x10-9 (Valdes et al. 2011a).  
To date, GWAS of OA have identified 14 novel associations at genome-wide significance, 2 from studies in individuals of Asian origin (Miyamoto et al. 2008; Nakajima et al. 2010), and 12 from studies performed in individuals of European ancestry (Kerkhof et al. 2010; Evangelou et al. 2011; Day-Williams et al. 2011; arcOGEN Consortium et al. 2012; Evangelou, et al. 2013; Evangelou et al. 2013).  DVWA, located on human chromosome 3p24.3 was identified as a susceptibility locus for knee OA in Japanese and Chinese patients (Miyamoto et al. 2008).  This association was replicated in a Japanese cohort and a Han Chinese case-control cohort (combined p= 7.3x10-11) (Miyamoto et al. 2008).  Expressed specifically in cartilage, DVWA encodes a protein with two regions corresponding to the von Willebrand factor type A domain (VWA domain).  
Through a GWAS and replication of a total of 4,800 Japanese subjects, rs7775228 and rs10947262, associated with knee OA (combined p = 2.43×10−8 for rs7775228 and 6.73×10−8 for rs10947262) (Nakajima et al. 2010).  The two SNPs are located between a region of HLA-DQA2 and HLA-DQB1, and within the intron 1 of BTNL2, respectively.  HLA class I and II alleles have previously shown association with generalised OA in Caucasian (Pattrick et al. 1989) and Japanese (Wakitani et al. 2001) populations
In 2010, a discovery GWAS conducted in Rotterdam and its subsequent meta-analysis in 12 additional European study populations (total 14,938 cases and 39,000 controls) identified a novel variant rs3815148 on chromosome 7q22 to be robustly associated with knee and/or hand OA (OR[95%CIs] =1.14[1.09-1.19], p=8x10-8) (Kerkhof et al. 2010).  This variant located in intron 12 of the COG5 gene, was in almost complete linkage disequilibrium with a large (500kb) block that contained six genes; PRKAR2B (protein kinase, cAMP-dependent, regulatory, type II, beta), HPB1 (HMG-box transcription factor 1), COG5 (component ofoligomeric golgi complex 5), GPR22 (G protein-coupled receptor 22), DUS4L (dihydrouridinesynthase 4-like), and BCAP29 (the B-cell receptor-associated protein 29).   
The Treat-OA Consortium established an additional variant associated with hip OA, rs6094710, located near NCOA3 (nuclear receptor co-activator 3) with OR[95%CIs] = 1.28[1.18-1.39], p=7.9×10-9 (Evangelou et al. 2013).   NCOA3 is expressed in articular cartilage and its expression is significantly reduced in OA cartilage compared to non-OA cartilage (Evangelou et al. 2013). 
The C allele of rs12982744, located in DOT1L was associated with hip OA in Caucasian men (OR[95%CIs] =1.17[1.11-1.23], p=7.8×10-9) following a large-scale meta-analysis effort between the Treat-OA Consortium and UK data (arcOGEN consortium), Estonia (Estonian Genome Centre of the University of Tartu) and other studies (Evangelou, Valdes, et al. 2013).  DOT1L (DOT1-like, histone H3 methyltransferase) is expressed in OA articular chondrocytes with knockdown of DOT1L resulting in inhibition of chondrogenesis in vitro (Castano-Betancourt et al. 2012). 

By application of 1000 genome-based imputation methodology and large-scale meta-analysis (total of 19,041 OA cases and 24,504 controls), Day-Williams et al were able to detect a risk locus on chromosome 13, associated with OA in Europeans (Day-Williams et al. 2011).  Rs11842874 (OR[95%CIs] =1.17 [1.11–1.23], p=2.1 x 10-8) is located in an intronic region of MCF2L (MCF.2 cell-line-derived transforming sequence-like), encoding the guanine-nucleotide exchange factor (Day-Williams et al. 2011).  MCF2L studies in rat models of OA have shown expression in articular chondrocytes (Appleton et al. 2007; Gouze et al. 2006).  
Following large-scale replication in an independent set of 7,473 cases and 42,938 controls, a total of 5 risk loci at genome-wide significance were identified by the arcOGEN study, namely, the Chr3p21.1 locus, ASTN2, FILIP1/SENP6 locus, KLHDC5/PTHLH locus, and CHST11 (arcOGEN Consortium et al. 2012).  
Two SNPs located in region Chr3p21.1, associated with hip and knee OA, namely, rs6976 (OR[95%CIs] =1.12[1.08-1.16], p=7.24x10-11) situated in the 3’ UTR of GLT8D1 (glycosyltransferase 8 domain containing 1), and rs11177 (OR[95%CIs] =1.12[1.08 -1.16], p=1.25x10-10) within exon 3 of GNL3 (guanine nucleotide binding protein-like 3, or nucleostemin) (arcOGEN Consortium et al. 2012).  GNL3 is expressed in mesenchymal stem cells, a presursor of chondrocytes (Baddoo et al. 2003; Han et al. 2005; Ma & Pederson, 2008).  In OA chondrocytes levels of nucleostemin were substantially higher than in normal chondrocytes (arcOGEN Consortium et al. 2012).

Rs4836732 located within intron 18 of ASTN2 (astrotactin 2) was significantly associated with hip OA (OR[95%CIs] =1.20[1.13-1.27], p=6.11x10-10) (arcOGEN Consortium et al. 2012).    Rs9350591, located adjacent to FILIP1 (filamin A inter- acting protein 1) and SENP6 (sentrin specific peptidase 6) was also associated with hip OA (OR[95%CIs] =1.18[1.12-1.25], p=2.42x10-9, arcOGEN Consortium et al. 2012).   At present, these genes have no known function in OA. 
Rs10492367, located adjacent of KLHDC5 (kelch domain containing 5) and PTHLH (parathyroid hormone-like hormone) showed association with hip OA (OR[95%CIs] =1.14[1.09-1.20], p=1.48x10-8) (arcOGEN Consortium et al. 2012).  PTHLH regulates endochondral ossification by inhibiting chondrocytes hypertrophy (Zhang et al. 2012).  Parathyroid hormone related peptide expression is also greater in OA human chondrocytes compared to non-OA chondrocytes (Okano et al. 1997).  
Rs835487, located within intron 2 of CHST11 (carbohydrate sulfotransferase 11), was associated with individuals who had undergone total hip replacement (THR) (OR[95%CIs] =1.13[1.09-1.18], p=1.64x10-8) (arcOGEN Consortium et al. 2012).   CHST11 encodes an enzyme responsible for the transfer of sulphate groups to the 4-O position in chondroitin (Panoutsopoulou & Zeggini, 2013),  Chondroitin sulphate is a vital structural constituent of articular cartilage.  

[bookmark: _Toc479709829][bookmark: _Toc492995547]Osteoarthritis: A Heterogeneous Disease
Epidemiological observations suggest that OA is a heterogeneous disease.  The relative lack of GWAS success in the field of OA may be due to several factors including disease heterogeneity (Panoutsopoulou & Zeggini, 2013) (Valdes et al. 2010).  
The anatomical site of maximal joint space narrowing (JSN) within the hip varies according to a number of epidemiological factors (Table 1-3).  A superior pattern of hip disease is most common in men (58% in men vs 39% in women) and is a risk factor for disease progression (Ledingham et al. 1992; Lanyon et al. 2004). 
Racial differences in anatomical pattern of disease also exist.  In a study comparing patterns of hip OA in 153 Japanese and 157 Caucasian Americans, Hoaglund reported that the incidence of superior-based OA was 45.5% in the Caucasian cohort, compared to only 13% in Japanese (Hoaglund et al. 1985).  Nelson identified that superior JSN and osteophytes within the superolateral area of the hip are 80% more common in African Americans than in American Whites (Nelson et al. 2010). 
Medial migration is more common in females (26% in females vs 8% in males) and is more likely to occur bilaterally (up to 80% of cases) (Ledingham et al. 1992; Lanyon et al. 2004; Ledingham et al. 1993; Dougados et al. 1996).  OA characterized by medial femoral head migration, while the superior joint space remains preserved is seen in Protrusio Acetabuli (Leunig et al. 2009).  Protrusio Acetabuli, is defined as medial protrusion of the acetabulum into the true pelvis, and can be primary or secondary.  Secondary causes include infection, trauma, and underlying metabolic, neoplastic, and genetic diseases (Dunlop et al. 2005).  Primary protrusio (accounting for 75% of all cases) (Sotelo-Garza & Charnley, 1978), otherwise known as Otto’s Pelvis (Scandalis et al. 1951), remains a diagnosis of exclusion with possible aetiologies including a qualitative deficiency of acetabular bone or a developmental abnormaility (Dunlop et al. 2005).  Such cases tend to be bilateral (80%), affect females predominantly (85%) (Dunlop et al. 2005), and also exhibit a racial preponderance (Crichton & Curlewis, 1962).  In a comparison study of pelvic radiographs of pregnant women referred for pelvimetry, the incidence of protrusio was greater in the cohort of Bantu females from Natal compared to the Caucasian European cohort (25.7% vs 2.9% respectively) (Crichton & Curlewis, 1962).  Protrusio acetabuli exhibits an autosomal dominant pattern of inheritance with varying pentenerance (D’Arcy et al. 1978; Macdonald 1971; Perez Garcia et al. 1978; Ventruto et al. 1980; Bilfield et al. 1973).
As outlined, there clearly exists a distinction between superior and axial/medial based hip OA, with the former probably related to local mechanical factors such as acetabular dysplasia (Hoaglund et al. 1985; Ledingham et al. 1992; Murray, 1965).  Medial based OA occurs more commonly bilaterally, and is therefore likely to result from a systemic disturbance (Ledingham et al. 1992).  Both may represent different aetiological processes and therefore represent interesting endophenotypes for further investigation.
An atrophic bone response in hip OA occurs chiefly in women (Ishidou et al. 2017), rarely bilaterally, and is associated with poor coverage of the femoral head (lateral center-edge angle (28° vs 35°, p<0.001) (Conrozier et al. 2004).  Atrophic hip OA is associated with microarchitectural disorganization, thinner trabeculae, lower bone volume and lower bone mineral density (BMD) than the hypertrophic or normotrophic patterns (Schnitzler et al. 1992; Castano-Betancourt et al. 2013).  Patients with atrophic hip OA are at a higher risk of osteoporotic fracture than other types of OA (Castano-Betancourt et al. 2013) (Ishidou et al. 2017).  

Atrophic hip OA is also associated with faster disease progression, and with femoral head collapse (Ledingham et al. 1993; Bierma-Zeinstra & Koes, 2007).  Ledingham et al reported that hips showing rapid radiographic progression on prospective films more often had superior migration, or an atrophic bone response (Ledingham et al. 1993).  Conversely, those with no progression more often had a medial, or axial migration pattern, or protrusio at presentation (Ledingham et al. 1993).    In a 7-year longitudinal trial of 61 patients, Conrozier reported that the atrophic hip OA phenotype was significantly different from the hypertrophic form in terms of rate of JSN (0.74 vs 0.27 mm/year, p<0.001), and the time between diagnosis and total hip arthroplasty (45.8 vs 98.9 months, p < 0.002) (Conrozier et al. 1998).  It is postulated that osteophytes may have a positive role in “stabilising” the OA hip against further deterioration thereby explaining why atrophic hip OA may progress more rapidly than hypertrophic forms of the disease (Lane & Nevitt, 2002). 

The absence of osteophytosis in atrophic OA can be accounted partly by reduced formation of type 2 Collagen (Conrozier et al. 2007).  Conrozier demonstrated a strong correlation between the atrophic hip OA phenotype and reduced serum levels of C-propeptide – a biomarker of type 2 Collagen synthesis.  In addition, the physiological coupling between degradation and formation of type 2 collagen that was observed in hypertrophic OA, was absent in atrophic hip OA, thereby further explaining its association with more rapid disease progression (Conrozier et al. 2007). 

Atrophic hip OA is also associated with poorer post surgical outcomes.  Thirteen-year survivorship of cemented Charnley acetabular polyethelene components was inferior in those individuals with pre-operative atrophic hip OA compared to those with the hypertrophic phenotype (Saito et al. 1987; Kobayashi et al. 2000).  
Hypertrophic hip OA affects a younger population and has a male preponderence (Ishidou et al. 2017; Hardcastle et al. 2014).  A clear link exists between elevated bone mass levels and hypertrophic OA.  Hardcastle et al, in a large cohort study comprising over 2000 hips, reported an increased prevalence of hypertrophic hip OA (OR[95%CIs] =2.39[1.72-3.33], P<0.001) observed in high bone mass individuals (Hardcastle et al. 2014). Increased subchondral sclerosis (OR[95%CIs] =2.78[1.49- 5.18], P=0.001) was also strongly associated with the high bone mass phenotype (Hardcastle et al. 2014).  Interestingly, the prevalence of JSN was similar in both cases and controls, suggesting that the aetiology of JSN may not be related to bone mass regulation.
African American’s have a greater incidence of hypertrophic knee OA than their Caucasian counterparts (Braga et al. 2009), indicating a racial preponderance also.  Increased osteophytosis in African American’s may also be related to higher BMD via other pathways related to OA pathogenesis, including variations in transforming growth factor-β (TG-β) (Braga et al. 2009). TG-β is over-expressed in African American’s (August et al. 2000; Sunthanthiran et al. 2000), and strongly induces the synthesis of cartilage oligometric matrix protein (COMP) (Recklies et al. 1998).  High serum levels of COMP are seen in African American women, and are associated with radiographic knee OA (Clark et al. 1999; Jordan et al. 2003).
Hypertrophic hip OA is associated with heterotopic ossification (HO) post total hip arthroplasty (THA).  Higo et al, in a study of 1,000 cementless THA’s reported an increased rate of HO post-operatively in those patients with pre-operative hypertrophic OA (OR[95%CIs] = 2.7[1.2-5.9) (Higo et al. 2006).  

Hypertrophic and atrophic hip OA are distinct phenotypic subsets. Whilst hypertrophic hip OA has a strong link with high bone mass levels, atrophic hip OA may be the result of reduced bone-forming capacity (Castano-Betancourt et al. 2013).  Regardless, both point to bone mass regulation as potentially being a crucial pathway in OA pathogenesis.  Lanyon et al, report that the risk of severe hip OA is three-fold greater in siblings of index cases with an atrophic pattern of hip OA compared with siblings whose index case had a normotrophic or hypertrophic bone remodelling response (Lanyon et al. 2004),  suggesting the genetic influence on the development of hip OA may vary according to these phenotypic subgroups.
The precise relationship between the site of JSN and bone remodeling response in hip OA is not so clear.  In one study, superior based OA has been shown to be more likely to exhibit moderate to florid osteophytosis compared to medial based OA (68% vs 10%) (Ledingham et al. 1992).  However, the same group also reports that atrophic hips exclusively portrayed superior JSN in a separate study (Ledingham et al. 1993).   Regardless, these observations suggest that the regulatory mechanisms of bone remodeling may be interlinked with specific sites of JSN.  


 

[bookmark: _Toc492996418]Table 1‑3:  List of epidemiological distinctions between the hip OA endophenotypes of JSN and bone remodelling response.
	Hip OA Phenotype
	Associated Epidemiological Factor
	Observation
	Evidence of Association

	Superior JSN
	Gender
	Superior JSN more common in males (58% in males versus 39% in females) (Ledingham et al. 1992)
	(Ledingham et al. 1992; Lanyon et al. 2004)

	
	Ethnicity

	Superior JSN (males OR[95%CIs] =2.0[1.5-2.8] and females OR[95%CIs] =1.7 [1.2-2.3], more common in African Americans than American Whites
	(Nelson et al. 2010) 

	
	
	Superior JSN more common in American Whites (45.5%) versus Japanese (13%).
	(Hoaglund et al. 1985)

	Axial/Medial JSN
	Gender
	Axial/Medial JSN more common in females than males (26% versus 8%) (Ledingham et al. 1992)
	(Ledingham et al. 1992; Lanyon et al. 2004; Ledingham et al. 1993; Dougados et al. 1996)

	
	Ethnicity
	Proportion of medial JSN in Bantu females from Natal greater compared to the Caucasian European cohort (25.7% versus 2.9%) 
	(Crichton & Curlewis, 1962) 

	
	Bilateral involvement
	Greater bilateral involvement compared with superior JSN.  Axial: 77%, Medial: 62%; Superior: 50% (Lanyon et al. 2004)
	 (Ledingham et al. 1992; Lanyon et al. 2004)

	
	Heritability
	Autosomal dominant pattern of inheritance of Protrusio Acetabuli
	(D’Arcy et al. 1978; Macdonald, 1971; Perez Garcia et al. 1978; Ventruto et al. 1980; Bilfield et al. 1973)


	Atrophic bone remodeling response
	Age
	Incidence of atrophic hip OA significantly higher in older patients: 17.5% <60 years of age, versus 56% >80 years of age.
	(Ishidou et al. 2017) 

	
	Gender
	Atrophic hip OA mainly affects females (84% of all atrophic hip OA were females)
	(Conrozier et al. 2004) 

	
	Progression of disease
	Atrophic hip OA has a faster progression of disease.  Rate of JSN 0.74 mm/year (atrophic) vs 0.27 (hypertrophic) mm/year (Conrozier et al. 1998)
	(Ledingham et al. 1993; Bierma-Zeinstra & Koes, 2007; Conrozier et al. 1998)


	
	Pattern of JSN
	100% (25/25) of atrophic hips portrayed superior JSN (Conrozier et al. 2004).  
	(Conrozier et al. 2004) 

	
	BMD
	Atrophic hip OA individuals had a lower BMD than hypertrophic hip OA cohort (Z score 1.07 ± 0.19 (atrophic) versus 1.11 ± 0.18 (hypertrophic) (Castano-Betancourt et al. 2013)  
Atrophic hip OA cohort had an Increased risk for any osteoporotic fracture versus hypertrophic cohort OR 1.48 [95%CIs 1.11–1.98) (Castano-Betancourt et al. 2013)  
Atrophic hip OA cohort had an Increased risk of osteoporotic verterbral fractures (25.9% in the atrophic group versus 11.4% in hypertrophic group) Ishidou et al. 2017
	(Schnitzler et al. 1992; Castano-Betancourt et al. 2013; Ishidou et al. 2017) 

	
	Heritability
	Relatives of those with atrophic hip OA, x3 more likely to have a THR compared to relatives of those with normotrophic/hypertrophic OA (OR[95%CIs] = 3.05[1.53-6.07]).
	(Lanyon et al. 2004) 

	
	Post-surgical outcome
	Inferior survivorship of Charnley cemented acetabular components at 15 years.  72% (pre-op atrophic hip OA) vs 100% (pre-op hypertrophic hip OA) survivorship at 15 years.
	(Kobayashi et al. 2000) 

	Hypertrophic bone remodeling response
	BMD
	Increased prevalence of hypertrophic hip OA is observed in high bone mass individuals OR[95%CIs] = 2.39[1.72-3.33]
	(Hardcastle et al. 2014) 


	
	Age
	Incidence of hypertrophic hip OA significantly higher in younger patients: 33% <60 years of age, versus 14% >80 years.
	(Ishidou et al. 2017)
 

	
	Heterotopic ossification
	Pre-operative hypertrophic hip OA a significant risk factor for post-THR heterotopic ossification (OR[95%CIs] = 2.7[1.2-5.9]) (Higo et al. 2006).
	(Higo et al. 2006; Eggli et al. 2001)
 

	
	Ethnicity
	African Americans more likely to have severe osteophytosis at both femoral and acetabular sites (OR[95%CIs] = 1.8[1.3, 2.7]), versus White Americans.
	(Nelson et al. 2010) 
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The compartment-specific involvement of knee OA appears to differ based upon factors of gender, age, ethnicity, joint morphology/alignment and bone mineral density (BMD) (see Table 1-4).  
The relative prevalences of compartment-specific OA vary according to classification.  Compartmental OA may be defined as OA isolated to that compartment only, or the compartment most predominantly affected by the disease.  Isolated medial tibiofemoral disease is more prevalent in males (23% versus 14%) and this discrepancy increases with age (McAlindon et al. 1992).  Isolated lateral tibiofemoral disease occurs in approximately 8% of individuals and is more common in women than in men (OR[95%CIs] = 1.9[1.5–2.4]) (Wise et al. 2012). 12% of symptomatic men and 26% of symptomatic women have isolated patellofemoral disease, and this disparity appears to increase with age (McAlindon et al. 1992).  Reported proportions of patello-femoral predominant disease however, appear to vary from 1% (Chitnavis et al. 2000) to 19% (Massardo et al. 1989).  Patellofemoral predominant disease is 4 times more prevalent in women, and this disparity appears to increase with age (McAlindon et al. 1992).
The contrasting gender prevalences of compartment-specific OA may be explained by differences in the shape of the male and female knee (Wise et al. 2016).  Women have a significantly narrower distal femoral condyle than men in a variety of different populations and using different radiographic approaches (Yang et al. 2014; Yan et al. 2014; Yue et al. 2011; Bellemans et al. 2010).  Pelvic and hip morphology also appear important contributory factors to compartment-specific pattern. Women with lateral compartment OA have a wider pelvis and shorter femoral neck than women with medial compartment disease (Weidow et al. 2005).  In a separate study utilizing active shape modeling of the hip, lateral and medial compartment knee OA were associated with differing ipsilateral proximal femoral shapes (Wise et al. 2014).
Several studies have outlined differences in prevalences of compartment-specific disease amongst various racial groups.  For example, African American’s are twice as likely as Caucasians to have tibiofemoral OA even after adjusting for BMI and other factors (Jordan et al. 2007; Anderson & Felson 1998), suggesting other aetiological factors overcoming the effect of BMI upon knee OA.  
Lateral tibiofemoral dominant OA is more common in Chinese (OR’s=2.6) and African Americans (OR[95%CIs] = 2.4[1.7–3.3]) versus Caucasians (Felson et al. 2002; Braga et al. 2009).  In the Chinese, this is related to coronal plane tibiofemoral alignment (Harvey et al. 2008; Felson et al. 2002; Wang et al. 2017).  In the Wuchuan OA Study, a large population-based longitudinal study of risk factors for knee OA, valgus malalignment and resultant lateral compartment disease was more common amongst the Chinese cohort than Caucasians (Wang et al. 2017).  Significant differences in knee morphology between Chinese and Caucasian cohorts, which result in a more valgus alignment of the distal femur in Chinese may account for this (Harvey et al. 2008). 
Increasing varus knee alignment is associated with an increasing risk of incident and progressive medial compartment disease (Teichtahl et al. 2006; Brouwer et al. 2007; Khan 2008).  Coronal plane tibiofemoral alignment is influenced by genetic factors, with heritability estimates of approximately 50% for the tibiofemoral angle (Tufan et al. 2010).  
Bone mineral density (BMD) also appears to play a part.  Several studies have reported that compartment-specific increases in tibial BMD, is associated with recognized radiographic features of OA including bone marrow lesions, JSN and osteophytosis (Wada et al. 2001; Lo et al. 2005; Lo et al 2006).  Whilst this increase in BMD may be a direct measure of the sclerosis present in these areas, the authors postulate that the abnormally high BMD and sclerosis are part of the same causal pathway, with the BMD variation predating the onset of sclerosis (Lo et al. 2006).  This link between high BMD and knee OA is well established (Hart et al. 2002; Nevitt et al. 2010; Hardcastle et al. 2015a).  Hardcastle et al demonstrated a relationship between high bone mass individuals and risk of knee OA, independent of BMI (Hardcastle et al. 2015a).  

The above epidemiological observations indicate that compartment-specific OA may be modulated by different aetiological pathways, either acquired or genetically influenced.  Heritability of knee OA varies according to the compartment involved. Greater heritability exists with regard to isolated antero-medial knee OA (McDonnell et al. 2007), and medial compartment knee OA (Zhai et al. 2007).  This heritability may be modulated by genetic factors related to intrinsic factors such as joint shape and alignment, or extrinsic factors such as bone mass regulation.    
The bone remodeling response phenotypes do not appear to be as important in knee OA as in the hip.  The incidence of atrophic OA (severe joint space narrowing with a relative lack of osteophytosis) is only 4.9% and hypertrophic OA (large osteophytes with relative preservartion of joint spaces) ranges from 0-6% depending on stringency of definition (Roemer et al. 2012). 












 

[bookmark: _Toc492996419]Table 1‑4:  List of epidemiological distinctions between the knee OA endophenotypes of compartmental pattern of disease.
	Compartmental pattern of OA
	Associated Epidemiological Factor
	Observation
	Evidence of Association

	Tibiofemoral OA
	Ethnicity
	Tibiofemoral disease twice as common in African Americans to Caucasian counterparts
	(Anderson & Felson 1998; Braga et al. 2009; Dillon et al. 2006) 

	
	Alignment
	Tibiofemoral angle has heritability of 48-50%
	(Tufan et al. 2010) 

	Medial tibiofemoral disease
	Gender
	Men more likely to have medial tibiofemoral disease, this disparity increases with age
	(McAlindon et al. 1992) 

	
	Heritability
	Greater heritability for isolated medial tibiofemoral disease; OR[95%CIs] =  3.21[1.12 to 9.28] (McDonnell et al. 2007). 
Heritability is 69% for osteophytes and 80% for joint space narrowing in the medial tibiofemoral compartment (Zhai et al. 2007)

	(McDonnell et al. 2007) 

(Zhai et al. 2007) 

	
	Ethnicity
	African Americans more likely to have more severe medial tibiofemoral JSN than Caucasians, Men OR[95%CIs] = 1.71[1.00-2.19]; women OR[95%CIs] =  1.84[1.28-2.64]
	(Braga et al. 2009) 

	
	Alignment
	Increasing varus knee alignment is associated with increasing risk of medial tibiofemoral disease
	(Teichtahl et al. 2006; Brouwer et al. 2007; Khan et al. 2008) 

	
	Body Mass Index
	Obesity is a stronger risk factor for medial tibiofemoral disease, compared to other compartments 
	(Cooper et al. 1994) 

	
	BMD
	Those with more severe medial compartment disease had a greater ratio of medial to lateral tibial plateau BMD
	(Wada et al. 2001; Lo et al 2005; Lo et al. 2006) 

	
	Anatomical
	Prevalent medial compartment knee OA is associated with different ipsilateral proximal femoral shapes (active shape modeling)
	(Wise et al. 2014) 

	Lateral tibiofemoral disease
	Gender
	Lateral JSN was more prevalent in women’s than in men’s knees OR[95%CIs] = 1.9[1.5–2.4]
	(Wise et al. 2012) 

	
	Ethnicity

	African Americans more likely to have lateral tibiofemoral JSN than Caucasians, men OR[95%CIs] =  2.19[1.32-3.65]
	(Braga et al. 2009; Wise et al. 2012) 

	
	
	Proportion of knees with lateral tibiofemoral compartent OA was much higher in Chinese than that in Caucasians
	(Felson et al. 2002; Wang et al. 2017) 

	
	
	Significant differences in knee morphology between Chinese and Caucasian cohorts, resulting in a more valgus alignment of the distal femur in Chinese
	(Harvey et al. 2008) 

	
	Anatomical variation

	Lateral tibiofemoral compartment OA is associated with a wider pelvis and shorter femoral neck than in women with medial compartment disease. 
	(Weidow et al. 2005) 

	
	
	Predominant lateral compartment knee OA associated with different ipsilateral proximal femur shapes (active shape modeling)
	(Wise et al. 2014) 

	
	Alignment
	Valgus malalignment increases the risk of knee OA radiographic progression and incidence as well as the risk of lateral cartilage damage.
	(Felson et al. 2013) 

	
	
	Increasing valgus knee alignment is associated with an increased risk for lateral tibiofemoral compartment OA (JSN (P < 0.001) and osteophytes (P = 0.002)).
	(Teichtahl et al. 2006) 

	
	BMD
	A relatively higher lateral tibial plateau BMD (than medial BMD) is associated with lateral tibiofemoral compartment disease (ie, increases presence of bone marrow lesions, JSN, and osteophytes)
	(Lo et al. 2005; Lo et al. 2006) 

	Patellofemoral disease
	Gender & Age
	Patellofemoral compartment disease x4 as common in females than men (8% versus 2%), and this disparity increases with age 
	(McAlindon et al. 1992) 

	Multicompartmental disease
	Ethnicity
	African American men x2 as likely to have tri-compartmental disease as Caucasian men
	(Braga et al. 2009) 
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To date, GWAS initiatives have employed broad phenotypic definitions of OA.  Endophenotypes in relation to OA is a term used to separate clinical and radiological features into more stable phenotypes.  Employing endophenotypes enables a more homogeneous sampling of individuals, thereby potentially providing a more direct relationship with genetic factors, thereby, increasing the statistical power of a study. Traditionally, the capacity to characterise large groups of individuals, often many thousands, according to clinical and radiological features has proved difficult.  An example of an OA endophenotype is radiographic joint space narrowing.  Its use resulted in the discovery of the hip OA susceptibility gene, DOT1L (Castano-Betancourt et al. 2012).   Another endophenotype, joint pain, led to the discovery of PACE-4 and TRPV1 as suggestively associated loci (Malfait et al. 2012; Valdes et al. 2011b). 

The various definitions of OA and how they are considered in combined meta-analyses or collaborative endeavours, is likely to be a key issue. This variability results in a reduction of statistical power. Stratification by gender, age, BMI and presence of radiographic OA has also been proposed. Radiologically, phenotypes ought to be characterised in relation to features such as severity of osteophytosis and the presence of joint space narrowing (Kerkhof et al. 2011).

Study populations are another source of heterogeneity. The same genetic factor can have dissimilar effects on disease predisposition in diverse populations.  For example, the genome-wide significant associations of HLA class II/III regions (HLA-DQA2 and HLA-DQB1), and BTNL2, are specific for the Japanese population and were not replicated in the European population (Nakajima et al. 2010). 

[bookmark: _Toc479709830][bookmark: _Toc492995548]1.6:  The Evidence for Hip Morphology Heritability
Genetic predisposition to hip OA may be modulated via abnormal joint morphology (Figure 1‑6).  Siblings of individuals with a radiographic cam deformity are significantly more likely to possess a similar deformity themselves (Pollard et al. 2010), indicating that either the deformity is determined at conception or that there is a genetic predisposition to abnormal development or subclinical hip disease before skeletal maturity.
The influence of genetic factors in the aetiology of acetabular dysplasia (Mabuchi et al. 2006; Wang et al. 2010; Ceylaner et al. 2008; Czeizel et al. 1975)  and primary protrusio (Van De Velde et al. 2006) is well described.  Developmental dysplasia of the hip (DDH), comprises a spectrum of abnormalities including, abnormal acetabular shape (dysplasia) and malposition of the femoral head during embryonic, fetal and infantile growth periods (Weinstein 1987).  The reported incidence of DDH in most developing countries is between 1.5 -20 cases per 1000 births (Bialik et al. 1999).  Recently, more attention to genetic factors in the aetiology of DDH has been made.  A genome-wide screening of a Japanese family with acetabular dysplasia identified a linkage on a limited location of chromosome 13q (Mabuchi et al. 2006).  In addition, a SNP in the growth differentiation factor 5 gene (GDF5) was found significantly associated with DDH in the Chinese (Dai et al. 2008).
Waarsing et al demonstrated that 4 hip statistical shape models (SSM) were highly heritable (Waarsing et al. 2011). One of these hip shapes was nominally associated with a SNP located in the deiodinase, iodothyronine type II gene (DIO2) (p=0.005) A further study found nominal association between 2 SNPs within the gene encoding the secreted frizzled-related protein B (FRZB) with variation in statistical shape of the proximal femur (beta estimate[95%CIs]=-0.21[-0.38to-0.03] and beta estimate[95%CIs] =-0.23[-0.43to-0.04], p=0.019 for both) (Baker-LePain et al. 2012). These findings suggest that DIO2 and FRZB may contribute to hip shape, and may modify the relationship between hip shape and OA. A analysis within the Framingham study population has also suggested that rs1974201 in the gene encoding ectonucleotide pyrophosphatase/phosphodiesterase may be associated with several hip geometric indices, and most strongly with femoral neck width (Cheung et al. 2010). However, more recently Lindner et al reported no evidence of replication with variants located in these three genes and proximal femoral SSMs (Lindner et al. 2015). The study did however, identify nominal association between rs4836732 (within the astrotactin 2 gene (ASTN2)) and one of the female SSM modes (p=0.0016), between rs6976 (within the glycosyltransferase 8 domain containing 1 gene (GLT8D1) and a mixed-gender SSM mode (p=0.0003), and between rs5009270 (near the interferon-related developmental regulator 1 gene (IFRD1) and a combination of three mixed-gender SSM modes (p=0.0004) (Lindner et al. 2015).
[bookmark: _Toc478225402][bookmark: _Toc478226265][bookmark: _Toc478231550][bookmark: _Toc479709831]Rationale for Study
Hip and knee OA has a large heritable component (40-65%), yet despite technological advances in GWAS, gene discoveries thus far only account for approximately 10% of this heritability.   This missing heritability is explained by a number of factors including disease heterogeneity.  In this thesis, we attempt to address the issue of disease hereogeneity, by performing a series of novel stratified GWAS of clinically derived endophenotypes of hip and knee OA, and hip shape.  
We have identified prominent endophenotypes of hip and knee OA related to anatomic pattern of disease within the joint, and bone remodelling responses to the disease process.  Each appears to have distinct prevalences and distributions within certain populations, indicating that different aetiological processes may potentially be responsible.  
Specific abnormalities of hip shape are a recognised heritable risk factor for developing hip OA, yet the precise genetic loci-underpinning hip shape development remains largely unknown.  We have identified several radiological indices of acetabular and proximal femoral shape, which when abnormal, have been associated with subsequent OA risk.  
We hope to prove that these partitioned, more homogenous cohorts, closer to the true biology of the disease, can provide a more direct link with genetic factors, and thereby increase signal detection rates.   
[bookmark: _Toc479709832]
1.7:  Study Hypotheses
1. We hypothesise that by employing narrower phenotypic descriptions of hip and knee OA in a GWAS will lead to a greater number of identified genetic association loci.
2. We hypothesise that genetic variation contributes to hip morphology.
[bookmark: _Toc479709833][bookmark: _Toc492995549]1.7.1:  Specific Aims for Hip OA Study
1. To identify risk loci associated with anatomic site of maximum joint space narrowing in hip OA.

2. To identify risk loci associated with local bone remodeling response to hip OA.
[bookmark: _Toc479709834][bookmark: _Toc492995550]1.7.2: Specific Aims for Knee OA Study
1. To identify specific risk loci associated with medial and/or lateral tibiofemoral OA.
2. To identify specific risk loci associated with patello-femoral OA.
3. To identify specific risk loci associated with multi-compartmental OA.

[bookmark: _Toc479709835][bookmark: _Toc492995551]1.7.3: Specific Aims for Hip Morphology Variation Study
1. To design and validate a semi-automated computer software program capable of accurately and reliably measuring a variety of acetabular and proximal femoral morphological parameters, from a digitised pelvic radiograph.	
2. To identify specific risk loci associated with morphological indices of proximal femoral and pelvic shape.   
	











































[bookmark: _Toc479709837][bookmark: _Toc492995552]:  STUDY POPULATIONS 
[bookmark: _Toc479709838][bookmark: _Toc492995553]2.1:  Overview
This chapter describes the study designs and population characteristics, upon which the studies described in this thesis are based. We initially describe the arcOGEN study, the resource from which all the individuals included in the nested studies are derived.  Details regarding recruitment, genotyping and imputation are discussed. Described thereafter, are the specific study designs and population characteristics for the cohorts of the various nested GWAS that were undertaken.  Finally, discussed is the replication population that was used in the knee OA endophenotype GWAS.
[bookmark: _Toc479709839][bookmark: _Toc492995554]2.2: The arcOGEN Study
The arcOGEN consortium was formed to investigate the genetic architecture of hip and knee OA in unrelated individuals of European ancestry (arcOGEN Consortium et al. 2012).  The arcOGEN study compared genotypes across 485,491 autosomal SNPs of 7410 OA cases and 11009 controls publically available controls.  Cases were recruited from 9 UK centres (Sheffield, Nottingham, London, Oxford, Southampton, Newcastle, Edinburgh, Wansbeck, and Worcester).  The end-points for inclusion were radiographic OA (KL>2) or OA sufficiently symptomatic to require joint arthroplasty.
The arcOGEN discovery cohort was collected in three stages (Figure 2‑1).  The stage 1 GWAS was an aggregation exercise from seven previously funded studies and included 3177 knee and/or hip OA cases.  Stages 2 and 3 were de-novo DNA collections, and included 4233 (Stage 2) and 670 (Stage 3) knee and/or hip OA cases.  The arcOGEN samples had been genotyped using two separate beadchip arrays: the Illumina Human 610-Quad BeadChip (Stage 1 & 2 or arcOGEN set 1) and the Illumina OmniExpress Beadchip Array (Stage 3 or arcOGEN set 2) (Illumina, San Diego, USA).  The Stage 3 collection was performed after completion of the original discovery study and hence was not included in the published GWAS.    
Imputation of the arcOGEN GWAS cases and the population-based controls was performed with IMPUTE2 (Marchini et al. 2007) using 1000 genomes project (1KGP) data of 280 CEU individuals as the reference panel (December 2010 phase 1 interim release). Following imputation, SNPs with minor allele frequency (MAF) <0.01, minor allele count <10 and imputation information score <0.4 were excluded.  Additionally, directly-typed (DT) SNP genotype intensity plots 100kb either side of the top signals (all DT SNPs with p < 10-6 in the association tests), were inspected manually, excluding those DT SNPs that were poorly genotyped.  Re-imputation of these regions was then performed and the association analysis repeated.
The population-based controls used in the studies in this thesis comprised 6,500 population-based subjects previously included in the arcOGEN GWAS: The Wellcome Trust Case Control Consortium 2 study 1958 Birth Cohort, the UK National Blood Donor Service, and the Type 1 Diabetes Genetics Consortium (arcOGEN Consortium et al. 2012). 
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[bookmark: _Ref479212255][bookmark: _Toc479881963][bookmark: _Toc495415861]Figure 2‑1: arcOGEN study design.
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[bookmark: _Toc479709840][bookmark: _Toc492995555]2.3: Thesis Study Populations
Described below are the various arcOGEN sub-study populations for each analysis within this thesis.

[bookmark: _Toc479709841][bookmark: _Toc492995556]The Relationship between Hip Morphology and Hip Osteoarthritis Endophenotypes
For this study we used 816 cases with hip OA and radiographic data from the arcOGEN cohort.  Patients were selected based upon existence of unilateral hip OA (defined as KL2L).  

[bookmark: _Toc479709842][bookmark: _Toc492995557]Radiographic Endophenotyping in Hip Osteoarthritis Improves the Precision of Genetic Association Analysis 
For this analysis we used 1,817 (arcOGEN set 1) and 301 (arcOGEN set 2) cases, providing a total of 2,118 unrelated individuals of European ancestry individuals from within the arcOGEN study, all with radiographic evidence of hip OA.  In this analysis, a series of stratified GWAS (by site of maximum JSN and bone remodelling response) were conducted within the individuals with hip OA.  The secondary analysis was a series of stratified and a non-stratified sensitivity GWAS, performed against population-based controls (n=6500). The study design is shown below (Figure 2‑2).  
The population characteristics of the 2118 individuals with hip OA are detailed below (Table 2‑1).









 (
Figure 
2
2
: Hip OA endophenotype study design
.
  
SVNS = superior JSN hip OA vs non-superior JSN hip OA; AMVNAM = axial/medial JSN hip OA vs non-axial/medial JSN hip OA; HVNH = hypertrophic hip OA vs non-hypertrophic hip OA; AVNA = atrophic hip OA vs non-atrophic hip OA; SVCON = superior JSN hip OA vs Population-based controls (PBC); AMVCON = axial/medial JSN hip OA vs PBC; HVCON = hypertrophic hip OA vs PBC; AVCON = atrophic hip OA vs PBC; HIPVCON = all hip OA vs PBC.    
)[image: ][image: ][image: ]
[bookmark: _Ref479212395][bookmark: _Toc479882016][bookmark: _Toc492996420]Table 2‑1: Population characteristics of Hip OA cohort.
	arcOGEN 
set 1
N (m/f)
	arcOGEN set 2
N (m/f)
	N_total
(m/f)
	arcOGEN set 1
Age Mean (SD)
	arcOGEN set 1 
BMI Mean (SD)
	arcOGEN set 2
Age Mean (SD)
	arcOGEN set 2
BMI Mean (SD)


	1817 (776/1041)
	301 (125/176)
	2118 
(901/1217)
	65.71 (9.76)
	28.7 (5.72)
	66.72 (8.48)
	28.53 (5.92)


Age and BMI characteristics of arcOGEN Set 1 and arcOGEN Set 2 cohorts. BMI=body mass index (kg/m2). Age (years).  

[bookmark: _Toc479709843]
[bookmark: _Toc492995558]Radiographic Endophenotyping by Dominant Compartment Involvement in Knee Osteoarthritis Enhances Heritability Estimation and Improves the Resolution of Genetic Association Analysis
For these studies we used 2,010 individuals (arcOGEN set 1) with radiographic evidence of knee OA. The study design is shown below (Figure 2‑3).  A series of stratified (by dominant compartment involvement) and a non-stratified GWAS was performed against population-based controls (n=6,500) used in the arcOGEN study.
The population characteristics of the 2,010 individuals with knee OA are detailed below (
Table 2‑2).
[bookmark: _Ref479212431][bookmark: _Toc479882017]
[bookmark: _Toc492996421]Table 2‑2: Population characteristics of knee OA cases

	arcOGEN set 1
N (m/f)
	arcOGEN set 1
Age Mean (SD)
	arcOGEN set 1 
BMI Mean (SD)

	2,010
(869/1141)
	68.01
(8.7)
	
30.38 (6.09)
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[bookmark: _Ref479212419][bookmark: _Ref479212410][bookmark: _Toc479881965][bookmark: _Toc495415863]Figure 2‑3:  Knee OA endophenotype study design.
MVCON = Medial tibiofemoral OA vs Population-based controls (PBC); LVCON = Lateral tibiofemoral OA vs PBC; PVCON = Patellofemoral OA vs PBC; MCVCON = multicompartment OA vs PBC; KNEEVCON = all knee OA vs PBC.

[bookmark: _Toc479709844][bookmark: _Toc492995559]The Genetic Determinants of Hip Shape: A Genome-Wide Association Study 

For these analyses we used 823 (arcOGEN set 1) and 110 (arcOGEN set 2) cases, providing a total of 933 individuals from within the arcOGEN study (Table 2‑3).    All had evidence of unilateral hip OA.  The study design is shown in the schematic below (Figure 2‑4).  A series of quantitative trait GWAS was performed within each arcOGEN set for 9 acetabular and proximal femoral parameters, with subsequent meta-analysis of both arcOGEN datasets for each morphological parameter.  The analysis of alpha angle was performed as a binary variable (defined as alpha angle greater or less than 50.5 degrees) as the phenotype did not follow a normal distribution, despite various approaches to normalisation.  An alpha angle of greater than 50.5 degrees is deemed cam-positive (Tannast et al. 2007). 
137
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[bookmark: _Ref479212457][bookmark: _Toc479881966][bookmark: _Toc495415864]Figure 2‑4: Hip shape variation study design.
AIDWR = acetabular depth to width ration; HTE = horizontal toit externa; LCEA = lateral center-edge angle; SA = Sharp’s angle; AT = acetabular tilt; FHFNR = femoral head to femoral neck wdth ratio; FNSA = femoral neck shaft angle; MPFA = modified proximal femoral angle; FNLWR = femoral neck length to wdth ratio.  ALPHAVNA =, cases (alpha angle >50.5 degrees) versus controls (alpha angle <50.5 degrees).
[bookmark: _Ref479212445][bookmark: _Toc479882018][bookmark: _Toc492996422]Table 2‑3:  Population characteristics of hip shape cohort.
	arcOGEN 
set 1
N (m/f)
	arcOGEN set 2
N (m/f)
	N_total
(m/f)
	arcOGEN set 1
Age Mean (SD)
	arcOGEN set 1 
BMI Mean (SD)
	arcOGEN set 2
Age Mean (SD)
	arcoGEN set 2
BMI Mean (SD)


	823 (263/560)
	110 (25/85)
	933 (288/645)
	66.67 (9.06)
	29.32 (6.5)
	67.75 (8.37)
	27.65 (4.65)



[bookmark: _Toc479709845]
[bookmark: _Toc466919614]
[bookmark: _Toc479709846][bookmark: _Toc492995560]2.4:  Replication Cohort 1: Genetics of Osteoarthritis and Lifestyle (GOAL)
GOAL was used as the replication population in the dominant compartment knee OA endophenotyping GWAS.  GOAL is a case–control study of Caucasian adults, aged 45–80 years, involving 1,891 knee OA cases, and 1,386 asymptomatic controls without radiographic knee or hip OA (Holliday et al. 2011).  De-novo genotyping in the GOAL study cohort was performed using the KASP assay (LGC Genomics, Middlesex, UK).  The dominant compartmental phenotype radiographic classification was made using the same photographic and line drawing atlases used in our discovery cohort.  
  



















































[bookmark: _Toc479709848][bookmark: _Toc492995561]:  METHODS

[bookmark: _Toc479709849][bookmark: _Toc492995562]3.1:  Overview:
This chapter outlines the methodologies employed within this thesis.  The first part details the radiological imaging, including acquisition and protocols employed.  The various hip and knee OA radiographic classification tools are then described. We present results of intra- and inter-observer repeatability studies for the radiological classification methods.  In view of the inferior repeatability of several of the tools, the decision was taken to perform two independent assessments, by two clinically-trained observers, for each hip and knee radiograph in the main study.  For those radiographs where discrepancy arose a third clinical observer would adjudicate.  Detailed definitions of each of the OA endophenotypes to be used in the main study are described.  
We then report the development and validation of a semi-automated computer programme (SHIPS) that calculates 10 morphological risk factors for OA of the hip using digitised pelvic radiographs. The accuracy and repeatability of the software under ideal, simulated clinical, and actual clinical conditions were good for all angular and linear measurements, with the exception of HTE that should be used with caution. 
The final part of this chapter is dedicated to outlining the genetic methodology used in this thesis, including software to perform the power calculations, association analyses, imputation, meta-analysis, and validation of signals.


[bookmark: _Toc479709850][bookmark: _Toc492995563]3.2:  Radiograph Acquisition in arcOGEN Population
The most immediate routinely-collected pre-operative radiographs (digitised in ‘JPEG’ or ‘TIF’ format) were studied. Due to the retrospective nature of the radiograph collection, many patients did not have available radiographs.
For the hip, an antero-posterior (AP) pelvis radiograph for each patient was used.  Where the AP pelvis view was unavailable, an AP view of the hip was used.  For the knee, weight-bearing or non-weight-bearing antero-posterior (AP) view (tibio-femoral joint), and a lateral and/or skyline view of the OA knee joint were used. 
The initial radiographic quality control (QC) procedure took place in Sheffield and involved (i) verification of the correct radiographs for the appropriate patient, (ii) ensuring anonymisation of all radiographs, and (iii) ensuring adequate penetration and exposure to enable analysis.  All radiographs that passed this stage of QC were added to a secure database.

[bookmark: _Toc479709851][bookmark: _Toc492995564]3.3:  Hip and Knee Osteoarthritis Radiographic Classification Tools
[bookmark: _Toc276042176]
[bookmark: _Toc479709852][bookmark: _Toc492995565]Introduction
This section outlines the methodology behind selection of classification tools to characterise hip OA by site of maximal JSN, and local bone remodelling responses, and knee OA by dominant compartmental involvement.

[bookmark: _Toc479709853][bookmark: _Toc492995566]Objectives
We aimed to select and internally validate radiological classification tools to characterise hip and knee OA endophenotypes.  This was based upon sufficient intra- and inter-observer reliability as defined by the kappa score.  
   
[bookmark: _Toc276042177]OA Pattern and Severity Classification 
Hip OA characterisation included description of the site of maximal joint space narrowing.  The most widely used classification has four basic patterns:  superior, axial, medial, and concentric (Resnick 1975; Altman & Gold 2007).   If there was no identifiable area of narrowing (in the presence of other signs of OA), this was classified as “indeterminate” (Table 3‑1 and Figure 3‑1).  
The severity of JSN was quantified by measurement of the minimum joint space width (mm) on an AP pelvis radiograph (Croft et al. 1990).  Lack of calibration in the majority of radiographs collected in this study meant this measurement could not be performed.    Semi-quantification of JSN was performed by grading the narrowing according to the OARSI photographic atlas (Altman & Gold 2007).  JSN was assessed at the superior lateral femoroacetabular space and medial femoroacetabular joint space, and graded from 0 – 3 (0 being normal, and 3 severe).
The severity of osteophytosis was semi-quantified using the OARSI atlas (Altman & Gold 2007).  Osteophytosis in three locations were graded from 0 - 3, namely: the superolateral edge of the acetabulum, the superior femoral head-neck junction, and the inferior femoral head-neck junction.  The presence of osteophytosis at the inferior acetabular lip was recorded as a dichotomous variable.
Additional features of OA were marked as either present or absent, including subchondral cyst formation, subchondral sclerosis (acetabular and femoral), femoral head flattening, and thickening of the medial cortex or calcar (buttressing) (Altman & Gold 2007).  
Hip OA severity was graded using the Kellgren and Lawrence system (Kellgren & Lawrence 1957).  Despite its limitations, it remains the most widely used grading system for OA epidemiological studies and has a reliability comparable to that of the minimum joint space measurement (Reijman et al. 2004).  

[bookmark: _Toc276042178]Local Bone Response to OA Classification
The bone remodelling response to degenerative change at the hip was classified by Bombelli as: atrophic, normotrophic (or intermediate), and hypertrophic (Maistrelli et al. 1990).  

[bookmark: _Toc479709854][bookmark: _Toc492995567]Classification Methods for Knee OA
The two key features of radiographic knee OA are JSN and osteophytosis.  Osteophyte is the radiographic feature on which the diagnosis of knee OA may be made and correlates best with knee pain (Spector et al. 1993).  JSN possesses face validity as a surrogate marker for cartilage thickness and also correlates well with clinical progression (Ledingham et al. 1995).   In addition, both JSN and osteophyte show more acceptable repeatability when compared to other radiographic features of OA (Altman et al. 1987).  
[bookmark: _Toc276042179]Quantitative measurement of JSN involves direct measurement of the narrowest joint space width.  Due to lack of calibration of radiographs included in this study, accurate measurement of knee joint space width was not possible.  Semi-quantitative measurement of JSN was made using the OARSI atlas or a logically devised line drawing atlas (LDA).  The OARSI atlas grades a number of individual features in all three knee compartments (Altman & Gold 2007).  Knee radiographs were graded as 0-3 for marginal osteophytes of the medial femur, medial tibial plateau, lateral femur and lateral tibial plateau. JSN, was graded 0-3 for the medial and lateral tibiofemoral joints (MTF and LTF).  Additional dichotomous  features that were marked as present/absent included medial tibial attrition, medial tibial sclerosis and lateral femoral sclerosis (Altman & Gold 2007).  The previous OARSI atlas included the patello-femoral joint (PFJ) (Altman et al. 1995).  The LDA is a series of line drawings of the extended anteroposterior view of the MTF and LTF and skyline view of the PFJ for grading joint space width and osteophyte (C. E. Wilkinson 2005).  The illustrations were graded from -1 to +5 (in advancing severity, grade 0 representing “normal” subjects).  The anatomic pattern of knee OA was then characterised by describing the site of predominant compartment involvement within the joint; namely, MTF, LTF, PFJ, or multicompartmental (MC) (Table 3‑2 and Figure 3‑2). 
[bookmark: _Toc479709855][bookmark: _Toc492995568]Repeatability Studies

Intra- and inter-observer repeatability studies were performed as detailed below.  We aimed to identify tools with the necessary reliability and reproducibility to aid in classification of each hip and knee endophenotype (Table 3‑3-3.5). 

[bookmark: _Ref479212532][bookmark: _Toc479882019][bookmark: _Toc492996423]Table 3‑1: Final hip OA endophenotype definitions
	Stratified Hip OA Phenotype 
	Definition 

	Superior maxJSN
	Maximal JSN occurs in the superior zone (see Figure 3.-1a)

	Axial or medial maxJSN
	Maximal JSN occurs in either the axial or medial zone (see Figure 3-1b)

	Atrophic OA
	Characterised by absence of osteophytosis, subchondral cysts and femoral head attrition (see Figure 3-1c)

	Hypertrophic OA
	Characterised by a Grade 3 osteophyte at either the supero-lateral rim of the acetabulum, superior femoral head-neck junction, or inferior femoral head-neck junction (see Figure 3-1d)
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Figure 
3
1
: Radiographs of the hip OA endophenotypes
(a) Superior maxJSN, (b) Axial/Medial maxJSN, (c) Atrophic OA and (d) Hypertrophic OA.
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[bookmark: _Ref479212542][bookmark: _Toc479882020][bookmark: _Toc492996424]Table 3‑2:  Final knee OA endophenotype definitions
	Stratified Knee OA Phenotype 
	Definition 

	Medial TF OA
	Dominant compartment involvement is medial TF (see Figure 3-2a)

	Lateral TF OA
	Dominant compartment involvement is lateral TF (see Figure 3-2b)

	Patellofemoral OA
	Dominant compartment involvement is patellofemoral (see Figure 3-2d)

	Multicompartmental OA
	Two or more compartments are of equal severity (see Figure 3-2c)
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Figure 
3
2
:  Knee OA radiographic endophenotypes
(a) MTF OA, (b) LTF OA, (c) MC OA, (d) PFJ OA.
)
.

[bookmark: _Toc276042180][bookmark: _Toc479709856][bookmark: _Toc492995569]Intra-observer and Inter-Observer Repeatability Studies
All repeatability analysis were performed on degenerate hip joints ((KL) grade ≥2).  In total, 50 AP pelvic radiographs (from 50 individuals) and 50 weight-bearing AP and patello-femoral view (lateral and skyline) radiographs (from 50 patients) were analysed.  
All radiographs were analysed by ST on two separate occasions, blinded, in a random order, and one week apart.  Intra-observer variability was assessed for each variable by calculating the Cohen’s kappa coefficient.  The same 50 radiographs were then analysed by an independent reader (SM) who had received prior training on the various classification tools employed.  Again, all analyses were performed blinded and in a random order.  The output was subsequently analysed against ST’s initial data, providing inter-observer variability.


[bookmark: _Toc479709857][bookmark: _Toc492995570]Results of Repeatability Studies

[bookmark: _Ref479212649][bookmark: _Toc479882021][bookmark: _Toc492996425]Table 3‑3: Results of intra-observer and inter-observer repeatability study for hip OA pattern and severity, and bone response.
	Hip OA Variable (grading system)
	N
	Prevalence per variable grade (%)
	Intra-Kappa score (k)
	Inter-Kappa score (k)

	Site of Maximal JSN (Sup, Ax/Med, Conc)
	50
	Sup=56%; Ax/Med=32%; Conc=12%
	0.74
	0.38

	JSN Superiorly (0-3) OARSI
	50
	0=11%; 1=26%; 2=20%; 3=43%
	0.84
	0.47

	JSN Medially (0-3) (OARSI)
	50
	0=30%; 1=33%; 2=27%; 3=10%
	0.62
	0.12

	Osteophyte Grade (OARSI)
	
	
	
	

	Sup Acetabular Osteophyte (0 – 3)
	50
	0=32%; 1=38%; 2=19%; 3=11%
	0.35
	0.30

	Femoral Head Osteophyte (0 – 3)
	
	0=22%; 1=27%; 2=29%; 3=22%
	0.70
	0.32

	Femoral Neck Osteophyte (0 – 3)
	50
	0=50%; 1=17%; 2=20%; 3=13%
	0.67
	0.28

	Inferior Acetabular Osteophyte (Absent/Present)
	50
	Absent=64%; Present=36%
	0.60
	0.37

	Bombelli Classification
	50
	Nor=61%; Hyp=23%; Atr=16%
	0.56
	0.41

	Acetabular Subchondral Cyst (Absent/Present)
	50
	Absent=66%; Present=34%
	0.74
	0.56

	Femoral Head Subchondral Cyst (Absent/Present)
	50
	Absent=43%; Present=57%
	0.62
	0.36

	Acetabular Sclerosis (Absent/Present)
	50
	Absent=69%;  Present=31%
	0.56
	0.49

	Femoral Head Sclerosis (Absent/Present)
	50
	Absent=68%; Present=32%
	0.40
	0.55

	Femoral Head Flattening (Absent/Present)
	50
	Absent=59%; Present=41%
	0.79
	0.77








[bookmark: _Ref479212693][bookmark: _Toc479882022][bookmark: _Toc492996426]Table 3‑4: Kappa coefficient result interpretation table.
	[bookmark: _Toc477986957][bookmark: _Toc477987319][bookmark: _Toc478239126][bookmark: _Toc479284989][bookmark: _Toc479630233][bookmark: _Toc479709862][bookmark: _Toc492995373][bookmark: _Toc492995571]Kappa
	[bookmark: _Toc477986958][bookmark: _Toc477987320][bookmark: _Toc478239127][bookmark: _Toc479284990][bookmark: _Toc479630234][bookmark: _Toc479709863][bookmark: _Toc492995374][bookmark: _Toc492995572]Agreement

	
0
0.01-0.2
0.21-0.4
0.41-0.6
0.61-0.8
0.81-0.99

	
Less than chance
Slight
Fair
Moderate
Substantial
Almost perfect




[bookmark: _Ref479212722][bookmark: _Toc479882023]

























[bookmark: _Toc492996427][bookmark: _Toc276042182][bookmark: _Toc479709867]Table 3‑5: Results of knee OA repeatability studies

	Knee OA Variable (grading system)
	N
	Prevalence per variable grade (%)
	Intra-Kappa score (k)
	Inter-Kappa score (k)

	Joint Space Narrowing (JSN)
	
	
	
	

	Lateral OARSI photographic atlas (0-3)
	50
	0=42%; 1=24%; 2=15%; 3=19%
	0.7

	0.29

	Medial OARSI photographic atlas (0-3)
	50
	0=40%; 1=14%; 2=16%; 3=30%
	0.7

	0.49

	Lateral LDA JSN atlas (-1-5)
	50
	-1=10%; 0=44%; 1=10%; 4=8%; 5=28%
	0.46

	0.35

	Medial LDA JSN atlas (-1-5)
	50
	0=36%; 1=12%; 3=8%; 4=14%; 5=30%
	0.63
	0.33

	PFJ Joint space narrowing (0-3) (Lateral view)
	50
	0=60%; 1=23%; 2=7%; 3=10%
	0.45
	0.44

	PFJ Lateral facet JSN LDA atlas (-1-5) (Skyline view)
	50
	0=72%; 1=7%; 2=5%; 3=3%; 4=5%; 5=8%
	0.63
	0.45

	PFJ Medial facet JSN LDA atlas (-1-5) (Skyline view)
	50
	-1=2%; 0=77%; 1=7%; 2=5%; 3=5%; 5=4%
	0.41
	0.23

	Osteophyte Grade (OARSI atlas)
	
	
	
	

	Lateral femoral condyle osteophyte size (0-3)
	50
	0=39%; 1=27%; 2=12%; 3=22%
	0.45
	0.26

	Lateral tibial plateau osteophyte size (0-3)
	50
	0=27%; 1=25%; 2=17%; 3=21%
	0.69
	0.49

	Medial femoral condyle osteophyte size (0-3)
	50
	0=48%; 1=19%; 2=13%; 3=20%
	0.54
	0.34

	Medial tibial plateau osteophyte size (0-3)
	50
	0=47%; 1=31%; 2=16%; 3=6%
	0.53
	0.27

	PFJ Osteophytosis (0-3) (Lateral view)
	50
	0=28%; 1=35%; 2=23%; 3=14%
	0.63
	0.48

	PFJ Osteophytosis LDA (0-5) (Skyline view)

	50
	0=61%; 1=16%; 2=4%; 3=7%; 4=9%; 5=3%
	0.42
	0.31

	Femoral trochlea osteophyte (Absent)/Present)
	50
	Absent=68%; Present=32%
	0.67
	0.32

	OA Severity (Kellgren-Lawrence)
	
	
	
	

	Tibio-Femoral KL Grade (0-4)
	50
	1=1%; 2=23%; 3=38%; 4=38%
	0.4
	0.33

	PFJ KL Grade (0-4) (Skyline view)
	50
	0=60%; 1=2%; 2=11%; 3=14%; 4=13%
	0.55
	0.27

	PFJ KL Grade (0-4) (Lateral view)
	50
	0=26%; 1=21%; 2=19%; 3=22%; 4=12%
	0.33
	0.39

	Dominant Compartment Involvement
	50
	L=34%; M=45%; MC=17%; PFJ=4%
	0.92
	0.74


[bookmark: _Toc492995573]Inclusion Criteria for Classification Tools in Stratified Hip OA Study
Cohen’s kappa statistic was interpreted using the table above (Table 3‑4). The following tools demonstrated “substantial” or greater intra-observer repeatability:  site of maximal JSN, JSN superiorly and medially, femoral head and neck osteophyte, acetabular and femoral cysts, and femoral head flattening (Table 3‑3).  Intra- and inter-observer repeatability of the bone remodelling response classification was deemed as “moderate” (Table 3‑3).  
All variables with the exception of the superior acetabular osteophyte (SAO) (k=0.35) and femoral head sclerosis (k=0.4) showed “moderate” or better intra-user repeatability.  The superior acetabular osteophyte is difficult to interpret as there is considerable variation in size of the superior acetabular lip (Hirsch et al. 1998).  This lower reproducibility should be considered when reporting such results (Gunther & Sun 1999).  Subchondral sclerosis grading is not recommended as a routine procedure due to its insufficient within and between observer reproducibility (Gunther & Sun 1999).  Despite the inferior repeatability of the superior acetabular osteophyte and femoral head sclerosis it was decided to include these variables for use in the main study, with the caveat that all measurements would be made by two observers (please see Conclusion).  

[bookmark: _Toc479709868][bookmark: _Toc492995574]Inclusion Criteria for Classification Tools in Stratified Knee OA Study
[bookmark: _Toc479709869]In the repeatability study (n=50), the OARSI atlas for tibiofemoral JSN demonstrated “substantial” intra-observer agreement, proving to be the most reliable classification tool for characterising JSN in the tibiofemoral joint (Table 3-5).  As for the PFJ, the classification tools showed either “moderate” or “substantial” intra-observer agreement.  Osteophytosis grading, demonstrated either “moderate” or “substantial” intra-observer repeatability.  Severity of OA, as graded by the KL grading demonstrated either “fair” or “moderate” agreement.  It was encouraging that the identification of the dominant compartment involved was highly repeatable both at an intra- and inter-observer level.  The decision was therefore made to include all the classification tools for use in the main study.
[bookmark: _Toc492995575]Conclusion

It was decided to take through all the radiological classification tools for use in the main study.  Despite individual low scores of repeatability for certain classification tools, this did not appear to deter from the final endophenotype being correctly selected.  For example, a disagreement between two observers regarding a superior acetabular osteophyte being a “Grade 1” or a “Grade 2” osteophyte will manifest in a reduced Kappa score, however, its influence on determination of the final endophenotype (eg, bone remodelling response) will likely be minimal.   
The final radiographic hip and knee OA endophenotypes to be taken forward for genetic association analysis were selected based upon the following reasons.  Firstly, all the endophenotypes can be measured from the available radiographs and their specific views.  
Secondly, all endophenotypes with the exception of the Bombelli bone remodelling response revealed at least “substantial” intra-observer agreement.  In view of the “moderate” repeatability of the Bombelli classification of the hip and the “fair” inter-observer repeatability of site of maximal JSN in the hip, the decision was taken to perform two independent assessments, by two clinically-trained observers (ST and EZ), for each hip and knee radiograph in the main study.  For those radiographs where discrepancy arose between the two readers, a third clinical observer (JMW) adjudicated. 
Lastly, these endophenotypes were chosen because epidemiological observations suggest these subsets of OA appear to have distinct incidences and distributions within populations and therefore, may represent different aetiological processes.  By performing genetic association analyses on these endophenotypes we potentially provide a more direct link to a genetic underpinning.



[bookmark: _Toc479709870][bookmark: _Toc492995576]3.4:  Development of a Software Method for Measuring Hip Morphology from Pelvic Radiographs

[bookmark: _Toc479709871][bookmark: _Toc492995577]Introduction
Whilst hip morphology and OA-risk prediction may be accurately and reproducibly assessed using cross-sectional imaging and active-shape modelling (ASM) (Barr RJ et al 2015), validated computerised methods to quantify hip joint morphology using conventional clinically-applied morphological descriptors performed on plain radiographs are lacking. This gap in software availability is important because large-scale studies examining risk factors for hip OA typically use plain radiographs rather than cross-sectional imaging. Whilst ASM of the proximal femur has been shown to identify those individuals at high risk of developing radiographic OA (Barr RJ et al), its use in musculoskeletal clinics and pre-operative assessment has not succeeded traditional methods of hip morphology quantification. 

[bookmark: _Toc479709872][bookmark: _Toc492995578]Objectives
We aimed to develop a non-commercial, Matlab based (MathWorks Inc, Cambridge, UK), semi-automated software programme, SHIPS (Semi-automated HIP morphology Software) (Thiagarajah et al. 2013) that measures several hip morphologic characteristics on a digitised pelvic radiograph. 

[bookmark: _Toc479709873][bookmark: _Toc492995579]Patients and Methods

Software development
SHIPS was written using a Matlab-based programme (R2007b) and provides semi-automated measurement of 10 angular and ratio morphological characteristics at the hip joint (five acetabular, five proximal femoral), and is freely available at http://mellanbycentre.dept.shef.ac.uk/facilities/default.htm. Each radiograph is viewed digitally as a JPEG or TIF file (minimum size 2400 × 1800 pixels, resolution 75 dpi). Radiograph measurements are made using ‘prompt-based’ on-screen instructions. Once the radiograph is selected, a series of prompts that instruct the user to select a variety of anatomical landmarks appears at the top of the screen. The programme then performs the necessary calculations to quantify the morphological characteristics for the pelvis, acetabulum and proximal femur. The calculated acetabular and proximal femoral characteristics are detailed in Table 3‑6 and Figure 3-3.


[bookmark: _Ref479212740][bookmark: _Toc479882024][bookmark: _Toc492996428]Table 3‑6: Hip morphological phenotype definitions
	Hip Morphological Phenotype
	Definition

	ACETABULUM
	

	Acetabular Index of Depth to Width Ratio
	See Fig 3-4b

	HTE (degrees)
	See Fig 3-4a

	Lateral Center Edge Angle (degrees)
	See Fig 3-4c

	Sharp’s Angle (degrees)
	See Fig 3-4a

	Acetabular Tilt (degrees)
	See Fig 3-4a

	Lateral Center Edge Angle (degrees)
	See Fig 3-4c

	
	

	PROXIMAL FEMUR
	

	Alpha Angle (degrees)
	See Fig 3-4c,
Cases>50.5 deg, Controls<50.5 deg

	Femoral Head to Neck Ratio
	See Fig 3-4d

	Femoral Neck Shaft Angle (degrees)
	See Fig 3-4e

	Modified Proximal Femoral Angle (degrees)
	See Fig 3-4e

	Femoral Neck length to neck width ratio
	See Fig 3-4d
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[bookmark: _Toc495415867]Figure 3‑3:  Acetabular and proximal femoral morphological parameters measured by SHIPS.

(a) HTE, Sharp’s angle, and Acetabular Tilt (b) AIDWR (c) LCEA and AA (d) FHFNR and FNLWR, and (e) MPFA and FNSA.
Software accuracy

Evaluation of Accuracy under Ideal Conditions
A 35cm×43cm test radiograph containing a radio-opaque ruler (with 2 mm markings) and set-square with fixed angles (30°, 60° and 90°) was made using a Patient Archiving and Communications System (IMPAX 6.2.1.258, Agfa HealthCare, Brentford, UK). The radiograph was stored as a JPEG file (minimum size 2400 × 1800 pixels, resolution 75 dpi) and analysed by ST using the software. All analyses were made using an Intel® Core™ 2 Duo personal computer (standard 17-inch Toshiba monitor, resolution 1600 × 900 pixels, Toshiba Corporation, Houston, USA). The ratio of two fixed distances (10cm/15cm) and three fixed angles (30°, 60° and 90°) were measured to define linear and angular measurement accuracy, respectively. Measurement of each variable was repeated on 15 occasions. Accuracy was expressed as the mean difference (95% confidence interval) between the mean of the repeated measurements and the expected mean, using a single-sample t-test.

Evaluation of Accuracy under Simulated Clinical Conditions
The effect of patient postural variation on software accuracy was assessed by quantifying the influence of rotation of the pelvis and proximal femur in the transverse and sagittal planes on the measured hip morphology. A computerised tomography (CT) scan of the pelvis of a healthy male volunteer was made (in-plane pixel size of 0.6mm×0.6mm and slice thickness of 0.6 mm). An AP radiograph was simulated by projecting the CT scan in the coronal plane, and this radiograph was defined as the reference radiograph (0° in the sagittal, coronal and transverse planes). The scans were reformatted and digitally rotated in the transverse and sagittal planes at 2.5° increments over a ±15° range relative to the anatomic plane, and a simulated AP radiograph produced at each increment by projecting the rotated image in the coronal plane. Analysis of each radiograph was made on 6 separate occasions by the same observer. Accuracy was determined by measuring the mean difference between the measured characteristics at increasing rotations versus that measured on the reference radiograph.

Software Repeatability
Radiograph Acquisition
The radiographs used to examine intra- and inter-observer repeatability were taken in 28 subjects (12 male, n = 30 hip joints) recruited to the arcOGEN study. All patients had preoperative AP radiographs of the pelvis before THR. The radiographs used to assess short-term clinical repeatability were taken in 23 subjects (16 male). All subjects had previously undergone unilateral primary THR as part of an ethically approved research protocol to test radiograph repeatability (J. M. Wilkinson et al. 2002). All repeatability analysis was performed on non-degenerate hip joints (KL<2). All subjects had provided written, informed consent prior to inclusion. Subjects had undergone standardised supine AP radiographs of the pelvis and proximal femur using 35cm×43cm plain radiographic film. All radiographs had been taken using standard radiographic equipment with a focus-to-film distance of 100 cm, centralisation on the superior border of the symphysis pubis, and the feet held in neutral alignment by taping to a foam block. A further set of radiographs was taken the same day after patient repositioning and using the same method. The radiographs were digitised using a Lumiscan 200 Laser digitiser (Lumisys Inc, Sunnyvale, CA, USA) to create digital radiographic images (pixel size 0.17 mm × 0.17 mm).

Assessment of Intra- and Inter-observer Repeatability
The principal investigator (ST) conducted the intra-observer variability study. Thirty AP pelvic radiographs were analysed using SHIPS software on two separate occasions.  The sample size of 30 radiographs was derived using the nomogram of Glüer et al that describes the effect of number of degrees of freedom on the reliability of precision estimates in continuous datasets (Glüer et al. 1995). This sample size with two measurements gives 30 degrees of freedom and represents the optimal cut off between subject number and multiple repeated measurements.  All analyses were performed blinded, in a random order, and one week apart. ST and another investigator (SM) conducted the inter-observer variability study on the same 30 radiographs. For all variables the distribution of the data was normal. Intra- and inter-observer variability was assessed for each morphological parameter by calculating the coefficient of variation (CV), according to the formula: CV = 100 × ((d/√2)/μ) for each morphological variable, where d represents the standard deviation of the differences between the paired morphological measurements, and μ is the mean of all the measurements for that measurement.

Assessment of Short-term Clinical Variability
The 23-paired AP pelvic radiographs generated on the same day after repositioning were analysed using SHIPS software. Analysis on each radiograph was blinded and performed once by a single observer (ST). Short-term clinical variability between the two sets of data was expressed using the CV.

[bookmark: _Toc479709874][bookmark: _Toc492995580]Results

Software Accuracy

Evaluation of Accuracy under Ideal Conditions
Software accuracy was within 0.1% (95% CI 0.1 to 0.1) for linear measurements, and within 0.4° (0.3 to 0.5) for angular measurements made at 30°, 60° and 90° (Table 3‑7).

[bookmark: _Ref479212773][bookmark: _Toc479882025][bookmark: _Toc492996429]Table 3‑7: Software accuracy.  
Mean (95% confidence interval)
	
	30° (95% CI)
	60° (95% CI)
	90° (95% CI)
	Ratio / % (95% CI)

	Mean Difference
	0.1° (0.0, 0.1)
	0.4° (0.5, 0.3)
	0.2° (0.1, 0.2)
	0.1 (0.1, 0.1)




Evaluation of Accuracy under Simulated Clinical Conditions
The accuracy of pelvic and femoral angular measurements was generally robust to changes in pelvic inclination and rotation up to ±15° from the anatomic plane, which might be expected in clinical practice (Figure 3‑4). Across this range measurement of most angular measurements fell within 5° of the true value, apart from AT that reached -6.7° when pelvic inclination was -15°. Measurement of length ratios showed greater variability than angular measurements over the same range of pelvic positions, although all measurement errors were <10% of the true value when the pelvis was rotated or inclined through ±15°, with the exception of FNLWR that showed a 12.3% error at -15° of pelvic inclination (see Figure 3-4).
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a; Measured acetabular angles vs. Pelvic inclination. b: Measured acetabular angles vs 
a; Measured acetabular angles vs. Pelvic inclination. b: Measured acetabular angles vs Pelvic rotation. c: Measured proximal femoral angles vs. pelvic inclination. d: Measured proximal femoral angles vs. pelvic rotation. e: Measured acetabular and proximal femoral ratios vs. pelvic inclination. f: Measured and proximal femoral ratios vs. pelvic rotation.
Software Repeatability
Intra- and Inter-observer Variability
The intra-observer CV was between 0.5 and 4.1% for all measurements, with the exception of HTE that was 14.6% (Table 3‑8). Inter-observer variability was slightly greater than the intra-observer variability for all measurements, varying from 1.5 to 9.7%, with the exception of HTE that was 24.2%. The precision of angular measurements was similar to that for ratio measurements.

Short-term Clinical Repeatability
Short-term clinical repeatability was between 1.2 and 6.1% for all measurements, with the exception of HTE that was 37.4% (Table 3‑8). The precision of angular measurements was similar to that for ratio measurements.



[bookmark: _Ref479212811][bookmark: _Toc479882026][bookmark: _Toc492996430]Table 3‑8: SHIPS repeatability studies results.  
CV = Coefficient of Variation, expressed as a %.
	Hip Morphological Parameter
	Intra-observer repeatability (CV%)
	Inter-observer repeatability (CV%)
	Short-term Clinical repeatability (CV%)

	PELVIS
	
	
	

	Inter-Femoral Head Width
	0.3
	0.7
	0.4

	Inter-Acetabular Width
	0.6
	3.2
	0.5

	ACETABULUM
	
	
	

	Acetabular Width
	1.4
	2.3
	1.4

	Acetabular Depth
	1.4
	4.8
	2.7

	Acetabular Depth to Width Ratio
	2.1
	5.7
	3.2

	Lateral Centre Edge Angle
	3.8
	9.7
	6.1

	Horizontal Toit Externe
	14.6
	24.2
	37.4

	Sharp’s Angle
	2.3
	3.2
	4.4

	Acetabular Tilt
	1.8
	3.7
	5.3

	PROXIMAL FEMUR
	
	
	

	Femoral Head Diameter
	1.1
	2.4
	1.2

	Femoral Neck Width
	0.5
	1.8
	1.3

	Femoral Head to Neck Ratio
	1.1
	3
	1.3

	Femoral Neck Shaft Angle
	0.5
	1.6
	1.2

	Alpha Angle
	4.1
	7
	5.9

	Modified Proximal Femoral Angle
	0.8
	1.5
	2.1

	Femoral Neck Length
	1
	1.1
	0.9

	Femoral Neck Length to Width Ratio
	1.1
	1.8
	1.2




[bookmark: _Toc479709875][bookmark: _Toc492995581]Discussion
We report the development and validation of a computer programme that calculates, in a semi-automated manner, several morphological risk factors for OA of the hip using plain pelvic radiographs. The accuracy and repeatability of the software under ideal, simulated clinical, and actual clinical conditions were good for all angular and linear measurements, with the exception of HTE that should be used with caution. 

The likely reason for the observed higher variability of HTE is poor definition of the two key radiographic anatomical landmarks needed for this measurement, specifically the medial edge, and to a lesser extent the lateral edge, of the weight-bearing sourcil of the acetabulum. This should be taken into consideration when interpreting the data collected from HTE and its subsequent use in any large-scale clinical studies. The observation that short-term clinical repeatability was good shows that the SHIPS tool is robust to sources of pre-analytical variability, including patient positioning, differences in radiographic set up, image processing and digitisation; and analytical variability, including screen resolution, computer hardware and software, and observer. The method may therefore be particularly useful for the analysis of studies where the sample size is very large, prohibiting acquisition of cross-sectional imaging, allows inclusion of data collection centres where plain radiography, but not cross-sectional imaging, is available and may be applied to retrospective imaging collections where acquisition standardisation can be inconsistent. 

We found that the accuracy of pelvic and femoral angular and ratio measurements was generally robust to changes in pelvic inclination and rotation up to ±15° from the anatomic plane, which might be expected in clinical practice. Previous studies have reported that varying degrees of pelvic inclination and rotation affect measurement of radiographic acetabular dysplasia (Jacobsen et al. 2004) and protrusio acetabuli (Richards et al. 2008). Jacobsen showed that Wiberg’s lateral centre edge angle, Sharp’s angle and the acetabular depth to width ratio were affected by varying pelvic rotation and inclination in a cadaveric study (Jacobsen et al. 2004). In addition, Sharp found that 15° inclination of the pelvis anteriorly and posteriorly changed the Sharp’s angle by 1° in each direction (Sharp 1961). Wiberg observed a decrease of the lateral centre edge angle of 2°-4° when the pelvis was inclined 15° posteriorly (Wiberg 1939). 

One possible explanation for the measurement variation with changes in pelvic inclination and rotation may be the changing appearance of the pelvic teardrop with different pelvic positions. The inter-teardrop line forms a reference point from which parameters of acetabular inclination and HTE are measured. Kohler’s teardrop, is a reliable indicator of the true position of the acetabulum (Goodman et al. 1988). It is formed on pelvic radiographs by the bony medial wall of the acetabulum and is seen to be symmetrical on accurately centred normal pelvic radiographs. However, this landmark appears deformed when centring is eccentric or the patient is rotated (Tönnis 1976). Whilst pelvic rotation can be controlled relatively easily at the time of radiographic examination, pelvic inclination is difficult to control with the femur in the extended position. 

Reliable interpretation of acetabular and proximal femoral anatomy is only possible if additional information on tilt and rotation of the patient’s pelvis is available. Previous recommendations suggest that only AP pelvic radiographs with an obturator-foramen width ratio within 0.58-1.8 (Tönnis 1976), and a sacro-coccygeal joint to pubic symphysis distance within 15-72 mm (Siebenrock et al. 2003), should be used for measurement of morphology. Retrospective datasets, in particular, are subject to variability in patient positioning, and to this end these measurements are provided in the output of the SHIPS software, so that they may be used to screen analysis output for potential measurement errors due to patient mal-positioning.
[bookmark: _Toc479709876][bookmark: _Toc492995582]Conclusion
In conclusion, we have developed a semi-automated software package that shows good accuracy and repeatability for four acetabular and five proximal femoral hip morphological characteristics that associated with OA. The system is user-friendly and may be of use in clinical research studies and clinical practice for assessing the relationship of these parameters to the risk of development of hip OA. Of note, care should be taken to ensure that inputted pelvic radiographs are not excessively rotated from the anatomic position, and this information is also available in the software output.

[bookmark: _Toc479709877][bookmark: _Toc492995583]3.5:  Genetic Analysis Methods

[bookmark: _Toc492995584]Quality Controls
Various quality controls on both a per-sample and per-SNP basis were undertaken to avoid spurious associations.  Checks on sample identity and a minimum rate of successfully genotyped SNPs per sample (95% of SNPs attempted) were reported (Pearson 2008).  Those samples not reaching this threshold were removed.
Individual SNPs amongst the remaining samples were quality controlled for errors of genotyping including: (1) the proportion of samples for which a SNP can be measured (the SNP call rate, typically >95%); (2) the minor allele frequency (often >1%, as rarer SNPs are difficult to measure reliably; (3) severe violations of Hardy-Weinberg equilibrium; (4) Mendelian inheritance errors in trio studies; and (5) concordance rates in duplicate samples (typically 99.5%) (Pearson 2008).
For quantitative traits, there was explicit agreement on how the phenotype data should be normalized and coded in terms of scale and units (de Bakker et al. 2008). These decisions were made before the association analysis.
Visual inspection of genotype cluster plots generated by the genotyping assay ensured that the strongest associations did not merely reflect genotyping artefact (Wellcome Trust Case Control Consortium 2007; Chanock et al. 2007).    Cluster plots provide diagnostics at the level of individual SNPs (Figure 3-5).  Raw data from the genotyping platform is plotted along two axes (one for each allele) to define clusters of data corresponding to the three genotype groups. The three clusters here are well defined and individual genotypes are accurately called.  
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: Signal intensity (cluster) plot for a specific SNP rs2950849 within the arcOGEN dataset.
Three distinct genotype groups are seen as represented by the different colours (blue, green, and red)
(arcOGEN Consortium et al. 2012)
)







[bookmark: _Toc492995585]1000 Genome Imputation
The process by which the genotype that is not immediately assayed in a group of individuals is predicted, is termed genotype imputation (Marchini & Howie 2010).  It is performed across the whole genome as part of a GWAS in order to predict the ‘in silico’ genotypes at the SNPs that are not directly genotyped in the study sample (Marchini & Howie 2010).  The result is an increase in the number of total SNPs that are available to be tested for association, thereby increasing the power of a GWAS by up to 10% (Spencer et al. 2009)).  Imputation also increases the ability to fine-map the contibutory SNP and enables meta-analysis with other datasets (Marchini & Howie 2010).   
Previously, the HapMap 2 haplotypes (International HapMap Consortium et al. 2007) have been widely used.  This has been superseded by the 1000 genomes project haplotype reference panel, providing coverage of approximately 15 million rare, and common SNPs.  The majority of studies employ a 2-stage approach that begins with imputation of the absent genotypes based upon the imputational reference panel. This occurs without the phenotype being taken into consideration. Each imputed SNP is then tested for association with the disease/trait in a subsequent second stage. This enables multiple phenotypes to be tested for association without having to repeat the imputation step (Marchini & Howie 2010). 
Assessing the trustworthiness (or imputation quality) of each imputed SNP is crucial.  Two metrics are used to assess quality; the SNPTEST information measure (Is) (Marchini 2010) and the IMPUTE info measure (Ia) (Marchini et al. 2007).  A value of 0 signifies total uncertainty, whereas a score of 1 signifies complete confidence.  In the case of a SNP with poor imputational quality (normally signified by an information score < 0.4), it is best to remove such SNPs at this stage prior to association testing (Zeggini et al. 2008). 
Investigating for association at these imputed SNPS necessitates caution (Marchini & Howie 2010).   SNPTEST is a program for the analysis of single SNP association in genome-wide studies (Marchini 2010). 
[bookmark: _Toc479709878][bookmark: _Toc492995586]SNPTEST Genome-wide Association Analyses
Genome-wide case-control association analyses were performed using SNPTEST (v2.5) (Marchini 2010), taking into account the full probability distribution of the imputed genotypes.  The tests implemented include binary (case-control) phenotypes, single and multiple quantitative phenotypes, Bayesian and frequentist tests, the ability to condition upon an arbitrary set of covariates and/or SNPs, and various different methods for the dealing with imputed SNPs.    Frequentist tests can be performed to counteract imputational SNP uncertainty (Marchini & Howie 2010).  Frequentist is defined as the school of statistical thought in which support for a hypothesis or parameter value is assessed using the probability of the observed data (or more extreme data sets) given the hypothesis or value (Marchini & Howie 2010).  Frequentist tests include the score, maximum likelihood and expected count.   The most efficient way of utilising this likelihood is to test for association using the score test.  The score test endeavours to exploit the likelihood in a single stage by calculating the first and second derivatives of the likelihood under the null hypothesis (Marchini & Howie 2010). 
This assumption can be ruined however by inadequate sample size, low frequency variants and increasing uncertainty regarding the genotype, giving rise to spuriously low p-values (Marchini & Howie 2010).  The maximum likelihood, maximizes the likelihood directly, by implementing an iterative Newton–Raphson algorithm scheme and thus optimises function at SNPs for which the Score test behaves badly (Marchini 2010).   A simpler, final, approach involves using the expected genotype count. These expected counts can be used to test for association with a binary or quantitative phenotype, using a standard logistic or linear regression model respectively (Marchini 2010).  This method has been shown to provide a good approximation to methods that take the genotype uncertainty into account when the effect size of the risk allele is small (Guan & Stephens 2008), which is the case for most of the common variants found in recent GWAS (Marchini & Howie 2010). 
The Score test was our primary GWAS association test. Prioritised signals were validated using the maximum likelihood ratio test (MLR) to guard against the anticonservative effect of low allele frequency and genotype uncertainty on the score test.  Quantitative traits were z-standardised to have mean 0 and variance 1.  Gender-adjusted association analyses were conducted for the most significantly associated prioritised SNP per signal.
[bookmark: _Toc479709824]
[bookmark: _Toc492995587]Interpreting GWAS Results
We tested for associations between the 2 alleles of each SNP and the phenotype, by contrasting the incidence of each allele in the cases and then the controls (Pearson 2008).  The odds ratios of the phenotype associated with the risk allele were then computed (Pearson 2008). 
The GWAS approach represents an unrivalled ability to produce false-positive discoveries.  An elevated level of robustness is therefore required, in achieving thresholds of statistical significance and performing replication of discovery findings (Hunter & Kraft 2007). 
As a consequence of the many simultaneous tests performed in GWAS, a Bonferroni corrected P value is used to mark a threshold of significance.  For example, in the instance that a GWAS dataset includes 1 million SNPS, a conventional P value of <0.05 significance would indicate that 50,000 SNPS will be reported to be associated with the phenotype.  A large proportion of these will be false-positives and secondary to chance alone.  For that reason a Bonferroni corrected P value threshold of significance is used, ie, the conventional P value is divided by the number of tests performed (Cui et al. 2005).  For example, in the 1 million SNP dataset above, one would use a P < 0.05/10-6 (or 5x10-8) threshold, to help identify only true-positive associations. This correction has been be criticised however, as it presumes that each SNP is independently associated with the phenotype, despite the fact that some individual SNPs are clearly linked to each other due to linkage disequilibrium (Pearson 2008). 
GWAS data can be visualised using QQ-plots and Manhattan plots (Figure 3-6 and Figure 3-7).
Quantile-Quantile (QQ) Plots
False-positive associations due to population stratification should be avoided.  Population stratification can be due to ethnic or geographic origin admixture (Hirschhorn et al. 2002). If one subgroup has a higher disease prevalence than the others, stratification occurs (Hirschhorn et al. 2002).   Population stratification should be assessed and reported by examining the distribution of test statistics generated from thousands of association tests performed (e.g., the Chi square test) and assessing their deviation from the null distribution (that expected under the null hypothesis of no SNP associated with the trait) in a quantile-quantile (QQ) plot (Pearson 2008) (Figure 3-6).   Observed association statistics or calculated P values for each SNP are ranked in order from smallest to largest and plotted against the values expected had they been sampled from a distribution of known form (such as the chi squared distribution) (Wellcome Trust Case Control Consortium 2007).  Deviations from the diagonal identity line suggest either the assumed distribution is incorrect or that the sample contains values arising in some other manner, as by a true association.   Since the underlying assumption in GWAS is that the vast majority of assayed SNPs are not associated with the trait, strong deviations from the null suggest either a very highly associated and heavily genotyped locus, or significant population stratification (Pearson 2008).  The genomic inflation factor λ, which is defined as the ratio of the median of the empirically observed distribution of the test statistic to the expected median, quantifies the extent of the bulk inflation and the excess false positive rate (Freedman et al. 2004).
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[bookmark: _Ref479212083][bookmark: _Toc479881958][bookmark: _Toc495415870]Figure 3‑7: Hypothetical quantile-quantile plots in genome-wide association studies (adapted from Pearson 2008).
The x-axis represents the expected p-value; the y-axis represents the observed p-value.  The diagonal line therefore represents the null hypothesis – ie, that there is no association.  Any deviation from the diagonal line may represent an association with the phenotype, or alternatively due to population stratification.   A: Before and after exclusion of the most strongly associated locus.  The strong deviation from the null distribution line indicates a highly associated and heavily genotyped locus.  B: Before and after adjustment for population stratification.  The strong deviation from the null here is due to population stratification.
Manhattan plots display SNP association p-values with respect to their genomic positions, highlighting signals of particular interest (Figure 3-7).  The P values of all the genome-wide SNPS are ordered by chromosome and position on the chromosome, whilst the y-axis represents the −log10 of the P value.  Because of local correlation of the SNPs, groups of significant P values tend to rise up high on the plot, like a Manhattan skyline.  The taller the peak, the stronger the association, at that location.  An example is shown below, with the strongest associations on 19q13, 6q24, 12q24, and 5q14, influencing microcirculation in-vivo (Ikram et al. 2010). 
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[bookmark: _Ref479212139][bookmark: _Toc479881960][bookmark: _Toc495415871]Figure 3‑8: An example of a genome-wide Manhattan plot. 
The x-axis represents the chromosome (1-22); the y-axis represents the –log10 of the p value.  Each SNP is plotted according to its location and corresponding p-value. A tall peak indicates a locus with a strong association at that location.
(Ikram et al. 2010)
Regional association plots (Figure 3-9), provide a “snapshot” of a more specific area of a chromosome.  Again, the y-axis represents the −log10 of the P value, whilst the x-axis represents the genomic location over a much smaller area (typically less than 1 million base pairs).  The specific genes that are coded for in that region and the recombination rate, annotate the x-axis. The index SNP is the marker in purple, the correlated variants coloured according to their pairwise r2 with the index SNP.  A clustering of SNPs with a high peak indicates a strong association with the phenotype at that location.
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:
 Example of regional association plot (RAP) for SNP rs6552923 from arcOGEN study.
  
(arcOGEN Consortium et al. 2012)
)


The index SNP is the marker in purple, the correlated variants coloured according to their pairwise r2 with the index SNP.  The p value is denoted on the y-axis, and the recombination rate on the x-axis, which is annotated by the specific genes coded for, in that location (Build 37). 

[bookmark: _Toc479709879][bookmark: _Toc492995588]Genome-Wide Association Meta Analysis (GWAMA)
Summary statistics from the discovery datasets were combined in a meta-analysis (fixed-effects model) using GWAMA (v2.0.5) (Mägi & Morris 2010). The software requires the following information for each SNP: (i) the marker identifier; (ii) the allelic effect estimate and corresponding standard error (or an allelic odds ratio and 95% confidence interval in the case of a dichotomous trait); and (iii) the allele for which the effect has been estimated and the complimentary non-reference allele.

[bookmark: _Toc479709880][bookmark: _Toc492995589]Validation of Imputed SNPs
In order to guard against false-positive discoveries, we discarded imputed SNPs with low imputation score (<0.4) and index imputed SNP “loners”.  Loners were defined as SNPS; (1) not having one or more correlated (R2>0.8) directly typed SNPs with p<10-6, or (2) two or more SNPs (imputed or directly typed) located within the same LD block (one SNP with p<10-6) within 2 powers of magnitude of each other.  Imputed SNPs with p<10-6, that did not have any other correlated variant within 2 magnitudes of power to corroborate evidence for association of the locus were deemed suspicious and were not investigated further.  Promising index imputed SNPs were independently validated by de-novo genotyping using the Sequenom MassARRAY iPLEX Gold assay (Agena Bioscience GmbH, Hamburg, Germany). 

[bookmark: _Toc479709881][bookmark: _Toc492995590]Heritability Estimates
Genome-wide Complex Trait Analysis (GCTA) allows the contribution of all SNPs in a GWAS to be simultaneously evaluated in estimating heritability (J. Yang et al. 2011; J. Yang et al. 2013).  GCTA calculates the genetic similarity between subjects and uses the restricted maximum-likelihood approach to estimate narrow sense heritability (h2). An alternative approach based on phenotype correlation-genotype correlation (PCGC) regression has recently been developed to avoid potential bias introduced by GCTA when applied to case-control studies (Golan et al. 2014) We applied GCTA, PCGC, and BOLT-REML (Loh et al. 2015) methodologies to the knee OA case-control GWAS to quantify the heritability accounted for by common genetic variation (MAF>0.01), and the influence of narrower phenotypic definition on heritability estimate.

[bookmark: _Toc479709882][bookmark: _Toc492995591]Power Calculations (Quanto)
Power was calculated using Quanto v1.2.4 under the additive model (Gauderman 2002) at α=5x10-8, and based on study-specific effect sizes and case-control ratios identified in the various GWAS. The sample size required to have 80% power to detect the associated signals with genome-wide significance (p=5x10-8) was estimated.  To calculate the sample size fold reduction afforded by the use of precise phenotype definitions over an all hip OA versus controls approach we fixed the estimated sample size of hip OA cases from infinite to n=1,000,000.  

[bookmark: _Toc479709883][bookmark: _Toc492995592]GOAL Genetic Analysis
Stratified association analysis comparing compartmental subsets of the 1891 knee OA cases versus the 1386 controls was made using SNPTEST (V2.2), and adjusted for patient gender. Finally a meta-analysis (fixed-effects model) of the discovery and replication association analyses was made using GWAMA (v2.0.5) (Mägi & Morris 2010).  



























































[bookmark: _Toc492995593][bookmark: _Toc479709885]:  THE RELATIONSHIP BETWEEN HIP MORPHOLOGY AND HIP OSTEOARTHRITIS ENDOPHENOTYPES

[bookmark: _Toc479709886][bookmark: _Toc492995594]4.1:  Overview
Several hip morphological characteristics are known to associate with long-term risk of developing hip OA (Nicholls et al. 2011).  However, the precise relationship between an individual’s hip morphology and their resultant phenotypic pattern of hip OA is unclear.  The work described in this chapter investigates the relationship between hip morphology and the site of maximal JSN, and the bone remodelling response.  
We used 816 cases with unilateral hip OA and radiographic data from the arcOGEN cohort.  All morphological assessments were performed using the SHIPS software on the non-degenaterate contralateral hip.  The OA hip was classified according to the endophenotypes detailed previously.
We identified that acetabuli that are relatively deep and with a horizontal superior margin are associated with a medial disease pattern.  This is in contrast to a shallow acetabulum with a steeply sloping superior wall, which is associated with a superior pattern of JSN.  A proximal femur that is relatively valgus, uncovered, and has evidence of a larger cam-type deformity is most commonly associated with a superior pattern of JSN, whereas, a varus, well-covered, more spherical proximal femur is associated with medial JSN.  
[bookmark: _Toc479709887]Interestingly, a shallow, steep, acetabulum and a valgus, uncovered proximal femur with a larger cam lesion, is associated with an atrophic pattern of disease.  Conversely a deep, horizontal socket combined with a varus, well-covered spherical proximal femur is associated with a hypertrophic pattern of OA, raising the possibility of a common aetiological process between pattern of JSN and bone remodelling.  This information provides us valuable insight regarding the relationship between joint shape and subsequent disease pattern.  


[bookmark: _Toc492995595]4.2:  Aim
Assuming that both hips in any given individual develop with symmetrical morphological characteristics (Young et al. 2014), we explored the relationship between hip morphology parameters acquired from an AP pelvis radiograph and clinically important endo-phenotypes of hip OA; anatomic site of maximum JSN, and the bone remodelling response.

[bookmark: _Toc479709888][bookmark: _Toc492995596]4.3:  Statistical Analysis
All morphological characteristics were normally distributed with the exception of alpha angle. In order to identify any differences among the hip OA endophenotypes group mean values, a one-way analysis of variance (ANOVA) was conducted for the normally distributed morphometric parameters and a Kruskal-Wallis test for the non-parametric.  In order to counteract the issue of multiple comparisons a Bonferroni adjusted significant P value of 0.005 was used.  If a significant between-group difference in mean values was identified, a post-hoc 2-tailed unpaired t-test was performed for parametric variables, and a Mann-Whitney test for non-parametric variables, to confirm any significant associations between specific endophenotype groups.
[bookmark: _Toc479709889][bookmark: _Toc492995597]4.4:  Results

[bookmark: _Toc479709890][bookmark: _Toc492995598]4.4.1:  Relationship between Hip Morphology and Site of Joint Space Narrowing
Detailed below are the summary statistics for each morphological characteristic according to the different anatomical sites of maximum JSN (Table 4‑1).  There was a statistically significant difference between group means for the acetabular parameters; lateral center-edge angle (LCEA) (ANOVA p<0.0001) and acetabular depth to width ratio (AIDWR) (ANOVA p<0.0001).  The femoral parameters; alpha angle (AA) (ANOVA p<0.0001) and femoral neck-shaft angle (FNSA) (ANOVA p=0.002) showed evidence of significant difference also within the 4 groups of maximum JSN.
A lower LCEA was associated with a superior pattern of maximum JSN in the contra-lateral hip, and conversely a higher LCEA associated with medial pattern OA (p<0.0001, 2-tailed unpaired t-test, axial or medial versus superior JSN). There was a consistent sequential trend between increasing LCEA and pattern of OA from superior, to axial, to medial maxJSN. With regard to AIDWR, although the differences were subtle, a lower value, i.e., a relatively less deep acetabulum, was associated with a superior pattern of OA in the contra-lateral hip (p<0.0001, 2-tailed unpaired t-test, axial versus superior, and medial versus superior). A deeper acetabulum was associated with either an axial, or medial pattern of JSN, however, there was no difference in distribution seen between acetabular depths in the medial or axial JSN groups.  
Whilst just below the Bonferroni corrected p value threshold of 0.005, Sharp’s angle showed an association trend with site of maximum JSN (ANOVA p=0.019).  A lower Sharp’s angle tended to be associated with a medial pattern of OA in the contra lateral hip (p=0.004, 2-tailed unpaired t-test, medial versus superior). 
A clear difference in alpha angle group means was seen amongst the superior, axial and medial JSN groups (ANOVA p<0.0001).  A larger alpha angle was associated with a superior pattern of OA, whereas a lower value was associated with medial or axial OA (p<0.0001, Mann-Whitney test, superior versus axial, and superior versus medial).  No difference in distribution of alpha angle was identified between the axial and medial OA groups (p=0.48, Mann-Whitney test).
A greater, more valgus FNSA was associated with a superior JSN OA pattern, whereas a more varus FNSA was associated with medial OA (p=0.004, 2-tailed unpaired t-test).  Whilst statistically significant, this difference of group means was subtle at only 2.3 degrees.  


[bookmark: _Ref479211704][bookmark: _Toc479882027][bookmark: _Toc492996431]Table 4‑1: Table of summary statistics of morphological characteristics according to site of maximum JSN. 
a = 2-tailed unpaired t-test P<0.05, b = 2-tailed unpaired t-test P<0.01, c = 2-tailed unpaired t-test P<0.001, d = 2-tailed unpaired t-test P<0.0001. (A) = 2-tailed unpaired t-test analysis versus axial maxJSN, (M) = 2-tailed unpaired t-test analysis versus medial maxJSN, (S) = 2-tailed unpaired t-test analysis versus concentric maxJSN, (C) = 2-tailed unpaired t-test analysis versus concentric maxJSN). *Kruskal–Wallis Test as data not normally distributed

	
	Site of Maximum JSN
	

	
	Superior
	Axial
	Medial
	Concentric
	ANOVA P

	N= Number of Hips
	601
	77
	102
	33
	

	ACETABULAR
	
	
	
	
	

	LCEA
	
	
	
	
	

	Range
	9-48
	18-50
	22-56
	21-56
	

	Mean
	29.3d(A,M)
	33.91d(S)
	[bookmark: _Toc477204709][bookmark: _Toc477987339][bookmark: _Toc478239153][bookmark: _Toc479285019][bookmark: _Toc479630262][bookmark: _Toc479709891][bookmark: _Toc492995599]36.64d(S)
	31.61
	

	SD
	6.45
	6.45
	6.46
	6.48
	<0.0001

	AIDWR
	
	
	
	
	

	Range
	0.46-0.8
	0.52-0.85
	0.52-0.78
	0.5-0.72
	

	Mean
	[bookmark: _Toc477204710][bookmark: _Toc477987340][bookmark: _Toc478239154][bookmark: _Toc479285020][bookmark: _Toc479630263][bookmark: _Toc479709892][bookmark: _Toc492995600]0.61d(A,M)
	[bookmark: _Toc477204711][bookmark: _Toc477987341][bookmark: _Toc478239155][bookmark: _Toc479285021][bookmark: _Toc479630264][bookmark: _Toc479709893][bookmark: _Toc492995601]0.63d(S)
	[bookmark: _Toc477204712][bookmark: _Toc477987342][bookmark: _Toc478239156][bookmark: _Toc479285022][bookmark: _Toc479630265][bookmark: _Toc479709894][bookmark: _Toc492995602]0.63d(S)
	0.61
	

	SD
	0.05
	0.05
	0.06
	0.05
	<0.0001

	HTE
	
	
	
	
	

	Range
	-6-31
	-7-25
	-4-26
	-3-20
	

	Mean
	7.82
	7.83
	6.35
	8.88
	

	SD
	6.94
	7.01
	5.76
	6.33
	0.158

	Sharp's Angle
	
	
	
	
	

	Range
	26-53
	29-56
	28-52
	26-47
	

	Mean
	39.26b(M)
	39.29
	37.95b(S)
	38.06
	

	SD
	4.18
	4.6
	4.67
	4.77
	0.019

	Acetabular Tilt
	
	
	
	
	

	Range
	35-83
	49-75
	47-73
	44-68
	

	Mean
	58.58
	58.92
	57.25
	57.88
	

	SD
	6.25
	5.67
	5.34
	5.41
	0.171

	PROXIMAL FEMUR
	
	
	
	
	

	Alpha Angle
	
	
	
	
	

	Range
	40-97
	41-105
	38-97
	42-76
	

	Mean
	56.49d(A,M)
	51.75d(S)
	51.48d(S)
	51.70
	

	SD
	12.01
	12.15
	10.20
	8.73
	<0.0001*

	FHFNR
	
	
	
	
	

	Range
	1.09-1.61
	1.18-1.57
	1.26-1.64
	1.18-1.57
	

	Mean
	1.39
	1.42
	1.40
	1.40
	

	SD
	0.08
	0.07
	0.08
	0.08
	0.006

	FNSA
	
	
	
	
	

	Range
	98-153
	110-148
	111-145
	116-140
	

	Mean
	128.3b(M)
	127
	126b(S)
	125.1
	

	SD
	7.21
	6.87
	6.62
	6.34
	0.002

	MPFA
	
	
	
	
	

	Range
	73-106
	77-99
	81-106
	75-97
	

	Mean
	88.77
	88.64
	89.23
	88.64
	

	SD
	5.14
	4.57
	5.52
	5.03
	0.843

	FNLWR
	
	
	
	
	

	Range
	1.52-2.90
	1.65-2.92
	1.80-2.69
	1.66-2.71
	

	Mean
	2.23
	2.30
	2.24
	2.26
	

	SD
	0.23
	0.24
	0.21
	0.22
	0.078



[bookmark: _Toc479709895][bookmark: _Toc492995603]4.4.2:  Relationship between Hip Morphology and Bone Remodelling Response
Detailed below are the summary statistics for each morphological characteristic according to the different types of bone remodelling response (Table 4‑2).  There was a significant difference of group means for the acetabular characteristics lateral centre-edge angle (LCEA) (ANOVA p<0.0001), acetabular depth to width ratio (AIDWR) (ANOVA p<0.0001), and Sharp’s angle (ANOVA p<0.0001).  The femoral characteristics alpha angle (AA) (ANOVA p<0.0007) and femoral neck-shaft angle (FNSA) (ANOVA p<0.0001) showed evidence of significant difference also within the 3 different bone remodelling response groups.
There was an association between AIDWR and acetabular depth (p=0.0003, 2-tailed unpaired t-test, atrophic versus hypertrophic OA), with a shallower acetabulum associating with an atrophic pattern of OA, whereas a deeper acetabulum was associated with hypertrophic disease.  This trend was subtle, with the group means differing by only 0.02.  
A clear trend was seen between LCEA and bone remodelling responses.  A lower LCEA was associated with atrophic disease, whereas a higher value was associated with hypertrophic disease (p<0.0001, 2-tailed unpaired t-test, atrophic versus hypertrophic OA).
A higher Sharp’s angle, i.e., a steeper acetabulum was associated with an atrophic pattern of OA (p=0.004, 2-tailed unpaired t-test, atrophic versus hypertrophic).  No significant difference was seen between the normotrophic and hypertrophic groups (2-tailed unpaired t-test p=0.369).
A higher alpha angle was associated with an atrophic pattern of disease (p=0.0002, Mann Whitney, atrophic versus hypertrophic OA).  This appeared to be a consistent sequential trend, as a decreasing alpha angle was associated with atrophic, then normotrophic, and finally hypertrophic OA (p=0.02, Mann Whitney, normotrophic versus hypertrophic OA).

A more valgus neck-shaft angle was associated with an atrophic pattern of OA, whereas a relatively varus neck was associated with hypertrophic OA (p<0.0001, 2-tailed unpaired t-test, atrophic versus hypertrophic OA).  Indeed, similarly to alpha angle, a near linear relationship was seen, as a decreasing neck-shaft angle was associated with atrophic, then normotrophic, and finally hypertrophic disease (p=0.008, 2-tailed unpaired t-test, normotrophic versus hypertrophic disease). 



[bookmark: _Ref479211743][bookmark: _Toc479882028][bookmark: _Toc492996432]Table 4‑2: Summary statistics of morphological parameters according to pattern of bone remodelling response (BMR).
a =2-tailed unpaired t-test P<0.05, b =2-tailed unpaired t-test P<0.01, c =2-tailed unpaired t-test P<0.001, d =2-tailed unpaired t-test P<0.0001. (A) =2-tailed unpaired t-test analysis versus atrophic BMR, (N) =2-tailed unpaired t-test analysis versus normotrophic BMR, (H) =2-tailed unpaired t-test analysis versus hypertrophic BMR. *Kruskal–Wallis Test as data not normally distributed

	
	Bone Remodelling Response
	

	
	Atrophic
	Normotrophic
	Hypertrophic
	ANOVA P

	N= Number of Hips
	280
	365
	171
	

	ACETABULAR
	
	
	
	

	AIDWR
	
	
	
	

	Range
	0.47-0.80
	0.46-0.78
	0.50-0.85
	

	Mean
	0.60c(H)
	0.61
	0.62c(A)
	

	SD
	0.05
	0.05
	0.06
	0.002

	LCEA
	
	
	
	

	Range
	11-56
	9-56
	15-51
	

	Mean
	28.91d(H)
	31.41
	32.35d(A)
	

	SD
	6.48
	6.97
	7.01
	<0.0001

	HTE
	
	
	
	

	Range
	-6-31
	-3-31
	-7-26
	

	Mean
	8.18
	7.64
	6.90
	

	SD
	7.01
	6.63
	6.63
	0.147

	Sharp's Angle
	
	
	
	

	Range
	26-53
	26-52
	29-56
	

	Mean
	40.02b(H)
	38.43
	38.78b(A)
	

	SD
	4.32
	4.11
	4.52
	<0.0001

	Acetabular Tilt
	
	
	
	

	Range
	39-83
	35-81
	40-73
	

	Mean
	59.08
	58.02
	58.13
	

	SD
	6.17
	6.00
	5.95
	0.069

	PROXIMAL FEMUR
	
	
	
	

	Alpha Angle
	
	
	
	

	Range
	40-105
	40-97
	38-91
	

	Mean
	56.88b(H)
	54.90a(H)
	53.15b(A)
	

	SD
	12.53
	11.38
	11.45
	0.0007*

	FHFNR
	
	
	
	

	Range
	1.11-1.61
	1.15-1.57
	1.09-1.64
	

	Mean
	1.39
	1.39
	1.39
	

	SD
	0.08
	0.08
	0.08
	0.149

	FNSA
	
	
	
	

	Range
	98-153
	110-146
	110-145
	

	Mean
	129.3d(H)
	127.5
	125.9d(A)
	

	SD
	8.04
	6.37
	6.52
	<0.0001

	MPFA
	
	
	
	

	Range
	76-106
	73-104
	75-106
	

	Mean
	89.29
	88.46
	88.72
	

	SD
	5.26
	5.05
	5.05
	0.119

	FNLWR
	
	
	
	

	Range
	1.52-2.92
	1.59-2.74
	1.59-2.92
	

	Mean
	2.25
	2.24
	2.24
	

	SD
	0.24
	0.23
	0.22
	0.774





[bookmark: _Toc479709896][bookmark: _Toc492995604]4.5:  Discussion
Acetabuli that are relatively deep and with a horizontal superior margin are associated with a medial disease pattern.  This is in contrast to a shallow acetabulum with a steeply sloping superior wall, which is associated with a superior pattern of JSN.  A proximal femur that is relatively valgus, uncovered, and has evidence of a larger cam-type deformity is most commonly associated with a superior pattern of JSN, whereas, a varus, well-covered, more spherical proximal femur is associated with medial JSN.  A shallow, steep, acetabulum and a valgus, uncovered proximal femur with a larger cam lesion, is associated with an atrophic pattern of disease.  Conversely a deep, horizontal socket combined with a varus, well-covered spherical proximal femur is associated with a hypertrophic pattern of OA.

These pattern of migration observations are consistent with the direction of action of the biomechanical forces acting at the hip.  A shallow, steep acetabulum with a valgus, uncovered, aspherical head will lead to uneven load distribution and greater forces being transmitted through a smaller area within the supero-lateral aspect of the hip joint.  These ranges of deformities can be explained using acetabular dysplasia and FAI models.  Indeed there are clinical observations of these extremes of deformities leading to antero-superior and postero-medial patterns of disease (Beck et al. 2005)  Cartilage damage in acetabular dysplasia tends to occur in the antero-superior lateral zone of the weight-bearing area (Tamura et al. 2012).  Whilst cam-type deformities in isolation are rare, the characteristic pattern of damage seen is to the anterosuperior aspect of the acetabulum (Beck et al. 2005).  Pincer-type FAI impingement initially occurs at the anterosuperior rim and as further flexion is enforced, the femoral head subluxes posteriorly. Increased pressure between the posteromedial aspect of the femoral head and the posteroinferior acetabulum occurs (Beck et al. 2005). This “contrecoup lesion” is observed in the femoral head in 62% and in the posteroinferior acetabulum in 31% of individuals with pincer-type FAI (Beck et al. 2005).  We postulate that in those hips with evidence of pincer-type FAI, a medial pattern of disease is observed due to this so-called contrecoup lesion. 

A number of unexpected relationships between hip shape and bone-remodelling responses were identified.   No obvious explanation can be provided, other than this could be due to most atrophic OA hips having evidence of superior JSN, and therefore, the associations we are observing here is a direct consequence of that. A possible mechanism however, may be that specific genetic loci are associated with combined patterns of narrowing and remodelling. This will be explored further in the next chapter.   

[bookmark: _Toc479709897][bookmark: _Toc492995605]4.6:  Conclusion
We identified a number of associations between hip morphology and clinical endophenotypes of hip OA. Our data suggests that several acetabular and proximal femoral shapes are associated with particular patterns of hip JSN and bone remodelling response.

























































[bookmark: _Toc479709898][bookmark: _Toc492995606]: RADIOGRAPHIC ENDOPHENOTYPING IN HIP OSTEOARTHRITIS IMPROVES THE PRECISION OF GENETIC ASSOCIATION ANALYSIS
[bookmark: _Toc479709899][bookmark: _Toc492995607]5.1:  Overview
The success of previous genetic studies of hip OA have been restricted due to insufficient sample sizes and phenotype heterogeneity. This chapter outlines our attempt at addressing the latter.  We carried out a series of stratified GWAS in cases with radiographic hip OA and population-based controls. By partitioning the hip OA phenotype in clinically relevant sub-phenotypes according to anatomic site of maximum JSN and bone remodelling response, we find suggestive evidence of associations (p<9.9x10-6) at 6 variants, which would have been missed by a broad phenotype definition approach.  
For example, in the analysis of hip OA cases with superior maximum JSN versus cases with non-superior maximum JSN we detected association with a variant in the LRCH1 gene (rs754106, OR[95%CIs] =0.70[0.61-0.80], p=1.49x10-7), and at a variant located between CWC22 and UBE2E3 (rs73023563, OR[95%CIs] =1.59[1.33-1.91], p=6.59x10-7).  A variant located between PRDM5 and MAD2L1 (rs17050727, OR[95%CIs] =1.65[1.35-2.01], p=6.87x10-7) was significantly associated with the axial/medial max JSN phenotype.
In the comparison of hypertrophic with non-hypertrophic OA the most significant variants were located between STT3B and GADL1 (rs6766414, OR[95%CIs] =1.45[1.24-1.69], p=3.13x10-6) and between C1orf65 and CAPN8 (rs61837881, OR[95%CIs] =1.44[1.23-1.68], p=4.56x10-6).  Rs16869403, which resides within the gene encoding GPR98 was significantly associated with the atrophic OA phenotype (OR[95%CI] =2.11[1.61-2.75], p=1.37x10-7).
All these associations were fully attenuated in non-stratified analyses of all hip OA cases versus population controls.  The decrease in sample size required to reach genome-wide significance for an analysis within OA cases over the non-stratified hip OA versus population-based controls analysis ranged from 41 fold to 286 fold. Our findings demonstrate that stratification of hip OA cases into more homogeneous endophenotypes can identify genes of potential functional importance otherwise obscured by disease heterogeneity. 

[bookmark: _Toc479709900][bookmark: _Toc492995608]5.2: Objectives
Here, we applied clinically-relevant radiographic endophenotypes to identify novel variants that associate with hip OA in a subset of subjects from the arcOGEN study We calculated the differences in statistical power achieved using this approach versus a simple dichotomous description of joint involvement. We investigated the effect of using these endophenotype definitions on signal detection for previously established hip OA loci. 
[bookmark: _Toc479709901]
[bookmark: _Toc492995609]5.3:  Results
The patient characteristics per hip OA strata are detailed in Table 5‑1.  
The correlation between the 2 primary observers was ‘very good’ for the axial and medial JSN phenotypes (kappa=0.85, 95%CI=0.82-0.88) (Landis et al. 1977), and ‘good’ for the superior JSN phenotype (kappa=0.7, 95%CI=0.67-0.73); ‘good’ for the atrophic remodelling phenotype (kappa=0.64, 95%CI=0.58-0.69), and ‘moderate’ for the hypertrophic phenotype (kappa=0.54, 95%CI=0.50-0.58).








[bookmark: _Ref479206165][bookmark: _Ref479206093][bookmark: _Toc479882029][bookmark: _Toc492996433]Table 5‑1: Patient characteristics per hip OA strata.
	Osteoarthritis phenotype
	GWAS 1
N (males/females)
	GWAS 2
N (males/females)
	N total
(males/females)
	Prevalence 
(%)

	Hip (KL>=2)
	1817 (776/1041)
	301 (125/176)
	2118 (901/1217)
	100

	Pattern of joint space narrowing within the acetabulum (site of maximum joint space narrowing) 

	Axial
	158 (34/124)
	28 (5/23)
	186 (39/147)
	8.8

	Medial
	267 (69/198)
	48 (10/38)
	315 (79/236)
	14.9

	Superior
	1265 (615/650)
	204 (98/106)
	1469 (713/756)
	69.3

	Concentric/ Indeterminate
	127 (58/69)
	21(12/9)
	148 (70/78)
	7.0

	Bone remodelling response

	Atrophic
	267 (113/154)
	18ǂ (8/10)
	285 (121/164)
	13.4

	Hypertrophic
	531 (239/292)
	106 (46/60)
	637 (285/352)
	30.1

	Normotrophic
	1019 (424/595)
	177(71/106)
	1196(495/701)
	56.5



ǂ These individuals were not used as cases in the within OA genome-wide association analysis of the arcOGEN OmniExpress dataset due to their small number.

[bookmark: _Toc479709902][bookmark: _Toc492995610]Site of Maximum Joint Space Narrowing (maxJSN) Association Analysis
[bookmark: _Toc479709903][bookmark: _Toc492995611]In the GWAS meta-analysis of hip OA cases with superior maxJSN versus all other hip OA cases (Figure 5‑1), the most significant association was observed at rs754106 (MAF=0.46) in intron 1 of the LRCH1 (leucine-rich repeats and calponin homology (CH) domain containing 1) gene (T allele OR[95%CIs] =0.70[0.61-0.80], p=1.49x10-7 (Table 5‑2 and Figure 5‑2), and was consistent across both cohorts (Table 5‑3). In the GWAS meta-analysis of hip OA cases with axial/medial maxJSN versus all other hip OA cases (Figure 5‑3), rs754106 was also the most significantly associated variant (p=3.66x10‐7) but with the effect of the T allele in the opposite direction, in keeping with expectation (OR [95%CIs] =1.47[1.27-1.70], Table 5‑2 and Figure 5‑5). 
In the association analyses of hip OA cases with superior maxJSN versus population-based controls and of hip OA patients with axial/medial maxJSN versus population-based controls, opposite directions of effect were also observed for allele T: OR[95%CIs] =0.91[0.84-0.99], p=0.034 compared to OR[95%CIs] =1.32[1.14-1.52], p=1.39x10-4, respectively (Table 5‑2). When all hip OA cases were analysed together versus the same population-based control set, the signal was fully attenuated (OR[95%CIs]=1.01[0.93-1.08], p=0.89) (Table 5‑3).  
The second most significant finding in the superior maxJSN stratum versus all other hip OA cases was observed at rs73023563 (MAF=0.19) located between CWC22 (spliceosome-associated protein homolog (S. Cerevisiae) and UBE2E3 (ubiquitin-conjugating enzyme E2E 3) (T allele OR[95%CIs] =1.59[1.33-1.91], p=6.59x10-7, Table 5‑2 and Figure 5‑4). The rs73023563 association was also strong in the converse stratum (hip OA cases with axial/medial maxJSN versus all other hip OA cases) with the opposite direction of effect (T allele OR[95%CIs] =0.61[0.50-0.75], p=2.03x10-6). Its association in the analysis of axial/medial maxJSN cases versus population-based controls was equally strong (OR[95%CIs] =0.63[0.52-0.78], p=3.45x10-6), and was also fully attenuated in the all hip OA analysis versus population based-controls analysis (OR[95%CIs] =0.94[0.86-1.03], p=0.21) (Table 5‑3). 
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[bookmark: _Ref479206240][bookmark: _Ref479206234][bookmark: _Toc479881971][bookmark: _Toc495415873]Figure 5‑1: (a) Quantile-Quantile (QQ) and (b) Manhattan plots for primary within OA cases analyses of hip OA stratified by site of maxJSN:  GWAS meta-analysis of superior maxJSN hip OA vs. non-superior maxJSN hip OA. (a) QQ-plot - The x-axis represents the –log10 of the expected p-value; the y-axis represents the –log10 of the observed p-value.  The diagonal line therefore represents the null hypothesis – ie, that there is no association.  Any deviation from the diagonal line may represent an association with the phenotype.   (b) Manhattan plot - The x-axis represents the chromosome (1-22); the y-axis represents the –log10 of the p value.  Each SNP is plotted according to its location and corresponding p-value. A tall peak indicates a locus with a strong association at that location.
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[bookmark: _Ref479206298][bookmark: _Toc479881972][bookmark: _Toc495415874]Figure 5‑2: Regional association plot (RAP) for SNP rs754106, from GWAS meta-analysis of superior maxJSN hip OA vs. non-superior maxJSN hip OA.  
The index SNP rs754106 is the marker in purple, the correlated variants coloured according to their pairwise r2 with the index SNP.  The p value is denoted on the y-axis, and the recombination rate on the x-axis, which is annotated by the specific genes coded for, in that location (Build 37). 
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[bookmark: _Ref479208660][bookmark: _Toc479881973][bookmark: _Toc495415875]Figure 5‑3: QQ and Manhattan plots for primary within OA cases analyses of hip OA stratified by site of maxJSN:  GWAS meta-analysis of axial or medial maxJSN hip OA vs. non-axial or medial maxJSN hip OA.
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[bookmark: _Ref479208867][bookmark: _Toc479881974][bookmark: _Toc495415876]Figure 5‑4: RAP for SNP rs73023563, from GWAS meta-analysis of superior maxJSN hip OA vs. non-superior maxJSN hip OA.


In the association analysis of hip OA with axial/medial maxJSN versus all other hip OA cases the second most significant SNP was rs17050727 (MAF=0.14), located between PRDM5 (PR domain containing 5) and MAD2L1 (mitotic arrest deficient-like 1 (yeast)), T allele OR[95%CIs] =1.65[1.35-2.01], p=6.87x10-7 (Table 5‑2 and Figure 5‑6). rs17050727 exhibited a similar pattern of association with the converse stratum (superior maxJSN versus all other hip OA cases) as for the variants described above; and its association was also fully attenuated in the hip OA analysis versus population based-controls analysis (OR[95%CIs] =1.00[0.90-1.12], p=0.98, Table 5‑3). 
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[bookmark: _Ref479208719][bookmark: _Ref479208711][bookmark: _Toc479881975][bookmark: _Toc495415877]Figure 5‑5: RAP for SNP rs745106, GWAS meta-analysis of axial or medial maxJSN hip OA vs. non-axial or medial maxJSN hip OA.
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[bookmark: _Ref479208943][bookmark: _Toc479881976][bookmark: _Toc495415878]Figure 5‑6: RAP for SNP rs17050727, from GWAS meta-analysis of axial or medial maxJSN hip OA vs. non-axial or medial maxJSN hip OA.


Adjustments for sex, height and body mass index (BMI) had little effect on the association strength of the reported signals (Table 5‑4). Following validation experiments by de novo genotyping we found 100% genotype and minor allele concordance with GWAS genotypes of overlapping samples at rs754106 (Table 5‑5). 

[bookmark: _Toc479709904][bookmark: _Toc492995612]Bone Remodelling Response Association Analysis 
In the GWAS meta-analysis of hypertrophic versus no-hypertrophic hip OA cases (Figure 5‑7) the most significant SNP was rs6766414 (MAF=0.24) located between STT3B (subunit of the oligosaccharyltransferase complex (catalytic)) and GADL1 (glutamate decarboxylase-like 1), G allele OR[95%CIs] =1.45[1.24-1.69], p=3.13x10-6 (Table 5‑2 and Figure 5‑8). We also found evidence of association in the hypertrophic OA versus population-based controls analysis, G allele OR[95%CIs] =1.25[1.09-1.44], p=1.74x10-3 (Table 5‑3). In the analysis of hip OA cases versus population-based controls the signal was fully attenuated (OR[95%CIs] =1.00[0.92-1.09], p=0.98) (Table 5‑3). 
The second most significant replicating SNP in the hypertrophic versus non-hypertrophic stratum, rs61837881 (MAF=0.24) located between C1orf65 and CAPN8 (calpain 8), was associated exclusively with the hypertrophic response (allele C: OR[95%CIs] =1.44[1.23-1.68], p=4.56x10-6, Figure 5‑9) and was fully attenuated in the analysis of hip OA versus population-based controls (OR[95%CIs] =1.06[0.97-1.15], p=0.23,  Table 5‑3). Adjustment for sex, height and BMI had little effect on the association strength of the reported variants (Table 5‑4).
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[bookmark: _Ref479209213][bookmark: _Toc479881977][bookmark: _Toc495415879]Figure 5‑7: QQ and Manhattan plots for primary within OA cases analyses of hip OA stratified by bone remodelling response:  GWAS meta-analysis of hypertrophic hip OA vs. non-hypertrophic hip OA.
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[bookmark: _Ref479209244][bookmark: _Toc479881978][bookmark: _Toc495415880]Figure 5‑8: RAP for SNP rs6766414, GWAS meta-analysis of hypertrophic hip OA vs. non-hypertrophic hip OA.
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[bookmark: _Ref479209319][bookmark: _Toc479881979][bookmark: _Toc495415881]Figure 5‑9: RAP for SNP rs61837881, from GWAS meta-analysis of hypertrophic hip OA vs. non-hypertrophic hip OA.


In the GWAS of atrophic versus non-atrophic OA (Figure 5‑10), the most significant association was observed at rs16869403, which resides within the gene encoding the G protein-coupled receptor 98 (GPR98) (MAF=0.10, allele G OR[95%CI] =2.11[1.61-2.75], p=1.37x10-7, Figure 5‑11 and Table 5‑6). The strength of association was similar in the analysis of atrophic OA cases versus population-based controls (OR[95%CI] =1.93[1.52-2.46], p=4.14x10-7, (Table 5‑3). This association was fully attenuated in the non-stratified hip OA versus population-based controls analysis (OR[95%CI] =1.05[0.93-1.19], p=0.43. Genotype and minor allele concordance between typed and imputed genotypes at this SNP were 99% and 97%, respectively (Table 5‑5).
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[bookmark: _Ref479209378][bookmark: _Toc479881980][bookmark: _Toc495415882]Figure 5‑10: QQ and Manhattan plots for primary within OA cases analyses of hip OA stratified by bone remodelling response:  GWAS meta-analysis of atrophic hip OA vs. non-atrophic hip OA.
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[bookmark: _Ref479209397][bookmark: _Toc479881981][bookmark: _Toc495415883]Figure 5‑11: RAP for SNP rs16869403, GWAS meta-analysis of atrophic hip OA vs. non-atrophic hip OA.


[bookmark: _Ref479206283][bookmark: _Toc479882030][bookmark: _Toc492996434]Table 5‑2: Meta-analysis summary statistics for the most significantly associated variants with maximal site of joint space narrowing and with bone remodelling response phenotypes of hip OA.
	Study characteristics
	SNP characteristics
	Meta-analysis
	Sex-adjusted meta-analysis

	Cases definition
	Controls definition
	N
case / control
	SNP
	Chr
	Position
(b37)
	Nearest
gene(s)
	EA
	EAF
case/control
	OR
[95%CI]
	p-value
	OR
[95%CI]
	p-value

	Hip OA with superior JSN
	Hip OA with non-superior JSN
	1469/649
	rs754106
	13
	47152655
	LRCH1
	T
	0.51/0.60
	0.70 [0.61-0.80]

	1.49x10-7
	0.72 [0.62-0.82]
	2.17x10-6

	Hip OA with axial/medial JSN
	Hip OA with non-axial/medial JSN
	501/1617
	rs754106
	13
	47152655
	LRCH1
	T
	0.61/0.52
	1.47 [1.27-1.70]
	3.66x10-7
	1.42 [1.22-1.65]
	6.92x10-6

	Hip OA with superior JSN
	Hip OA with non-superior JSN
	1469/649
	rs73023563
	2
	181502830
	CWC22 UBE2E3
	T
	0.21/0.14
	1.59 [1.33-1.91]
	6.59x10-7
	1.58 [1.31-1.90]
	1.65x10-6

	Hip OA with axial/medial JSN
	Hip OA with non-axial/medial JSN
	501/1617
	rs73023563
	2
	181502830
	CWC22 UBE2E3
	T
	0.14/0.20
	0.61 [0.50-0.75]
	2.03x10-6
	0.62 [0.50-0.76]
	5.44x10-6

	Hip OA with axial/medial JSN
	Hip OA with non-axial/medial JSN
	501/1617
	rs17050727
	4
	121426827
	PRDM5
	T
	0.18/0.12
	1.65 [1.35-2.01]
	6.87x10-7
	1.67 [1.36-2.05]
	8.38x10-7

	Hip OA with hypertrophic response
	Hip OA with non-hypertrophic response
	637/1481
	rs6766414
	3
	31488222
	STT3B GADL1
	G
	0.29/0.22
	1.45 [1.24-1.69]
	3.13x10-6
	1.46 [1.25-1.70]
	2.31x10-6

	Hip OA with hypertrophic response
	Hip OA with non-hypertrophic response
	637/1481
	rs61837881
	1
	223626562
	CAPN8 C1orf65
	C
	0.29/0.22
	1.44 [1.23-1.68]
	4.56x10-6
	1.43 [1.23-1.67]
	5.55x10-6




[bookmark: _Ref479206333][bookmark: _Toc479882031][bookmark: _Toc492996435]Table 5‑3: Summary statistics of the associated variants across relevant strata.
The stratum in which the strength of association was greater for each variant is shown in bold.  Q_p, Cochran's heterogeneity statistic's p-value; I2, heterogeneity index; OA.

	SNP
	EA
	Analysis
	Definition of cases
	Definition of controls
	N case/control
	EAF case/control
	OR[95%CI]
	P
	Q_p
	I2(%)

	rs754106
	T
	Meta-analysis
	Hip OA with superior JSN 
	Hip OA with non-superior JSN
	1469/649
	0.51/0.60
	0.70[0.61-0.80]
	1.49x10-7
	0.19
	41

	
	
	GWAS set 1
	Hip OA with superior JSN 
	Hip OA with non-superior JSN
	1265/552
	0.52/0.60
	0.72[0.62-0.83]
	7.95 x10-6
	
	

	
	
	GWAS set 2
	Hip OA with superior JSN 
	Hip OA with non-superior JSN
	204/97
	0.49/0.63
	0.55[0.38-0.80]
	1.37 x10-3
	
	

	
	
	GWAS 
	Hip OA with superior JSN 
	Population-based
	1265/6500
	0.52/0.54
	0.91[0.84-0.99]
	3.43 x10-2
	
	

	
	
	Meta-analysis
	Hip OA with axial/medial JSN 
	Hip OA with non-axial/medial JSN 
	501/1617
	0.61/0.52
	1.47[1.27-1.70]
	3.66 x10-7
	0.34
	0

	
	
	GWAS set 1
	Hip OA with axial/medial JSN 
	Hip OA with non-axial/medial JSN 
	425/1392
	0.61/0.52
	1.43[1.22-1.67]
	9.63 x10-6
	
	

	
	
	GWAS set 2
	Hip OA with axial/medial JSN 
	Hip OA with non-axial/medial JSN 
	76/225
	0.63/0.50
	1.76[1.18-2.63]
	4.57 x10-3
	
	

	
	
	GWAS
	Hip OA with axial/medial JSN 
	Population-based
	425/6500
	0.61/0.54
	1.32[1.14-1.52]
	1.39 x10-4
	
	

	
	
	GWAS
	Hip OA
	Population-based
	1817/6500
	0.54/0.54
	1.01[0.93-1.08]
	8.94 x10-1
	
	

	rs73023563
	T
	Meta-analysis
	Hip OA with superior JSN 
	Hip OA with non-superior JSN
	1469/649
	0.21/0.14
	1.59[1.33-1.91]
	6.59 x10-7
	0.56
	0

	
	
	GWAS set 1
	Hip OA with superior JSN 
	Hip OA with non-superior JSN
	1265/552
	0.21/0.14
	1.63[1.33-1.99]
	6.22 x10-7
	
	

	
	
	GWAS set 2
	Hip OA with superior JSN 
	Hip OA with non-superior JSN
	204/97
	0.21/0.17
	1.40[0.87-2.25]
	1.60 x10-1
	
	

	
	
	GWAS
	Hip OA with superior JSN 
	Population-based
	1265/6500
	0.21/0.20
	1.07[0.97-1.19]
	1.93 x10-1
	
	

	
	
	Meta-analysis
	Hip OA with axial/medial JSN 
	Hip OA with non-axial/medial JSN 
	501/1617
	0.14/0.20
	0.61[0.50-0.75]
	2.03 x10-6
	0.83
	0

	
	
	GWAS set 1
	Hip OA with axial/medial JSN 
	Hip OA with non-axial/medial JSN 
	425/1392
	0.13/0.20
	0.60[0.48-0.75]
	3.13 x10-6
	
	

	
	
	GWAS set 2
	Hip OA with axial/medial JSN 
	Hip OA with non-axial/medial JSN 
	76/225
	0.15/0.21
	0.64[0.38-1.09]
	9.19 x10-2
	
	

	
	
	GWAS
	Hip OA with axial/medial JSN 
	Population-based
	425/6500
	0.13/0.20
	0.63[0.52-0.78]
	3.45 x10-6
	
	

	
	
	GWAS
	Hip OA
	Population-based
	1817/6500
	0.19/0.20
	0.94[0.86-1.03]
	2.06 x10-1
	
	

	rs17050727
	T
	Meta-analysis
	Hip OA with axial/medial JSN 
	Hip OA with non-axial/medial JSN 
	501/1617
	0.18/0.12
	1.65[1.35-2.01]
	6.87 x10-7
	0.97
	0

	
	
	GWAS set 1
	Hip OA with axial/medial JSN 
	Hip OA with non-axial/medial JSN 
	425/1392
	0.18/0.12
	1.65[1.33-2.05]
	7.13 x10-6
	
	

	
	
	GWAS set 2
	Hip OA with axial/medial JSN 
	Hip OA with non-axial/medial JSN 
	76/225
	0.19/0.12
	1.64[1.00-2.69]
	5.52 x10-2
	
	

	
	
	GWAS
	Hip OA with axial/medial JSN 
	Population-based
	425/6500
	0.18/0.14
	1.43[1.19-1.72]
	2.01 x10-4
	
	

	
	
	Meta-analysis
	Hip OA with superior JSN 
	Hip OA with non-superior JSN
	1469/649
	0.12/0.17
	0.67[0.56-0.81]
	3.24 x10-5
	0.58
	0

	
	
	GWAS set 1
	Hip OA with superior JSN 
	Hip OA with non-superior JSN
	1265/552
	0.12/0.17
	0.66[0.53-0.80]
	6.21 x10-5
	
	

	
	
	GWAS set 2
	Hip OA with superior JSN 
	Hip OA with non-superior JSN
	204/97
	0.13/0.16
	0.76[0.47-1.23]
	2.66 x10-1
	
	

	
	
	GWAS
	Hip OA with superior JSN 
	Population-based
	1265/6500
	0.12/0.14
	0.87[0.76-0.99]
	3.89 x10-2
	
	

	
	
	GWAS
	Hip OA
	Population-based
	1817/6500
	0.14/0.14
	1.00[0.90-1.12]
	9.78 x10-1
	
	

	rs6766414
	G
	Meta-analysis
	Hypertrophic hip OA
	Non-hypertrophic hip OA
	637/1481
	0.29/0.22
	1.45[1.24-1.69]
	3.13 x10-6
	0.52
	0

	
	
	GWAS set 1
	Hypertrophic hip OA
	Non-hypertrophic hip OA
	531/1286
	0.28/0.22
	1.42[1.20-1.68]
	5.84 x10-5
	
	

	
	
	GWAS set 2
	Hypertrophic hip OA
	Non-hypertrophic hip OA
	106/195
	0.31/0.22
	1.63[1.10-2.42]
	1.48 x10-2
	
	

	
	
	GWAS
	Hypertrophic hip OA
	Population-based
	531/6500
	0.28/0.24
	1.25[1.09-1.44]
	1.74 x10-3
	
	

	
	
	GWAS set 1
	Atrophic hip OA
	Non-atrophic hip oA
	267/1550
	0.22/0.24
	0.86[0.68-1.08]
	1.79 x10-1
	
	

	
	
	GWAS
	Atrophic hip OA
	Population-based
	267/6500
	0.22/0.24
	0.88[0.72-1.09]
	2.44 x10-1
	
	

	
	
	GWAS
	Hip OA
	Population-based
	1817/6500
	0.24/0.24
	1.00[0.92-1.09]
	9.76 x10-1
	
	

	rs61837881
	C
	Meta-analysis
	Hypertrophic hip OA
	Non-hypertrophic hip OA
	637/1481
	0.29/0.22
	1.44[1.23-1.68]
	4.56 x10-6
	0.27
	16

	
	
	GWAS set 1
	Hypertrophic hip OA
	Non-hypertrophic hip OA
	531/1286
	0.29/0.23
	1.39[1.18-1.64]
	1.10 x10-4
	
	

	
	
	GWAS set 2
	Hypertrophic hip OA
	Non-hypertrophic hip OA
	106/195
	0.29/0.20
	1.80[1.17-2.76]
	7.14 x10-3
	
	

	
	
	GWAS
	Hypertrophic hip OA
	Population-based
	531/6500
	0.29/0.23
	1.33[1.15-1.53]
	1.28 x10-4
	
	

	
	
	GWAS set 1
	Atrophic hip OA
	Non-atrophic hip OA
	267/1550
	0.24/0.24
	0.96[0.77-1.19]
	6.93 x10-1
	
	

	
	
	GWAS
	Atrophic hip OA
	Population-based
	267/6500
	0.24/0.23
	1.02[0.82-1.25]
	8.79 x10-1
	
	

	
	
	GWAS
	Hip OA
	Population-based
	1817/6500
	0.24/0.23
	1.06[0.97-1.15]
	2.28 x10-1
	
	

	rs16869403
	G
	GWAS set 1
	Atrophic hip OA
	Non-atrophic hip OA
	267/1550
	0.17/0.09
	2.11[1.61-2.75]
	1.37 x10-7
	
	

	
	
	GWAS
	Atrophic hip OA
	Population-based
	267/6500
	0.17/0.10
	1.93[1.52-2.46]
	4.14 x10-7
	
	

	
	
	Meta-analysis
	Hypertrophic hip OA
	Non-hypertrophic hip OA
	637/1481
	0.09/0.10
	0.86[0.69-1.08]
	2.08 x10-1
	0.63
	0

	
	
	GWAS set 1
	Hypertrophic hip OA
	Non-hypertrophic hip OA
	531/1286
	0.09/0.10
	0.84[0.65-1.08]
	1.75 x10-1
	
	

	
	
	GWAS set 2
	Hypertrophic hip OA
	Non-hypertrophic hip OA
	106/195
	0.10/0.10
	0.97[0.57-1.64]
	9.09 x10-1
	
	

	
	
	GWAS
	Hypertrophic hip OA
	Population-based
	531/6500
	0.09/0.10
	0.93[0.74-1.16]
	5.14 x10-1
	
	

	
	
	GWAS
	Hip OA
	Population-based
	1817/6500
	0.10/0.10
	1.05[0.93-1.19]
	4.28 x10-1
	
	


 (
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[bookmark: _Ref479209104][bookmark: _Toc479882032][bookmark: _Toc492996436]Table 5‑4: Summary statistics of the associated variants before and after adjustment for sex, height and body mass index in the first set of arcOGEN cases.

	SNP
	Cases Definition
	Controls definition
	N
case/control
	P
	P_adjusted

	rs754106
	Hip OA with 
superior JSN
	Hip OA with
non-superior JSN
	1234/525
	4.10 x10-6
	5.25 x10-5

	rs754106
	Hip OA with axial/medial JSN
	Hip OA with
non-axial/medial JSN
	404/1355
	1.05 x10-5
	1.75 x10-4

	rs73023563
	Hip OA with 
superior JSN
	Hip OA with
non-superior JSN
	1234/525
	2.34 x10-7
	1.80 x10-7

	rs17050727
	Hip OA with axial/medial JSN
	Hip OA with
non-axial/medial JSN
	1234/525
	4.35 x10-5
	4.68 x10-5

	rs73023563
	Hip OA with axial/medial JSN
	Hip OA with
non-axial/medial JSN
	404/1355
	1.74 x10-6
	1.14 x10-6

	rs6766414
	Hip OA with hypertrophic response
	Hip OA with
non-hypertrophic response
	518/1241
	2.90 x10-5
	3.19 x10-5

	rs61837881
	Hip OA with hypertrophic response
	Hip OA with
non-hypertrophic response
	518/1241
	1.97 x10-4
	2.37 x10-4
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[bookmark: _Ref479209186][bookmark: _Toc479882033][bookmark: _Toc492996437]Table 5‑5: Validation of top signals by Sequenom MassARRAY iPLEX Gold assay. 
amvnam, hip OA with axial/medial joint space narrowing vs. hip OA with non-axial/medial joint space narrowing; avna, hip OA with atrophic bone response vs. hip OA with non-atrophic response. 

	
	Sequenom summary statistics
	GWAS summary statistics
	
Concordance between Sequenom and GWAS

	SNP
	EA
	Stratum
	N
case/control
	OR
[95%CI]
	P
	EAF
cases
	EAF
controls
	OR
[95%CI]
	P
	EAF
cases
	EAF
controls
	
Imputation
score
	
% Genotype concordance
	
% Minor allele concordance


	rs754106
	T
	amvnam
	413/1366
	1.43
[1.21-1.68]
	1.35x10-5
	0.393
	0.479
	1.42
[1.21-1.67]
	1.37x10-5
	

0.393
	

0.478
	

1
	

100
	

100

	rs16869403
	G
	avna
	    262/1517
	2.05
[1.57-2.68]
	3.33x10-7
	0.170
	0.092
	2.11
[1.61-2.77]
	2.36x10-7
	

0.164
	

0.088
	

0.97
	

99
	

97



 (
160
)





[bookmark: _Ref479209409][bookmark: _Toc479882034][bookmark: _Toc492996438]Table 5‑6: Summary statistics for SNP rs16869403 which showed suggestive association with the atrophic hip OA phenotype.  
avna, hip OA with atrophic bone response vs. hip OA with non-atrophic response; avcon, hip OA with atrophic bone response vs population-based controls
	
	SNP characteristics
	GWAS 1 analysis
	Sex-adjusted GWAS 1 analysis

	Stratum
	SNP
	Chr
	bp
	EA
	EAF
	OR
(95% CI)
	P
	OR
(95% CI)
	P

	avna
	rs16869403
	5
	9035692
	G
	0.10
	2.47(1.81-3.38)
	1.53x10-8
	2.05(1.58-2.65)
	1.52x10-8

	avcon
	rs16869403
	5
	9035692
	G
	0.10
	2.33(1.73-3.15)
	3.15x10-8
	1.88(1.49-2.38)
	2.66x10-8





[bookmark: _Toc479709905][bookmark: _Toc492995613]Power Gains
Power increases substantially in the within-OA analyses compared to the non-stratified hip OA versus population-based controls analysis (Table 5‑7). Small to modest power increase are observed in the stratified OA cases versus population-based controls analyses compared to the non-stratified hip OA versus population-based controls analysis. The decrease in sample size required to reach genome-wide significance for an analysis within OA cases over the non-stratified hip OA versus population-based controls analysis ranged from 41 fold to 286 fold. The decrease in sample size between stratified hip OA versus population-based controls analyses over the non-stratified hip OA versus population-based controls analysis ranged from 1 fold to >240 fold.

[bookmark: _Toc479709906][bookmark: _Toc492995614]Genetic Links between Site of Narrowing and Bone Remodelling Responses
We investigated for associations that linked risk variants for specific combined patterns of JSN / remodelling responses.  Only rs6766414 (hypertrophic hip OA, located adjacent to STT3B), revealed evidence of association with axial/medial maxJSN both within OA cases (G allele, OR[95%CIs]= 1.43[1.20-1.69], p=4.46 x10-5) and versus population-based controls (G allele, OR[95%CIs]= 1.31(1.23-1.53), p=5.35x10-4).  The rs6766414 association was also strong in the converse stratum (hip OA cases with superior maxJSN versus all other hip OA cases) with the opposite direction of effect (G allele OR[95%CIs] = 0.77(0.66-0.90), p=9.89x10-4). Its association in the analysis of superior maxJSN cases versus population-based controls was however attenuated (OR[95%CIs] = 0.91[0.82-1.01], p=0.068).  
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[bookmark: _Ref479209486][bookmark: _Toc479882035][bookmark: _Toc492996439]Table 5‑7: Power gains associated with dichotomous versus specific radiographic endophenotype descriptors.
For each variant and stratum we present power (%) based on study specific effect size, effect allele frequency and case/control ratio from the GWAS on Illumina610k.  Similarly we estimated the sample size required to have 80% power to detect the associated signals with genome-wide significance (p=5x10-8). 
	Study parameters
	Estimated parameters

	SNP
	Definition of cases
	Definition of controls
	N cases
	N controls
	EAF
	OR
	Power (%)
	N cases
	N controls
	N total

	rs754106

	Hip OA with superior JSN
	Hip OA with non-superior JSN
	1265
	552
	0.54
	0.72
	18.45
	2416
	1054
	3470

	
	Hip OA with superior JSN
	Population-based
	1265
	6500
	0.54
	0.91
	0.05
	10669
	54821
	65490

	
	Hip OA
	Population-based
	1817
	6500
	0.54
	1.01
	0.00
	>1000000
	>3577325
	>4577325

	rs73023563

	Hip OA with superior JSN
	Hip OA with non-superior JSN
	1265
	552
	0.19
	1.63
	57.78
	1571
	686
	2257

	
	Hip OA with superior JSN
	Population-based
	1265
	6500
	0.20
	1.07
	0.00
	31513
	161925
	193438

	
	Hip OA
	Population-based
	1817
	6500
	0.19
	0.94
	0.00
	43995
	157384
	201379

	rs17050727

	Hip OA with axial/medial JSN
	Hip OA with non-axial/medial JSN
	425
	1392
	0.14
	1.65
	28.62
	705
	2309
	3014

	
	Hip OA with axial/medial JSN
	Population-based
	425
	6500
	0.14
	1.43
	4.89
	1168
	17864
	19032

	
	Hip OA
	Population-based
	1817
	6500
	0.14
	1.00
	0.00
	∞
	∞
	∞

	rs6766414

	Hypertrophic hip OA
	Non-hypertrophic hip OA
	531
	1286
	0.24
	1.42
	12.40
	1139
	2758
	3897

	
	Hypertrophic hip OA
	Population-based
	531
	6500
	0.24
	1.25
	0.92
	2199
	26918
	29117

	
	Hip OA
	Population-based
	1817
	6500
	0.24
	1.00
	0.00
	∞
	∞
	∞

	rs61837881

	Hypertrophic hip OA
	Non-hypertrophic hip OA
	531
	1286
	0.24
	1.39
	7.69
	1298
	3144
	4442

	
	Hypertrophic hip OA
	Population-based
	531
	6500
	0.24
	1.33
	7.15
	1323
	16195
	17518

	
	Hip OA
	Population-based
	1817
	6500
	0.24
	1.06
	0.00
	40187
	143762
	183949

	rs16869403

	Atrophic hip OA 
	Non-atrophic hip OA
	267
	1550
	0.10
	2.11
	58.36
	330
	1916
	2246

	
	Atrophic hip OA
	Population-based
	267
	6500
	0.10
	1.93
	42.25
	383
	9324
	9707

	
	Hip OA
	Population-based
	1817
	6500
	0.10
	1.05
	0.00
	115540
	413324
	528864


 (
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[bookmark: _Toc479709907][bookmark: _Toc492995615]Established Hip OA loci 
The strength of association of the 10 established hip OA susceptibility loci in Europeans (Zengini et al. 2016) was examined in each of the hip OA strata studied here (Table 5‑8). Here, the risk allele of rs12982744 in DOTL1 associated with hip OA (OR[95%CIs] =1.15[1.07-1.24], p=3.06x10-4) but the most significant association was observed in the analysis of hip OA with superior maxJSN vs. population-based controls (p=8.17x10-6, OR [95%CIs] =1.22[1.12-1.34]) (Table 5‑8). Further corroboration of this stratum-specific association comes from the within OA GWAS analyses of the hip OA cases with superior maxJSN versus all other hip OA cases (OR [95%CIs] =1.22[1.06-1.42, p=7.58x10-3]; and converse stratum OR [95%CIs] =0.81[0.69-0.95], p=1.13x10-2). The effect size differed between males and females both in our hip OA versus population-based control analysis (males OR[95%CIs] =1.30[1.16-1.46], p=8.92x10-6; females OR[95%CIs] =1.05[0.95-1.17), p=0.32, and in the superior maxJSN versus population-based controls analysis (males OR[95%CIs] =1.35[1.18-1.53], p=5.20x10-6; females OR[95%CIs] =1.12[0.99-1.27], p=0.07). This suggests that the sex-disparity of effects at the DOT1L locus is not driven by the differences in prevalence of pattern of JSN between the two sexes. 
Five other index SNPs (rs9350591, rs10948172, rs11177, rs4836732, rs6094710) also exhibited similar or lower p-values and higher odds ratios in endophenotype-based association analyses than in the hip OA versus population-based controls analysis, despite the decrease in case sample size (ranging from 30 to 77%) (Table 5‑8). However, unlike the DOT1L variant, none of these showed an association that was strengthened to compensate for the multiple comparisons performed.
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[bookmark: _Ref479209505][bookmark: _Toc479882036][bookmark: _Toc492996440]Table 5‑8: Association summary statistics of established hip OA loci across all strata examined
	Association summary statistics in discovery study
	Association summary statistics in this study

	SNP
	Nearest gene(s)
	EA
	Site
	Sex
	OR[95%CIs]
	P
	Definition of cases
	Definition of controls
	Analysis
	OR[95%CI]
	P

	rs12982744
	DOT1L
	C
	Hip
	Males
	
1.17[1.11-1.23]

	7.8 x10-9
	Hip OA
	Population-based
	GWAS
	1.15[1.07-1.24]
	3.06 x10-4

	
	
	
	
	
	
	
	Hip OA with axial/medial JSN
	Population-based
	GWAS
	0.98[0.85-1.14]
	8.33 x10-1

	
	
	
	
	
	
	
	Hip OA with axial/medial JSN
	Hip OA with non-axial/medial JSN
	GWAS set 1
	0.81[0.69-0.95]
	1.13 x10-2

	
	
	
	
	
	
	
	Hip OA with axial/medial JSN
	Hip OA with non-axial/medial JSN
	GWAS set 2
	0.94[0.64-1.38]
	7.62 x10-1

	
	
	
	
	
	
	
	Hip OA with superior JSN
	Population-based
	GWAS
	1.22[1.12-1.34]
	8.17 x10-6

	
	
	
	
	
	
	
	Hip OA with superior JSN
	Hip OA with non-superior JSN
	GWAS set 1
	1.22[1.06-1.42]
	7.58 x10-3

	
	
	
	
	
	
	
	Hip OA with superior JSN
	Hip OA with non-superior JSN
	GWAS set 2
	1.02[0.71-1.45]
	9.34 x10-1

	
	
	
	
	
	
	
	Atrophic hip OA
	Population-based
	GWAS
	1.35[1.12-1.62]
	1.39 x10-3

	
	
	
	
	
	
	
	Atrophic hip OA
	Non-atrophic hip OA
	GWAS
	1.20[0.99-1.46]
	6.33 x10-2

	
	
	
	
	
	
	
	Hypertrophic hip OA
	Population-based
	GWAS
	1.12[0.99-1.28]
	7.62 x10-2

	
	
	
	
	
	
	
	Hypertrophic hip OA
	Non-hypertrophic hip OA
	GWAS set 1
	0.97[0.83-1.12]
	6.63 x10-1

	
	
	
	
	
	
	
	Hypertrophic hip OA
	Non-hypertrophic hip OA
	GWAS set 2
	0.95[0.67-1.34]
	7.51 x10-1

	rs9350591
	FILIP1; SENP6
	T
	Hip
	Both
	1.18[1.12-1.25]
	2.4 x10-9
	Hip OA
	Population-based
	GWAS
	1.17[1.04-1.30]
	7.01 x10-3

	
	
	
	
	
	
	
	Hip OA with axial/medial JSN
	Population-based
	GWAS
	1.36[1.12-1.66]
	3.11 x10-3

	
	
	
	
	
	
	
	Hip OA with axial/medial JSN
	Hip OA with non-axial/medial JSN
	GWAS set 1
	1.23[0.98-1.53]
	7.47 x10-2

	
	
	
	
	
	
	
	Hip OA with axial/medial JSN
	Hip OA with non-axial/medial JSN
	GWAS set 2
	1.21[0.74-1.98]
	4.42 x10-1

	
	
	
	
	
	
	
	Hip OA with superior JSN
	Population-based
	GWAS
	1.05[0.92-1.20]
	4.94 x10-1

	
	
	
	
	
	
	
	Hip OA with superior JSN
	Hip OA with non-superior JSN
	GWAS set 1
	0.72[0.59-0.88]
	1.73 x10-3

	
	
	
	
	
	
	
	Hip OA with superior JSN
	Hip OA with non-superior JSN
	GWAS set 2
	0.85[0.53-1.34]
	4.77 x10-1

	
	
	
	
	
	
	
	Atrophic hip OA
	Population-based
	GWAS
	1.11[0.85-1.44]
	4.57 x10-1

	
	
	
	
	
	
	
	Atrophic hip OA
	Non-atrophic hip OA
	GWAS
	0.94[0.71-1.24]
	6.60 x10-1

	
	
	
	
	
	
	
	Hypertrophic hip OA
	Population-based
	GWAS
	1.12[0.92-1.35]
	2.64 x10-1

	
	
	
	
	
	
	
	Hypertrophic hip OA
	Non-hypertrophic hip OA
	GWAS set 1
	0.94[0.76-1.16]
	5.68 x10-1

	
	
	
	
	
	
	
	Hypertrophic hip OA
	Non-hypertrophic hip OA
	GWAS set 2
	0.81[0.51-1.31]
	3.88 x10-1

	rs10948172
	SUPT3H
	G
	Hip & knee
	Males
	1.14[1.09-1.20]
	7.9 x10-8
	Hip OA
	Population-based
	GWAS
	1.13[1.04-1.22]
	3.77 x10-3

	
	
	
	
	
	
	
	Hip OA with axial/medial JSN
	Population-based
	GWAS
	1.24[1.07-1.44]
	4.84 x10-3

	
	
	
	
	
	
	
	Hip OA with axial/medial JSN
	Hip OA with non-axial/medial JSN
	GWAS set 1
	1.13[0.96-1.33]
	1.42 x10-1

	
	
	
	
	
	
	
	Hip OA with axial/medial JSN
	Hip OA with non-axial/medial JSN
	GWAS set 2
	1.01[0.69-1.50]
	9.47 x10-1

	
	
	
	
	
	
	
	Hip OA with superior JSN
	Population-based
	GWAS
	1.09[0.99-1.20]
	7.49 x10-2

	
	
	
	
	
	
	
	Hip OA with superior JSN
	Hip OA with non-superior JSN
	GWAS set 1
	0.90[0.77-1.04]
	1.61 x10-1

	
	
	
	
	
	
	
	Hip OA with superior JSN
	Hip OA with non-superior JSN
	GWAS set 2
	0.81[0.56-1.16]
	2.41 x10-1

	
	
	
	
	
	
	
	Atrophic hip OA
	Population-based
	GWAS
	1.14[0.94-1.37]
	1.82 x10-1

	
	
	
	
	
	
	
	Atrophic hip OA
	Non-atrophic hip OA
	GWAS
	1.01[0.83-1.23]
	9.18 x10-1

	
	
	
	
	
	
	
	Hypertrophic hip OA
	Population-based
	GWAS
	1.18[1.03-1.35]
	1.52 x10-2

	
	
	
	
	
	
	
	Hypertrophic hip OA
	Non-hypertrophic hip OA
	GWAS set 1
	1.07[0.92-1.24]
	3.84 x10-1

	
	
	
	
	
	
	
	Hypertrophic hip OA
	Non-hypertrophic hip OA
	GWAS set 2
	0.98[0.68-1.40]
	9.04 x10-1

	rs11177
	GNL3
	A
	Hip & knee
	Both
	1.12[1.08-1.16]
	1.3 x10-10
	Hip OA
	Population-based
	GWAS
	1.17[1.08-1.25]
	5.42 x10-5

	
	
	
	
	
	
	
	Hip OA with axial/medial JSN
	Population-based
	GWAS
	1.01[0.88-1.16]
	8.81 x10-1

	
	
	
	
	
	
	
	Hip OA with axial/medial JSN
	Hip OA with non-axial/medial JSN
	GWAS set 1
	0.84[0.72-0.97]
	2.16 x10-2

	
	
	
	
	
	
	
	Hip OA with axial/medial JSN
	Hip OA with non-axial/medial JSN
	GWAS set 2
	0.90[0.62-1.31]
	5.89 x10-1

	
	
	
	
	
	
	
	Hip OA with superior JSN
	Population-based
	GWAS
	1.21[1.11-1.31]
	1.97 x10-5

	
	
	
	
	
	
	
	Hip OA with superior JSN
	Hip OA with non-superior JSN
	GWAS set 1
	1.11[0.97-1.28]
	1.29 x10-1

	
	
	
	
	
	
	
	Hip OA with superior JSN
	Hip OA with non-superior JSN
	GWAS set 2
	1.09[0.77-1.54]
	6.39 x10-1

	
	
	
	
	
	
	
	Atrophic hip OA
	Population-based
	GWAS
	1.06[0.89-1.27]
	5.10 x10-1

	
	
	
	
	
	
	
	Atrophic hip OA
	Non-atrophic hip OA
	GWAS
	0.90[0.75-1.08]
	2.53 x10-1

	
	
	
	
	
	
	
	Hypertrophic hip OA
	Population-based
	GWAS
	1.09[0.96-1.24]
	1.86 x10-1

	
	
	
	
	
	
	
	Hypertrophic hip OA
	Non-hypertrophic hip OA
	GWAS set 1
	0.91[0.79-1.05]
	1.99 x10-1

	
	
	
	
	
	
	
	Hypertrophic hip OA
	Non-hypertrophic hip OA
	GWAS set 2
	1.31[0.93-1.84]
	1.17 x10-1

	rs4836732
	ASTN2
	C
	Hip
	Females
	1.2[1.13-1.27]
	6.1 x10-10
	Hip OA
	Population-based
	GWAS
	1.11[1.03-1.20]
	4.66 x10-3

	
	
	
	
	
	
	
	Hip OA with axial/medial JSN
	Population-based
	GWAS
	1.04[0.91-1.19]
	5.75 x10-1

	
	
	
	
	
	
	
	Hip OA with axial/medial JSN
	Hip OA with non-axial/medial JSN
	GWAS set 1
	0.92[0.79-1.07]
	2.68 x10-1

	
	
	
	
	
	
	
	Hip OA with axial/medial JSN
	Hip OA with non-axial/medial JSN
	GWAS set 2
	0.89[0.62-1.29]
	5.45 x10-1

	
	
	
	
	
	
	
	Hip OA with superior JSN
	Population-based
	GWAS
	1.13[1.04-1.23]
	5.84 x10-3

	
	
	
	
	
	
	
	Hip OA with superior JSN
	Hip OA with non-superior JSN
	GWAS set 1
	1.05[0.91-1.20]
	5.36 x10-1

	
	
	
	
	
	
	
	Hip OA with superior JSN
	Hip OA with non-superior JSN
	GWAS set 2
	1.07[0.76-1.50]
	6.88 x10-1

	
	
	
	
	
	
	
	Atrophic hip OA
	Population-based
	GWAS
	1.16[0.97-1.37]
	1.01 x10-1

	
	
	
	
	
	
	
	Atrophic hip OA
	Non-atrophic hip OA
	GWAS
	1.05[0.87-1.26]
	6.28 x10-1

	
	
	
	
	
	
	
	Hypertrophic hip OA
	Population-based
	GWAS
	1.11[0.98-1.25]
	1.17 x10-1

	
	
	
	
	
	
	
	Hypertrophic hip OA
	Non-hypertrophic hip OA
	GWAS set 1
	0.99[0.86-1.14]
	9.03 x10-1

	
	
	
	
	
	
	
	Hypertrophic hip OA
	Non-hypertrophic hip OA
	GWAS set 2
	1.18[0.84-1.64]
	3.39 x10-1

	rs6094710
	NCOA3
	A
	Hip
	Both
	1.28[1.18-1.39]
	7.9 x10-9
	Hip OA
	Population-based
	GWAS
	1.26[1.04-1.54]
	2.32 x10-2

	
	
	
	
	
	
	
	Hip OA with axial/medial JSN
	Population-based
	GWAS
	1.50[1.07-2.10]
	2.49 x10-2

	
	
	
	
	
	
	
	Hip OA with axial/medial JSN
	Hip OA with non-axial/medial JSN
	GWAS set 1
	1.28[0.87-1.87]
	2.23 x10-1

	
	
	
	
	
	
	
	Hip OA with axial/medial JSN
	Hip OA with non-axial/medial JSN
	GWAS set 2
	0.67[0.25-1.78]
	4.01 x10-1

	
	
	
	
	
	
	
	Hip OA with superior JSN
	Population-based
	GWAS
	1.19[0.94-1.50]
	1.49 x10-1

	
	
	
	
	
	
	
	Hip OA with superior JSN
	Hip OA with non-superior JSN
	GWAS set 1
	0.83[0.58-1.19]
	3.16 x10-1

	
	
	
	
	
	
	
	Hip OA with superior JSN
	Hip OA with non-superior JSN
	GWAS set 2
	1.68[0.67-4.19]
	2.46 x10-1

	
	
	
	
	
	
	
	Atrophic hip OA
	Population-based
	GWAS
	1.33[0.85-2.09]
	2.34 x10-1

	
	
	
	
	
	
	
	Atrophic hip OA
	Non-atrophic hip OA
	GWAS
	1.05[0.65-1.72]
	8.34 x10-1

	
	
	
	
	
	
	
	Hypertrophic hip OA
	Population-based
	GWAS
	1.57[1.16-2.13]
	6.58 x10-3

	
	
	
	
	
	
	
	Hypertrophic hip OA
	Non-hypertrophic hip OA
	GWAS set 1
	1.36[0.95-1.96]
	9.93 x10-2

	
	
	
	
	
	
	
	Hypertrophic hip OA
	Non-hypertrophic hip OA
	GWAS set 2
	1.27[0.58-2.76]
	5.49 x10-1

	rs835487
	CHST11
	G
	Hip
	Both
	1.13[1.09-1.18]
	1.6 x10-8
	Hip OA
	Population-based
	GWAS
	1.17[1.09-1.27]
	4.28 x10-5

	
	
	
	
	
	
	
	Hip OA with axial/medial JSN
	Population-based
	GWAS
	1.09[0.94-1.26]
	2.37 x10-1

	
	
	
	
	
	
	
	Hip OA with axial/medial JSN
	Hip OA with non-axial/medial JSN
	GWAS set 1
	0.91[0.77-1.07]
	2.38 x10-1

	
	
	
	
	
	
	
	Hip OA with axial/medial JSN
	Hip OA with non-axial/medial JSN
	GWAS set 2
	1.50[1.03-2.20]
	3.62 x10-2

	
	
	
	
	
	
	
	Hip OA with superior JSN
	Population-based
	GWAS
	1.19[1.09-1.30]
	1.73 x10-4

	
	
	
	
	
	
	
	Hip OA with superior JSN
	Hip OA with non-superior JSN
	GWAS set 1
	1.03[0.89-1.20]
	6.56 x10-1

	
	
	
	
	
	
	
	Hip OA with superior JSN
	Hip OA with non-superior JSN
	GWAS set 2
	0.77[0.54-1.10]
	1.45 x10-1

	
	
	
	
	
	
	
	Atrophic hip OA
	Population-based
	GWAS
	1.26[1.05-1.50]
	1.22 x10-2

	
	
	
	
	
	
	
	Atrophic hip OA
	Non-atrophic hip OA
	GWAS
	1.09[0.90-1.32]
	3.79 x10-1

	
	
	
	
	
	
	
	Hypertrophic hip OA
	Population-based
	GWAS
	1.18[1.03-1.34]
	1.40 x10-2

	
	
	
	
	
	
	
	Hypertrophic hip OA
	Non-hypertrophic hip OA
	GWAS set 1
	1.01[0.86-1.17]
	9.39 x10-1

	
	
	
	
	
	
	
	Hypertrophic hip OA
	Non-hypertrophic hip OA
	GWAS set 2
	1.20[0.85-1.70]
	3.10 x10-1

	rs8044769
	FTO
	C
	Hip & knee
	Females
	1.11[1.07-1.15]
	6.9 x10-8
	Hip OA
	Population-based
	GWAS
	1.13[1.05-1.22]
	8.92 x10-4

	
	
	
	
	
	
	
	Hip OA with axial/medial JSN
	Population-based
	GWAS
	1.17[1.02-1.34]
	2.89 x10-2

	
	
	
	
	
	
	
	Hip OA with axial/medial JSN
	Hip OA with non-axial/medial JSN
	GWAS set 1
	1.04[0.89-1.21]
	6.20 x10-1

	
	
	
	
	
	
	
	Hip OA with axial/medial JSN
	Hip OA with non-axial/medial JSN
	GWAS set 2
	1.40[0.95-2.06]
	9.02 x10-2

	
	
	
	
	
	
	
	Hip OA with superior JSN
	Population-based
	GWAS
	1.12[1.03-1.22]
	8.36 x10-3

	
	
	
	
	
	
	
	Hip OA with superior JSN
	Hip OA with non-superior JSN
	GWAS set 1
	0.97[0.84-1.12]
	6.48 x10-1

	
	
	
	
	
	
	
	Hip OA with superior JSN
	Hip OA with non-superior JSN
	GWAS set 2
	0.75[0.52-1.08]
	1.17 x10-1

	
	
	
	
	
	
	
	Atrophic hip OA
	Population-based
	GWAS
	1.12[0.94-1.33]
	2.18 x10-1

	
	
	
	
	
	
	
	Atrophic hip OA
	Non-atrophic hip OA
	GWAS
	0.98[0.82-1.18]
	8.38 x10-1

	
	
	
	
	
	
	
	Hypertrophic hip OA
	Population-based
	GWAS
	1.16[1.02-1.32]
	2.11 x10-2

	
	
	
	
	
	
	
	Hypertrophic hip OA
	Non-hypertrophic hip OA
	GWAS set 1
	1.03[0.89-1.19]
	6.62 x10-1

	
	
	
	
	
	
	
	Hypertrophic hip OA
	Non-hypertrophic hip OA
	GWAS set 2
	1.13[0.80-1.59]
	5.03 x10-1

	rs10492367
	KLHDC5; PTHLH
	T
	Hip
	Both
	1.14[1.09-1.20]
	1.5 x10-8
	Hip OA
	Population-based
	GWAS
	1.12[1.02-1.23]
	1.87 x10-2

	
	
	
	
	
	
	
	Hip OA with axial/medial JSN
	Population-based
	GWAS
	1.11[0.93-1.32]
	2.54 x10-1

	
	
	
	
	
	
	
	Hip OA with axial/medial JSN
	Hip OA with non-axial/medial JSN
	GWAS set 1
	0.99[0.81-1.20]
	8.99 x10-1

	
	
	
	
	
	
	
	Hip OA with axial/medial JSN
	Hip OA with non-axial/medial JSN
	GWAS set 2
	0.95[0.19-4.82]
	9.48 x10-1

	
	
	
	
	
	
	
	Hip OA with superior JSN
	Population-based
	GWAS
	1.12[1.01-1.25]
	3.52 x10-2

	
	
	
	
	
	
	
	Hip OA with superior JSN
	Hip OA with non-superior JSN
	GWAS set 1
	1.01[0.85-1.21]
	8.80 x10-1

	
	
	
	
	
	
	
	Hip OA with superior JSN
	Hip OA with non-superior JSN
	GWAS set 2
	0.85[0.20-3.49]
	8.19 x10-1

	
	
	
	
	
	
	
	Atrophic hip OA
	Population-based
	GWAS
	1.10[0.89-1.37]
	3.79 x10-1

	
	
	
	
	
	
	
	Atrophic hip OA
	Non-atrophic hip OA
	GWAS
	0.98[0.78-1.24]
	8.95 x10-1

	
	
	
	
	
	
	
	Hypertrophic hip OA
	Population-based
	GWAS
	1.19[1.02-1.39]
	3.13 x10-2

	
	
	
	
	
	
	
	Hypertrophic hip OA
	Non-hypertrophic hip OA
	GWAS set 1
	1.09[0.91-1.30]
	3.41 x10-1

	
	
	
	
	
	
	
	Hypertrophic hip OA
	Non-hypertrophic hip OA
	GWAS set 2
	1.91[0.46-7.91]
	3.67 x10-1

	rs11842874
	MCF2L
	A
	Knee & Hip
	Both
	1.17[1.11-1.23]
	2.1 x10-8
	Hip OA
	Population-based
	GWAS
	1.07[0.93-1.23]
	3.66 x10-1

	
	
	
	
	
	
	
	Hip OA with axial/medial JSN
	Population-based
	GWAS
	1.12[0.86-1.47]
	3.96 x10-1

	
	
	
	
	
	
	
	Hip OA with axial/medial JSN
	Hip OA with non-axial/medial JSN
	GWAS set 1
	1.07[0.79-1.45]
	6.56 x10-1

	
	
	
	
	
	
	
	Hip OA with axial/medial JSN
	Hip OA with non-axial/medial JSN
	GWAS set 2
	1.57[0.66-3.74]
	2.86 x10-1

	
	
	
	
	
	
	
	Hip OA with superior JSN
	Population-based
	GWAS
	1.07[0.91-1.26]
	4.14 x10-1

	
	
	
	
	
	
	
	Hip OA with superior JSN
	Hip OA with non-superior JSN
	GWAS set 1
	1.01[0.77-1.33]
	9.38 x10-1

	
	
	
	
	
	
	
	Hip OA with superior JSN
	Hip OA with non-superior JSN
	GWAS set 2
	1.27[0.62-2.57]
	5.19 x10-1

	
	
	
	
	
	
	
	Atrophic hip OA
	Population-based
	GWAS
	1.23[0.86-1.75]
	2.38 x10-1

	
	
	
	
	
	
	
	Atrophic hip OA
	Non-atrophic hip OA
	GWAS
	1.18[0.81-1.73]
	3.70 x10-1

	
	
	
	
	
	
	
	Hypertrophic hip OA
	Population-based
	GWAS
	1.09[0.86-1.39]
	4.82 x10-1

	
	
	
	
	
	
	
	Hypertrophic hip OA
	Non-hypertrophic hip OA
	GWAS set 1
	1.03[0.78-1.36]
	8.28 x10-1

	
	
	
	
	
	
	
	Hypertrophic hip OA
	Non-hypertrophic hip OA
	GWAS set 2
	0.81[0.40-1.63]
	5.59 x10-1



 (
170
)



[bookmark: _Toc479709908][bookmark: _Toc492995616]5.4:  Discussion
We applied clinical radiographic endophenotypes to stratify genome-wide association analysis of hip OA and identify several putative associations (n=6 at p<5x10-6). For the strongest signals in both endophenotypes we observe consistent effects across complementary strata both in the primary analysis and against population-based controls in the secondary analyses. These signals were all fully attenuated in the non-stratified analyses against the population-based controls, consistent with our hypothesis that this stratification approach increases the sensitivity of signal detection. 
rs754106, which showed the strongest association with pattern of maxJSN, resides in intron 1 of LRCH1/CHDC1 gene whose function has not been well characterised. However, replicating associations with knee OA at variants spanning intron 1 of LRCH1 have been identified in samples of European descent (Spector et al. 2006). rs6766414, which showed the strongest association with bone remodelling response, is located between STT3B and GADL1. STT3B mediates both co-translational and post-translational N-glycosylation of proteins and GO terms associated with this gene include glycoprotein catabolic process (Shrimal et al. 2015). STT3B encodes a catalytic subunit of the N-linked protein glycosylation process (Breitling et al. 2013), suggesting that reduction of glycosylation with ongoing OA disease process mitigates protein folding and may result in adverse changes in the intermolecular interactions (Zaia et al. 1997). Thus we hypothesize that the upregulation of STT3B is a beneficial response among hypertrophic cases.
Although larger sample sizes will lead to more genetic discoveries, the hypothesis that stratification of cases into distinct endophenotypic categories that may have simpler links to the genetic basis of OA has not been previously tested systematically. However, this approach has been successfully applied to better understand disease biology in related complex traits, including joint shape and pain (Tracey, 2011; Waarsing et al. 2011; Baker-LePain et al. 2012; Lindner et al. 2015; Agricola et al. 2015).   The results of our analyses show that, if further replication is targeted to the specific OA endophenotypes, study power may improve from near 0% in the traditional approach to 80% in a sample size of <5000 cases. We used post-hoc power calculations, applying the observed variances from the study population of interest to exemplify the difference in the statistical power of the tests we performed in the comparator datasets. Such calculations have several limitations but are useful in designing follow-up studies and in conducting meta-analyses. We address one limitation in interpreting post-hoc power calculations, ascertainment bias, by examining the actual summary statistics of the previously establlished genome-wide significant locus (DOT1L) associated with JSN. We find that the index SNP is more strongly associated in hip OA cases with superior JSN than in the non-stratified hip OA versus controls analyses (p=8x10-6 and p=3x10-4 respectively). As more precise phenotype definitions are accrued in the field and future replication is targeted to the specific endophenotype, the strength of the observed associations may increase and the power burden of multiple testing resolved.
Gene expression profiles were examined in samples from the RAAK study (Research Arthritis and Articular Cartilage) (Ramos et al. 2014) by our collaborators elsewhere.   The expression levels of 10 genes located near variants highlighted in the bone remodelling stratified GWAS were examined in macroscopically intact and OA-affected articular cartilage.  Robust expression was observed for SUSD4, STT3B, OSBPL10 and TGFBR2.  Of these genes, only STT3B showed differential expression with respect to the disease process, with significant upregulation in OA-affected versus intact cartilage, particularly in hypertrophic/normotrophic OA patients (fold change=1.30, p=4.23x10-4), and amongst heterozygous carriers of allele-T (fold change=1.4, p=2.8x10-4).

[bookmark: _Toc479709909][bookmark: _Toc492995617]5.5:  Conclusion
By leveraging information from stratum-specific analyses employing precise phenotype definitions in OA we highlight three main advantages of the deep phenotyping approach (informed biological insights, increased power and increased replication success) and provide a guide for targeted future study designs in the field of OA and other heterogeneous common complex diseases. 








































[bookmark: _Toc479709910][bookmark: _Toc492995618]: RADIOGRAPHIC ENDOPHENOTYPING BY DOMINANT COMPARTMENT INVOLVEMENT IN KNEE OSTEOARTHRITIS ENHANCES HERITABILITY ESTIMATION AND IMPROVES THE RESOLUTION OF GENETIC ASSOCIATION ANALYSIS
[bookmark: _Toc479709911][bookmark: _Toc492995619]6.1:  Overview
Knee OA is strongly heritable; however relatively few risk loci have been identified through candidate gene and genome-wide association studies. We examined the effect of phenotype stratification by dominant compartmental involvement on GWAS heritability estimation and signal detection in knee OA. A stratified GWAS was conducted in 2,010 radiographically-defined knee OA cases and 6,500 population-based controls. Prioritised signals were followed up in an independent replication population (GOAL). 
The observed-scale heritability for knee OA in the non-stratified dataset was weaker (33-41%) than that for the stratified medial tibiofemoral OA dataset (45-54%). Stratified analysis by compartment involvement demonstrated 10 independent variant associations with knee OA (at p<9.9x10-6) versus only 1 variant by non-stratified analysis.  All 10 stratified signals demonstrated attenuation when examined in the non-stratified analysis.  Three independent variants associated with MTF OA, including 11-126595635 (OR[95%CIs] = 1.66[1.37-2.01], p=8.42 x10-7) which resides within an intronic region of the Kin of IRRE-like protein 3 (KIRREL3). KIRREL3 is a member of the nephrin-like protein family, and has no known association with musculoskeletal disease.  Three variants also associated with LTF OA, including rs62514093 (OR[95%CIs] = 2.84[1.95-4.14], p=2.31x10-6) which is immediately downstream of R-spondin 2 (RSPO2). RSPO2 is involved in knee cartilage development via the transforming growth factor and bone morphogenic protein (TGF/BMP) and wnt signalling pathways.  Three variants associated with PFJ OA and 1 variant with MC OA.
The 4 SNPs with MAF>10% which were selected for replication showed no evidence of suggestive association within the replication cohort.
Four of the established knee OA susceptibility loci in Europeans, showed significant evidence of endophenotypic association within our cohort.  For example, rs4730250, located within the chromosome 7q22 locus and associated with knee OA and total knee replacement in the discovery study, showed some evidence of association with the medial tibio-femoral compartment phenotype analysis (OR[95%CIs] =1.21[1.08-1.35], p=8.1x10-4). 
Our findings indicate that GWAS stratification by dominant pattern of compartmental involvement identifies genes of potential functional importance in knee OA. Compartmental stratification also increases the disease heritability estimate.

[bookmark: _Toc479709912][bookmark: _Toc492995620]6.2:  Objectives
Here, we aimed to determine if patient stratification by dominant pattern of knee compartmental involvement affects heritability estimates and the signal detection rate in knee OA. Replication of the strongest signals was sought in an independent cohort (GOAL). 

[bookmark: _Toc479709913][bookmark: _Toc492995621]6.3:  Results
[bookmark: _Toc479709914][bookmark: _Toc492995622]Compartmental Pattern and Heritability Estimates
The medial dominant pattern of compartmental involvement was the most frequent, with multi-compartmental disease being the least common (Table 6‑1). Inter-observer correlation for selection of the phenotypic group for each patient was very good (kappa=0.941) between the two radiographic observers. The observed-scale heritability for knee OA in the non-stratified dataset (n=2010) was 0.328 (SE 0.02) by GCTA, 0.329 (SE 0.02) by BOLT-REML, and 0.413 by PCGC (without phasing).  The observed-scale heritability for the MTF OA pattern (n=1308) was 0.449 (SE 0.05) by GCTA, 0.451 (SE 0.05) by BOLT-REML, and 0.541 by PCGC (without phasing).  In the remaining stratified cohorts there were insufficient cases to make robust heritability estimates.

[bookmark: _Ref479209586][bookmark: _Toc479882037][bookmark: _Toc492996441]Table 6‑1: Patient characteristics.  
LTF=lateral tibiofemoral OA; MTF=medial tibiofemoral OA; PF=patellofemoral OA; MC=multicompartmental OA.
	Phenotype subset
	Number of patients (%)
	Age (SD) years
	Number female (%)

	MTF
	1308 (65.1)
	67.64 (8.58)
	49.54

	LTF
	262 (13.0)
	69.37 (9.31)
	74.81

	PF
	240 (11.9)
	69.17 (8.94)
	73.33

	MC
	200 (10)
	68.05 (8.88)
	60.50

	Total cases
	2010 (100)
	67.87 (8.79)
	56.77



[bookmark: _Toc479709915][bookmark: _Toc492995623]Compartmental Pattern Association Analyses
Analysis of the non-stratified knee OA group (n=2,010) versus the control group (Figure 6‑1) yielded one suggestive signal at p<9.9x10-6, compared to 0.43 independent variants expected under the null hypothesis of no association (binomial p=0.35). This variant, rs6552923 (G allele, OR[95%CIs] = 0.81[0.75-0.88], p=1.76 x10-7), was one of several highly correlated SNPs within an intronic region of Sorbin and SH3 domain-containing protein 2 (SORBS2) on chromosome 4 (Table 6-2  and Figure 6‑2). 
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[bookmark: _Ref479209611][bookmark: _Toc479881982][bookmark: _Toc495415884]Figure 6‑1: QQ plot and Manhattan plot for GWAS in 2010 knee OA cases versus 6500 population controls, without stratification for dominant pattern of compartment involvement. (a) QQ-plot - The x-axis represents the –log10 of the expected p-value; the y-axis represents the –log10 of the observed p-value.  The diagonal line therefore represents the null hypothesis – ie, that there is no association.  Any deviation from the diagonal line may represent an association with the phenotype.   (b) Manhattan plot - The x-axis represents the chromosome (1-22); the y-axis represents the –log10 of the p value.  Each SNP is plotted according to its location and corresponding p-value. A tall peak indicates a locus with a strong association at that location.


. [image: ]







[bookmark: _Ref479209855][bookmark: _Toc479881983][bookmark: _Toc495415885]Figure 6‑2: RAP for SNP rs6552923, from GWAS of knee OA vs. population-based controls.
The index SNP rs6552923 is the marker in purple, the correlated variants coloured according to their pairwise r2 with the index SNP.  The p value is denoted on the y-axis, and the recombination rate on the x-axis, which is annotated by the specific genes coded for, in that location (Build 37). 

For the stratified analyses, three independent variants were associated with the MTF-dominant pattern of disease at p<9.9x10-6 compared with 0.43 independent variants expected under the null hypothesis (binomial p=0.009) (Figure 6‑3). rs17772203 (G allele, OR[95%CIs] = 1.47[1.26-1.72], p=2.01x10-6) resides within an intronic region of solute carrier family 9, subfamily A, member 4 (SLC9A4) on chromosome 2 (Table 6-2  and Figure 6‑4). Variant 11-126595635 (T allele, OR[95%CIs] = 1.66[1.37-2.01], p=8.42 x10-7) resides within an intronic region of the Kin of IRRE-like protein 3 (KIRREL3) on chromosome 11 (Table 6-2   and Figure 6‑5). rs11188358 (T allele, OR[95%CIs] = 1.27[1.16-1.4], p=6.99 x10-7) resides within an intronic region of Sorbin and SH3 domain-containing protein 1 (SORBS1) on chromosome 10 (Table 6-2  and Figure 6‑6).
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[bookmark: _Ref479209876][bookmark: _Toc479881984][bookmark: _Toc495415886]Figure 6‑3: QQ plot and Manhattan plot for GWAS in 1308 knee OA subjects with a medial compartment dominant radiographic pattern of disease versus 6500 population controls.
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[bookmark: _Ref479209894][bookmark: _Toc479881985][bookmark: _Toc495415887]Figure 6‑4: RAP for SNP rs17772203, from GWAS of MTF knee OA vs. population-based controls.
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[bookmark: _Ref479209910][bookmark: _Toc479881986][bookmark: _Toc495415888]Figure 6‑5: RAP for SNP 11-126595635, from GWAS of MTF knee OA vs. population-based controls.
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[bookmark: _Ref479209925][bookmark: _Toc479881987][bookmark: _Toc495415889]Figure 6‑6: RAP for SNP rs11188358, from GWAS of MTF knee OA vs. population-based controls.

Three independent variants were associated with LTF-dominant OA at p<9.9x10-6, compared to 0.41 expected under the null hypothesis (binomial p=0.008) (Figure 6‑7). Rs62514093 (G allele, OR[95%CIs] = 2.84[1.95-4.14], p=2.31x10-6) was one of several highly correlated SNPs lying approximately 60kb downstream of R-spondin 2 (RSPO2) on chromosome 8 (Table 6-2  and Figure 6‑8). rs11036635 (A allele, OR[95%CIs] = 1.61[1.34-1.93], p=4.52x10-7) is an intronic variant within hemoglobin subunit gamma 2 and hemoglobin subunit epsilon 1 (HBG2 and HBE1) on chromosome 11 (Table 6-2  and Figure 6‑9). Rs35919487 (C allele, OR[95%CIs] = 1.57[1.32-1.88], p=6.26x10-7) resides in a gene-sparse region on chromosome 3 (Table 6-2  and Figure 6‑10).     
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[bookmark: _Ref479209946][bookmark: _Toc479881988][bookmark: _Toc495415890]Figure 6‑7:  QQ plot and Manhattan plot for GWAS in 262 knee OA subjects with a lateral compartment dominant radiographic pattern of disease versus 6500 population controls.



[image: ]
[bookmark: _Ref479209967][bookmark: _Toc479881989][bookmark: _Toc495415891]Figure 6‑8: RAP for SNP rs62514093, from GWAS of LTF knee OA vs. population-based controls.
[image: ]
[bookmark: _Ref479209985][bookmark: _Toc479881990][bookmark: _Toc495415892]Figure 6‑9: RAP for SNP rs35919487, from GWAS of LTF knee OA vs. population-based controls.
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[bookmark: _Ref479210002][bookmark: _Toc479881991][bookmark: _Toc495415893]Figure 6‑10: RAP for SNP rs11036635, from GWAS of LTF knee OA vs. population-based controls.



Three independent variants were associated with PFJ-dominant OA at P<9.9x10-6 compared to 0.41 expected under the null hypothesis (binomial p=0.008) (Figure 6‑11).  Rs2211582 (T allele, OR[95%CIs] = 3.09[2.01-4.75], p=8.86x10-6), resides 85kb downstream of exocyst complex component 5 (EXOC5) on chromosome 14 (Table 6-2  and Figure 6‑12). Rs12150147 (A allele, OR[95%CIs] = 1.74[1.4-2.16], p=1.79x10-6) resides within an intronic region of phosphoinositide-3-kinase, regulatory subunit 6 (PIK3R6) on chromosome 17 (Table 6-2  and Figure 6‑13). Rs62234999 (T allele, OR[95%CIs] = 2.07[1.55-2.75], p=5.51x10-6) resides in a gene-sparse region on chromosome 3 (Table 6-2  and Figure 6‑14). 
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[bookmark: _Ref479210022][bookmark: _Toc479881992][bookmark: _Toc495415894]Figure 6‑11: QQ plot and Manhattan plot for GWAS in 240 knee OA subjects with a patellofemoral compartment dominant radiographic pattern of disease versus 6500 population controls.
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[bookmark: _Ref479210036][bookmark: _Toc479881993][bookmark: _Toc495415895]Figure 6‑12: RAP for SNP rs2211582, from GWAS of PFJ knee OA vs. population-based controls.
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[bookmark: _Ref479210052][bookmark: _Toc479881994][bookmark: _Toc495415896]Figure 6‑13: RAP for SNP rs12150147, from GWAS of PFJ knee OA vs. population-based controls.
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[bookmark: _Ref479210067][bookmark: _Toc479881995][bookmark: _Toc495415897]Figure 6‑14: RAP for SNP rs62234999, from GWAS of PFJ knee OA vs. population-based controls.



One variant associated with MC OA at P<9.9x10-6 compared to 0.41 expected under the null hypothesis (binomial p=0.337) (Figure 6‑15). Rs58551997 (G allele, OR[95%CIs] = 0.53[0.41-0.69], p=6.23x10-6) resides adjacent to Vasoactive Intestinal Peptide Receptor 2, VIPR2 on chromosome 7 (Table 6-2  and Figure 6‑16).  When the individually significant variants (n=10) that were associated with individual compartmental patterns of knee OA were examined as a non-stratified knee OA phenotype, all signals demonstrated attenuation by between 1 and 4 orders of magnitude (Table 6-3). 
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[bookmark: _Ref479210096][bookmark: _Toc479881996][bookmark: _Toc495415898]Figure 6‑15: QQ plot and Manhattan plot for GWAS in 200 knee OA subjects with a multicompartment radiographic pattern of disease versus 6500 population controls.
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[bookmark: _Ref479210112][bookmark: _Toc479881997][bookmark: _Toc495415899]Figure 6‑16: RAP for SNP rs58551997, from GWAS of MC knee OA vs. population-based controls.

[bookmark: _Toc479709916][bookmark: _Toc492995624]Replication and Meta-analysis
De-novo replication of the 4 most common stratified variants was performed within the GOAL cohort (Table 6-4).  Following meta-analysis with GOAL, 3 signals had a concordant direction of effect; however none were nominally significant (Table 6-5).  
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	[bookmark: _Ref479210201]
Phenotype
	
SNP
	
Chr
	
EA
	
EAF
	
OR (95% CI)
	

P

	
OR (95% CI) MLR
	
P MLR

	All Knee OA
	rs6552923
	4
	G
	0.33
	0.82(0.76-0.88)
	2.13 x10-7
	0.81(0.75-0.88)
	1.76 x10-7

	MTF OA
	11-126595635
	11
	T
	0.04
	1.81(1.45-2.27)
	1.85 x10-7
	1.66(1.37-2.01)
	8.42 x10-7

	
	rs1118835
	10
	T
	0.26
	1.28(1.16-1.41)
	5.11 x10-7
	1.27(1.16-1.4)
	6.99 x10-7

	
	rs17772203
	2
	G
	0.07
	1.54(1.3-1.83)
	8.32 x10-7
	1.47(1.26-1.72)
	2.01 x10-6

	LTF OA
	rs35919487
	3
	C
	0.35
	1.61(1.34-1.94)
	3.88 x10-7
	1.57(1.32-1.88)
	6.26 x10-7

	
	rs62514093
	8
	G
	0.03
	7.96(4.1-15.44)
	8.78 x10-10
	2.84(1.95-4.14)
	2.31 x10-6

	
	rs11036635
	11
	A
	0.35
	1.65(1.36-2)
	2.59 x10-7
	1.61(1.34-1.93)
	4.52 x10-7

	PFJ OA
	rs62234999
	3
	T
	0.09
	2.96(1.97-4.42)
	1.40 x10-7
	2.07(1.55-2.75)
	5.51 x10-6

	
	rs2211582
	14
	T
	0.02
	9.65(4.84-20.75)
	6.64 x10-9
	3.09(2.01-4.75)
	8.86 x10-6

	
	rs12150147
	17
	A
	0.17
	1.92(1.49-2.46)
	4.23 x10-7
	1.74(1.4-2.16)
	1.79 x10-6

	MC OA
	rs58551997
	7
	G
	0.25
	0.43(0.31-0.59)
	5.13 x10-7
	0.53(0.41-0.69)
	6.23 x10-6


[bookmark: _Toc479882038][bookmark: _Toc492996442]Table 6‑2: Validated non-stratified and stratified GWAS analysis results (including maximum likelihood ratio results).
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[bookmark: _Ref479210379][bookmark: _Toc479882039][bookmark: _Toc492996443]Table 6‑3: Compartmental GWAS analysis results, and comparison with non-stratified SNP association.

	
Phenotype
	
SNP
	
Ch
	
EA
	
EAF
	
OR (95% CI)
Stratified GWAS
	
P
Stratified GWAS
	
OR (95% CI)
Non-stratified GWAS
	
P
Non-stratified GWAS

	MTF OA
	11-126595635
	11
	T
	0.04
	1.81(1.45-2.27)
	1.85 x10-7
	1.49(1.24-1.80)
	3.04 x10-5

	
	rs1118835
	10
	T
	0.26
	1.28(1.16-1.41)
	5.11 x10-7
	1.17(1.08-1.27)
	1.35 x10-4

	
	rs17772203
	2
	G
	0.07
	1.54(1.3-1.83)
	8.32 x10-7
	1.22(1.06-1.42)
	6.85 x10-3

	LTF OA
	rs35919487
	3
	C
	0.35
	1.61(1.34-1.94)
	3.88 x10-7
	1.12(1.04-1.20)
	3.79 x10-3

	
	rs62514093
	8
	G
	0.03
	7.96(4.1-15.44)
	8.78 x10-10
	1.46(1.14-1.86)
	2.42 x10-3

	
	rs11036635
	11
	A
	0.35
	1.65(1.36-2)
	2.59 x10-7
	1.10(1.02-1.19)
	0.014

	PFJ OA

	rs62234999
	3
	T
	0.09
	2.96(1.97-4.42)
	1.40 x10-7
	1.30(1.11-1.51)
	7.3 x10-4

	
	rs2211582
	14
	T
	0.02
	9.65(4.84-20.75)
	6.64 x10-9
	1.33(1.00-1.75)
	0.047

	
	rs12150147
	17
	A
	0.17
	1.92(1.49-2.46)
	4.23 x10-7
	1.12(1.01-1.23)
	0.026

	MC OA
	rs58551997
	7
	G
	0.25
	0.43(0.31-0.59)
	5.13 x10-7
	0.90(0.81-1.01)
	0.069




[bookmark: _Ref479210542][bookmark: _Toc479882040][bookmark: _Toc492996444][bookmark: _Ref479210419]Table 6‑4: GOAL cohort population characteristics.



	Phenotype
	Number of patients (%)
	Age (SD)
	BMI (SD)
	Number female (%)

	MTF
	1028 (54.4)
	67.94 (7.21)
	30.76 (5.33)
	404 (39.3)

	LTF
	165 (8.7)
	68.96 (7.43)
	29.86 (5.41)
	98  (59.4)

	PF
	601  (31.8)
	68.38 (7.24)
	30.15  (5.38)
	358  (59.6)

	MC
	97 (5.1)
	69.82 (6.50)
	30.80 (5.68)
	54 (55.7)

	Total cases
	1891 (100.0)
	68.26 (7.21)
	30.48 (5.38)
	914 (48.3)

	OA free controls
	1386
	64.35 (8.18)
	27.60 (4.57)
	667 (48.1%)









[bookmark: _Ref479210558][bookmark: _Toc479882041][bookmark: _Toc492996445]Table 6‑5: Compartmental GWAS analysis results following replication with GOAL cohort.
.
	

	SNP Characteristics
	Discovery Cohort
	Replication Cohort
	Meta-analysis

	Phenotype
	SNP
	Ch
	EA 
	MAF
	OR (95% CI)
	
P 

	OR (95% CI)
	P 
	OR (95% CI)
	P 

	MTF OA
	rs11188358
	10
	T
	0.26
	1.28(1.16-1.41)
	5.11 x10-7
	0.36(0.09-1.46)
	0.15
	1.27(1.15-1.40)
	1.61 x10-6

	LTF OA
	rs35919487
	3
	C
	0.35
	1.61(1.34-1.94)
	3.88 x10-7
	1.04(0.78-1.38)
	0.79
	1.42(1.22-1.66)
	9.54 x10-6

	PFJ OA
	rs12150147
	17
	A
	0.17
	1.92(1.49-2.46)
	4.23 x10-7
	1.59(0.75-3.39)
	0.23
	1.88(1.48-2.39)
	2.46 x10-7

	MC OA
	rs58551997
	7
	T
	0.25
	0.43(0.31-0.59)
	5.13 x10-7
	0.97(0.65-1.45)
	0.88
	0.60(0.46-0.77)
	6.17 x10-5








[bookmark: _Toc479709917][bookmark: _Toc492995625]Established Knee OA Loci 
The strength of association of the 8 established knee OA susceptibility loci in Europeans (Zengini et al. 2016) was examined in each of the knee OA strata studied here (Table 6‑6). 
When taking a nominally significant adjusted p value=0.0125, 4 of the established variants showed significant endophenotype association (rs3815148, rs4730250, rs6976, rs11177). Three of the index SNPs (rs11177, rs6976, rs4730250) exhibited more significant associations in endophenotype-based association analyses than in the total knee OA versus population-based controls analysis, despite the decrease in case sample size.  rs4730250, located within the chromosome 7q22 locus and associated with knee OA and total knee replacement in the discovery study, showed some evidence of association with the medial tibio-femoral compartment phenotype analysis (G allele, OR[95%CIs] =1.21[1.08-1.35], p=8.1x10-4).
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[bookmark: _Ref479210587][bookmark: _Toc479882042][bookmark: _Toc492996446]Table 6‑6: Association summary statistics of established knee osteoarthritis loci across all strata examined.
	Association summary statistics in discovery study
	Association summary statistics in this study

	SNP
	Nearest gene(s)
	EA
	Site
	Sex
	OR[95%CIs]
	P
	Definition of cases
	Definition of controls
	Analysis
	OR[95%CI]
	P

	rs3815148
	Region 7q22 (COG5)
	C
	Knee
	Both
	1.14[1.09-1.19]
	8 x10-9
	Knee OA
	Population-based
	GWAS
	1.11[1.02-1.21]
	0.01

	
	
	
	
	
	
	
	Medial tibiofemoral OA 
	Population-based
	GWAS
	1.13[1.02-1.24]
	0.02

	
	
	
	
	
	
	
	Lateral tibiofemoral OA 
	Population-based
	GWAS 
	1.01[0.82-1.24]
	0.90

	
	
	
	
	
	
	
	Patellofemoral OA 
	Population-based
	GWAS 
	1.04[0.84-1.29]
	0.73

	
	
	
	
	
	
	
	Multicompartmental OA 
	Population-based
	GWAS
	1.22[0.97-1.54]
	0.09

	rs4730250
	Region 7q22 (DUS4L)
	G
	Knee
	Both
	1.17[1.11-1.24]
	9.2 x10-9
	Knee OA
	Population-based
	GWAS
	1.16[1.06-1.28]
	1.59 x10-3

	
	
	
	
	
	
	
	Medial tibiofemoral OA 
	Population-based
	GWAS
	1.13[1.02-1.24]
	8.1 x10-4

	
	
	
	
	
	
	
	Lateral tibiofemoral OA 
	Population-based
	GWAS 
	1.01[0.82-1.24]
	0.90

	
	
	
	
	
	
	
	Patellofemoral OA 
	Population-based
	GWAS 
	1.04[0.84-1.29]
	0.70

	
	
	
	
	
	
	
	Multicompartmental OA 
	Population-based
	GWAS
	1.22[0.97-1.54]
	0.14

	rs6976
	Region chr3p21.1 (GLT8D1)
	T
	Hip and knee
	Both
	1.12[1.08-1.16]
	7.2 x10-11
	Knee OA
	Population-based
	GWAS
	1.07[1.00-1.15]
	0.05

	
	
	
	
	
	
	
	Medial tibiofemoral OA 
	Population-based
	GWAS
	1.11[1.02-1.21]
	0.01

	
	
	
	
	
	
	
	Lateral tibiofemoral OA 
	Population-based
	GWAS 
	0.99[0.83-1.18]
	0.91

	
	
	
	
	
	
	
	Patellofemoral OA 
	Population-based
	GWAS 
	1.02[0.85-1.23]
	0.83

	
	
	
	
	
	
	
	Multicompartmental OA 
	Population-based
	GWAS
	1.02[0.82-1.23]
	0.95

	rs11177
	Region chr3p21.1 (GNL3)
	A
	Hip and knee
	Both
	1.12[1.08-1.16]
	1.3 x10-10
	Knee OA
	Population-based
	GWAS
	1.08(1.00-1.16)
	0.04

	
	
	
	
	
	
	
	Medial tibiofemoral OA 
	Population-based
	GWAS
	1.12(1.03-1.22)
	0.01

	
	
	
	
	
	
	
	Lateral tibiofemoral OA 
	Population-based
	GWAS 
	1.00(0.83-1.19)
	0.97

	
	
	
	
	
	
	
	Patellofemoral OA 
	Population-based
	GWAS 
	1.02(0.84-1.23)
	0.85

	
	
	
	
	
	
	
	Multicompartmental OA 
	Population-based
	GWAS
	1.02(0.83-1.25)
	0.87

	rs12107036
	TP63
	G
	Knee
	Females
	1.21[1.13-1.29]
	6.7 x10-8
	Knee OA
	Population-based
	GWAS
	1.08(1.00-1.16)
	0.04

	
	
	
	
	
	
	
	Medial tibiofemoral OA 
	Population-based
	GWAS
	1.08(1.00-1.18)
	0.06

	
	
	
	
	
	
	
	Lateral tibiofemoral OA 
	Population-based
	GWAS 
	1.10(0.93-1.31)
	0.27

	
	
	
	
	
	
	
	Patellofemoral OA 
	Population-based
	GWAS 
	1.11(0.92-1.33)
	0.27

	
	
	
	
	
	
	
	Multicompartmental OA 
	Population-based
	GWAS
	0.97(0.79-1.18)
	0.74

	rs8044769
	FTO
	C
	Hip and knee
	Both
	1.11[1.07-1.15]
	6.9 x10-8
	Knee OA
	Population-based
	GWAS
	1.08(1.01-1.16)
	0.03

	
	
	
	
	
	
	
	Medial tibiofemoral OA 
	Population-based
	GWAS
	1.05(0.97-1.15)
	0.23

	
	
	
	
	
	
	
	Lateral tibiofemoral OA 
	Population-based
	GWAS 
	1.15(0.97-1.37)
	0.11

	
	
	
	
	
	
	
	Patellofemoral OA 
	Population-based
	GWAS 
	1.08(0.90-1.29)
	0.42

	
	
	
	
	
	
	
	Multicompartmental OA 
	Population-based
	GWAS
	1.21(0.99-1.47)
	0.07

	rs10948172
	SUPT3H
	G
	Hip and knee
	Males
	1.14[1.09-1.20]
	7.9 x10-8
	Knee OA
	Population-based
	GWAS
	1.09(1.01-1.18)
	0.03

	
	
	
	
	
	
	
	Medial tibiofemoral OA 
	Population-based
	GWAS
	1.10(1.00-1.21)
	0.04

	
	
	
	
	
	
	
	Lateral tibiofemoral OA 
	Population-based
	GWAS 
	1.23(1.01-1.49)
	0.04

	
	
	
	
	
	
	
	Patellofemoral OA 
	Population-based
	GWAS 
	0.96(0.78-1.17)
	0.66

	
	
	
	
	
	
	
	Multicompartmental OA 
	Population-based
	GWAS
	1.06(0.85-1.32)
	0.63

	rs11842874
	MCF2L
	A
	Knee and hip
	Both
	1.17(1.11-1.23)
	2.1 x10-8
	Knee OA
	Population-based
	GWAS
	0.83(0.72-0.96)
	0.01

	
	
	
	
	
	
	
	Medial tibiofemoral OA 
	Population-based
	GWAS
	0.81(0.69-0.96)
	0.02

	
	
	
	
	
	
	
	Lateral tibiofemoral OA 
	Population-based
	GWAS 
	1.06(0.77-1.46)
	0.70

	
	
	
	
	
	
	
	Patellofemoral OA 
	Population-based
	GWAS 
	0.74(0.50-1.09)
	0.12

	
	
	
	
	
	
	
	Multicompartmental OA 
	Population-based
	GWAS
	0.79(0.53-1.20)
	0.27




 (
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[bookmark: _Toc479709918][bookmark: _Toc492995626]6.4:  Discussion
In this study we examined whether patient stratification by dominant pattern of knee compartmental involvement affects heritability estimates and the signal detection rate in knee OA. In the discovery population we found that disease definition by dominant compartment involvement generated an excess of potential genetic associations (p<9.9x10-6) than that expected by the chance increase in the number of association analyses performed. The increased precision of compartmental endophenotyping also increased the measured heritable component for the most common, medial compartmental pattern of disease.  
The hypothesis that stratification of cases into distinct endophenotypic categories closer to the genetic basis of OA, has not previously been tested.  This approach has also been successfully applied to better understand disease biology in related complex traits, including joint shape and pain (Tracey, 2011; Waarsing et al. 2011; Baker-LePain et al. 2012; Lindner et al. 2015; Agricola et al. 2015). If emergence of compartment-specific genetic aetiology “signatures” can be identified, this has relevance for subsequent prevention and treatment strategies.  For example, the surgical management of MTF disease differs to that of MC disease (unicompartmental versus total joint replacement).  
Solute carrier family 9, subfamily A, member 4 (SLC9A4) was associated with medial tibiofemoral OA and plays an important role in signal transduction by its involvement in pH regulation (Donowitz et al. 2013).  Kin of IRRE-like protein 3 (KIRREL3) was also associated with medial tibiofemoral disease, is a member of the nephrin-like protein family, is expressed in fetal and adult brain, and mutations in which are associated with mental retardation autosomal dominant type 4 (MRD4) (Bhalla et al. 2008).  Finally, we report association between a gene implicated in cartilage and skeletal development and lateral tibiofemoral disease. R-spondin 2 protein (RSPO2) is involved in knee cartilage development via the transforming growth factor and bone morphogenic protein (TGF/BMP) and wnt signalling pathways (Pazin et al. 2012), and is also a regulator of mineralisation in OA-derived osteoblasts via canonical wnt signalling (Abed et al. 2011). The canonical wnt pathway is known to be crucial in the formation of cartilage and bone, and in the development of the synovial joint.
The endophenotyping in our discovery cohort was reliable, with both the intra-observer and inter-observer correlation being deemed as “very good”.   Previous studies have reported “good” intraobserver and “reasonable” interobserver reproducibility for the photographic OARSI atlas (Boegård, Rudling, Petersson, and Jonsson, 1998a; 1998b; Lanyon et al. 1998) and “very good” intraobserver and “good” interobserver repeatability for joint space narrowing for the LDA (Nagaosa et al. 2000; Wilkinson, 2005).  Radiological dominant compartmental involvement was employed as the approach to knee OA endophenotyping as epidemiological studies have suggested that specific clinical disease patterns vary with gender, race, and age, thereby having potentially differing genetic aetiologies. 
The definitions of compartmental dominance were identical between the discovery and replication cohorts. However, we found differences in the proportions of compartmental patterns of disease between the cohorts.  In particular, we observed a greater proportion of patellofemoral dominant disease within the replication cohort (31.8% versus 11.9% in the discovery cohort). Whilst some of this may be genuine, the fact that the original measurements were made by different observers may also account for some of this variance.  In general, the relative proportions of the different compartmental patterns of disease in both cohorts were consistent with that found in the literature, providing external validity and generalisability of this work. The proportions of predominantly MTF and LTF disease is consistent with the Mayo Clinic study population (60% and 8% respectively) (Khan, 2008) and the Oxford cohort (66% and 12.3 % respectively) (Chitnavis et al. 2000).    Reported proportions of PFJ predominant disease appears to vary from 1% (Chitnavis et al. 2000) to 19% (Massardo et al. 1989).  
[bookmark: _Toc479709919][bookmark: _Toc492995627]6.5:  Conclusion
In conclusion, we report that by performing dominant compartment-specific phenotypic definitions in OA analyses, we demonstrate novel potential associations not identified by unstratified analyses, and an enhanced heritability estimate for the most common, medial dominant pattern of disease.  This observation is also relevant in the field of genome wide analysis of other similarly heterogeneous, common complex diseases, particularly where large study numbers can be hard to attain.
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[bookmark: _Toc479709920][bookmark: _Toc492995628]:  THE GENETIC DETERMINANTS OF HIP SHAPE: A GENOME-WIDE ASSOCIATION STUDY 

[bookmark: _Toc479709921][bookmark: _Toc492995629]7.1:  Overview
Developmental variation in acetabular and proximal femoral morphology is a heritable risk factor for hip OA.  In this Chapter, we carry out a GWAS in cases with unilateral hip OA (n=933) from the arcOGEN study to identify genetic variants that are associated with common clinical indices of acetabular and proximal femoral shape.  All radiographic measurements of hip shape were made on the non-degenerate hip using the SHIPS software. 
We identified 4 novel concordant loci at p<9.9x10-6 with clinically derived hip shape phenotypes. Our findings indicate potential associations between a gene that regulates myogenesis and muscle bulk with hip shape.  For example, 3-72544950 was associated with Sharp’s angle (beta 1.21, SE 0.23, p=1.24x10-7), and is adjacent to RING1 and YY1-binding protein (RYBP), which encodes a negative regulator of skeletal myogenesis; and variant 12-12173280 was associated with acetabular depth to width ratio (beta 0.39, SE 0.08, p=7.23x10-7), which resides 100kb from low-density lipoprotein receptor-related protein 6 (LRP6), a Wnt co-receptor that has a key involvement in skeletal development.  Rs10005312, which associated with the lateral center-edge angle phenotype (beta 1.17, SE 0.22, p=9.7x10-8), is located within an intronic region of the membrane-associated ring finger-1 gene (MARCH1).   Finally rs7102705 was associated with acetabular tilt (beta 0.29, SE 0.06, p=4.71x10-7), and resides 100kb from the Myeloma overexpressed/Cyclin D1 complex (MYEOV/CCND1).
When examining all previously reported loci associated with hip shape within our dataset, we found evidence of significant association between SNP rs6976 (residing with GLT8D1) and femoral neck shaft angle (beta 0.12, SE 0.05, p=0.007).
In conclusion, we report 4 novel variants with suggestive evidence of association between genes that modulate bone formation and myogenesis with hip shape. Further replication in independent samples is required to boost power and robustly establish these genetic associations with hip morphogenesis.
[bookmark: _Toc479709922][bookmark: _Toc492995630]
7.2: Objectives
Here, we aimed to conduct a GWAS to identify genetic variants that associate with clinically used indices of acetabular and proximal femoral shape.

[bookmark: _Toc479709923][bookmark: _Toc492995631]7.3:  Results
The distributions of the morphological characteristics (n=933 individuals) are set out in Table 7‑1.  


[bookmark: _Ref479210677][bookmark: _Toc479882043][bookmark: _Toc492996447]Table 7‑1:  Morphological characteristics of arcOGEN set 1 and 2 cohorts. 
	Hip Morphological Characteristic
	arcOGEN Set 1
Mean
(SD)
	arcOGEN Set 1
Range
	arcOGEN Set 2
Mean
(SD)
	arcOGEN  Set 2
Range

	N= Cases/ Controls
(arcOGEN Set 1)
	N=Cases/ Controls
(arcOGEN Set 2)

	ACETABULUM
	
	
	
	
	
	

	Acetabular Index of Depth to Width Ratio
	61.05 (5.36)
	46-77
	61.51 (4.84)
	48-76
	N/A
	N/A

	HTE (degrees)
	7.49 (6.66)
	-7-27
	7.2 (6.4)
	-3-25
	N/A
	N/A

	Lateral Center Edge Angle (degrees)
	30.86 (6.97)
	11-51
	31.4 (7.36)
	17-51
	N/A
	N/A

	Sharp’s Angle (degrees)
	38.93 (4.06)
	28-52
	39.41 (4.73)
	27-53
	N/A
	N/A

	Acetabular Tilt (degrees)
	58.39 (6.08)
	40-76
	57.97 (5.41)
	47-73
	N/A
	N/A

	
	
	
	
	
	
	

	PROXIMAL FEMUR
	
	
	
	
	
	

	Alpha Angle (degrees)
	54.81 (11.97)
	38-112
	54.4 (10.3)
	42-90
	403/420
	51/59

	Sharp’s Angle (degrees)
	38.93 (4.06)
	28-52
	39.41 (4.73)
	27-53
	N/A
	N/A

	Femoral Head to Neck Ratio
	1.39 (0.08)
	1.09-1.61
	1.39 (6.84)
	1.24-1.52
	N/A
	N/A

	Femoral Neck Shaft Angle (degrees)
	127.69 (7.08)
	110-149
	127.09 (6.84)
	110-143
	N/A
	N/A

	Modified Proximal Femoral Angle (degrees)
	88.98 (5.18)
	75-104
	88.54 (4.96)
	74-103
	N/A
	N/A

	Femoral Neck length to neck width ratio
	2.23 (0.23)
	1.52-2.92
	2.28 (0.21)
	1.7-2.67
	N/A
	N/A



Quantitative trait genome-wide analysis of each of the 9 normally distributed was performed (Figure 7‑1-7-10). Analysis of the quantitative hip shape variables identified several signals at or near genome-wide significance.  For the binary alpha angle analysis there were no signals reaching the genome-wide significance threshold (p<5x10-8), either pre- or post-gender adjustment. 
[image: aidw-meta-analysis-maf0.01-outliers-rem-2-studies.qq.png]
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[bookmark: _Ref479210712][bookmark: _Toc479881998][bookmark: _Toc495415900]Figure 7‑1:  QQ and Manhattan plots of genome-wide data from quantitative trait analysis (QTA) acetabular index of depth to width ratio.  (a) QQ-plot - The x-axis represents the –log10 of the expected p-value; the y-axis represents the –log10 of the observed p-value.  The diagonal line therefore represents the null hypothesis – ie, that there is no association.  Any deviation from the diagonal line may represent an association with the phenotype.   (b) Manhattan plot - The x-axis represents the chromosome (1-22); the y-axis represents the –log10 of the p value.  Each SNP is plotted according to its location and corresponding p-value. A tall peak indicates a locus with a strong association at that location.
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[bookmark: _Ref479210714][bookmark: _Toc479881999][bookmark: _Toc495415901]Figure 7‑2: QQ and Manhattan plots of genome-wide data from QTA lateral center-edge angle.
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[bookmark: _Ref479210716][bookmark: _Toc479882000][bookmark: _Toc495415902]Figure 7‑3:  QQ and Manhattan plots of genome-wide data from QTA horizontal toit externa.
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[bookmark: _Ref479210717][bookmark: _Toc479882001][bookmark: _Toc495415903]Figure 7‑4:  QQ and Manhattan plots of genome-wide data from QTA Sharp’s angle.  
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[bookmark: _Ref479210719][bookmark: _Toc479882002][bookmark: _Toc495415904]Figure 7‑5:  QQ and Manhattan plots of genome-wide data from QTA acetabular tilt. 
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[bookmark: _Ref479210720][bookmark: _Toc479882003][bookmark: _Toc495415905]Figure 7‑6:  QQ and Manhattan plots of genome-wide data from QTA femoral neck-shaft angle.
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[bookmark: _Ref479210722][bookmark: _Toc479882004][bookmark: _Toc495415906]Figure 7‑7:  QQ and Manhattan plots of genome-wide data from QTA femoral neck length to width ratio.
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[bookmark: _Ref479210723][bookmark: _Toc479882005][bookmark: _Toc495415907]Figure 7‑8:  QQ and Manhattan plots of genome-wide data from QTA modified proximal femoral angle.  
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[bookmark: _Ref479210724][bookmark: _Toc479882006][bookmark: _Toc495415908]Figure 7‑9:  QQ and Manhattan plots of genome-wide data from QTA femoral head width to femoral neck width ratio.
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[bookmark: _Ref479210725][bookmark: _Toc479882007][bookmark: _Toc495415909]Figure 7‑10:  QQ and Manhattan plots of genome-wide data from case/control analysis of binary trait alpha angle. 



[bookmark: _Toc479709924][bookmark: _Toc492995632]Concordant Signals
Signals were deemed to be concordant between the 2 discovery GWAS datasets if the index SNP possessed (i) a p value of <0.05 in both stratified GWAS analyses, and (ii) the direction of effect was consistent across both strata.  An overview of the number of independent concordant signals per morphological phenotype is detailed in Table 7‑2 and Table 7‑3.  

[bookmark: _Ref479210814][bookmark: _Toc479882044][bookmark: _Toc492996448]Table 7‑2: Results of the meta-analyses and per strata analysis of all concordant signals at p <1x10-6. (A) adjusted for gender

	

Pheno
	

arcOGEN Set
	

Cases(n)
	

SNP
	

Chr
	

EA
	

EAF
	
Beta (95% CI’s)
	

SE
	

P
	


Effects
	
Beta (95% CI’s) (A)
	

SE (A)
	

P (A)
	

Effects (A)

	AIDWR
	
1
	
817
	12-12173280
	12
	T
	0.13
	0.35
	
0.09
	0.001
	
	0.33
	
0.09
	2 x10-4
	

	
	
2
	
110
	12-12173280
	12
	T
	0.13
	0.57
	
0.16
	0.004
	
	0.57
	
0.16
	3 x10-4
	

	
	Meta-analysis
	
927
	12-12173280
	12
	T
	0.13
	0.41(0.25-0.56)
	
0.08
	2.8 x10-7
	
++
	0.39(0.24-0.64)
	
0.08
	7.23 x10-7
	++

	LCEA
	
1
	
816
	rs10005312
	4
	A
	0.01
	1.19
	
0.24
	6.8 x10-7
	
	1.19
	
0.24
	6.7 x10-7
	

	
	
2
	
110
	rs10005312
	4
	A
	0.01
	1.04
	
0.53
	0.05
	
	1.13
	
0.61
	6.4 x10-2
	

	
	Meta-analysis
	
926
	rs10005312
	4
	A
	0.01
	1.17(0.74-1.6)
	
0.22
	9.7 x10-8
	
++
	1.18(0.75-1.62)
	
0.22
	1.16 x10-7
	++

	SA
	
1
	
816
	3-72544950
	3
	G
	0.01
	1.15
	
0.24
	1.6 x10-6
	
	1.15
	
0.25
	4.02 x10-6
	

	
	
2
	
109
	3-72544950
	3
	G
	0.01
	1.74
	
0.66
	9 x10-3
	
	1.56
	
0.58
	7 x10-3
	

	
	Meta-analysis
	
925
	3-72544950
	3
	G
	0.01
	1.22(0.78-1.66)
	
0.23
	6.6 x10-8
	
++
	1.21(0.76-1.66)
	
0.23
	1.24 x10-7
	++

	AT
	
1
	
812
	rs7102705
	11
	G
	0.82
	0.27
	
0.06
	6.6 x10-6
	
	0.26
	
0.06
	2.01 x10-5
	

	
	
2
	
110
	rs7102705
	11
	G
	0.82
	0.49
	
0.2
	0.01
	
	0.43
	
0.19
	0.03
	

	
	Meta-analysis
	
922
	rs7102705
	11
	G
	0.82
	0.29(0.18-0.41)
	
0.06
	4.71 x10-7
	
++
	0.27(0.16-0.38)
	
0.06
	2.02 x10-6
	++


 (
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[bookmark: _Ref479211312][bookmark: _Toc479882045][bookmark: _Toc492996449]Table 7‑3: Results of all concordant signals p<1x10-6 following meta-analysis, using the maximum likelihood ratio test (method expected) association test.

	
Phenotype
	Cases (n)
	SNP
	Chr
	EA
	EAF
	Beta (MLR)
	SE (MLR)
	P (MLR)

	
SA
	
926
	
3-72544950
	
3
	
G
	
0.01
	
1.19
	
0.22
	
1.09x10-7

	
LCEA
	926
	rs10005312
	4
	A
	0.01
	1.11
	0.21
	2.05x10-7

	
AIDWR
	927
	12-12173280
	12
	T
	0.13
	0.40
	0.08
	1.74x10-7

	
AT
	922
	rs7102705
	11
	G
	0.82
	0.29
	0.06
	3x10-7








[bookmark: _Ref479210948][bookmark: _Toc479882046][bookmark: _Toc492996450]Table 7‑4: Results of the genotype and allele agreement between imputed SNP rs10005312 and the Sequenom directly typed equivalent.

	SNP
	Chr
	BP
	EA
	EAF
	% agreement of genotypes
	
% agreement of alleles
	% agreement of minor alleles

	rs10005312
	4
	164472678
	A
	0.01
	98.70
	
99.35
	99.97






The concordant signals identified were as follows.  Variant 3-72544950 was associated with Sharp’s angle (G allele, beta 1.22, SE 0.23, p=6.6x10-8) (Figure 7‑11), and is one of several correlated SNPs lying immediately downstream of the RING1 and YY1-binding gene (RYBP).  Despite being a rare variant, evidence of strong and consistent association within both datasets was shown, and this was retained when applying the maximum likelihood ratio test (p=1.09x10-7) (Table 7‑2 and Table 7‑3).  
[image: C:\Users\kp6\Desktop\regplots\EUR1.SAnew_130221_chr3_72544950_Page_1.png]
[bookmark: _Ref479210847][bookmark: _Toc479882008][bookmark: _Toc495415910]Figure 7‑11:  RAP for SNP 3-72544950, from QTA analysis Sharp’s angle phenotype. 
The index SNP 3-72544950 is the marker in purple, the correlated variants coloured according to their pairwise r2 with the index SNP.  The p value is denoted on the y-axis, and the recombination rate on the x-axis, which is annotated by the specific genes coded for, in that location (Build 37). 


rs10005312 was associated with the lateral center-edge angle phenotype (A allele, beta 1.17, SE 0.22, p=9.7x10-8) (Figure 7‑12). This signal is located within an intronic region of the membrane-associated ring finger-1 gene (MARCH1). This rare, imputed, variant showed excellent genotype and allele concordance following direct genotyping (98.7 and 99.4% respectively) (Table 7‑4) and maintained association following the maximum likelihood ratio test (p=1.16x10-7) (Table 7‑3).  

[image: ]
[bookmark: _Ref479210928][bookmark: _Toc479882009][bookmark: _Toc495415911]Figure 7‑12: RAP for SNP rs10005312, from QTA lateral center-edge angle phenotype.   


[image: C:\Users\kp6\Desktop\regplots\EUR1.AIDWRnew_130221_chr12_12173280_Page_1.png]
[bookmark: _Ref479210987][bookmark: _Toc479882010][bookmark: _Toc495415912]Figure 7‑13: RAP for SNP 12-12173280, from QTA acetabular depth to width ratio phenotype.   


Variant 12-12173280 was associated with acetabular depth to width ratio (T allele, beta 0.41, SE 0.08, p=2.8x10-7) and resides 100kb downstream of low-density lipoprotein receptor-related protein 6 (LRP6) (Figure 7‑13). Association was consistent between both cohorts and was retained following maximum likelihood ratio testing (p=7.23x10-7) (Table 7‑2 and Table 7‑3).  



[image: ]
[bookmark: _Ref479211026][bookmark: _Toc479882011][bookmark: _Toc495415913]Figure 7‑14: RAP for SNP rs7102705, from QTA acetabular tilt phenotype.   

rs7102705 was associated with acetabular tilt phenotype (G allele, beta 0.29, SE 0.06, p=4.71x10-7), and resides 100kb from the Myeloma overexpressed/Cyclin D1 complex (MYEOV/CCND1) (Figure 7‑14).  


[bookmark: _Toc479709925][bookmark: _Toc492995633]Maximum Likelihood Ratio (MLR) Testing of Concordant Signals
Results of the meta-analyses all concordant signals p<9.9x10-6, using the maximum likelihood ratio test (method expected) association test are shown in Table 7‑3.
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One signal demonstrated genome wide significant association overall, however, the association was mainly found in the larger GWAS 1 cohort.  rs3106703 (A allele, beta -0.37, SE 0.07, p=1.86x10-8) associated with femoral neck length to width ratio, and was located within an intronic region of zinc finger protein 385B (ZNF385B) (Table 7‑5). Polymorphisms in this zinc finger binding protein are associated with spina bifida and orofacial cleft (Wu et al. 2011).  All signals retained association following adjustment for sex (Table 7‑2 and Table 7‑3).











[bookmark: _Ref479211433][bookmark: _Toc479882047][bookmark: _Toc492996451]Table 7‑5: Results of the meta-analysis of signal rs3106703 with femoral neck length to width ratio.

	
arcOGEN GWAS
	
Cases(n)
	SNP
	Chr
	EA
	EAF
	Beta
	SE
	P
	Beta (A)
	
SE (A)
	P (A)
	

Effects

	
1
	
823
	rs3106703
	2
	A
	0.11
	-0.42
	0.08
	2.91 x10-8
	-0.41
	
0.07
	7.75 x10-9
	

	
2
	
110
	rs3106703
	2
	A
	0.11
	-2.31
	4.44
	0.60
	-0.11
	
0.2
	0.57
	

	
Meta-analysis
	
931
	rs3106703
	2
	A
	0.11
	-0.39
	
0.07
	6.82 x10-8
	-0.37
	
0.07
	1.86 x10-8
	
--


 (
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[bookmark: _Toc479709926][bookmark: _Toc492995634]Established Hip Shape Loci
In addition, we examined all previously reported associations between hip shape and genotype (Waarsing et al. 2011; Lindner et al. 2012; Baker-LePain et al. 2012; arcOGEN Consortium et al. 2012).  After applying a Bonferroni correction for multiple comparisons, we found evidence of association within our dataset, between SNP rs6976 (residing with GLT8D1) and femoral neck shaft angle (T allele, beta 0.12, SE 0.05, p=0.007) (Table 7‑6).   
Other weak associations that we observed that were below the p=0.0074 significance level were, between SNP rs6976 and lateral center-edge angle (T allele, beta -0.11, SE 0.05, p=0.01), and between Sharp’s angle and rs4836732 (residing within ATN2) (T allele, beta -0.10, SE 0.04, p=0.03), and rs1974201 (residing within ENPP1) (C allele, beta 0.12, 0.04, p=0.04).
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[bookmark: _Ref479211469][bookmark: _Toc479882048][bookmark: _Toc492996452]Table 7‑6: Association summary statistics of established proximal femoral morphology loci across all of our hip morphology strata.
	
	
	
	Discovery Study Summary Statistics
	Our Study Summary Statistics

	SNP
	Nearest gene(s)
	EA
	Phenotype
	Sex
	Beta
	SE
	P
	Phenotype
	Beta
	SE
	     P

	rs1974201
	ENPP1
	C
	FNW, FNL
	Mix
	0.084
	0.017
	3.8x10-7
	AIDWR
	-0.02
	0.06
	0.70

	rs1974201
	ENPP1
	C
	FNW, FNL
	Mix
	0.084
	0.017
	3.8x10-7
	LCEA
	-0.10
	0.06
	0.10

	rs1974201
	ENPP1
	C
	FNW, FNL
	Mix
	0.084
	0.017
	3.8x10-7
	HTE
	0.05
	0.06
	0.44

	rs1974201
	ENPP1
	C
	FNW, FNL
	Mix
	0.084
	0.017
	3.8x10-7
	SA
	0.12
	0.06
	0.04

	rs1974201
	ENPP1
	C
	FNW, FNL
	Mix
	0.084
	0.017
	3.8x10-7
	FNLWR
	0.08
	0.06
	0.20

	rs1974201
	ENPP1
	C
	FNW, FNL
	Mix
	0.084
	0.017
	3.8x10-7
	FHFNR
	0.02
	0.06
	0.70

	rs1974201
	ENPP1
	C
	FNW, FNL
	Mix
	0.084
	0.017
	3.8x10-7
	MPFA
	-0.05
	0.06
	0.44

	rs1974201
	ENPP1
	C
	FNW, FNL
	Mix
	0.084
	0.017
	3.8x10-7
	FNSA
	0.01
	0.06
	0.84

	rs288326
	FRZB
	A
	SSM femur
	Fem
	N/A
	N/A
	0.019
	AIDWR
	0.08
	0.07
	0.25

	rs288326
	FRZB
	A
	SSM femur
	Fem
	N/A
	N/A
	0.019
	LCEA
	0.14
	0.07
	0.05

	rs288326
	FRZB
	A
	SSM femur
	Fem
	N/A
	N/A
	0.019
	HTE
	-0.09
	0.07
	0.23

	rs288326
	FRZB
	A
	SSM femur
	Fem
	N/A
	N/A
	0.019
	SA
	-0.05
	0.07
	0.50

	rs288326
	FRZB
	A
	SSM femur
	Fem
	N/A
	N/A
	0.019
	FNLWR
	0.12
	0.07
	0.11

	rs288326
	FRZB
	A
	SSM femur
	Fem
	N/A
	N/A
	0.019
	FHFNR
	0.08
	0.07
	0.25

	rs288326
	FRZB
	A
	SSM femur
	Fem
	N/A
	N/A
	0.019
	MPFA
	-0.09
	0.07
	0.19

	rs288326
	FRZB
	A
	SSM femur
	Fem
	N/A
	N/A
	0.019
	FNSA
	-0.001
	0.07
	1

	rs7775
	FRZB
	C
	SSM femur
	Fem
	N/A
	N/A
	0.019
	AIDWR
	-0.09
	0.09
	0.31

	rs7775
	FRZB
	C
	SSM femur
	Fem
	N/A
	N/A
	0.019
	LCEA
	0.10
	0.09
	0.27

	rs7775
	FRZB
	C
	SSM femur
	Fem
	N/A
	N/A
	0.019
	HTE
	-0.17
	0.09
	0.07

	rs7775
	FRZB
	C
	SSM femur
	Fem
	N/A
	N/A
	0.019
	SA
	-0.15
	0.09
	0.11

	rs7775
	FRZB
	C
	SSM femur
	Fem
	N/A
	N/A
	0.019
	FNLWR
	0.04
	0.09
	0.66

	rs7775
	FRZB
	C
	SSM femur
	Fem
	N/A
	N/A
	0.019
	FHFNR
	0.13
	0.09
	0.17

	rs7775
	FRZB
	C
	SSM femur
	Fem
	N/A
	N/A
	0.019
	MPFA
	0.08
	0.09
	0.35

	rs7775
	FRZB
	C
	SSM femur
	Fem
	N/A
	N/A
	0.019
	FNSA
	0.01
	0.09
	0.93

	rs4836732
	ASTN2
	T
	SSM femur
	Fem
	N/A
	N/A
	0.0016
	AIDWR
	0.07
	0.04
	0.10

	rs4836732
	ASTN2
	T
	SSM femur
	Fem
	N/A
	N/A
	0.0016
	LCEA
	0.09
	0.04
	0.05

	rs4836732
	ASTN2
	T
	SSM femur
	Fem
	N/A
	N/A
	0.0016
	HTE
	-0.04
	0.04
	0.40

	rs4836732
	ASTN2
	T
	SSM femur
	Fem
	N/A
	N/A
	0.0016
	SA
	-0.10
	0.04
	0.03

	rs4836732
	ASTN2
	T
	SSM femur
	Fem
	N/A
	N/A
	0.0016
	FNLWR
	-0.04
	0.05
	0.39

	rs4836732
	ASTN2
	T
	SSM femur
	Fem
	N/A
	N/A
	0.0016
	FHFNR
	-0.07
	0.05
	0.11

	rs4836732
	ASTN2
	T
	SSM femur
	Fem
	N/A
	N/A
	0.0016
	MPFA
	0.03
	0.04
	0.46

	rs4836732
	ASTN2
	T
	SSM femur
	Fem
	N/A
	N/A
	0.0016
	FNSA
	0.008
	0.04
	0.86

	rs6976
	GLT8D1
	T
	SSM femur
	Mix
	N/A
	N/A
	0.0003
	AIDWR
	-0.03
	0.04
	0.56

	rs6976
	GLT8D1
	T
	SSM femur
	Mix
	N/A
	N/A
	0.0003
	LCEA
	-0.11
	0.05
	0.01

	rs6976
	GLT8D1
	T
	SSM femur
	Mix
	N/A
	N/A
	0.0003
	HTE
	0.05
	0.05
	0.24

	rs6976
	GLT8D1
	T
	SSM femur
	Mix
	N/A
	N/A
	0.0003
	SA
	0.06
	0.04
	0.19

	rs6976
	GLT8D1
	T
	SSM femur
	Mix
	N/A
	N/A
	0.0003
	FNLWR
	0.06
	0.05
	0.20

	rs6976
	GLT8D1
	T
	SSM femur
	Mix
	N/A
	N/A
	0.0003
	FHFNR
	0.04
	0.05
	0.34

	rs6976
	GLT8D1
	T
	SSM femur
	Mix
	N/A
	N/A
	0.0003
	MPFA
	-0.02
	0.04
	0.59

	rs6976
	GLT8D1
	T
	SSM femur
	Mix
	N/A
	N/A
	0.0003
	FNSA
	0.12
	0.05
	0.007

	rs5009270
	IFRD1
	A
	SSM femur
	Mix
	N/A
	N/A
	0.0004
	AIDWR
	-0.1
	0.05
	0.05

	rs5009270
	IFRD1
	A
	SSM femur
	Mix
	N/A
	N/A
	0.0004
	LCEA
	-0.04
	0.05
	0.41

	rs5009270
	IFRD1
	A
	SSM femur
	Mix
	N/A
	N/A
	0.0004
	HTE
	-0.02
	0.05
	0.73

	rs5009270
	IFRD1
	A
	SSM femur
	Mix
	N/A
	N/A
	0.0004
	SA
	0.09
	0.05
	0.05

	rs5009270
	IFRD1
	A
	SSM femur
	Mix
	N/A
	N/A
	0.0004
	FNLWR
	-0.05
	0.05
	0.36

	rs5009270
	IFRD1
	A
	SSM femur
	Mix
	N/A
	N/A
	0.0004
	FHFNR
	0.01
	0.05
	0.85

	rs5009270
	IFRD1
	A
	SSM femur
	Mix
	N/A
	N/A
	0.0004
	MPFA
	0.03
	0.05
	0.53

	rs5009270
	IFRD1
	A
	SSM femur
	Mix
	N/A
	N/A
	0.0004
	FNSA
	0.05
	0.05
	0.33

	rs12885300
	DIO2
	T
	SSM femur
	Mix
	N/A
	N/A
	0.005
	AIDWR
	0.01
	0.05
	0.82

	rs12885300
	DIO2
	T
	SSM femur
	Mix
	N/A
	N/A
	0.005
	LCEA
	0.04
	0.05
	0.38

	rs12885300
	DIO2
	T
	SSM femur
	Mix
	N/A
	N/A
	0.005
	HTE
	-0.02
	0.05
	0.66

	rs12885300
	DIO2
	T
	SSM femur
	Mix
	N/A
	N/A
	0.005
	SA
	-0.08
	0.05
	0.1

	rs12885300
	DIO2
	T
	SSM femur
	Mix
	N/A
	N/A
	0.005
	FNLWR
	0.03
	0.05
	0.48

	rs12885300
	DIO2
	T
	SSM femur
	Mix
	N/A
	N/A
	0.005
	FHFNR
	-0.07
	0.05
	0.13

	rs12885300
	DIO2
	T
	SSM femur
	Mix
	N/A
	N/A
	0.005
	MPFA
	-0.03
	0.05
	0.46

	rs12885300
	DIO2
	T
	SSM femur
	Mix
	N/A
	N/A
	0.005
	FNSA
	-0.03
	0.05
	0.47



 (
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[bookmark: _Toc479709927][bookmark: _Toc492995635]Power Calculations
Our meta-analysis had ≥80% power to detect a variant with risk allele frequency of 0.35 for an effect size of 0.3 standard deviations from the mean (SD). For low-frequency and rare variants (risk allele frequency 0.05 and 0.01 respectively) our study had sufficient power (>80%) to detect associations with genome-wide significance only if their effect sizes were large (effect sizes 0.7 SD and 1.45 SD respectively). 

[bookmark: _Toc479709928][bookmark: _Toc492995636]7.4:  Discussion
We demonstrate that commonly used clinical indices of femoro-acetabular morphology show association with several genetic loci at, or near, the genome-wide significance level.  These associations suggest that genetic variation in genes that regulate muscle development and function as well as skeletal morphogenesis may influence adult femoro-acetabular morphology. Studies in other musculoskeletal traits have demonstrated the increase in power that can be afforded by investigating quantitative traits closer to the underlying clinical phenotype (Estrada et al. 2012).  These signals even though just below the genome-wide threshold may still represent robust associations (Panagiotou et al. 2012). A substantial proportion (73%) of replicating associations with borderline genome-wide significance (defined as p<10-7) reach genome-wide significance in subsequent GWAS (Panagiotou et al. 2012) .
Our findings indicate suggestive association between a gene that regulates myogenesis/muscle bulk and acetabular shape. 3-72544950, which was associated with Sharp’s angle (a measure of acetabular inclination), lies adjacent to RYBP that encodes a negative regulator of skeletal myogenesis (Zhou et al. 2012).  The mechanical forces constituted by muscle contraction and bulk, have long been known to regulate skeletogenesis and are essential for adult bone homeostasis and repair (Carter et al. 1998; 2007). Embryologically, several animal models have shown that muscle contraction is necessary for normal joint development (Pitsillides, 2006; Kahn et al. 2009; Nowlan, Sharpe, et al. 2010), and bone morphogenesis (Nowlan et al. 2008; Sharir et al. 2011). Skeletal development is differentially affected by the lack of skeletal muscle, with certain long bones and joints being more severely affected than others (Nowlan, Bourdon, et al. 2010).
MARCH1 encodes a E3 ubiquitin ligase that mediates ubiquitination of major histocompatibility class II molecules (MHCII) in dendritic cells (Oh et al. 2013).  Induced expression of MARCH1 appears to have a directly immunosuppressive effect on Interleukin-10 (IL-10) (Thibodeau et al. 2008).  In mice, IL-10 is known to inhibit osteoclast formation by acting directly on haemopoietic osteoclast precursors, through a novel signal transduction and activation pathway (Hong et al. 2000).   We therefore postulate that this gene may have a role in hip morphogenesis through its effect on IL-10. 
LRP6 encodes a Wnt co-receptor that has a key involvement in skeletal development. Mutations in variants encoding LRP6 proteins have been associated with several bone-related diseases, including severe osteoporosis (Mani et al. 2007) and perinatal death associated with loss of distal limb structures (Pinson et al. 2000). MYEOV/CCND1 encodes proteins that have been implicated in multiple myeloma (Specht, 2004), and MYEOV is a downstream effector in the Wnt/B-catenin pathway (Brown et al. 2011).
In addition, we examined all previously reported associations between hip shape and genotype (Waarsing et al. 2011; Lindner et al. 2012; Baker-LePain et al. 2012; arcOGEN Consortium et al. 2012).  We found evidence of association within our dataset, between SNP rs6976 (residing with GLT8D1) and femoral neck shaft angle (Beta 0.12, SE 0.05, p=0.007).   Our data indicate that by comparing associations across the strata examined we can further define the biological role of previously reported hip shape variants, for example, rs6976 may influence proximal femoral SSM via its effect on femoral neck-shaft angle.  
We did not find any other significant associations with previously established loci. However, these previous studies typically used SSMs as the method of phenotypic characterisation rather than the standard clinical indices used here. All of the studies, including that reported here, represent discovery associations, and require independent replication before the associations can be confirmed.
[bookmark: _Toc479709929][bookmark: _Toc492995637]7.5:  Conclusion
We have identified four novel genetic loci that are possibly associated with established clinical indices of acetabular or proximal femoral shape. Amongst these signals include genes that regulate bone formation (e.g., LRP6) and those that regulate myogenesis and muscle bulk (RYBP).  Genes that regulate muscle morphogenesis, as well as osteogenesis, may thus also underpin the genetic architecture of femoro-acetabular morphology.  Replication in independent samples is required to robustly establish these genetic associations with hip shape morphogenesis. 






[bookmark: _Toc479709938][bookmark: _Toc492995638]:  THESIS DISCUSSION
[bookmark: _Toc479709939][bookmark: _Toc492995639]8.1	Overview
This chapter provides a summary of the interpretation of the studies presented in this thesis.  A synopsis of the positive findings and significance in keeping with primary and secondary aims will be discussed as well as study strengths, limitations and proposed future work.  Emphasis is placed upon the relevance of the major findings and how this may lead to clinical advances.  

[bookmark: _Toc479709940][bookmark: _Toc492995640]8.2	Summary
In this work, we achieved our primary aim of investigating the role of endophenotyping in clarifying the genetic basis of hip and knee OA by performing a series of non-stratified and stratified GWAS.  By utilising precise, homogenous, radiographically-derived OA endophenotypes, we have identified the importance of phenotype definition in maximising signal detection in OA.  We have identified suggestive evidence (p<9.9x10-6) of associations at 6 and 10 variants with endophenotypes of hip and knee OA respectively, which would all have been missed by a broad phenotype definition approach examining total joint OA as the disease endpoint.  This has important implications in the GWAS of other complex diseases, with regard to phenotyping, sample size, and power.  
The secondary aim of this work was to explore the genetic contribution to hip shape variation.  We achieved this through a series of novel GWAS with clinically used, radiographically-derived indices of acetabular and proximal femoral shape.  To date, the identity of loci associated with hip shape variation is largely unknown, with only a few candidate gene studies cited in the literature, none of which report any robust associations.  We identified 4 novel concordant loci at p<9.9x10-6, including suggestive associations between genes that regulate myogenesis, muscle bulk and skeletal development with hip shape.    

[bookmark: _Toc479709941][bookmark: _Toc492995641]Summary of Positive Findings
In Chapter 3, the accuracy and repeatability of SHIPS under all conditions were good for all measurements, with the exception of HTE.  We also report that the accuracy of pelvic and femoral measurements was generally robust to changes in pelvic inclination and rotation up to ±15° from the anatomic plane, which might be expected in clinical practice. 
Chapters 3 also reports that the intra-observer repeatability for site of JSN and bone remodelling response at the hip were deemed “good” and “moderate” respectively.  The intra-observer repeatability for classification of dominant compartment involvement of the knee was deemed “very good”.  The endophenotyping in our main studies was reliable, with both the intra- and inter-observer correlation being deemed as either “good”, and “very good”.   
Chapter 4 suggests that several acetabular and proximal femoral shapes associate with specific patterns of degenerative disease within an individual’s hip.  Acetabuli that are deep and horizontal, are associated with a subsequent medial and hypertrophic disease pattern.  Whereas a shallow, steep socket, associated with superiorly based, atrophic OA.  A proximal femur that is valgus, uncovered, and has evidence of a cam-type deformity, associated with a superior and atrophic pattern of disease, whereas, a varus, well-covered, more spherical proximal femur associated with medial and hypertrophic disease.  We identified evidence of association of a variant (rs6766414, located adjacent to STT3B) that linked axial/medial narrowing with hypertrophic hip OA.  This further suggests that there may be a genetically modulated link between patterns of narrowing and bone remodelling responses.   
In Chapter 5, we report suggestive evidence (p<9.9x10-6) of associations at 6 variants with clinically relevant hip OA endophenotypes.  All signals would have been missed by a broad phenotype definition approach.  For example, LRCH1 was associated with superior JSN but in a non-stratified analysis the signal is fully attenuated.  We also report substantial power gains by employing a stratified approach, with the decrease in sample size required to reach genome-wide significance for an analysis within OA cases ranging from 41 fold to 286 fold.
In Chapter 6, we report suggestive evidence of associations at 10 variants (p<9.9x10-6) with 4 dominant compartment knee OA phenotypes.  This is more than expected by chance, and all signals would have been missed by a broad phenotypic approach.  For example, SORBS1 was associated with medial tibiofemoral disease but in a non-stratified analysis the signal was fully attenuated.  Also, by employing the phenotype definition of medial tibiofemoral dominant disease rather than knee OA, a greater proportion of overall heritability (45-54% vs. 33-41%) is accounted for.  
In Chapter 7, we identify 4 novel concordant loci (p<9.9x10-6) with clinically derived hip shape phenotypes.  Our findings indicate potential associations between genes that regulate myogenesis and skeletal development with hip shape.  For example, 3-72544950 (Sharp’s angle), lay adjacent to RING1 and YY1-binding protein (RYBP), which encodes a negative regulator of skeletal myogenesis. 
[bookmark: _Toc479709942][bookmark: _Toc492995642]8.3	Limitations
There are many limitations to these studies.  

Cohorts and Lack of Replication
As a result of inevitable population stratification, sample size was diminished and this had negative implications on power, particularly for the discovery of lower frequency variants.
In order to minimise the reporting of false positive associations, prioritised signals were followed up using the MLR test with covariate adjustment to guard against the anti-conservative effect of low allele frequency and genotype uncertainty on the score test. We also discarded imputed SNPs with low imputation score (0.4) and so-called “loners”, that were located within a signal with no directly typed SNP in high LD (>0.4 r2).  Index imputed SNPs were independently validated by de-novo genotyping using the Sequenom MassARRAY iPLEX Gold assay. A clear limitation was the lack of available independent replication cohorts.  In both the stratified hip OA and hip shape GWAS we utilised two datasets genotyped on different platforms, which partially mitigated against this.   
A caveat in the GWAS of hip shape is that all participants had unilateral hip OA, which might introduce a bias and limit the generalisability of the findings in the general population.  Replication in individuals without hip OA is desirable.  

Observer Variation
Whilst the inter-observer agreement of the hip and knee OA radiographic classifiers supports the approach taken, differences in calling between observers does impact on the overall sensitivity of the genetic association analyses.  We mitigated for this by asking a third observer to adjudicate where discrepancy arose.

Radiographic Issues
The radiographs were collected retrospectively, from multiple hospitals with differing acquisition protocols (eg. weight-bearing).  In the stratified knee OA study, patients had differing patellofemoral views.  Whilst the skyline view is the optimal method of determining patellofemoral OA (Buckland-Wright, 2006; McDonnell et al. 2011), the reproducibility of the lateral view for detecting osteophytes is comparable (Cicuttini et al. 1996).   Presence of osteophytes are the best predictor of knee pain (Spector et al. 1993; Cicuttini et al. 1996).  
In the hip shape study, we mitigated against patient positioning variability, by discounting radiographs with excessive rotation or tilt (Thiagarajah et al. 2013).  Whilst cross-sectional imaging is the gold-standard method used to diagnose femoro-acetabular impingent (Beaulé et al. 2005; Rakhra et al. 2009), we used two-dimensional AP pelvic radiographs.  Both computed tomography and magnetic resonance imaging have issues of radiation dose and/or cost that limit their applicability to large-scale association analyses. The addition of a cross-table lateral radiographic view of the hip also adds limited further sensitivity in identifying cam deformity (Nepple et al. 2012).

[bookmark: _Toc492995643]8.4	Relevance of Major Findings
This study suggests that OA heterogeneity may be partly responsible for the modest output from OA GWAS efforts thus far.  Whilst it accounts for a proportion of the missing heritability, we still need to pursue other avenues to unearth the remainder. 
This study is the first to report that performing GWAS in narrower, homogenous OA endophenotypes, related to intra-articular site and pattern of disease leads to an increase in statistical power, heritability estimate, and signal detection rate.  This has particular relevance to the study of other common complex diseases.   
Our findings most likely to lead to potential disease-modifying OA drug interventions are within the atrophic and hypertrophic hip OA phenotypes.  GPR98, a G-protein coupled receptor with a role in calcium binding, was strongly associated with the atrophic phenotype at an odds ratio of approximately 2.  Despite lacking replication, this signal remained prominent in both the analysis versus population-based controls and the analysis versus the non-atrophic hip OA controls.  It has biological plausibility – GPR98 is associated with reduced bone mineral density (BMD) in mice, and increased fracture risk in post-menopausal Japanese women (Urano et al. 2012).   The correlation between atrophic hip OA and reduced BMD has been reported in several studies (Schnitzler et al. 1992; Conrozier et al. 2007; Castano-Betancourt et al. 2013; Ishidou et al. 2017).  Atrophic hip OA also exhibits a more rapid rate of progression than the hypertrophic phenotype (Conrozier et al. 1998), related to higher bone turnover (Conrozier et al. 2007).  Conversely, high BMD (or high bone mass) is strongly associated with osteophytosis and a hypertrophic response (Nevitt et al. 1995; Lane et al. 2002).    The mechanism by which BMD variation relates with bone remodelling in OA is presently unknown.  Much research thus far has concentrated on the subchondral bone unit.   Animal models and clinical studies suggest that pathological remodelling of the subchondral bone in OA (Radin, 1999; Buckland-Wright, 2004; Burr et al. 2012) may actually precede and mediate cartilage degeneration (Anderson-MacKenzie et al. 2005; Hayami et al. 2006; Brandt et al. 2006; Neogi, 2012).  Postulated mechanisms include an alteration in the biomechanical characteristics of subchondral bone (Li et al. 1997; Day et al. 2001) or a reactivation process of enchondral ossification at the bone-cartilage interface (Lories et al. 2011).  Another likely mechanism by which BMD and bone remodelling in OA are linked, is the presence of genetic loci that affect both BMD variation and OA risk (Spector et al. 2004).  Likewise, BMD genes may directly control other phenotypes implicated in OA risk such as joint shape or cartilage thickness (Julie C Baker-LePain, 2010).
Drugs reducing bone turnover (antiresorptives), whilst demonstrating beneficial effects on structural progression in animal models of OA (Muehleman et al. 2002; Shirai et al. 2011), have failed to demonstrate a significant reduction in disease progression in humans (Spector et al. 2005; Bingham et al. 2006).  An explanation for the disappointing results of disease-modifying OA drug trials to date, is the failure to stratify potential participants by OA phenotype (Hardcastle et al. 2015b). Additionally, patients were included in these studies on the basis of joint space narrowing, which is likely irreversible, and not on bone parameters (Roux et al. 2012).  The exception is strontium ranelate, which is currently licenced for use in the treatment of osteoporosis, and inhibits bone resorption and stimulates bone formation.    A recent randomized placebo-controlled trial reported that strontium administration (1g/day) was associated with reduced radiological progression of knee OA.  At higher doses, a reduction in knee pain and an improvement in function were noted (Reginster, 2014). 

Many observers presently consider that the key to success in discovering OA therapeutics may be the astute directing of therapies with a specific mode of action to patients with a relevant disease subtype, such as the hypertrophic and atrophic subtypes (Bijlsma et al. 2011; Lafeber et al. 2013; Roubille et al. 2013; Hardcastle et al. 2015b). However, at what stage during the OA disease process such treatments would prove most beneficial remains uncertain.  We argue that there may be a role for anti-resorptive drug therapy (eg, bisphonates or Cathepsin K inhibitors) in the early stages of atrophic OA of the hip.  Cathepsin K, a lysosomal protease highly expressed in active osteoclasts, is responsible for mediating degradation of matrix proteins (Hayami et al. 2012). It is expressed in the synovium of OA patients (Hou et al. 2002) and targeted inhibition of Cathepsin K leads to an increased bone mass phenotype (Pennypacker et al. 2009). The pharmacological inhibition of Cathepsin K using Odanacatib has been shown to reduce osteoclastic bone resorption in healthy post-menopausal women (Stoch et al. 2009).  More work needs to be done however to aid in early identification of such patients prior to the onset of joint space narrowing.  The role of biomarkers and fine resolution imaging (dGEMRIC - delayed gadolinium-enhanced magnetic resonance imaging of cartilage) are likely to gain favour as important indicators of this early disease stage.   As the accessibility to whole genome sequencing improves, risk stratification by genotype may also become a possibility.  
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Identifying replication datasets with a similar depth of phenotypic information as our discovery studies is difficult.  At the time of writing this thesis, there are potential replication cohorts available.  However, they are mostly either well phenotyped but incompletely genotyped or vice versa.  In addition, they may not be large enough when endophenotyped to provide sufficient power.  With the increase in large-scale efforts such as the UK Biobank study, with which we are collaborators, this will enable a greater depth of phenotypic data available to be analysed.  The UK Biobank is a large longitudinal cohort study that recruited over 500,000 people aged between 40-69 years between 2006 and 2010.  Each individual provided genetic and phenotypic data including blood tests, physical examination, imaging and completed health-related questionnaires.  The project aims to provide a better understanding of common conditions including cancer, heart disease, and arthritis (Elovainio et al. 2017).

Rare variants may account for a proportion of the missing heritability we are still witnessing.  To account for this, our group will be performing a repeated set of association analyses on the stratified radiographic phenotypic data using the UK10K imputation panel.  The UK10K project was designed to characterize rare (<1%) and low frequency (1-5%) variation in the UK population.  In 2015 the project released its whole genome reference panel coding for a total of 24 million variants (UK10K Consortium et al. 2015).   The UK10K haplotype reference panel greatly increases accuracy and coverage of low-frequency and rare variants compared to existing panels such as the 1000GP phase 1 panel.  Chou et al demonstrated that for rare variants, the combined reference panel of 1000G and UK10k increased the percentage of well-imputed genotypes (with imputation quality score ≥0.4) from 62.9% to 76.1% when compared to imputation with the 1000 Genomes alone (Chou et al. 2016).   

Epigenetic changes are likely to account for some of this missing heritability also.  Epigenetics refers to the study of heritable changes in gene expression (or transcription) that occur in the absence of DNA sequence mutations.   Epigenetics is a physiological mechanism whereby organisms alter gene transcription activity in response to environmental prompts.  Epigenetic regulation occurs via mechanisms of DNA methylation, histone modifications, and noncoding RNAs (Dupont et al. 2009).  DNA methylation refers to the process by which methyl groups are added to the DNA nucleotide bases (cytosine or adenine), resulting in either an increase or decrease in gene transcription (Jin et al. 2011).  Histones are proteins that stabilize, organise and condense DNA within the cell nucleus by wrapping genomic DNA around their outer surfaces.  Histone modifications (most commonly acetylation and methylation) can either increase or decrease gene transcription, depending on which amino acids in the histones are modified, and how many acetyl/methyl groups are attached (Kouzarides, 2007).  Non-coding RNAs (ncRNAs), of which the most widely studied are microRNAs (miRNA), regulate gene expression by binding to complementary sites on the messenger RNA transcripts and targeting them for degradation with or without the assistance of cleavage proteins (Pratt et al. 2009). 
Epigenetic patterns vary between tissue types indicating separate analysis of each tissue of interest (ie, cartilage, subchondral bone and synovium) is crucial (Simon et al. 2017).   Despite being in its relative infancy, epigenetic association studies have already contributed toward our understanding of OA pathogenesis.  For example, methylation of genes specific to the development and differentiation of hip OA cartilage is distinct to that of knee OA cartilage (Hollander et al. 2015; Reynard, 2017).  Additionally, differential methylation of several inflammatory genes (tumor necrosis factor (TNF), IL1 and IL6) is a prominent feature amongst studies to date (Hollander et al. 2015; Reynard, 2017).  Presently we lack large epigenome-wide studies of patterns in OA, principally combined studies of DNA methylation and gene expression data (Simon et al. 2017).  We are presently collecting osteochondral tissue samples from several hundreds of patients with hip and knee OA at the time of joint arthroplasty, classified using the same radiographic hip and knee endophenotypes in this study.  We endeavour to investigate gene expression and perform epigenome-wide association analysis between tissues from areas affected by the OA process versus tissue from an area of the joint relatively preserved.  The aim is to identify novel areas of epigenetic dysregulation, in turn potentially providing targets for specific disease-modifying therapeutics that are presently lacking.
Once putative associations are identified, the need to obtain functional confirmation of true causation still exists.  Several functional approaches might be adopted; searching for homologous sequences, determining gene expression, and generating mutant organisms (gene silencing, knock-out or overexpression) and characterising their phenotype.  Gene silencing occurs during transcription or translation, and describes gene expression reduction without elimination (like knock-out models).  Techniques such as RNA interference (RNAi), clustered regularly interspaced short palindromic repeats (CRISPR), and small interfering RNA (siRNA), have led to successful clinical trials in the treatment of macular degeneration (Kaiser et al. 2010) and muscular dystrophy (Long et al. 2014).  Proven functional associations may then provide the basis for therapeutic target development for treatment or prevention of OA (eg. DMAOD’s).  
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In the UK alone, severe OA resulted in 178,000 total hip and knee joint replacements being carried out in 2015 (Zhu, 2016), causing a huge economic and personal burden.  This number is set to rise, with at present, no disease-modifying drugs for OA being approved by the US FDA or the European Medicines Agency (EMEA) (Le Graverand-Gastineau, 2009), and the average age of the population in industrialised nations set to rise.  Treatment options are currently limited to symptomatic control medication and joint arthroplasty for end-stage disease.  The dearth of disease-modifying drugs for OA may be seen as an opportunity to apply the principles of personalised medicine to large joint OA (Valdes, 2010).  The National Human Genome Research Institute definition of a personalized approach to medicine is using an “individual’s genetic profile to guide decisions made in regard to the prevention, diagnosis, and treatment of disease.”  Discovery of the key risk variants associated with specific phenotypes of OA would lead to a deeper understanding of the molecular pathways and signalling cascades involved in the disease process, in turn providing potential therapeutic targets for disease-modifying agents.  In addition, mathematical models can be utilised to provide prognostic information and provides the potential for genetic screening.  This is arguably most pertinent to those who suffer with rapidly progressive phenotypes of the disease, such as atrophic hip OA.
We believe that the key to success in OA treatment will be the astute targeting of therapies to patients with a relevant subtype of the disease.   A versatile systematic approach targeting nearby tissues such as bone, offers the prospect of identifying and developing new therapeutics.  The opportunity to re-profile recognized drugs for other disorders also exists.  For example, therapeutics targeting bone remodeling used in the treatment of bone mass disorders, particularly for individuals with the atrophic or hypertrophic phenotype.   Whilst the hope of a personalized approach to OA management remains, it is important to remember that a single therapeutic for a specific target within a specific tissue type may not be feasible in OA.  As is the case in oncology, a combination of drugs targeting different hallmarks of OA may need to be considered.
In these studies, we show that increased phenotypic definition in nested case/control cohorts of OA leads to substantial increases in signal detection for susceptibility loci. Although the availability of larger sample sizes will lead to more genetic discoveries, the hypothesis that stratification of cases in precise, phenotype sub-categories may be a more critical parameter in OA has not been previously tested. We explored this relationship in several GWAS by stratifying hip and knee OA patients according to clinically relevant endo-phenotypes. We report several novel associations within the power constraints of our study.   Whilst none achieved the genome wide significance threshold, these associations were entirely obscured by the heterogeneity of the disease when broad phenotype definitions were employed.  This indicates that the use of an expanded set of narrower OA phenotype definitions can lead to a comprehensive account of variants affecting risk for, and protection from, OA-related phenotypes. It is widely recognized that such a comprehensive catalogue will afford improved diagnosis, prognosis, and disease management.  
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