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Abstract 
 
Dissertation Title: Elucidating the phenotypic and genotypic architecture of osteoarthritis 
progression 
 
Michelle S. Yau, Doctor of Philosophy, 2015 
 
Dissertation Directed by: Braxton D. Mitchell, Professor, Departments of Medicine and 
Epidemiology and Public Health  
 
 
 Osteoarthritis (OA) is the most common form of arthritis in the United States and 

is the leading cause of physical disability in older individuals.  Currently, there are few 

efficacious treatments for OA.  While many studies have evaluated clinical and genetic 

risk factors for OA susceptibility, little is known about the clinical risk factors and 

genetic mechanisms underlying OA progression.  This dissertation addresses this gap 

through a set of studies utilizing data from two well-characterized multi-center 

longitudinal cohorts, the Genetics of Generalized Osteoarthritis (GOGO) and the 

Osteoarthritis Initiative (OAI).  In the first study, we used data from the OAI to identify 

clinical risk prediction models for OA progression and validated these models in GOGO, 

an independent cohort.  We found that bulge sign positive knee joint effusion, BMI, 

gender, diabetes, prescription analgesics usage, and KOOS pain score could be used to 

identify individuals at increased risk for total knee joint replacement.  In the second 

study, we identified evidence for a major gene influencing knee OA progression in the 

GOGO that we localized to chromosome 18q21-22.  Subsequent fine-mapping revealed 

genetic associations to variants within and near CCBE1, FECH, and SERPINB10.  In the 

third study, we evaluated whether OA at multiple large joints increases the risk of OA 

progression.  We found that OA at more joints increased the risk of structural OA 

progression at the knee and hip, but not the spine.  We further observed that serum 



 
 

hyaluronic acid (sHA), a marker reflecting synovial inflammation, to be associated with 

knee and hip OA progression and prevalent OA at the hands, knees, and hips.  In 

summary, we show that while clinical predictors have limited utility in predicting OA 

progression, biomarkers that are more closely related to the metabolic changes underlying 

OA progression may be more useful.  Furthermore, several findings from these studies 

support a role for inflammatory mechanisms in structural OA progression.  

 



 

 
 

 
 
 
 
 
 
 
 
 
 
 
 

Elucidating the Phenotypic and Genetic Architecture of Osteoarthritis Progression 
 
 
 
 
 

by 
Michelle S. Yau 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Dissertation submitted to the Faculty of the Graduate School of the 
University of Maryland, Baltimore in partial fulfillment 

of the requirements for the degree of 
Doctor of Philosophy 

2015 



 

 
 

©Copyright 2015 by Michelle S. Yau 

All rights Reserved 



 

iii 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

To my parents and husband who have supported me throughout this journey. 
  



 

iv 
 

Acknowledgements 
 

 I am deeply indebted to my dissertation advisor, Dr. Braxton Mitchell, for his 

patience and guidance throughout my PhD training.  He is an example of what many of 

us aspire to be – a thoughtful thinker, listener, and voice, who understands the “big” 

picture, and is able to put all of the many moving pieces together to move science 

forward.  He has not only taught me to be critical of my and others’ work, but also how to 

be a gracious collaborator, showing me that we can make greater strides together by 

leaving our silos and comfort zones.  I am grateful for our one-on-one discussions and the 

multiple opportunities that he provided me to work with other bright minds in genetics, 

osteoarthritis, and aging research.  These experiences have certainly shaped me into 

scientist that I am today, and have provided a benchmark for what I hope to achieve in 

my career. 

 I am also grateful for all of the members on my dissertation committee, Dr. Laura 

Yerges-Armstrong, Dr. Marc Hochberg, Dr. Jeff O’Connell, and Dr. Virginia Kraus.  Dr. 

Yerges-Armstrong has been my “sanity check” throughout this process and a never-

ending source of inspiration and encouragement.  Also, she not only taught me many of 

the basics that I needed to begin my research, but also asked many of the hard questions 

that I needed to hear as I developed and completed my research.  I am also grateful to Dr. 

Marc Hochberg, whose knowledge of osteoarthritis and epidemiology is unyielding.  He 

is a great teacher and most trusted authority in all aspects of osteoarthritis research.  

Without his encouragement, I would not have had the confidence to pursue many of the 

awards that I applied for and thankfully received throughout the years.  Dr. Jeff 

O’Connell, affectionately known as “Obi-Wan”, has been an endless source of genetics 



 

v 
 

and statistical knowledge.  I can always rely on him for a thorough explanation of any 

genetics concept or statistical method and always left our discussions feeling like I 

learned something new.  I am also thankful for Dr. Virginia Kraus, who gave me the 

opportunity to work with the GOGO dataset and provided me with the utmost 

encouragement to complete my dissertation research.  I look up to her as a leader in her 

field and an example of a strong, intelligent, and nurturing scientist that I can only hope 

to become one day. 

 I would also like to thank Dr. Laurence Magder, who was a great source of 

statistical advice and voice of reason.  He is an exceptionally thorough and thoughtful 

teacher who laid the strong foundation that I needed to understand and conduct many of 

the analyses needed for this dissertation.  I am thankful for the time that he took to help 

me understand many statistical concepts and applications, and am indebted to him for his 

encouragement and support throughout the years.   

 Much of my work and training would not have been possible without funding 

from the University of Maryland T32 Epidemiology of Aging Training Program and a 

Pre-Doctoral Dissertation Award from the Arthritis Foundation.  I am grateful for their 

support and the opportunities they provided me to develop, conduct, and present my 

research.  

Finally, I want to thank my family and friends who have supported me throughout 

the years.  While you have commiserated with me in times of difficulty and confusion, 

you have also provided me with the impetus that I needed to keep me moving toward the 

light at the end of the tunnel.  I am eternally grateful for your love and support. 

 



 

vi 
 

Table of Contents 
 
Chapter 1: Introduction ................................................................................................... 1 

Definition of OA progression ................................................................................................... 4 

Overview of the OAI Study ...................................................................................................... 5 

Overview of the GOGO Study ................................................................................................. 7 

Significance ................................................................................................................................ 8 

Innovation ................................................................................................................................ 10 

Limitations ............................................................................................................................... 11 

References ................................................................................................................................ 13 

Chapter 2: Background .................................................................................................. 16 

Public Health Impact .............................................................................................................. 16 

Diagnosis and Clinical Symptoms.......................................................................................... 16 

Pathophysiology ...................................................................................................................... 19 

Epidemiology ........................................................................................................................... 21 

Genetic Risk Factors ............................................................................................................... 24 

References ................................................................................................................................ 27 

Chapter 3: Clinical Predictors of Radiographic Knee Osteoarthritis Progression: 

Results from the Osteoarthritis Initiative ..................................................................... 34 

Abstract .................................................................................................................................... 34 

Introduction ............................................................................................................................. 36 

Methods .................................................................................................................................... 37 

Osteoarthritis Initiative (OAI) Study .................................................................................... 37 

Genetics of Generalized Osteoarthritis (GOGO) Study........................................................ 38 

Definition of Radiographic Progression ............................................................................... 38 



 

vii 
 

Selection of Clinical Predictors ............................................................................................ 39 

Statistical Methods ................................................................................................................ 39 

Results ...................................................................................................................................... 40 

Participant Characteristics .................................................................................................... 40 

Clinical Risk Factors Associated with OA progression ........................................................ 42 

Prediction Models for OA Progression ................................................................................. 55 

Discussion ................................................................................................................................. 59 

References ................................................................................................................................ 64 

Supplementary Material ......................................................................................................... 67 

Supplementary Methods ....................................................................................................... 67 

Supplementary Tables .......................................................................................................... 69 

Supplementary Figures ......................................................................................................... 92 

Supplementary References ................................................................................................... 94 

Chapter 4: Genetic Linkage to 18q21-22 for Knee Osteoarthritis Progression in the 

Genetics of Generalized Osteoarthritis (GOGO) Study .............................................. 95 

Abstract .................................................................................................................................... 95 

Introduction ............................................................................................................................. 97 

Methods .................................................................................................................................... 98 

Discovery cohort: Genetics of Generalized Osteoarthritis (GOGO) Study .......................... 98 

Replication cohort: Osteoarthritis Initiative (OAI) Study .................................................... 99 

Definition of structural OA progression ............................................................................. 100 

Genotyping ......................................................................................................................... 101 

Statistical Methods .............................................................................................................. 102 

Results .................................................................................................................................... 103 

Discussion ............................................................................................................................... 115 



 

viii 
 

References .............................................................................................................................. 120 

Supplementary Material ....................................................................................................... 123 

Supplementary Tables ........................................................................................................ 123 

Supplementary Figures ....................................................................................................... 124 

Chapter 5: Association between polyarticular osteoarthritis, disease progression, 

and serum biomarkers in the Genetics of Generalized Osteoarthritis Study ......... 129 

Abstract .................................................................................................................................. 129 

Introduction ........................................................................................................................... 131 

Methods .................................................................................................................................. 133 

Genetics of Generalized Osteoarthritis (GOGO) Study...................................................... 133 

Definition of radiographic OA and OA progression........................................................... 134 

Biomarker measurements ................................................................................................... 135 

Statistical Methods .............................................................................................................. 136 

Results .................................................................................................................................... 137 

GOGO participant characteristics ....................................................................................... 137 

Effect of large joint OA burden on disease progression ..................................................... 141 

Associations of serum biomarkers levels with baseline OA burden and OA prevalence ... 144 

Association of serum biomarker levels with OA progression ............................................ 146 

Discussion ............................................................................................................................... 150 

References .............................................................................................................................. 154 

Supplementary Material ....................................................................................................... 158 

Supplementary Tables ........................................................................................................ 158 

Supplementary Figures ....................................................................................................... 165 

Chapter 6: Discussion ................................................................................................... 167 

Summary ................................................................................................................................ 167 



 

ix 
 

Future Directions .................................................................................................................. 171 

Appendices ..................................................................................................................... 173 

Appendix A.  GOGO genotype data cleaning ..................................................................... 173 

Appendix B.  GOGO imputation quality check ................................................................. 180 

Appendix C.  Genetic correlation between measures of structural OA progression across 

joint sites ................................................................................................................................ 189 

References........................................................................................................................... 193 

Bibliography .................................................................................................................. 194 

 

 
  



 

x 
 

List of Tables 
 
Chapter 1 
 

Table 1.1. Baseline characteristics for all OAI participants ....................................7 

Table 1.2. Baseline characteristics for GOGO longitudinal participants.................8 

 
Chapter 3 
 

Table 3.1. Baseline characteristics of eligible OAI participants ............................41 

Table 3.2. Univariable associations for composite OA progression in the OAI....43 

Table 3.3. Final model for composite OA progression in the OAI .......................48 

Table 3.4. Significant univariable clinical predictors across all progression traits 

in the OAI ..............................................................................................................50 

Table 3.S1. Osteoarthritis Initiative (OAI) public release versions .......................69 

Table 3.S2. Frequency of osteoarthritis (OA) progression among eligible 

knees……. .............................................................................................................70 

Table 3.S3. Baseline characteristics for eligible GOGO participants ....................71 

Table 3.S4. Rates of OA progression in the OAI by clinical risk factors ..............72 

Table 3.S5. Clinical predictors associated with OA progression in the OAI ........78 

Table 3.S6. Univariable associations for all OA progression phenotypes in the 

OAI ........................................................................................................................81 

Table 3.S7. Within domain multivariable associations for all OA progression 

phenotypes in the OAI ...........................................................................................84 

Table 3.S8. Across domains multivariable associations for all OA progression 

phenotypes in the OAI ...........................................................................................87 



 

xi 
 

Table 3.S9. AUC estimates for final predictive models in the OAI and GOGO 

studies ....................................................................................................................90 

Table 3.S10. AUC estimates for conventional risk factors (age, gender, BMI, and 

history of knee injury) in the OAI and GOGO Studies .........................................91 

 
Chapter 4 
 

Table 4.1. Baseline characteristics for GOGO participants with definitive knee  

OA ........................................................................................................................104 

Table 4.2. Frequency of knee OA progression in GOGO....................................104 

Table 4.3. Significant loci for osteophytes progression (P < 0.001) within 18q21-

22 in the GOGO discovery analysis.....................................................................108 

Table 4.4: Significant loci for osteophytes progression (P < 0.001) within 18q21-

22 in the joint GOGO + OAI meta-analysis ........................................................110 

Table 4.5: Significant SNPs from GOGO + OAI joint meta-analysis (P < 0.05) 

that are eQTLs based on GTex ............................................................................112 

Table 4.S1. Baseline characteristics for OAI participants with definitive knee 

 OA .......................................................................................................................123 

Table 4.S2. Frequency of knee OA progression in OAI ......................................123 

 
Chapter 5 
 

Table 5.1. Baseline characteristics in the GOGO study.......................................138 

Table 5.2. Frequency of OA progression in the GOGO study .............................140 

Table 5.3. Association between CS846, PIIANP, CPII, CRP, COMP, and HA 

concentration on knee OA progression ................................................................148 



 

xii 
 

Table 5.4. Association between CS846, PIIANP, CPII, CRP, COMP, and HA 

concentration on hip OA progression ..................................................................149 

Table 5.S1. Effect of specific large joint OA sites on knee OA progression ......158 

Table 5.S2. Effect of specific large joint OA sites on hip OA progression .........159 

Table 5.S3. Effect of specific large joint OA sites on spine OA progression ......160 

Table 5.S4. Association between baseline radiographic hand OA on levels of 

CS846, PIIANP, CPII, CRP, COMP, and HA .....................................................161 

Table 5.S5. Association between radiographic knee OA on levels CS846, 

PIIANP, CPII, CRP, COMP, and HA ..................................................................162 

Table 5.S6. Association between radiographic hip OA on levels of CS846, 

PIIANP, CPII, CRP, COMP, and HA ..................................................................163 

Table 5.S7. Association between radiographic spine OA on levels of CS846, 

PIIANP, CPII, CRP, COMP, and HA ..................................................................164 

 
Appendix A. 
 

Table A.1. Summary of the GOGO filtered genotype file ...................................173 

 
Appendix B. 
 

Table B.1. Summary of GOGO SNPs used for 1000 genomes imputation .........182 

Table B.2. Mean INFO, concordance, and R2 for masked (type 2) SNPs ...........183 

 
 

 

 

 



 

xiii 
 

List of Figures 
 
Chapter 3 
 

Figure 3.1. Receiver operator curves for OA progression outcomes in the 

OAI………………………………………………………………………………56 

Figure 3.2. Receiver operator curves for OA Progression outcomes in the GOGO 

Study. .....................................................................................................................58 

Figure 3.S1. Selection of eligible OAI participants. ..............................................92 

Figure 3.S2. Frequency of OA progression among eligible OAI participants.......93 

 
Chapter 4 
 

Figure 4.1. Genetic linkage regions for OA progression on chromosome 18. ....106 

Figure 4.S1. Genome-wide linkage scan for OA progression in GOGO.............124 

Figure 4.S2. SNP associations for OA progression within 18q21-18q22 in  

GOGO ..................................................................................................................126 

Figure 4.S3. Plot of cis-eQTLs for SERPINB10 ..................................................127 

Figure 4.S4. Linkage disequilibrium plot for SERPINB10, HMSD, and  

SERPINB8. ...........................................................................................................128 

 
Chapter 5 
 

Figure 5.1. Effect of large joint OA burden on OA progression. ........................142 

Figure 5.2. Effect of large joint OA burden on serum biomarker levels. ............145 

Figure 5.S1. Selection of GOGO participants. ....................................................165 

Figure 5.S2. Frequency of hand OA by number of large joints affected with OA at 

baseline. ...............................................................................................................166 



 

xiv 
 

Appendix A 
 

Figure A.1. Check sex discordance......................................................................175 

Figure A.2. Check excess heterozygosity ............................................................176 

Figure A.3. Check population misclassification in GOGO using HapMap 

data……. ..............................................................................................................177 

Figure A.4. Check population stratification in the GOGO study ........................178 

Figure A.5. Check genetic relatedness against pedigree relationships ................179 

 
Appendix B 
 

Figure B.1. Distribution of INFO scores .............................................................184 

Figure B.2. Distribution of INFO scores by chromosome ...................................185 

Figure B.3. Average INFO by minor allele frequency ........................................186 

Figure B.4. Distribution of certainty scores .........................................................187 

Figure B.5. Distribution of certainty scores by chromosome ..............................188 

 
Appendix C 
 

Figure C.1. Genetic correlations (r2) between radiographic measures and across 

joint sites in the Genetics of Generalized Osteoarthritis (GOGO) study. ............191 

Figure C.2. Genetic correlations between knee measures in the Osteoarthritis 

Initiative (OAI) study. ..........................................................................................192  
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Chapter 1: Introduction 
 
 Osteoarthritis (OA) is the most common form of arthritis in the United States, 

affecting over 20 million adults and is the leading cause of physical disability in older 

individuals.[1-3]  OA has traditionally been referred to as a disease of “wear and tear” 

that leads to structural and symptomatic changes in the joint.  However, the manifestation 

of OA is not always the same in all individuals, which has lead to the multiple 

phenotypes used to define OA.  In order to standardize the definition of OA and facilitate 

development of disease modifying agents, the Osteoarthritis Research Society 

International (OARSI) recently released a new definition of OA that focuses on OA 

disease processes that are present across many different OA phenotypes: “Osteoarthritis 

is a disorder involving movable joints characterized by cell stress and extracellular matrix 

degradation initiated by micro- and macro-injury that activates maladaptive repair 

responses including pro-inflammatory pathways of innate immunity. The disease 

manifests first as a molecular derangement (abnormal joint tissue metabolism) followed 

by anatomic, and/or physiologic derangements (characterized by cartilage degradation, 

bone remodeling, osteophyte formation, joint inflammation and loss of normal joint 

function), that can culminate in illness”.[4] 

 Currently, there are few efficacious treatments for OA that could slow disease 

progression and the accompanying decline in functional status and quality of life.[5-7]  

While many studies have evaluated clinical and genetic risk factors for OA susceptibility, 

little is known about the clinical risk factors and genetic mechanisms underlying OA 

progression, and indeed whether OA susceptibility and progression share the same risk 

factors.  Furthermore, for the risk factors that have been investigated, the evidence has 
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been conflicting.[8]  For example, many studies have found significant associations 

between OA progression and high BMI,[9-13] while others have found non-significant 

associations.[14-17]  The evidence for female gender as a risk factor for OA progression 

is also conflicting.  Though most studies have not identified a statistically significant 

association, effects lean toward an increase in the risk of OA progression.[12,16,18,19]  

Prior studies have evaluated the association between knee pain and subsequent joint 

replacement or progression, though evidence has not be definitive here either.[11,12,19]  

Even less is known about the association between genetic variation and OA progression.  

Most genetic studies have focused on OA susceptibility rather than progression, and it is 

not clear whether genetic risk factors for OA susceptibility would be the same for OA 

progression.[20]  Better understanding of the phenotypic and genotypic architecture of 

OA progression will help identify important mechanisms in OA pathophysiology, 

potentially revealing valuable targets for drug therapies, and identifying high-risk groups 

for OA progression.   

 There is a major need in the field to elucidate the phenotypic and genetic 

architecture underlying OA progression.  Such efforts could reveal new candidate genes 

and pathways that provide insight into the biological underpinnings of OA progression, 

potentially leading to development of new risk prediction or monitoring tools to select 

subsets of OA patients at high-risk for OA progression.  This dissertation addresses this 

gap through a set of three main studies that draw on data from two multi-center 

longitudinal cohorts, the Genetics of Generalized Osteoarthritis (GOGO) and the 

Osteoarthritis Initiative (OAI).  In the first study, we identified clinical risk factors for 

OA progression and developed risk prediction models for OA progression in the OAI, 
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validating these models in the GOGO.  In the second study, we used familial data from 

GOGO to identify genetic linkage regions across the genome, fine-mapped the regions 

using 1000 genomes imputed single nucleotide polymorphism (SNP) markers, and 

replicated the most compelling genetic variants in the OAI.  In the third study, we 

assessed whether systemic factors may be associated with OA progression by 

determining the effect of OA disease burden at multiple large joint sites on OA 

progression and the association between serum biomarkers and OA prevalence, burden, 

and progression. 

 We based these three studies on two OA cohorts: 1) the longitudinal component of 

the GOGO and 2) the OAI.  The GOGO was ideal for studying the phenotypic and 

genetic architecture of OA progression due to the phenotypic and genetic enrichment for 

families with radiographic hand OA, a known risk factor for generalized OA.  

Furthermore, follow-up data were available on participants who have hip OA, knee OA, 

and facet joint OA in the lumbar spine, which could be used to assess OA progression.  

We also took advantage of longitudinal data from another longitudinal OA cohort, the 

OAI, which was designed as a natural history study of individuals who have symptomatic 

knee OA.  The longitudinal nature of the OAI study made it ideal for identifying risk 

factors that were associated with OA progression. 

 Clinical phenotyping and genome-wide single nucleotide polymorphism (SNP) 

genotyping had been completed on individuals in the GOGO and OAI studies, providing 

a rich dataset for analyses to identify clinical and genetic risk factors associated with OA 

progression.  Across the three studies, we aimed to: 
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 1) Identify clinical risk factors associated with knee OA progression in the OAI 

cohort and validate predictors in the GOGO study.  We hypothesized that clinical risk 

factors for hip and knee OA progression would be similar, but would differ by osteophyte 

and joint space narrowing progression, which may capture different etiological 

mechanisms. 

 2) Fine-map regions with strong evidence of genetic linkage to knee OA 

progression by carrying out association analyses using 1000 genomes imputed SNP 

markers and replicate compelling associations in the OAI study.  We hypothesized that 

variants with strong linkage and association evidence would tag the causal variant 

associated with knee OA progression and identify potential candidate genes. 

 3) Assess whether systemic factors contribute to OA progression at multiple large 

joint sites by estimating the effect of polyarticular OA burden on OA progression and the 

relationship between serum biomarkers and OA prevalence, burden, and progression.  We 

hypothesized that systemic factors contribute to OA progression.  Concentration of serum 

biomarkers for cartilage synthesis and degradation, and synovial metabolism would 

change in relation to the degree of disease burden at multiple large joints and OA 

progression. 

 

DEFINITION OF OA PROGRESSION 

 Radiographic OA (rOA) progression was assessed as a binary (yes/no) score based 

on measures obtained from radiographs: Kellgren-Lawrence (KL) grade, osteophyte 

(OST) score, and joint space narrowing (JSN) score.  KL grade is the most widely used 

and accepted grading system for radiographic evidence of OA, where grade 0 is defined 

by no presence of radiographic features of OA; grade 1 is defined by doubtful narrowing 
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of joint space and possible osteophytic lipping; grade 2 is defined by osteophytes and 

possible joint space narrowing; grade 3 is defined by multiple osteophytes, definite joint 

space narrowing, sclerosis, and possible bony deformity; and grade 4 is defined by large 

osteophytes, marked joint space narrowing, severe sclerosis, and definite bony 

deformity.[21]  Osteophyte and joint space narrowing scores are graded on a scale of 0-3 

(none, small, medium, large) according to a photographic standard atlas.[22] 

Radiographic OA progression was defined separately in the hip and knee.  In the hip, JSN 

scores were summed across the superior, axial, and medial joints and osteophyte scores 

were summed across the medial acetabular, lateral acetabular, medial femoral, and lateral 

femoral joints. In the knee, JSN scores were summed across the medial and lateral joints 

and the medial femoral, lateral femoral, medial tibial, and lateral tibial joints.  We 

classified individuals as cases or progressors if the difference between the two time 

points  in KL grade or the summed osteophyte and joint space narrowing scores was 

greater than 0.  We also considered presence of joint replacement at follow-up to be 

evidence of progression.  Participants with no evidence of OA at baseline were not 

included in the cohort of potential progressors. 

 

OVERVIEW OF THE OAI STUDY 

 The OAI is a publicly and privately funded prospective longitudinal cohort with the 

primary objective of identifying risk factors for incidence and progression of tibiofemoral 

knee OA.  A racially and ethnically diverse mix of 4,796 persons with symptomatic OA 

between the ages of 45 and 79 years were enrolled between February 2004 and May 2006 

at four locations (Baltimore, MD; Columbus, OH; Pittsburgh, PA; Providence, RI).  

Clinical measures and bilateral posteroanterior weight-bearing fixed-flexion knee 
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radiographs were collected yearly for four years.  All radiographs were obtained by 

trained and certified radiologic technicians and were read centrally at Boston University 

for Kellgren-Lawrence (KL) grade, osteophyte (OST) grade, and joint space narrowing 

(JSN) grade according to a standardized atlas.[22]  Additional details describing the 

protocol for central reading of radiographs are available online (https://oai.epi-

ucsf.org/datarelease/ImageAssessments.asp). 

 We used publicly available four-year follow-up data (http://oai.epi-

ucsf.org/datarelease/About.asp) for our analyses on structural knee OA progression.  

Individuals who have KL grade ≥ 2 in one or both knees were eligible for assessment of 

knee OA progression.  A total of 4,490 participants had baseline knee radiographs and at 

least one follow-up radiograph (Table 1.1).  Based on self-reported race, about 80% were 

White, 17% were African American, and 2% were another race.  The majority of 

participants, 58%, were women.  In our genetic analyses, we focused on a subset of 1,690 

participants of self-reported European Caucasian ancestry who had definitive 

radiographic OA at baseline (KL grade ≥ 2), had at least one longitudinal radiograph, and 

was successfully genotyped.  Genotyping was completed at TGEN (Translational 

Genomics Research Institute) using the Illumina 2.5M platform.  The availability of 

clinical and radiographic assessments at yearly intervals over a four-year follow-up 

period, along with genotyping data, makes the OAI uniquely powerful for identifying 

clinical and genetic risk factors associated with OA progression. 

 

  

http://oai.epi-ucsf.org/datarelease/About.asp
http://oai.epi-ucsf.org/datarelease/About.asp
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Table 1.1. Baseline characteristics for all OAI participants 

  Females (58%) Males (42%) Total (N=4,490) 
Age (years)    
mean ± SD  60.8 ±9.4 61.4 ±9.0 61.2 ±9.2 
range 45-79 45-79 45-79 
BMI (kg/m2)    
mean ± SD  28.8 ±4.1 28.4 ±5.3 28.6 ±4.8 
Race    
     % White  76.8 85.0 80.2 
     % African American  20.6 12.9 17.4 
     % Other 2.6 2.1 2.4 
Baseline knee OA    
     % KL grade ≥2 57.3 56.8 57.0 

 
 

OVERVIEW OF THE GOGO STUDY 

 The GOGO Study is an investigator-initiated, multi-center study that was designed 

to study genetic variants associated with hand, hip, knee, and spine OA within OA-

affected families.  Seven academic sites from either the United States or United Kingdom 

were involved in recruiting self-reported Caucasian families that included at least two 

siblings with radiographic hand OA.  Individuals were extensively characterized through 

collection of clinical data, radiographs, and biological samples, where the same clinical 

ascertainment, radiographic protocol, and clinical research forms were used at all sites.  

The GOGO cohort consisted of a total of 2,728 participants from 1,145 pedigrees.  

Further details on the study design and phenotypic analysis of participating individuals 

and families have been previously described.[23] 

 The longitudinal component of the GOGO Study was restricted to a subset of 

participants (67%) from the GOGO cohort who returned for a follow-up visit, where the 

mean interval between the baseline and follow-up visit was 3.8 years (range 1.1-8.6 

years) (Table 1.2).  Clinical data, radiographs, and biological samples were collected 
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using the same protocols and forms that were used during the baseline visit.  

Furthermore, a single experienced radiologist, blinded to time sequence, read radiographs 

from the baseline and follow-up visits.  Both intra- and inter-rater reliability (assessed 

with another trained radiologist) were high for reading of KL grades of the knee and hip 

(weighted kappa for intra-rater reliability=0.886, weighted kappa for inter-rater 

reliability=0.859).  Genotyping on all follow-up participants was completed using the 

Illumina 550K platform.  The strengths of the GOGO study include the high reliability of 

phenotypic data collection and minimization of heterogeneity of the genotypic data 

through targeted collection of participants of European Caucasian ancestry.  This 

collection of longitudinal phenotypic data was a major opportunity to study the 

contribution of clinical and genetic risk factors to OA progression.  

Table 1.2. Baseline characteristics for GOGO longitudinal participants 

  Females (79%) Males (21%) Total (N=1,382) 
Age (years)    
mean ± SD  68.5 ±8.7 69.7 ±8.3 68.8 ±8.7 
range 43-94 45-89 43-94 
BMI (kg/m2)    
mean ± SD  28.9 ±6.5 29.1 ±5.6 29.0 ±6.3 
Race    
     % White  100.0 100.0 100.0 
Baseline knee OA    
     % KL grade ≥2 41.8 48.3 43.2 

 

SIGNIFICANCE 

Osteoarthritis (OA) is the most common form of arthritis in the United States 

(US), affecting over 20 million adults and is the leading cause of physical disability in 

older individuals.[1] It is projected to affect 67 million US adults by 2030.[24]  OA 

represents a major public health burden in our aging population, mainly due to total joint 
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replacements, which constitute one of the major costs associated with OA treatment, 

estimated at $89.1 billion annually in the US.[25]  Currently, there are no curative 

treatments and few treatments are available to slow down OA disease progression.  Given 

the high prevalence of OA in older individuals and the rising life expectancy in the US, 

identifying the underlying causes of disease progression is the most important issue aside 

from OA disease prevention.  The three studies that we proposed provided a 

comprehensive approach to understanding the clinical and genetic etiology behind OA 

progression.  By identifying clinical risk factors that are associated with OA progression, 

we developed clinical risk profiles that can be used to identify individuals at higher risk 

for OA progression.  Our analysis of clinical risk factors also provided insight into the 

biological pathways that may contribute to worsening OA.  We were able to replicate 

these models in the GOGO study, an independent OA cohort.  To our knowledge, few 

studies have completed a comprehensive screen of plausible clinical predictors for OA 

progression.  We also evaluated the role of genetic variation in OA progression by fine-

mapping regions that were previously identified to be linked to OA progression, 

revealing new biological targets that may be relevant to OA progression.  To our 

knowledge, few studies have reported on linkage and genome-wide association analyses 

of OA progression.  In addition to identifying clinical risk predictors and genetic risk 

factors associated with OA progression, we also evaluated whether there was a shared 

systemic component to OA progression that was shared across multiple joint sites.  We 

assessed the relationship between disease burden and OA progression, and identified 

systemic serum biomarkers that may capture various aspects of the OA disease trajectory, 

from prevalence to progression.  Few studies have shown whether a single biomarker 
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may be used to differentiate prevalence, burden, and progression within the same cohort. 

 

INNOVATION 

 To complete these three proposed studies, we used data from the GOGO and OAI, 

which are ideal for studying the role of clinical and genetic risk factors in OA 

progression.  The GOGO data set provides longitudinal phenotypic data that is 

genetically enriched for OA, making it uniquely powerful for studying the association of 

genetic variants with phenotypic variation within individuals affected with OA.  Most 

other studies of OA have recruited unrelated individuals, which may increase the degree 

of phenotypic and genotypic heterogeneity.  In contrast, the GOGO study was designed 

to minimize heterogeneity through targeted collection of OA-affected families of 

European Caucasian ancestry.  OAI provides well-characterized clinical and radiographic 

assessments at yearly intervals over a 4-year follow-up period, making it uniquely 

powerful for identifying clinical risk factors associated with OA progression.  Both 

cohorts have their own unique strengths.  By having both available for analyses, we were 

able to validate findings from one cohort in another cohort, which provided additional 

validity to our findings.   

 Overall, the outcomes from these studies provide a clearer picture of the processes 

underlying OA progression that can be harnessed to identify subsets of OA patients at 

high-risk for disease progression, new drug targets, and monitoring tools for early 

detection of OA and disease activity. 
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LIMITATIONS 

 There are a few limitations that should be considered when evaluating our results. 

First, participants in the OAI were selected based on symptomatic knee OA, while 

participants from the GOGO were selected based on familial hand OA.  Therefore, our 

results may not be generalizable to the general population.  However, by having two 

high-risk cohorts at our disposal, we were able to confirm that our findings could be 

applicable to other high-risk groups. 

 We also considered potential issues with using knees of varying degrees of KL 

grade.  In our analyses, we assumed that progression from, for example, KL grade 2 to 

KL grade 3 is the same as progression from KL grade 3 to KL grade 4. We made the 

assumption that the same risk factor would affect KL grade 2 and 3 knees similarly, 

though it is possible that this assumption would not hold in some cases.  Another 

potential source of bias is from restricting our analyses to individuals with KL 2 or higher 

knees.  If the risk factor evaluated is also associated with OA incidence, then restricting 

our analyses to a subset of individuals with a common effect may either reduce the power 

to detect risk factors or introduce collider bias, which creates an association between two 

otherwise independent variables.[26,27]  There are methodological issues specific to 

studies of progression that have been noted by others,[28,29] requiring careful 

consideration of the study research question in order to avoid potential biases.[30]  The 

effect of collider bias may be a major issue when considering risk factors for OA 

progression in a causal framework.  However, our primary research question was to 

identify risk factors for OA progression that could be potentially used for predicting 

individuals at high-risk rather than implying causality.  Despite this, we attempted to 
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guard against any potential bias by adjusting for major risk factors such as race, age, 

gender, and BMI.  By adjusting for variables that may have a large effect on OA 

incidence, we minimized any effects due to collider bias.  Any bias that remains is likely 

to be small and bias effect estimates toward the null. 
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Chapter 2: Background 
 
PUBLIC HEALTH IMPACT 

 OA affects millions of Americans, especially those ages 65 and older.  It is a 

leading cause of chronic disability that results in decreased health-related quality of life 

and is one of the most expensive medical conditions to treat due to major surgeries and 

hospitalizations.[1-3]  Over half of the population has radiographic evidence of OA in 

one or more joints by the age of 60 and almost 100% have some evidence by the age of 

80.[4,5]  The onset of OA is often slow, where cartilage degradation and bony 

overgrowth eventually leads to pain and joint stiffness, preventing individuals from 

performing normal daily activities.  There is currently no cure for OA and treatment often 

focuses on relieving pain and improving function of the affected joints.[6,7]  The clinical 

and genetic risk factors involved in the progression of OA are poorly understood and may 

be critical for developing targeted treatment options that could prevent the progression of 

OA.  Identification of clinical and genetic risk factors associated with OA progression 

may lend insight into potential biomarkers that could be used to detect OA before the 

onset of severe symptoms or structural changes in the joint, or to identify high-risk 

groups that have an accelerated progression of disease.  This will be an important step to 

changing how we identify and treat OA to slow disease progression, thereby improving 

quality of life and decreasing health care costs. 

 

DIAGNOSIS AND CLINICAL SYMPTOMS 

 OA is a musculoskeletal disease that primarily affects older individuals, affecting 

joints of the knee, hip, spine, hand and foot.[8,9]  Disease pathogenesis involves the 
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entire joint, including the bones, ligaments, joint capsule, and synovium and progression 

of the disease results in cartilage damage.[10]  Though the pattern of joint involvement, 

clinical presentation of symptoms, and rate of progression is heterogeneous, the primary 

clinical signs of OA are pain, stiffness, and restriction of movement, where the onset of 

pain after joint use is the most prominent symptom.[11]  Pain in large joints such as the 

knee and hip is thought to arise from bone marrow lesions and synovitis/effusion through 

stimulation of nociceptive fibers and intraosseus hypertension.[11]  OA can be diagnosed 

based on clinical symptoms alone without radiographic evidence, since structural 

evidence obtained from radiographs do not always correlate with OA symptoms.[12]  

These clinical symptoms include persistent usage-related joint pain in at least one joint, 

age 45 years or greater, and morning stiffness lasting 30 minutes or less.[13]   

 OA is a slowly progressing disease that occurs over several years or even 

decades.[14]  The rate of progression is as heterogeneous as its presentation, where some 

individuals progress rapidly and others progress over a longer period of time.[15-18]  

Furthermore, considerable worsening of symptoms can occur without noticeable 

radiographic changes, or vice versa.  Therefore, defining OA progression can be 

problematic, since clinical symptoms do not always coincide with findings on radiologic 

exams, which detect structural changes in the joint.  Different subsets of OA, as detected 

by examination of radiographs, may exhibit different rates of progression.  For example, 

OA classified as atrophic, which is characterized by an absence of osteophytes, may have 

faster joint space narrowing progression than OA classified as hypertrophic.[19]     

 OA has long been characterized as a disease of “wear and tear” that develops after 

trauma or chronic stress to the joint.  However, not all OA cases present with this 
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pathology.  There is a subset of patients who experience OA at multiple joint sites, a 

condition that has been termed generalized OA, polyarticular OA or multi-joint OA.[20]  

Symptoms often first develop in the hand joints and then spread to other joints such as the 

knees, hips, and spine.[13]  Some have suggested that the pattern of manifestation in 

generalized or polyarticular OA may be a result of systemic initiation rather than joint-

specific biomechanical factors that contribute to disease.[21]  This generalized construct 

to OA has long been recognized since 1952, when it was first described as a distinct 

clinical entity by Kellgren and Moore, who termed polyarthritic OA involvement of the 

hand, feet, spine, knees, and hip joints, primary generalized osteoarthritis.[22]  However, 

even before then, a generalized occurrence of OA had been noted by others, though not 

labeled “generalized OA”.  Heberden had noted that there was frequent involvement of 

arthritis at multiple distal interphalangeal joints of the fingers,[23] which was followed 

by two other studies that mentioned polyarticular OA.[24,25]  In 1926, Cecil and others 

observed that there were many more cases of polyarticular OA than monoarticular OA in 

middle-aged women that was associated with having Heberden’s nodes.[26]  Later, 

Stecher, who was interested in genetics of asymptomatic nodes in the general population, 

described a generalized form of OA that was separate from a post-traumatic form and 

clustered within families.[27]  Others have confirmed that generalized OA has a stronger 

familial component and may show faster progression than local OA.[28,29]  While many 

have noted the frequent co-occurrence of OA in the hands, knees, and hips, and to a 

lesser extent, the spine, few have described the effect of OA burden from multiple joint 

sites on the risk of OA progression.  
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PATHOPHYSIOLOGY 

 The increasing prevalence of OA with increasing age indicates that the 

mechanisms behind OA development and progression are likely to be intertwined with 

the mechanisms responsible for aging.  OA progression is commonly thought to be the 

result of a disruption in the cartilage repair process that leads to an imbalance in cartilage 

homeostasis, characterized by excessive catabolic activity that is mediated by 

proinflammatory cytokines and mediators, matrix metalloproteinases (MMPs), and a 

disintegrin and metalloproteinase with thrombospondin motifs (ADAMTS), which are 

also involved in mechanisms of aging.[30]  Therefore, many characterize OA as a disease 

due to advanced age, where OA progression and aging may share common pathways in 

cellular senescence, oxidative stress, and growth factor signaling. 

 Cellular senescence in the cartilage is likely to be stress-induced rather than 

replicative, since chondrocytes rarely divide.[30]  Stress-induced cellular senescence can 

cause oxidative damage and inflammation that can lead to a senescence-associated 

secretory phenotype (SASP), which is characterized by increased production of 

inflammatory mediators (e.g. IL-1, IL-6, IL-8) and matrix degrading enzymes (e.g. 

MMPs), and growth factors that are associated with aging.[31]  The SASPs can also lead 

to a reduction in sirtuin (Sirt) 1 and AMP-activated protein kinase (AMPK) that promote 

catabolic pathways that lead to increased matrix degradation and cell death.[32]  

Furthermore, cellular senescence, likely through increasing the production of reactive 

oxygen species (ROS) and cells with a SASP, has been shown to decrease the ability of 

chondrocytes to respond to growth factors such as insulin-like growth factor 1 (IGF-
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1),[33,34] bone morphogenetic protein 7 (BMP-7),[35] and transforming growth factor 

(TGF)-β.[36,37] 

 Oxidative stress may contribute to OA progression and aging by increasing the 

formation of ROS that is normally balanced by the activity of several anti-oxidants 

including glutathione, catalase, and superoxide dismutase.  Inflammatory mediators such 

as interleukin (IL)-1, IL-6, IL-8, and tumor necrosis factor (TNF)-α can also contribute to 

the overabundance of ROS in the cartilage by stimulating further production of ROS.[38]  

ROS can also increase production of MMPs and inhibit activation of the insulin receptor 

substrate (IRS)-1/phosphatidylinositol (PI)-3 kinase/Akt signaling pathway, which 

normally promotes matrix synthesis.  At the same time, ROS can also activate the 

extracellular signal-regulated kinase (ERK) mitogen activating protein (MAP) kinase 

pathway, which suppresses chondrocyte aggrecan, type II collagen, and Sox-9 

expression.[39]  Over-activation of the ERK MAP kinase pathway can lead to cellular 

senescence.[40]  Also, an over-abundance of ROS in the cartilage may interfere with 

IGF-1 signaling, resulting in reduced matrix production.[41] 

 Alterations in growth factor signaling can contribute to OA progression and aging 

by reducing the ability of chondrocytes to mount an appropriate repair response to growth 

factor stimulation.  For example, studies have shown that osteoarthritic chondrocytes are 

less responsive to TGF-β and IGF-1.  TGF-β is generally thought to be a protective factor 

for cartilage, where it signals through activin receptor-like kinase 5 (ALK5) receptor, 

which activates a Smad2/3 pathway that increases aggrecan and collagen type II 

expression, promoting matrix synthesis.  However, TGF-β may also have deleterious 

effects by alternatively signaling through another type I serine/threonine kinase receptor, 
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activin receptor-like kinase 1 (ALK1) receptor, which activates Smad1/5/8 that promotes 

expression of MMP-13, a hallmark for OA.  An age-related shift in the ratio of ALK1 to 

ALK5 receptor expression on chondrocytes has been found to be associated with 

cartilage destruction by altering the homeostatic balance and increasing MMP-13 

expression, which promotes catabolic activity.[36]  In the case of IGF-1, the IGF-1 

signaling pathway has been connected to Sirt1, which is a nicotinamide adenine 

dinucleotide (NAD)-dependent histone deacetylase that has been identified to mediate 

lifespan extension through caloric restriction.[32]  Sirt1 expression in chondrocytes has 

been found to increase the activity of the IGF-1 receptor by repressing protein 

phosphatase polypyrimidine tract-binding protein (PTP)-1b, leading to an increase in PI-3 

kinase-Akt survival signaling.[42]  This is consistent with the finding that the level of 

Sirt1 is decreased in osteoarthritic cartilage.[43,44] 

  There is growing evidence that shared cellular processes between OA and aging is 

due to chronic inflammation.[45,46]  Chondrocytes, a cellular component of the articular 

cartilage, maintain the matrix components of the joints.  Under mechanical stress, 

environmental insults, or build up of degradative products within the joint, the 

chondrocytes are activated, along with other cellular components of the synovium, to 

repair injury to the joint, which leads to the release of inflammatory cytokines and 

chemokines.  Low-level chronic activation of these inflammatory components within the 

joint may contribute to the progression of OA. 

EPIDEMIOLOGY 

 The development of OA is influenced by environmental and genetic factors, though 

little is known about OA progression.[47]  Clinical and environmental risk factors for OA 
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susceptibility include age, gender, BMI, obesity, and knee injury that may not necessarily 

overlap with risk factors for OA progression.[48]  Studies have suggested that OA 

initiation and progression may have different causes, where the onset of OA may be 

triggered by an initial injury to the joint, while OA progression may be triggered by 

defects in intrinsic cartilage repair capacity.[49]  Risk factors for OA progression tend to 

cluster in three categories: 1) biomechanics; 2) local factors; and 3) systemic factors. 

 Biomechanics: Knee malalignment has been implicated as an independent risk 

factor for structural progression of knee OA.[50,51]  OA patients with varus alignment 

have a greater loss of cartilage thickness over two years in the medial tibiofemoral 

compartments, while individuals with valgus alignment have a similar loss in the lateral 

tibiofemoral compartments.[52]  Malalignment results in uneven mechanical loading of 

the joint that is associated with loss of cartilage that increases the risk of OA 

progression.[53]  Analysis of valgus malalignment in the Multicenter Osteoarthritis Study 

(MOST) and the Osteoarthritis Initiative (OAI) also showed that valgus alignment was 

associated with increased risk of lateral disease progression and that the increased risk 

may be due to progressive lateral meniscal damage.[54] 

 Local factors: Changes in the subchondral bone are a distinctive feature of OA and 

occur early on in the disease process.[55,56]  Formation of osteophytes and subchondral 

sclerosis occur long before changes in the articular cartilage are detected by joint space 

narrowing.[57]  Studies have shown that trabecular bone texture measured from plain 

radiographs and quantified by fractal signature analysis (FSA) differs between knees at 

various stages of OA development and can be used to predict incident and progressive 

OA.[58,59]  Podsiadlo et al. have shown that trabecular bone texture is also associated 
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with an increased risk of knee replacement in OA patients.[60]  Meniscal damage due to 

previous joint injury or meniscectomy also increases the risk of knee OA 

progression.[61]  Individuals with meniscal damage have a increased average rate of 

progression of cartilage loss over those without damage.[62,63]  Bone marrow lesions 

have also been shown to predict compartment specific OA progression, where bone 

marrow lesions tend to occur in the medial tibiofemoral compartment in varus knees and 

the lateral tibiofemoral compartment in valgus knees.[64]  Therefore, the association 

between bone marrow lesions and OA progression is explained in part by knee 

malalignment. 

 Systemic factors: Assessment of radiographic progression of hand OA over 6 years 

in the Genetics, Arthrosis and Progression (GARP) sibling pair cohort study reveals that 

progression clusters within sibling pairs and in a symmetrical pattern within hand joint 

groups.[65]  Furthermore, the GARP study showed that individuals with hand OA 

progression over 6 years also had a higher risk of knee OA progression, independent of 

BMI.[65]  These findings support the notion that OA progression has a genetic 

component and may be driven by systemic factors in addition to local risk factors. 

Systemic factors that are involved in OA progression may be related to an inflammatory 

process that mediates cartilage damage and repair.  There is growing evidence that 

interleukin-1 (IL-1) may be involved in OA pathogenesis by promoting cartilage 

degradation and resorption of bone.[66,67]  Reduced capacity to produce the pro-

inflammatory cytokines IL-1β and IL-6 is associated with the absence of OA in old 

age.[68]  Furthermore, Attur et al. have shown that elevated expression of interleukin-1β 

(IL-1β) can identify a subset of OA patients with increased pain and at higher risk for 
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radiographic OA progression.[69]  However, levels of serum C reactive protein (CRP), a 

commonly used biomarker for inflammation, and genetic variation in CRP were not 

associated with prevalence, incidence or progression of OA independent of BMI.[70]  

Cartilage-derived biomarkers that reflect the processes of cartilage degradation and 

synthesis may also help predict OA progression.  Valdes et al. found that levels of urinary 

C-terminal telopeptide (uCTX-II), which is released following cleavage of type II 

collagen by matrix metalloproteinases (MMPs), is associated with risk of hand, hip and 

knee OA progression and incidence of knee OA.[71] 

 Either local or systemic factors, or both may initiate progression of OA.  Though 

previous studies have provided insight into risk factors associated with OA progression, 

these efforts have resulted in few validated molecular targets or predictive models that 

can be used for early disease identification, risk stratification, disease monitoring, or 

treatment.  

 

GENETIC RISK FACTORS 

 Further investigation of the role of genetic variation in OA progression may reveal 

more insight into the molecular pathogenesis of OA.  The heritability of hip and knee OA 

has been estimated from twin studies to be 60% for hip OA and 39% for knee OA, after 

adjustment for age, sex, and BMI.[72]  Longitudinal studies in twins have further 

established the heritabilities of change in lateral knee osteophyte grade to be 33% and 

change in medial cartilage volume to be 73%.[73]  The high heritability of these 

indicators of joint damage suggests that genetics may play a large role in both OA 

susceptibility and progression.  Genome wide association studies have focused primarily 

on OA susceptibility and have found strong evidence of genetic associations with knee 
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and hip OA in European Caucasians for three loci: 1) GDF5, which encodes a bone 

morphogenetic protein related to joint development [74]; 2) chromosome 7q22, which 

encompasses a 300 Kb linkage disequilibrium block that harbors the genes PRKAR2B 

(protein kinase, cAMP-dependent, regulatory, type II, β), HPB1 (HMG-box transcription 

factor 1), COG5 (component of oligomeric golgi complex 5), GPR22 (G protein-coupled 

receptor 22), DUS4L (dihydrouridine synthase 4-like) and BCAP29 (B cell receptor-

associated protein 29) [75]; and 3) MCF2L, which encodes a protein that regulates a 

nerve growth factor.[76]  However, few studies have focused on OA progression, which 

is the most critical issue aside from early identification of OA.  No genetic variants have 

been associated with OA progression to date.  

 Some genetic studies have used total joint replacement or severe OA as the primary 

outcome, which can be viewed as a proxy for OA progression, since severe OA and total 

joint replacements reflect joints that have already progressed.  The Arthritis Research UK 

Osteoarthritis Genetics (arcOGEN) Consortium has conducted the largest genome-wide 

association study (GWAS) for OA to date and has identified five OA susceptibility loci 

with genome-wide significance.  Interestingly, most of the top hits were identified for 

total joint replacement or total hip replacement.[77]  The strongest association was found 

between the single nucleotide polymorphism rs6976, a missense polymorphism within 

the nucleostemin-encoding gene GNL3, and total joint replacement (OR=1.12, 95% 

CI=1.08-1.16, P=7.24x10-11).[78]  Since the arcOGEN study did not test for association 

with OA progression, this dissertation may help shed light on whether the identified 

variants for total joint replacement are also associated with OA progression.  Variants 

that are only associated with OA progression, and not total joint replacement, will be of 
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particular interest, since these variants may point to active biological processes that result 

in worsening OA. 

 Greater understanding of the role of genetic variation in OA progression may 

provide insight into important biological processes underlying OA progression, help 

identify biomarkers that can be used for risk stratification, and develop therapeutic 

interventions that may be used to slow or prevent OA progression. 
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Chapter 3: Clinical Predictors of Radiographic Knee Osteoarthritis 
Progression: Results from the Osteoarthritis Initiative 
 

ABSTRACT 

 Objective: To develop a risk profile for structural OA progression based on an 

agnostic screen of clinical risk factors from six risk domains and validate it in an 

independent cohort. 

 Methods: We used longitudinal data from the Osteoarthritis Initiative (OAI), a well 

characterized, natural history study of individuals at risk for or who have symptomatic 

knee OA and replicated our results in the Genetics of Generalized Osteoarthritis (GOGO) 

study.  We conducted knee-level, univariable analyses to identify baseline clinical 

predictors associated with four-year risk of radiographic OA (rOA) progression.  

Significant univariable associations (α=0.05) were evaluated in within and across-domain 

multivariable models to develop a risk profile for rOA progression.  Receiver operating 

characteristic (ROC) curves and the area under the curve (AUC) were used to evaluate 

model performance.  

 Results: Of 2,539 participants with rOA, 55% had worsening of radiographic 

measures over four years.  Based on adjusted univariable analyses, 25 of 49 baseline 

clinical predictors were significantly associated with rOA progression.  The final risk 

profile included knee joint effusion (HR=1.25, 95% CI=1.13-1.39), BMI (HR=1.02, 95% 

CI=1.01-1.03), female gender (HR=1.37, 95% CI=1.25-1.50), diabetes or high blood 

sugar (HR=0.81, 95% CI=0.69-0.95), use of prescription analgesics (HR=1.13, 95% 

CI=1.03-1.24), and KOOS pain score (HR=0.99, 95% CI=0.99-0.99).  This model gave 
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an internal AUC of 0.61 (95% CI=0.60-0.63) in the OAI.  We replicated this model in the 

GOGO study, giving a comparable AUC of 0.62 (95% CI=0.57-0.68).   

 Conclusion: A systematically developed risk profile based on common clinical 

measurements has moderate utility in predicting structural OA progression, suggesting 

that increased focus on biomarker development is warranted.  
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INTRODUCTION 

 Osteoarthritis (OA) is one of the leading causes of global disability.[1]  Most cases 

of disability can be attributed to joint pain, activity and functional limitation, and reduced 

health-related quality of life resulting from moderate-to-severe knee OA.  Known risk 

factors for knee OA include genetics, female gender, advanced age, previous trauma, 

mechanical misalignment, meniscal damage, and obesity.[2, 3]  Many of these risk 

factors are thought to act either locally via alteration in biomechanics, or systemically 

through chronic inflammation, which is often related to the aging process.  These risk 

factors may also play a role in disease progression; however, this is not as well studied 

and risk factors associated with disease presence may not be related to worsening disease 

state.  Data have been conflicting and few definitive risk factors for knee OA progression 

have been identified likely due to several factors including sample size, heterogeneity in 

disease progression measures, and other methodological issues.  Identifying clinical risk 

factors may be potentially useful in clinical trials to quickly screen for rapid progressors 

or to select patients who should undergo aggressive disease-modifying treatment when it 

becomes available. Furthermore, these clinical risk factors may provide insight into 

biological processes that are involved in structural OA progression. 

 Given the breadth of potential predictors for OA progression, we have undertaken a 

systematic screen of possible risk factors organized by domains such as knee exam, 

anthropometric measures, sociodemographic characteristics, medical and family history, 

measures of physical function, and self-reported pain.  We used 4-year data from the 

Osteoarthritis Initiative (OAI) to identify clinical risk factors within and across domains 

that may be used to identify individuals at increased risk for structural knee OA 
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progression.  Since the OAI is one of the largest prospective cohorts of individuals at risk 

for OA progression, it is ideal for identifying potential clinical risk factors for OA 

progression.  Unlike biochemical and imaging biomarkers, several of these risk factors 

may be easily obtained on clinical exam to assess progression risk.  

 

METHODS 

Osteoarthritis Initiative (OAI) Study 

 We based our analyses on publicly available longitudinal data from the OAI 

(https://oai.epi-ucsf.org/datarelease/; release versions are provided in Table 3.S1).  The 

OAI is a publicly and privately funded multi-center, observational cohort study focused 

on identifying risk factors and biomarkers for development and progression of knee OA. 

Participants who are at high risk for developing or have developed symptomatic knee OA 

were enrolled at four clinical sites (Baltimore, MD; Columbus, OH; Pittsburgh, PA; 

Providence, RI) within the United States between February 2004 and May 2006.  This 

included a racially diverse group of 4,796 men and women between the ages of 45-79 

years.  Clinical measures and bilateral posteroanterior weight-bearing fixed-flexion knee 

radiographs were collected yearly for four years.  All radiographs were obtained by 

trained and certified radiologic technicians using a SynaflexerTM platform (Synarc, San 

Francisco, CA) and were read centrally at Boston University for Kellgren-Lawrence (KL) 

grade, osteophyte (OST) grade, and joint space narrowing (JSN) grade according to 

standardized atlases.[4, 5]  Details of the protocol for central reading of radiographs are 

available online (https://oai.epi-ucsf.org/datarelease/ImageAssessments.asp). 

 

https://oai.epi-ucsf.org/datarelease/
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Genetics of Generalized Osteoarthritis (GOGO) Study 

 The GOGO Study is an investigator-initiated, multi-center study that was designed 

to study genetic variants associated with hand, hip, knee, and spine OA within OA-

affected families.  Seven academic sites were involved in recruiting self-reported 

Caucasian families that included at least two siblings with clinical hand OA.  Individuals 

were extensively characterized through collection of clinical data, radiographs, and 

biological samples, where the same clinical ascertainment, radiographic protocol, and 

clinical research forms were used at all sites.  The GOGO cohort consisted of a total of 

2,728 participants from 1,145 pedigrees.  Further details about the study design and 

phenotypic analysis of participating individuals and families have been previously 

described.[6]  A subset of participants (n=1,382) returned for a follow-up visit, where the 

mean interval between the baseline and follow-up visit was 3.8 years (range 1.1-8.6 

years).  Clinical data, radiographs, and biological samples were collected using the same 

protocols and forms that were used during the baseline visit.  In the longitudinal cohort, 

about 41% had definitive knee OA (KL grade ≥ 2) at baseline and were eligible for 

assessment of radiographic knee OA progression.  

 

Definition of Radiographic Progression 

 We focused our analyses on radiographic changes in the tibiofemoral compartment 

of the knee joint, as views of the patellofemoral joint were not obtained in the OAI.  We 

assessed the sum of the tibial and femoral scores for the lateral and medial sides, and 

combined the medial and lateral scores to obtain a sum of the osteophyte grades.  For 

joint space narrowing grade, we summed the medial and lateral scores to represent total 

joint space narrowing.  In our primary analysis, we focused on a composite definition of 
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progression that captures all measures of progression, classifying knees as affected if the 

knee undergoes total joint replacement (JR) or worsening of KL, OST, or JSN grade at 

follow-up.  Knees were censored at time of joint replacement.  In our secondary analyses, 

we assessed radiographic progression in each component of the composite progression 

measure to determine whether clinical predictors are associated with OA progression in a 

compartment specific manner, a feature specific manner (cartilage loss versus bone 

formation) or globally within the knee joint.  Knees that met the maximum grade for the 

evaluated component (e.g., 4 for KL, 12 for OST, and 6 for JSN) were not assessed for 

progression and knees that progressed to joint replacement were censored.  We used the 

same definition of OA progression for the OAI and GOGO analyses.  

 

Selection of Clinical Predictors 

 We selected 49 plausible clinical predictors of structural knee OA progression from 

six domains: 1) knee exam, 2) anthropometric measures, 3) sociodemographics, 4) 

medical or family history, 5) physical functioning, and 6) self-reported pain.  All data 

were collected as part of annual follow-up visits and submitted to the OAI data 

coordinating center at the University of California, San Francisco, where additional 

quality assurance measures were taken to identify and resolve potential errors in the study 

data.  Additional details regarding collection of clinical measurements are provided in the 

Supplemental Methods. 

 

Statistical Methods 

 We used generalized estimating equations with a complementary log-log link, 

binary distribution, and log(time) offset to estimate the hazard ratios for the effect of each 
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baseline clinical predictor on radiographic knee OA progression.  Each model takes into 

account interval censoring and correlation across both knees within each individual 

during the follow-up period.  All models were adjusted for age, gender, race, BMI, 

history of previous knee injury, and clinical sites.  We developed risk prediction models 

using a multi-tiered approach.  Variables that were significant (α=0.05) in adjusted 

univariable associations were tested in a within domain, adjusted multivariable model. 

Predictors that remained significant were then introduced to an inter-domain, adjusted, 

multivariable model to identify the most important clinical predictors across all six 

domains.  We selected clinical predictors that reached a p-value<0.05 for the final risk 

model. To assess the predictive ability of our models, we constructed receiver operating 

characteristic (ROC) curves and calculated the area under the curve (AUC).  We 

attempted to replicate our findings in the Genetics of Generalized Osteoarthritis (GOGO) 

study, an independent OA cohort.  All analyses were implemented using SAS 9.3 (Cary, 

NC).  

 

RESULTS 

Participant Characteristics 

 Eligible participants (N=2,539; Figure 3.S1) had a mean age of 62.6 ± 9.0 years and 

a mean BMI of 29.6 ± 4.8 kg/m2 (Table 3.1).  Based on self-reported race, about 77% 

were White, 21% were African American, and 2% were another race.  The majority of 

participants, 58%, were women.  About 49% had a history of knee injury that limited the 

ability to walk for at least 2 days.  Less than a quarter of reported knee injuries occurred 

within 5 years of study enrollment.  
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Table 3.1. Baseline characteristics of eligible OAI participants 

  

Composite OA 
Progressors 
(N=1,601) 

Non-
Progressors 

(N=938) 
Total  

(N=2,539) 
Age (years)    
mean ± SD  62.4 ± 8.8 62.8 ± 9.4 62.6 ± 9.0 
BMI (kg/m2)    
mean ± SD  30.0 ± 4.8 29.0 ± 4.7 29.6 ± 4.8 
Gender    
     % Female  62.7 49.7 57.9 
History of knee injury    
     % Yes 49.7 48.9 49.4 
Knee injury within the past 5 years    
     % Yes  12.6 9.9 11.6 
Race    
     % White  74.6 81.2 77.0 
     % African American  22.7 16.7 20.5 
     % Other 2.7 2.1 2.5 
Follow-up time (years)    
mean ± SD 3.7 ± 0.7 3.6 ± 0.9 3.7 ± 0.8 
Clinical Site    
     % Site A 30.1 25.7 28.5 
     % Site B  21.5 18.6 20.4 
     % Site C 24.6 31.1 27.0 
     % Site D 23.8 24.6 24.1 

 
*7 progressors and 10 non-progressors are missing data for history of knee injury and 

knee injury within the past 5 years; 1 non-progressor is missing data for race; clinical 

sites are coded A, B, C, and D for anonymity 
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 The 2,539 eligible participants represented 3,890 eligible knees.  About 93%, 83%, 

75%, and 67% of eligible knees had complete follow-up data at years 1, 2, 3, and 4, 

respectively.  Among eligible knees, the frequency of knee OA progression according to 

the composite measure, which takes into account progression according to each 

radiographic measure and total joint replacement, was 55% (Table 3.S2, Figure 3.S2). 

The frequency of the component measures of progression ranged from 3-50%.  Joint 

replacement had the lowest frequency at 3%.  Total joint space progression had a 

frequency of 15% and was slightly lower than the frequency of OA progression according 

to KL grade, 19%.  About half of all eligible knees progressed according to total 

osteophyte grade.  

 

Clinical Risk Factors Associated with OA progression 

 Results for the univariable analyses of baseline clinical risk factors with composite 

OA progression are summarized in Table 3.2 and rates of progression according to each 

clinical risk factor are provided in Table 3.S4.  Significant univariable associations were 

carried forward to within domain multivariable analyses, where predictors that remained 

significant after these analyses were then included in an across domains multivariable 

model (Table 3.S5).  Only variables that remained significant in the across domains 

multivariable model were included in the final model, which is shown in Table 3.3.  We 

found that 4-yr composite OA progression is independently associated with bulge sign 

positive effusion, higher BMI, female gender, absence of diabetes or high blood sugar, 

use of prescription analgesics, and lower Knee Outcomes in Osteoarthritis Survey 

(KOOS) pain score.  
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Table 3.3. Final model for composite OA progression in the OAI 

 Domain Variable Adj. HR  
(95% CI) 

Adj.  
P-value 

Significant 
Clinical 

Predictors 

Knee Exam Effusion (bulge sign 
positive) 1.25 (1.13-1.39) 1.06×10-5 

Anthropometric 
Measures Higher BMI (kg/m2) 1.02 (1.01-1.03) 5.84×10-4 

Sociodemographics Female gender 1.37 (1.25-1.50) 8.23×10-12 

Medical or Family 
History 

Have diabetes or 
high blood sugar 0.81 (0.69-0.95) 8.91×10-3 

Used prescription 
analgesics 1.13 (1.03-1.24) 8.98×10-3 

Self-reported Pain Higher KOOS Pain 
Score 0.99 (0.99-0.99) 5.99×10-13 

Covariates 
included 
for model 

adjustment 
 

Intercept 0.28 (0.17-0.45) 2.71×10-7 
White race Ref. Ref. 
Black race 0.90 (0.79-1.03) 1.12×10-1 
Asian race 1.19 (0.80-1.79) 3.91×10-1 
Other race 0.92 (0.68-1.26) 6.14×10-1 
Higher age (years) 1.00 (0.99-1.00) 7.11×10-1 
Knee ever injured 
badly enough to 
limit ability to walk 
for at least two days 

0.99 (0.91-1.09) 9.02×10-1 

Clinical Site A Ref. Ref. 
Clinical Site B 0.98 (0.86-1.12) 7.80×10-1 
Clinical Site C 0.77 (0.68-0.88) 6.97×10-5 
Clinical Site D 0.90 (0.79-1.02) 9.09×10-2 
Contralateral knee 1.10 (1.02-1.18) 1.39×10-2 
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 Using a similar tiered approach, we also identified clinical risk factors for 

progression of individual radiographic features and developed corresponding risk 

profiles.  Table 3.4 shows the direction of effect for significant (p-value<0.05), within 

domain, univariable associations.  Hazard ratios and p-values for univariable 

associations, multivariable within domain associations, and multivariable across domains 

associations are provided in Tables 3.S6, 3.S7, and 3.S8.  In general, compared to the 

composite progression trait, we identified additional predictors for lateral 

osteophytes/joint space narrowing progression and joint replacement and fewer predictors 

for medial compartment and KL grade progression.  Most predictors for medial 

compartment and KL grade progression overlapped with predictors for the composite 

progression trait. 
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Prediction Models for OA Progression 

 In the OAI, we constructed ROC curves for composite progression and its 

individual features (Figure 3.1), and calculated the AUC for each model (Table 3.S9).  

The predictive model for composite OA progression included effusion, diabetes status, 

prescription analgesics usage, KOOS pain score, BMI, and female gender, which gave an 

AUC of 0.61 (95% CI=0.60-0.63).  AUC estimates for progression of KL, OST, and JSN 

were 0.61 (0.59-0.64), 0.62 (0.60-0.63), and 0.57 (0.55-0.60), respectively.  The model 

for progression to joint replacement yielded the highest AUC estimate, 0.81 (95% 

CI=0.77-0.85) and included effusion, degrees of flexion contracture, pain during 400-

meter walk, use of prescription analgesics, KOOS symptoms score, KOOS quality of life 

score, age, and White race.  All models yielded moderate improvement to the AUC based 

on known progression risk factors, including age, gender, BMI, and history of knee injury 

(Table 3.S10). 
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Figure 3.1. Receiver operator curves for OA progression outcomes in the OAI. 

This figure is based on the final, across domain prediction models that were developed in 

the OAI for composite OA progression, KL grade progression, joint space narrowing 

progression, osteophyte progression, and progression to joint replacement. The ROC 

curves reflect the internal AUC in the OAI for each trait-specific model. 
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 We used independent data from the GOGO study to validate our findings.  

Since GOGO participants have a different baseline risk of OA progression due to 

ascertainment on familial hand OA, we did not use the same effect sizes that were 

estimated in the OAI (Table 3.S2, Table 3.S3).  Furthermore, not all predictors 

identified in the OAI were available in the GOGO study, so models were modified 

to include the closest proxies.  We used Western Ontario and McMaster Universities 

Osteoarthritis Index (WOMAC) knee pain score, disability, and stiffness scores as 

proxies for KOOS knee pain, symptoms, and quality of life scores, respectively.  

We used knee tenderness as a proxy for flexion pain/tenderness, presence of 

femoral flexion as a proxy for degrees of flexion contracture, and KOOS knee pain 

as a proxy for knee pain during 400-meter walk.  Since no proxy was identified for 

moderate sport or recreational activity within the past seven days, this variable was 

removed from the GOGO models.  Taking into account these modifications, we 

found that the clinical predictors used to predict composite OA progression yielded 

an AUC=0.64 (95% CI=0.58-0.69) (Figure 3.2, Table 3.S10), which is comparable 

to the estimate found in the OAI cohort.  Estimates for KL, OST, JSN, and joint 

replacement were also comparable, where AUC estimates were 0.60 (95% CI=0.56-

0.64), 0.58 (95% CI=0.54-0.62), 0.57 (95% CI=0.53-0.61), and 0.75 (95% CI=0.69-

0.81), respectively.  These values may be underestimated since in some cases, 

proxies were implemented or predictors were left out of the model. 
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Figure 3.2. Receiver operator curves for OA progression outcomes in the GOGO study. 

This figure demonstrates the ROC curves obtained when applying prediction models 

developed in the OAI to data from the GOGO study.  Since the baseline risk in the OAI 

and GOGO cohorts may not be the same, effect sizes were allowed to vary between the 

cohorts.  Also, GOGO prediction models were modified to include the closest proxy to 

OAI variables that were not available in the GOGO study.  No proxy was identified for 

moderate sport/recreation activity. 
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DISCUSSION 

 Using 4-year data from the OAI, one of the largest longitudinal, natural history 

studies of individuals at risk for or who have symptomatic radiographic knee OA, we 

developed a risk profile for composite OA progression, which includes knee joint 

effusion, BMI, gender, diabetes or high blood sugar status, prescription analgesics usage, 

and KOOS pain score.  For some of these risk factors, the supporting evidence has been 

conflicting,[7] with inconsistencies perhaps due to a variety of factors, including varying 

ascertainment criteria, differing lengths of follow-up, variability in outcome measures, 

and small sample size.  Due to the large sample included in this analysis (~3,900 knees 

and ~2,500 individuals), with a fixed 4-yr follow-up interval and standardized 

measurement protocols, our results not only strengthen the evidence for the association 

and direction of effect for BMI, female gender, and knee pain, but also provide evidence 

for less widely explored predictors such as effusion, diabetes, and prescription analgesic 

use. 

 The OAI risk prediction model for composite OA progression (AUC=0.61) is 

consistent with the Nottingham risk prediction models, which are based on progression of 

symptomatic knee OA over 12 years,[8] and the combined Rotterdam and Chingford risk 

prediction models, which are based on progression to incident radiographic OA.[9] 

Similar to both studies, we focused on conventional risk factors that can be easily 

obtained through clinical exam, physical functioning tests, or self-administered 

questionnaires.  Though we used largely different variables, most of the same risk 

domains were captured.  Our predictive model was comparable to the Nottingham model, 

falling within their 95% confidence interval estimates for AUC (0.61-0.82).  It was also 
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comparable to the Rotterdam/Chingford study (AUC=0.60-0.66 based on three cohorts); 

only with the addition of baseline radiographic OA, specifically the presence of KL1 

grade knee OA at baseline, was the AUC increased in the Rotterdam/Chingford risk 

prediction model (AUC=0.75-0.86).  These results are also consistent with the low 

predictive capability of demographics and anthropomorphic measures for knee OA 

progression in the Prediction of Osteoarthritis cohort (AUC=0.58 for age, sex, BMI, knee 

pain and calcaneal bone mineral content).[10]  Risk models for progression of individual 

radiographic features revealed that both conventional risk factors and predictors 

identified in the OAI performed better for prediction of osteophytes progression 

(AUCconventional=0.59, AUCOAI=0.62) than joint space narrowing progression 

(AUCconventional=0.55, AUCOAI=0.57).  The same trends were identified in the GOGO 

study, an independent OA cohort.  This may help explain why clinical trials of disease 

modifying drugs, which often use joint space narrowing as the primary outcome and 

include individuals based on definitive OA and risk factors such as BMI, age, and gender, 

have been intractable.  In general, OAI risk models for composite, KL grade, osteophytes, 

and joint space narrowing OA progression, performed similarly in the GOGO study, if 

not slightly better.  This may be attributed to the ascertainment of GOGO participants 

based on clinical hand OA, which could be marking a subset of patients at higher risk for 

OA progression.  We also found that risk prediction improved for progression to joint 

replacement (AUC=0.81), likely due to this being a more clinically severe endpoint. 

Since symptomatic and structural OA progression may not share the same risk factors, the 

OAI risk profiles may contribute additional risk information not provided by previous 

studies.  
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 Looking across all subtypes of OA progression, we found that univariable 

association of bulge sign positive knee joint effusion, flexion pain/tenderness, patellar 

grind, degrees of flexion contracture, female gender, higher BMI, and WOMAC/KOOS 

self-reported pain measures were most consistently associated with at least 7 out of the 9 

radiographically defined progression outcomes assessed.  The strength and consistency of 

these associations suggest that these predictors may share a common link.  One 

possibility is inflammation, which has been suggested to play a significant role in the 

pathogenesis of OA.[11]  Inflammation, usually attributed to chronic synovitis, is thought 

to create a heightened catabolic state within the knee joint that leads to changes in the 

subchondral bone, degradation of the articular cartilage, and eventually joint failure.[12-

14]  In addition, inflammation may also result in heightened pain and other symptoms 

including stiffness.  There is evidence that changes in the joint, such as bone marrow 

lesions, synovitis, and effusions as detected by magnetic resonance imaging, are related 

to fluctuations in knee pain.[15]  Interleukin-6, a pro-inflammatory cytokine that is 

produced when synovitis is present, has been shown to be associated with pain severity in 

early stage OA.[16]  Cartilage biomarkers that reflect structural changes within the joint 

may also be linked to pain.  For example, osteophyte development is associated with 

urinary C-terminal telopeptide of collagen type II, serum cartilage oligomeric matrix 

protein, and serum hyaluronic acid in painful knees.[17]  A recent study has demonstrated 

that soluble macrophage biomarkers reflect the abundance of activated macrophages in 

OA knees, and are associated with joint symptoms, OA radiographic severity and 

progression.[18]  This study underscores the existence of an inflammatory subset of 

patients with worse prognosis consisting of a higher progression risk.  While these 
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predictors may not together have strong predictive value, they collectively suggest that a 

common biological pathway, local and systemic inflammation, drives structural OA 

progression. 

 There are a few limitations to our analyses.  Since the models were developed in a 

high-risk cohort, our results may not be generalizable to the general population, though 

we have shown that these profiles may be applied to other high-risk OA cohorts.  Another 

potential issue is multiple testing error, though many of the same predictors with 

consistent effects across OA progression components would remain significant under a 

Bonferroni adjusted p-value.  Restricting our analyses to a subset of knees with definitive 

radiographic OA may introduce collider bias.  There are methodological issues specific to 

studies of progression that have been noted by others,[19, 20] requiring careful 

consideration of the study research question in order to avoid potential biases.[21]  We 

attempted to guard against any potential bias by adjusting effect estimates for major risk 

factors such as race, age, gender, BMI, and knee injury.   

 In summary, we found that bulge sign positive knee joint effusion, BMI, gender, 

diabetes or high blood sugar status, prescription analgesics usage, and KOOS pain score 

may be useful together as a risk profile to identify individuals at increased risk for joint 

replacement, but are much less useful for predicting radiographic progression.  These 

results provide an explanation for the failure of strategies, based on gender and BMI in 

particular, to enrich for progressors in clinical trials, resulting in issues of low study 

power.  Including biochemical and imaging biomarkers in our risk prediction models may 

help improve our ability to differentiate progressors from non-progressors, since these 

markers are more closely related to metabolic and structural changes underlying OA 
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progression.[22, 23]  The current OA Biomarkers Consortium project is a large scale 

approach to biomarker validation and qualification of imaging and biochemical markers 

for predicting OA progression.[24]  Preliminary results are already quite promising for 

demonstrating the ability to predict the combination of pain and structural progression 

with particular imaging and biochemical markers.[25-28]  Though our clinical risk profile 

has limited utility in prediction, the risk predictors included are easy to collect and may 

be useful as first line screening to identify high-risk individuals that can be further 

assessed with biomarkers that have greater predictive value.  Through this study, we also 

gain insight into the biological processes that may be involved in OA progression.  The 

consistency of association for several risk factors across all measures of structural 

progression suggests that systemic inflammation and pain may be intimately related in 

driving structural OA progression.  Further work will be needed to identify specific 

mechanisms that explain the relationship between inflammation, pain, and structural 

change in order to identify targetable molecules for disease modifying treatment.  
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SUPPLEMENTARY MATERIAL 

Supplementary Methods 

We assessed clinical measurements from six domains: 1) knee exam, 2) anthropometric 

measures, 3) sociodemographics, 4) medical or family history, 5) physical functioning, 

and 6) self-reported pain.  Knee exams were designed to include assessments that could 

be performed with high reliability.[1]  To ensure standardization of all knee exams, 

examiners were required to complete central training and conduct exams under the 

supervision of physician examiners at each site.  Furthermore, examiners were required to 

calibrate manual pressure using a Chatillon dolorimeter (Ametek, Inc., Largo, FL, USA). 

For the anthropometric measures, weight was measured twice in kilograms using 

calibrated standard balance beam scales and height was measured twice in millimeters 

using a calibrated wall-mounted stadiometer.  Abdominal circumference was measured 

using a tape measure over bare skin while the participant was standing.  

Sociodemographic measures were obtained using a self-administered questionnaire. To 

identify comorbid conditions, examiners used a validated self-administered questionnaire 

that was designed based on the Charlson index.[2]  Current smoking status, medication 

use, and medical and family history were obtained using a self-administered 

questionnaire.  To identify participants with hand OA, trained examiners evaluated both 

hands for palpable bony swelling of the distal interphalangeal (DIP) joints.  Participants 

with two or more bony enlargements were classified as having hand OA.  General 

physical activity, including moderate and strenuous physical activity, was assessed using 

the Physical Activity in the Elderly Scale (PASE).[3]  Timed 20-meter and 400-meter 

walks were used to assess physical functioning.  Only individuals who completed the 



 

68 
 

timed walks, which were self-paced, were included in our analyses.  We also used the 

ability to complete the 400-meter walk as an assessment of general physical endurance. 

Repeated chair stand pace was used to assess knee function and leg strength.  To assess 

self-reported knee symptoms, we used the 3 sub scales of the 5-point Likert scale version 

of the Western Ontario and McMaster Universities Osteoarthritis Index (WOMAC): 1) 

disability, 2) pain, and 3) stiffness.  Similarly, we also used the 5-point Likert scale 

version of the Knee Outcomes in Osteoarthritis Survey (KOOS), which further extends 

the target population of the WOMAC to younger and middle age individuals with knee 

injuries or post-injury arthritis.  We assessed self-reported knee symptoms according to 3 

sub-scales: 1) pain, 2) symptoms, and 3) quality of life.  WOMAC and KOOS scores 

were obtained for each knee rather than across both knees. 

 
 
 
  



 

69 
 

Supplementary Tables 

Table 3.S1. Osteoarthritis Initiative (OAI) public release versions 

Description Visit Month Release Version 
Enrollees N/A 20 
Clinical data Baseline 0.2.2 
Clinical data 12-month 1.2.1 
Clinical data 24-month 3.2.1 
Clinical data 36-month 5.2.1 
Clinical data 48-month 6.2.2 
Subject characteristics Baseline 0.2.2 
Subject characteristics 12-month 1.2.1 
Subject characteristics 24-month 3.2.1 
Subject characteristics 36-month 5.2.1 
Subject characteristics 48-month 6.2.1 
Boston University (BU) Consensus Knee 
Radiographs Baseline 0.6 

Boston University (BU) Consensus Knee 
Radiographs 12-month 1.6 

Boston University (BU) Consensus Knee 
Radiographs 24-month 3.5 

Boston University (BU) Consensus Knee 
Radiographs 36-month 5.5 

Boston University (BU) Consensus Knee 
Radiographs 48-month 6.1 

SAS Formats N/A 20 
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Table 3.S2. Frequency of osteoarthritis progression among eligible knees* 

 % progressors 
Progression measure OAI* GOGO† 
Kellgren-Lawrence grade  18.5 45.1 
Total osteophyte grade  49.6 47.1 
Total joint space grade  14.8 45.0 
Joint replacement  3.3 16.3 
Composite  55.3 62.6 

 
*Total eligible knees=3,890; missing data for 304, 54, and 29 individuals for Kellgren-

Lawrence, osteophyte, and joint space narrowing grade progression, respectively, due to 

having a maximum score at baseline. 

†Total eligible knees=569; missing data for 44 individuals for Kellgren-Lawrence grade 

progression due to having a maximum score at baseline. 
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Table 3.S3. Baseline characteristics for eligible GOGO participants 

  

Composite OA 
Progressors 

(N=356) 

Non-
Progressors 

(N=213) 
Total  

(N=569) 
Age (years)    
mean ± SD  67.6 ± 8.0 66.5 ± 8.0 67.2 ± 8.0 
BMI (kg/m2)    
mean ± SD  30.1 ± 6.4 29.8 ± 6.1  30.0 ± 6.3 
Gender    
     % Female  75.3 77.9 76.3 
History of knee injury    
     % Yes 15.7 7.0 12.5 
Race    
     % White  100.0 100.0 100.0 
Follow-up time (years)    
mean ± SD 3.8 ± 0.9 3.7 ± 0.8 3.8 ± 0.9 
Clinical Site    
     % Site A 12.6 13.0 13.0 
     % Site B  19.7 18.8 18.8 
     % Site C 24.7 25.1 25.1 
     % Site D 3.4 2.3 2.3 
     % Site E 19.7 18.5 18.5 
     % Site F 19.9 22.3 22.3 
 
*2 progressors and 1 non-progressor are missing data for BMI; clinical sites are coded A, 

B, C, D, E, and F for anonymity; 1 of 7 GOGO clinical sites did not participate in the 

longitudinal component of the study. 

 
  



 

72 
 
 



 

73 
 
 

Ta
bl

e 
3.

S4
 C

on
tin

ue
d 



 

74 
 

 

 

Ta
bl

e 
3.

S4
 C

on
tin

ue
d 



 

75 
 

  

Ta
bl

e 
3.

S4
 C

on
tin

ue
d 



 

76 
 

 

Ta
bl

e 
3.

S4
 C

on
tin

ue
d 



 

77 
 

Ta
bl

e 
3.

S4
 C

on
tin

ue
d 



 

78 
 

Table 3.S5. Clinical predictors associated with OA progression in the OAI 

Domain Predictor Univariable 
Within 
Domain 

Across 
Domains 

Knee Exam 

Patellar quadriceps tendinitis +   
Effusion (bulge sign positive) + + + 
Effusion (patellar tap positive) +   
Flexion pain/tenderness + +  
Lateral tibiofemoral pain +   
Medial tibiofemoral pain +   
Anserine bursa    
Patello-femoral crepitus + +  
Patellar grind + +  
Varus knee alignment    
Valgus knee alignment    
Degrees of flexion contracture  + +  

Anthropometric 
Measures 

Higher mean weight (kg)    
Higher abdominal circumference 
(cm)    
Higher BMI (kg/m2) + + + 
Higher mean height (mm)    

Sociodemographics 

White race Ref. Ref. Ref. 
Black race     
Asian race     
Other race     
Higher age (years)    
Education: College or less Ref. Ref. Ref. 
Education: Graduate - -  
Sex + + + 
Income: <$50,000 Ref. Ref. Ref. 
Income: ≥$50,000    

Medical or Family 
History 

Have diabetes or high blood sugar - - - 
Ever had a heart attack    
Ever had a stroke, 
cerebrovascular accident, blood 
clot or bleeding in brain, or 
transient ischemic attack (TIA) 

   

Have cancer, other than skin 
cancer, leukemia, or lymphoma    
One or more comorbidities    
Cigarette smoker    
Use prescription analgesics  + + + 
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Domain Predictor Univariable 
Within 
Domain 

Across 
Domains 

Used strong prescription pain 
medications (e.g., narcotics) for 
joint pain or arthritis more than 
half the days of the month, past 
30 days 

+   

Used prescription NSAIDS (e.g. 
Ibuprofen, Diclofenac) for joint 
pain or arthritis more than half the 
days of the month, past 30 days 

+   

Used nonprescription NSAIDS 
(e.g. Aspirin, Ibuprofen) for joint 
pain or arthritis more than half the 
days of the month, past 30 days 

+ +  

Mother, father, sister, or brother 
(blood relative) had hip 
replacement surgery for arthritis 
where all or part of hip joint 
replaced 

   

Mother, father, sister, or brother 
(blood relative) had knee 
replacement surgery for arthritis 
where all or part of knee joint 
replaced 

   

Hand OA (based on having 2 or 
more fingers with bony 
enlargements in the right and left 
hands) 

   

Physical Activity Scale for the 
Elderly (PASE) score    
Moderate sport/recreation activity 
for 1 or more days in the past 7 
days    

Strenuous sport/recreation 
activity for 1 or more days in the 
past 7 days    

Knee ever injured badly enough 
to limit ability to walk for at least 
two days    

Physical 
Functioning 

Completed 400-meter walk 
without stopping    
400-meter walk pace (m/sec)    
Repeated chair stand pace 
(stands/sec) -   
20-meter walk pace (m/sec)    



 

80 
 

Domain Predictor Univariable 
Within 
Domain 

Across 
Domains 

Knee pain during 400-meter walk + +  

Self-Reported Pain 

Higher WOMAC Disability Score +   
Higher WOMAC Pain Score +   
Higher WOMAC Stiffness Score +   
Higher KOOS Pain Score - - - 
Higher KOOS Symptoms Score -   
Higher KOOS Quality of Life 
Score -   

 
*’+’ represent significant associations (P-value<0.05) that increase risk of OA 

progression; ‘−‘ represent significant associations (P-value<0.05) that decrease risk of 

OA progression; shaded black cells represent non-significant associations (P-value≥0.05). 

Hazard ratios, 95% confidence intervals, and P-values are provided in Tables 3.S5, 3.S6, 

and 3.S7.  Models were adjusted for gender, race, history of previous knee injury, clinical 

sites, and baseline age and BMI. 
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Table 3.S9. AUC estimates for final predictive models in the OAI and GOGO studies 

  OAI GOGO* 
Progression 
outcome Predictors AUC (95% CI) AUC (95% CI) 

Composite 
Effusion, BMI, gender, diabetes, use 
of prescription analgesics, KOOS 
pain score 

0.61 (0.60-0.63) 0.62 (0.57-0.66) 

KL 

Flexion pain/tenderness, degrees of 
flexion contracture, BMI, race, age, 
moderate sport/recreational activity, 
KOOS pain score 

0.61 (0.59-0.64) 0.66 (0.60-0.72) 

OST Total 

Effusion, crepitus, BMI, gender, 
diabetes, use of prescription 
analgesics, WOMAC pain score, 
KOOS pain score 

0.62 (0.60-0.63) 0.69 (0.63-0.74) 

JSN Total BMI, education, gender, knee pain 
during 400-meter walk 0.57 (0.55-0.60) 0.62 (0.57-0.68) 

JR 

Effusion, degrees of flexion 
contracture, race, age, use of 
prescription analgesics, knee pain 
during 400-meter walk, KOOS 
symptoms score, KOOS quality of 
life score 

0.81 (0.77-0.85) 0.75 (0.69-0.81) 

 
*KL=Kellgren-Lawrence; OST=osteophytes; JSN=joint space narrowing; JR=joint 

replacement. KOOS pain/symptoms/quality of life score, flexion pain/tenderness, degrees 

of flexion contracture, moderate sports/recreational activity, and knee pain during 400-

meter walk were not available in the GOGO study; closest proxy implemented: WOMAC 

knee pain score=KOOS knee pain score, WOMAC disability/stiffness=KOOS 

symptoms/quality of life, knee tenderness=flexion pain/tenderness, presence of femoral 

flexion=degrees of flexion contracture, KOOS knee pain=knee pain during 400-meter 

walk; no proxy for moderate sport/recreational activity. 
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Table 3.S10. AUC estimates for conventional risk factors (age, gender, BMI, and history 

of knee injury) in the OAI and GOGO studies 

 OAI GOGO 
Progression 
outcome AUC (95% CI) AUC (95% CI) 

Composite 0.58 (0.56-0.60) 0.57 (0.54-0.61) 
KL 0.56 (0.54-0.59) 0.60 (0.56-0.64) 
OST Total 0.59 (0.57-0.61) 0.58 (0.54-0.62) 
JSN Total 0.55 (0.52-0.57) 0.57 (0.53-0.61) 
JR 0.62 (0.57-0.67) 0.64 (0.59-0.69) 

 
*KL=Kellgren-Lawrence; OST=osteophytes; JSN=joint space narrowing; JR=joint 
replacement. 
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Supplementary Figures 

Figure 3.S1. Selection of eligible OAI participants. 

This flowchart demonstrates the selection scheme that was used in these analyses and the 

total number of participants that remained after application of each filter. 
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Figure 3.S2. Frequency of OA progression among eligible OAI participants. 

This Venn Diagram shows the number and percentage of participants that progressed 

according to each component radiographic measure, Kellgren-Lawrence (KL), 

osteophytes (OST), and joint space narrowing grade (JSN) grade out of a total of 2,539 

eligible OAI participants.  The number out of N participants that additionally progress to 

joint replacement (JR) during the four-year follow-up period is also provided.  There 

were 33 (1.3%) participants that progressed to JR only and 938 (36.9%) participants who 

did not progress.  These participants are not represented in the figure. 
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Chapter 4: Genetic Linkage to 18q21-22 for Knee Osteoarthritis Progression 
in the Genetics of Generalized Osteoarthritis (GOGO) Study 
 

ABSTRACT 

Objective:  To identify genetic variants associated with structural knee 

osteoarthritis (OA) progression in the Genetics of Generalized OA (GOGO) study, and 

replicate top findings in an independent OA cohort, the Osteoarthritis Initiative (OAI). 

Methods:  We conducted a non-parametric genetic linkage analysis of structural 

OA progression in the GOGO study using genome-wide single nucleotide polymorphism 

(SNP) markers spaced about 1 cM apart and fine-mapped the most suggestive region 

(LOD > 3.5) using association analysis of 1000 Genomes imputed markers.  SNPs that 

met nominal significance (P< 0.001) were moved forward for replication in the OAI.  We 

also leveraged data from both studies by conducting a fixed effects meta-analysis.  We 

further refined our findings by identifying whether any SNPs with suggestive 

significance (P< 0.05) from the meta-analysis also overlapped with known cis-expression 

quantitative trait loci (eQTL). 

Results:  We identified a strong linkage signal on chromosome 18q21-22 

(LOD=4.1) that was specific to radiographic osteophytes grade progression.  Fine-

mapping of this linkage region using association analysis of 1000 genomes imputed 

single nucleotide polymorphism (SNP) markers revealed suggestive evidence for four 

SNPs in three nominally significant loci (P< 0.001), RAX/CPLX4, OACYLP/SEC11C, 

and CCBE1/PMAIP1.  The strongest association signal was rs606903, located within an 

intergenic region between RAX and CPLX4.  Only rs1788856 (CCBE1/PMAIP1) 

replicated in another cohort, the OAI.  We also combined data from both cohorts in a 
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meta-analysis.  The strongest signal was rs34889120, an intronic SNP in CCBE1.  Since 

we had limited power to identify associations with region-wide significance, we also used 

publicly available data to determine whether any of the nominally significant SNPs (P< 

0.05) were cis-eQTLs that alter gene expression.  We found one cis-eQTL for FECH in 

skeletal muscle and several cis-eQTLs for SERPINB10 in whole blood. 

Conclusion:  Based on data from GOGO, we identified strong genetic linkage to 

osteophytes grade progression on chromosome 18q21-22.  Replication and meta-analysis 

with the OAI, an independent OA cohort, provided suggestive evidence for the 

association between structural knee OA progression and CCBE1.  We also identified 

nominal associations between structural knee OA progression and cis-eQTLs in two 

additional loci, FECH and SERPINB10.  
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INTRODUCTION 

 Osteoarthritis (OA) is the most common form of arthritis in the United States and is 

a slowly progressive disease that is accompanied by symptomatic pain and structural 

changes, which are not always correlated.[1-2]  OA is highly prevalent in older 

individuals and is estimated to affect 67 million US adults by 2030.[3]  It often leads to 

total joint replacements, which constitute one of the major costs associated with OA 

treatment.[3]  So far, there are few efficacious treatments available to prevent or slow 

disease progression and the majority of treatments available are focused on addressing 

symptomatic pain, which may not necessarily protect against further joint damage.[5-7]  

 Understanding the genetic variation behind structural OA progression may help us 

better understand the biological mechanisms behind changes in joint structure and also 

help identify individuals who are at the greatest risk for disease progression.  Genetic 

predisposition for OA has long been recognized as a major contributor to OA risk and 

development since it was first observed over 70 years ago that Herberden’s nodes of the 

fingers cluster within families.[8]  A twin study of females has estimated the heritability 

of knee and hand OA to be around 39% and 65%, respectively, indicating that genetic 

variability plays an important role in OA.[9]  Candidate gene, linkage, and genome-wide 

association studies of OA have contributed a number of genetic variants for OA 

susceptibility, though few have been robustly replicated.[10]  Even fewer genetic variants 

have been identified for disease progression.  Identifying genetic variants for OA and OA 

progression has been an especially difficult task given the heterogeneous presentation and 

development of the disease.  Furthermore, there is a lack of validated biomarkers 
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available to identify disease subtypes and unlike other complex diseases like diabetes or 

cardiovascular disease, there are few quantitative measures available to monitor disease 

status and serve as early warning signals for worsening disease activity. 

 Using longitudinal data from the Genetics of Generalized Osteoarthritis (GOGO) 

study, which recruited self-reported Caucasian families that had at least two siblings 

affected with clinical hand OA, we used genome-wide linkage analysis to identify 

regions of the genome that were likely to harbor genetic variants associated with 

structural knee OA progression.  We fine-mapped these regions using 1000 genomes 

imputed single nucleotide polymorphism (SNP) markers to identify potential candidate 

genes.  Unlike most OA studies that recruit unrelated individuals, the ascertainment of 

OA-affected Caucasian families may improve our ability to identify relevant candidate 

genes for OA progression by reducing the degree of phenotypic and genotypic 

heterogeneity.  To validate our findings, we attempted to replicate our top findings in an 

independent OA cohort, the Osteoarthritis Initiative (OAI), a natural history study of 

individuals at risk for or who have symptomatic knee OA.  We also conducted meta-

analyses to leverage data from both cohort studies and used publicly available eQTL data 

to further refine our findings. 

 

METHODS 

Discovery cohort: Genetics of Generalized Osteoarthritis (GOGO) Study 

 The GOGO Study is an investigator-initiated, multi-center study (Duke University, 

Durham, NC; University of North Carolina, Chapel Hill, NC; University of Nottingham, 

Nottingham, UK; University of Sheffield, Sheffield, UK; University of Maryland, 
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Baltimore, MD; Case Western Reserve University, Cleveland, OH; Rush Medical 

College, Chicago, IL) of genetic risk factors associated with hip, knee, and spine OA.  A 

total of 2,728 self-reported Caucasian participants from 1,145 pedigrees were ascertained, 

where families were eligible for inclusion if at least two siblings presented with clinical 

hand OA.  Clinical measures, radiographs, and biological samples were collected on all 

participants using the same research protocols and clinical research forms.  Further 

details about the study design and phenotypic analysis of participating individuals and 

families have been previously described.[11]  A subset of participants (n=1,382) returned 

for a follow-up visit at a mean interval of 3.8 years (range=1.1-8.6 years).  Clinical data, 

radiographs, and biological samples were collected using the same protocols and forms 

that were used during the baseline visit.  

 

Replication cohort: Osteoarthritis Initiative (OAI) Study 

 The OAI study is a publicly and privately funded multi-center, observational cohort 

study focused on identifying risk factors and biomarkers for development and 

progression of knee OA.  A racially diverse group of 4,796 men and women between the 

ages of 45-79 years who had or were at risk for symptomatic knee OA were enrolled at 

four clinical sites (Baltimore, MD; Columbus, OH; Pittsburgh, PA; Providence, RI) 

within the United States between February 2004 and May 2006.  Clinical measures and 

bilateral posteroanterior weight-bearing fixed-flexion knee radiographs were collected 

yearly for four years.  All radiographs were obtained by trained and certified radiologic 

technicians using a SynaflexerTM platform (Synarc, San Francisco, CA) and were read 

centrally at Boston University for Kellgren-Lawrence (KL) grade, osteophyte (OST) 
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grade, and joint space narrowing (JSN) grade according to standardized atlases.[11,12]  

Further details on the study protocol, including recruitment procedures and eligibility 

criteria, and central reading of radiographs are available online: (http://oai.epi-

ucsf.org/datarelease/About.asp and https://oai.epi-

ucsf.org/datarelease/ImageAssessments.asp).  

 

Definition of structural OA progression 

 Weight-bearing, fixed-flexion postero-anterior radiographs were taken at baseline 

and follow-up using a SynaflexerTM platform (Synarc, San Francisco, CA), where the feet 

were externally rotated 10°, the knees and thighs touched the vertical platform anteriorly, 

and the X-ray beam was angulated 10° caudally.  Radiographs were graded according to 

Kellgren-Lawrence (KL) grade and radiographic features, including osteophytes and joint 

space narrowing grades according to standardized atlases.[12, 13]  A single experienced 

radiologist, blinded to time sequence, read the baseline and follow-up radiographs.  

Based on KL grades, the intra- and inter-rater reliability were high (weighted kappa for 

intra-rater reliability=0.886, weighted kappa for inter-rater reliability=0.859). 

 We defined definitive knee OA as KL grade ≥ 2 in one or both knees.  Only 

individuals who had definitive knee OA at baseline were eligible for the analyses.  We 

assessed knee OA progression according to KL grade, and then assessed its individual 

components according to osteophytes (OST) and joint space narrowing (JSN) grade. 

Individuals were designated as KL grade progressors if KL grade increased by one or 

more units at the follow-up visit or underwent total joint replacement for OA.  

Individuals were designated as OST progressors if the OST grade increased by one or 
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more units at follow-up in one or more tibiofemoral compartments or underwent total 

joint replacement for OA.  Individuals were designated as JSN progressors if the JSN 

grade increased by one or more units at follow-up in one or more tibiofemoral 

compartments or underwent total joint replacement for OA. Radiographic measures that 

met the maximum grade at baseline were not assessed for progression at the follow-up 

exam. 

 

Genotyping 

 All GOGO participants with longitudinal data were genotyped at the David H. 

Murdock Research Institute (Kannapolis, NC) using the Illumina BeadChip that consisted 

of 550,000 HapMap SNPs and 60,000 custom SNPs.  Genotypes were called with 

Illumina GenomeStudio.  The microarrays were philanthropic gifts to Duke University, 

the coordinating center for the GOGO study, based on the stipulation that results be 

published and not patented.  A total of 604,212 SNPs were genotyped.  SNPs that had 

low call rates (<99%), did not meet Hardy-Weinberg equilibrium (P<0.001), or that 

exceeded a Mendel error rate of 1% were removed.  Samples with low call rates (<95%), 

sex discordance or excess heterozygosity were removed.  We also evaluated population 

stratification using multi-dimensional scaling and HapMap reference data to determine 

whether genetic data were concordant with self-reported Caucasian ancestry.  We 

evaluated identity by descent (IBD) estimates to determine whether the genetic data 

matched the reported familial relationships in the pedigree.  Mismatches were evaluated 

and corrected as necessary.  Imputation was completed using SHAPEIT and IMPUTE2 

on the 1000 Genomes Phase I integrated haplotypes reference panel (December 2013 
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release).[14,15]  Additional details regarding genotype data cleaning and imputation 

quality are provided in Appendix A and Appendix B.      

All OAI participants were genotyped at the Translational Genomics Research 

Institute (Phoenix, AZ) on the Illumina Omni-Quad 2.5M array.  Genotypes were called 

using the Illumina BeadStudio software.  The total number of genotyped SNPs was 

2,440,283.  Samples with low call rates, mismatches between reported and genetically 

determined gender, and detection of second degree or higher relationships with other 

samples were excluded.  Additionally, samples with large chromosomal abnormalities 

were detected using “Log R Ratio" (LRR) and “B Allele Frequency" (BAF) and 

subsequently removed.[16-18] Imputation was completed using Minimac 

(http://genome.sph.umich.edu/wiki/Minimac) on the 1000 genomes CEU reference panel 

(June 2011 release). 

 

Statistical Methods 

We conducted a non-parametric linkage analysis of KL, osteophytes, and joint 

space narrowing grade progression in the GOGO study using a pruned set of independent 

genome-wide SNPs that were spaced about 1 cM apart.[19,20]  We assessed allele 

sharing among affected members using the Sall scoring function and assessed the 

evidence for linkage using the Kong and Cox LOD score.[21]  Analyses were 

implemented through MERLIN.[22]    

 For regions with strong evidence of linkage (LOD > 3.5), we conducted SNP 

association analyses using 1000 Genomes imputed genome-wide markers within ±1 LOD 

of the peak signal.  Only SNPs that had an imputation quality score greater than 0.8 and a 
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minor allele frequency greater than 1% were included in the analyses.  Association 

analyses were conducted assuming an additive genetic model using generalized 

estimating equations (GEE) that account for correlation within families and was 

implemented through the GWAF R package.[23]  All analyses were adjusted for age, 

gender, population stratification, and clinical site.  Association signals were annotated 

with ANNOVAR.[24]  We attempted to replicate any SNPs with suggestive evidence (P< 

0.001) in the OAI, an independent OA cohort.  For the OAI analyses, we used a logistic 

regression model assuming an additive genetic model and adjusted for age, sex, study 

site, and principal components.  Analyses were implemented through PLINK. 

 To combined data from the GOGO and OAI studies, we conducted a meta-

analysis using an inverse variance fixed-effects method that weighs the contribution of 

both studies by the observed standard error.  These analyses were implemented through 

METAL.[25]  The heterogeneity between studies was evaluated with Cochran’s Q 

statistic.  We further refined the list of potential candidate genes by using publicly 

available cis-expression quantitative trait loci (eQTL) data from the Genotype-Tissue 

Expression (GTex) program to determine whether any of the significant meta-analysis 

signals (P<0.05) overlapped with significant cis-eQTLs (FDR<0.05) in skeletal muscle or 

whole blood.[26]    

 

RESULTS 

 Of the 1,382 GOGO participants who participated in the longitudinal component 

of the GOGO study, 410 participants had both baseline and follow-up knee radiographs, 

definitive knee OA in one or both knees (KL ≥ 2), and good quality genotyping data 
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(Table 4.1).  The mean baseline age was 67.7 ± 7.7 years and the mean BMI was 29.7 ± 

6.1 kg/m2, which were similar between men and women.  A higher percentage of men 

had a history of knee injury (15.4%) than women (9.1%), while a higher percentage of 

women reported frequent knee pain (74.6%) than men (71.4%).  A little less than half 

progressed according to KL, osteophytes, and joint space narrowing grades (45%) (Table 

4.2). 

Table 4.1. Baseline characteristics for GOGO participants with definitive knee OA 

Baseline characteristics Females 
(N=319) 

Males 
(N=91) 

Total 
(N=410) 

Mean age in years ± SD 67.5 ± 7.7 68.5 ± 7.5 67.7 ± 7.7 
BMI in kg/m2 (SD) 30.0 ± 6.2* 29.0 ± 5.5 29.7 ± 6.1 
% History of knee injury 9.1 15.4 10.5 
% Frequent knee pain 74.6 71.4 73.9 
 

*Data missing for one individual 

Table 4.2. Frequency of knee OA progression in GOGO 

Progression Measure No. Cases (%) No. Controls (%) Total 
KL grade 173 (45.3) 209 (54.7) 382 
Osteophytes grade 185 (45.1) 225 (54.9) 410 
Joint space narrowing grade 186 (45.4) 224 (54.6) 410 
 
*28 individuals had maximum values for KL grade and were not assessed for OA 

progression 
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To identify regions across the genome that harbor genetic variants associated with 

OA progression, we performed a non-parametric genome-wide linkage analysis of KL 

progression, and its components, OST progression and JSN progression (Figure 4.S1).  

We found a strong linkage signal on chromosome 18q21-22 (LOD=4.1) that was specific 

to OST progression (Figure 4.1).  The evidence for JSN progression in this region was 

weaker (LOD=2.8).  There was a stronger linkage signal for JSN progression on 

chromosome 9q21 (LOD=3.4).  While the linkage curves for KL progression tended to 

follow the general shape of the linkage curves for either OST or JSN progression, we did 

not detect any strong linkage signals with OA progression measured by the composite KL 

grade, likely because it is more heterogeneous than either OST or JSN measures alone.  
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Figure 4.1. Genetic linkage regions for OA progression on chromosome 18. 

Region of interest is highlighted.  Peak LOD score=4.1, positioned at 89 cM (± 1 

LOD=74-92 cM).  Positions correspond to Build 37 physical of 61,697, 297 (49,642,058-

63,614,525) bp.     
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We focused on fine-mapping the strongest linkage signal on chromosome 18q21-

22 (49,642,058 bp-63,614,525 bp, Build 37).  We conducted GEE association analysis of 

36,720 SNPs within the linkage region that passed quality control criteria.  There were 31 

SNPs that met a nominally significant threshold of P< 0.001, which represent four 

independent loci (r2 ≤ 0.8) (Table 4.3, Figure 4.S2).  No SNP met a region-wide 

Bonferroni corrected P-value threshold of 0.05/36,720=1.36×10-6.  We sought to replicate 

each of the four nominally significant loci in the OAI, an independent cohort of 

individuals who have or are at high risk for symptomatic knee OA.  Though both cohorts 

are at high risk for OA, OAI participants were slightly younger than GOGO participants 

and had a much higher frequency of previous knee injuries (Table 4.S1).  About 55% of 

the 1,747 eligible OAI participants progressed according to radiographic osteophytes 

grade (Table 4.S2).  In the replication analysis, only one SNP, rs1788856, replicated at 

P< 0.05.  This SNP is located within an intergenic region between CCBE1 and PMAIP1. 
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To increase the power to detect an association within the linkage region, we 

combined data from the GOGO and OAI studies in a joint meta-analysis.  Of the 36,720 

SNPs tested, 27 SNPs met a nominally significant threshold of P < 0.001, which 

represented five independent loci (r2 ≤ 0.8) (Table 4.4).  The top meta-analysis 

association signal was rs34889120, an intronic SNP in CCBE1.  Another nominally 

significant meta-analysis association signal was rs1788879, an intergenic SNP between 

CCBE1 and PMAIP1, which was also one of the nominally significant loci in the GOGO 

discovery analysis.  However, no SNP met a region-wide Bonferroni corrected P-value 

threshold of 1.36×10-6.     
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 Since both the GOGO and OAI studies were small and had limited power to 

detect associations with region-wide significance, we used publicly available cis-eQTL 

data to help provide additional evidence beyond statistical significance.  Of the 1,509 

joint meta-analysis associations that met a suggestive statistical threshold of P < 0.05, 

there were 39 SNPs that were also significant cis-eQTLs (FDR < 0.05) in whole blood or 

skeletal muscle according to GTex (Table 4.5).[26]  One SNP, rs2272783, was a cis-

eQTL in skeletal muscle for FECH.  The other suggestive SNPs were cis-eQTLs in 

whole blood for SERPINB10, and were located within intronic regions of SERPINB10 

and HMSD, a 1 kb region upstream of the SERPINB8 transcription start site, and 

intergenic regions between SERPINB10 and HMSD, and HMSD and SERPINB8 (Figure 

4.S3).  Using Haploview to visualize linkage disequilibrium (LD) within these 

regions,[27] we found that SERPINB10 and HMSD are part of a long LD block (Figure 

4.S4).   
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DISCUSSION 

 To date, the majority of genetic studies have focused on susceptibility to OA, but 

not OA progression.  While understanding the genetic variation underlying OA 

susceptibility may be useful for identifying individuals at risk for developing OA, the 

same genetic risk factors may not differentiate individuals that rapidly progress from 

those with stable disease.  Using data from the GOGO study, which ascertained families 

at high risk for OA based on two siblings having clinical hand OA, we identified strong 

genetic linkage to 18q21-22 for structural knee OA progression of osteophytes.  Fine-

mapping using 1000 genomes imputed SNP markers did not reveal any strong 

associations within the linkage region.  However, replication and meta-analysis in the 

OAI, another high-risk OA cohort, provided suggestive evidence for association to 

CCBE1 and the intergenic region between CCBE1 and PMAIP1.  Given the limited 

power to detect genetic associations within this region, we checked publicly available cis-

eQTL data to determine whether any of the nominally significant SNPs may have an 

effect on gene expression.  Though none of the lead SNPs in CCBE1 or PMAIP1 

overlapped with known cis-eQTLs, we did find that nominally significant SNPs in 

FECH, SERPINB10, HMSD, and SERPINB8 were also cis-eQTLs in whole blood or 

skeletal muscle for SERPINB10.  Strong genetic linkage to 18q21-22 suggests that 

genetic variation within this region is associated with structural knee OA progression of 

osteophytes.  Nominal replication of SNP associations in an independent cohort and 

existing eQTL data suggests that CCBE1, FECH, and SERPINB10 may be good 

candidates for future replication and functional studies. 
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 The most robustly replicated SNPs between the GOGO and OAI studies were 

located close to or within CCBE1 (collagen- and calcium-binding epidermal growth 

factor domains 1).  Mutations in CCBE1 are associated with Hennekam 

lymphangiectasia-lymphedema syndrome, a rare autosomal recessive disease 

characterized by lymphatic dysplasia, lymphedema, lymphangiectasia, facial 

dysmorphism, and developmental delay.[28, 29]  Functional studies show that CCBE1 

promotes cleavage of pro-vascular endothelial growth factor-C (pro-VEGF-C) to its 

active form by enhancing the activity of the metalloprotease, A disintegrin and 

metalloprotease with thrombospondin motif-3 (ADAMTS3), in areas where VEGF-C 

activation is needed for lymphangiogenesis or migration of newly differentiated 

lymphatic endothelial cells.[30]  Lymphangiogenesis may be stimulated in response to 

wound repair or inflammation to promote tissue fluid clearance and specific immune 

responses.  Abnormalities in lymphatic vessel development may lead to tissue fluid 

accumulation that is characteristic of synovial inflammation and effusion that are 

associated with progressive OA.  In fact, lymphatic vessels have been found to be present 

at lower densities in synovium from osteoarthritic knees compared to normal knees.[31]  

It is possible that genetic variation in CCBE1 may have an effect on lymphatic vessel 

development, which may play an important role in mediating the inflammatory responses 

that have become increasingly recognized as an important part of OA development. 

 Of the nominally significant meta-analysis associations, we found that some SNPs 

were cis-eQTLs for FECH (ferrochelatase) in skeletal muscle and SERPINB10 (serpin 

peptidase inhibitor, clade B, member 10) in whole blood based on publicly available data 

from GTex.  Associations with SNPs that have been shown to significantly alter gene 



 

 
 
 

117 

expression in tissues relevant to OA provides additional evidence that the SNP may have 

a biological effect on structural OA progression, especially given the limited statistical 

power that we have in the GOGO and OAI studies to detect SNPs of region-wide 

significance.  FECH encodes ferrochelatase, an enzyme responsible for catalyzing the 

insertion of iron into protoporphyrin IX in the last step of the heme biosynthesis pathway. 

Mutations in FECH are responsible for erythropoietic protoporphyria, an inborn error of 

porphyrin metabolism that presents during childhood and is characterized by elevated 

levels of protoporphyrin IX and light-sensitive dermatitis.[32]  Its relevance to OA 

progression is not immediately clear, but previous studies have found an association 

between hemochromatosis and osteoarthritis, where excess iron is deposited into the 

joints, stimulating inflammation and crystal deposition that leads to disease 

progression.[33]  Perhaps lower availability of ferrocheletase may parallel the effect of 

hemochromatosis and result in excess unincorporated iron that is deposited into joint 

tissues, though this has not be shown.   

We also identified several SNP associations that overlap with known cis-eQTLs 

for SERPINB10 in whole blood.  SERPINB10 is part of a clade of genes on 18q21-22 that 

encode for a superfamily of serine protease inhibitors, or serpins, which play an 

ubiquitous role in maintaining homeostasis of various intracellular and extracellular 

processes including complement activation, fibrinolysis, coagulation, cellular 

differentiation, tumor suppression, apoptosis, and cell migration.[34]  Serpin B10 

(bomapin) is expressed in cells of monocytic lineage and has been reported to sensitize 

myeloid progenitor cells to its growth environment, where serpin B10 stimulates 

proliferation of myeloid cells under normal growth conditions and apoptosis when 
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growth factors are removed.[35]  Given the increased recognition of inflammation as an 

important component of OA pathogenesis and the role of synovial macrophages in 

promoting the production of inflammatory and degradative mediators in the OA 

synovium,[36] it is possible that either deficient or excess serpin B10 may have a 

deleterious effect on myeloid differentiation to macrophages in response to 

environmental conditions within the joint.  

 Using longitudinal data from the GOGO study, a unique cohort of self-reported 

Caucasian families ascertained on clinical hand OA, we identified strong genetic linkage 

to 18q21-22 (LOD=4.1).  Since OA is a highly heterogeneous disease that may have 

different subtypes that are driven by different initiating factors, using a specific collection 

of families who have at least two siblings with clinical hand OA helped to reduce the 

phenotypic and genotypic heterogeneity that is often present in cohorts of unrelated 

individuals.  However, these same advantages also became limitations when we 

attempted to fine-map the genetic linkage region using association analysis of 1000 

genomes imputed SNP markers.  The small sample size in GOGO provided limited 

power to detect region-wide significant associations.  Furthermore, when we attempted to 

replicate suggestive associations in the OAI, a much larger independent cohort of 

unrelated individuals who have or are at high risk for symptomatic OA, few SNPs 

replicated, likely because of the phenotypic heterogeneity between the two cohorts and 

limited sample size.  Even though the phenotypes were harmonized across studies, there 

may still have been inherent differences between the studies due to differing 

ascertainment strategies.  Another limitation was the lack of sequencing data available in 

GOGO.  Few genetic linkage studies have successfully used association mapping of 
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common variants to identify the signal within a linkage region since the variant(s) driving 

the signal may be rare and not tagged by common variants.   

 Despite these limitations, we were motivated to conduct linkage analysis of 

structural OA progression in GOGO since there are few family studies of OA that have 

longitudinal measures as well as genotyping data.  This provided a unique opportunity to 

examine the genetic basis of structural OA progression, which may not be the same as 

OA susceptibility.  We identified a strong linkage signal to 18q21-22 specific to 

osteophytes progression in individuals with definitive radiographic OA.  Fine-mapping 

this region using 1000 genomes imputed SNP markers did not reveal any region-wide 

significant associations as expected, but did provide suggestive evidence for the 

association between structural OA progression and CCBE1, FECH, and SERPINB10 

based on replication, meta-analysis, and publicly available cis-eQTL data.  
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SUPPLEMENTARY MATERIAL 

Supplementary Tables 

Table 4.S1. Baseline characteristics for OAI participants with definitive knee OA 

Baseline characteristics Females 
(N=953) 

Males 
(N=803) 

Total 
(N=1,756) 

Mean age in years ± SD 63.8 ± 8.7 62.6 ± 9.3 63.3 ± 9.0 
BMI in kg/m2 (SD) 28.9 ± 5.2 29.3 ± 3.9 29.1 ± 4.7 
% History of knee injury 44.7 61.0 52.2* 
% Frequent knee pain 56.4 64.0 59.9* 
 

*History of knee injury missing for 22 individuals; frequent knee pain data missing for 18 

individuals. 

Table 4.S2. Frequency of knee OA progression in OAI 

Progression Measure No. Cases (%) No. Controls (%) Total 
KL grade 453 (26.9) 1,229 (73.1) 1,682* 
Osteophytes grade 960 (55.0) 787 (45.0) 1,747* 
Joint space narrowing grade 487 (27.7) 1,269 (72.3) 1,756 
 
*74 individuals had maximum values for KL grade and were not assessed for KL grade 

progression; 9 individuals had maximum values for osteophytes grade and were not 

assessed for osteophytes grade progression. 
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Supplementary Figures 

Figure 4.S1. Genome-wide linkage scan for OA progression in GOGO. 

Non-parametric genetic linkage scan implemented in MERLIN using SNP markers. 
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Figure 4.S1 Continued  
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Figure 4.S2. SNP associations for OA progression within 18q21-18q22 in GOGO 

-Log(P-values) for GEE associations are plotted against chromosome 18 base pair 
positions. 
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Figure 4.S3. Plot of cis-eQTLs for SERPINB10 

Using publicly available data from GTex, skeletal muscle and whole blood were queried 

for significant cis-eQTLs in SERPINB10. Red dots represent significant cis-eQTLs (FDR 

< 0.05).  The plot was generated from 

http://www.gtexportal.org/home/browseEqtls?location=serpinb10 

 

http://www.gtexportal.org/home/browseEqtls?location=serpinb10
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Figure 4.S4. Linkage disequilibrium plot for SERPINB10, HMSD, and SERPINB8. 

Darker red colors represent higher D’ values and numbers within the squares represent r2 
estimates. 
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Chapter 5: Association between polyarticular osteoarthritis, disease 
progression, and serum biomarkers in the Genetics of Generalized 
Osteoarthritis Study 
 

ABSTRACT 

Objective: To determine whether the burden of OA quantified by the number of 

OA-affected large joint sites (knee, hip, and lumbar spine) increases the risk of structural 

OA progression.  

Methods: Using well-characterized clinical, radiographic, and biomarker data 

from the Genetics of Generalized Osteoarthritis (GOGO) study, a multi-center study of 

small nuclear families ascertained on hand OA, we used a generalized estimating 

equations (GEE) approach to estimate the association of large joint OA burden with 

structural OA progression in the knee, hip, and spine.  We further measured a panel of 

serum biomarkers that quantify baseline joint metabolic processes to determine whether 

biomarker levels were associated with prevalent OA, disease progression, and the number 

of large OA joint sites affected.     

Results: An increased number of large joint sites affected with OA was 

associated with an increased risk of knee OA progression, as assessed by joint space 

narrowing progression (unadjusted HR=1.46, 95% CI=1.12-1.89, P-value=0.004) and hip 

OA progression, as assessed by osteophytes (unadjusted HR=1.51, 95% CI=1.03-2.22, P-

value=0.04) and joint space narrowing (unadjusted HR=1.60, 95% CI=1.06-2.43, P-

value=0.03).  Furthermore, an increased burden of OA was associated with a decrease in 

serum chondroitin sulfate 846 epitope of proteoglycan aggrecan (CS846), serum type II 
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procollagen carboxy-propeptide (CPII), and an increase in serum cartilage oligomeric 

matrix protein (COMP) and serum hyaluronan (HA).  One biomarker, HA, was also 

significantly associated with prevalent OA and OA progression.  These associations 

remained statistically significant after adjustment for baseline age, baseline BMI, gender, 

and clinical site. 

Conclusion: Our findings suggest that greater burden of OA is associated with an 

increased risk of OA progression and that HA may be a useful biomarker for monitoring 

OA disease activity. 
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INTRODUCTION 

Osteoarthritis (OA) is the most common form of arthritis in the United States 

(US) and is projected to affect 67 million US adults by 2030.[1]  It primarily affects older 

individuals, affecting joints of the knee, hip, spine, hand, and foot,[2,3] though OA in the 

hips and knees have the greatest impact on physical functioning and the ability to 

complete daily activities.[4,5]  Symptoms of OA lead to chronic pain, loss of mobility, 

and often, total joint replacements.  Currently, no disease modifying treatments have been 

approved.  Most treatments involve treating OA symptomatically, rather than preventing 

structural progression of the disease, though much work has been focused on developing 

treatments that target the mechanisms behind structural changes.[6]  Therefore, aside 

from prevention, one of the most important issues to address is structural OA 

progression.  A better understanding of the etiology of OA progression and its underlying 

biological processes may provide insight into new targets for drug development, guide 

how participants are selected for clinical trials of OA disease modifying agents, and 

identify individuals at high risk for rapid OA progression who may receive the greatest 

benefit from disease modifying treatments. 

Well-known risk factors for OA include genetics, female gender, advanced age, 

previous trauma, mechanical misalignment, meniscal damage, and obesity.  Several of 

these risk factors may either act locally within a specific joint or systemically across 

multiple joints.  OA has long been recognized as a disease of “wear and tear” that 

increases in prevalence at older ages and occurs secondary to trauma or unusual stress to 

the joint.  However, there is a subset of patients who experience OA at multiple joints, a 

condition that has been referred to as generalized OA, polyarticular OA, or multi-joint 
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OA, which may predispose individuals to faster disease progression than those with local 

OA only.[7,8]  This generalized construct to OA has been recognized since 1952, when 

Kellgren and Moore first described the polyarticular involvement of OA at the hands, 

feet, spine, knees, and hips as a distinct clinical entity, which they termed primary 

generalized osteoarthritis.[9]  However, there is no working standard definition and there 

is no commonly agreed upon definition of generalized OA in the field.  In fact, over 15 

different definitions have been used in previous studies, lending to a wide range of 

estimated frequencies for generalized OA, with most estimates ranging from 5-25%.[10]  

Regardless of the definition used, several studies have observed the frequent co-

occurrence of OA at the hands, knees, and hips,[11-16] and to a lesser extent, the 

spine.[17]  Those who experience OA at multiple joints may have underlying risk factors 

that act systemically across different joints, and increase the risk of disease progression.  

Previous studies have identified that hand OA progression increases the risk of knee OA 

progression,[18] or that knee OA progression increases the risk of OA progression in the 

lumbar spine and hip.[19]  Presence of OA at multiple joint sites increases the total 

burden of disease and is associated with systemic biomarkers levels,[20] but it is unclear 

whether an increased burden of disease also increases the risk of OA progression. 

In these analyses, we used data from the Genetics of Generalized Osteoarthritis 

(GOGO) study, a well-characterized, multi-center study of small nuclear families 

ascertained on hand OA, to determine whether the number of OA-affected joint sites is 

associated with increased risk of structural OA progression.  Since OA at multiple joints 

is associated with systemic differences related to joint metabolism, we also tested 

whether serum biomarkers that reflect activities related to cartilage repair (chondroitin 
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sulfate 846 epitope of proteoglycan aggrecan=CS846), cartilage synthesis (procollagen 

type IIA N-terminal propeptide=PIIANP, type II procollagen carboxy-propeptide=CPII), 

cartilage degradation (cartilage oligomeric matrix protein=COMP), systemic 

inflammation (C-reactive protein=CRP), and synovial inflammation (hyaluronan=HA) 

are associated with OA progression.  

 

METHODS 

Genetics of Generalized Osteoarthritis (GOGO) Study 

 The GOGO Study is an investigator-initiated, multi-center study (Duke University, 

Durham, NC; University of North Carolina, Chapel Hill, NC; University of Nottingham, 

Nottingham, UK; University of Sheffield, Sheffield, UK; University of Maryland, 

Baltimore, MD; Case Western Reserve University, Cleveland, OH; Rush Medical 

College, Chicago, IL) of genetic risk factors associated with hip, knee, and spine OA in 

self-reported Caucasian families ascertained on two siblings having clinical hand OA.  A 

total of 2,728 participants from 1,145 pedigrees were enrolled, of whom 86% of 

individuals had radiographic hand OA based on having radiographic Kellgren-Lawrence 

grade (KL) ≥ 2 in one or more interphalangeal (IP) joints, including the first 

carpometacarpal joint.  Individuals were extensively characterized through collection of 

clinical data, radiographs, and biological samples, where the same clinical ascertainment, 

radiographic protocol, and clinical research forms were used at all sites.  Further details 

about the study design and phenotypic analysis of participating individuals and families 

have been previously described.[21]  A subset of participants (n=1,382) returned for a 

follow-up visit, where the mean interval between the baseline and follow-up visit was 3.8 
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years (range 1.1-8.6 years).  Clinical data, radiographs, and biological samples were 

collected using the same protocols and forms that were used during the baseline visit. 

 

Definition of radiographic OA and OA progression 

 We designated OA status based on hand, knee, hip, and spine OA radiographs taken 

at the baseline visit.  Posteroanterior (PA) radiographs of the hands were performed with 

the beam centered on the third metacarpalphalangeal (MCP) joint.  For the knees, weight-

bearing, fixed-flexion PA radiographs were taken using a SynaflexerTM platform (Synarc, 

San Francisco, CA), where the feet were externally rotated 10°, the knees and thighs 

touched the vertical platform anteriorly, and the X-ray beam was angulated 10° caudally. 

For the hips, an anteroposterior view of the pelvis was taken with the participant supine 

and feet internally rotated 10°.  Lumbar spine radiographs were obtained for the US sites 

only.  A lateral view of the lumbar spine was performed with the participant recumbent, 

with the left side down.  Radiographs were graded according to KL criteria[22] and 

individual radiographic features, osteophytes and joint space narrowing grades (0-3), 

according to a standardized atlas.[23]  A single experienced radiologist, blinded to time 

sequence, read radiographs from the baseline and follow-up visits.  Both intra- and inter-

rater reliability (assessed with another trained radiologist) were high for reading of KL 

grades (weighted kappa for intra-rater reliability=0.886, weighted kappa for inter-rater 

reliability=0.859).  

 We defined hand OA as having KL grade ≥ 2 in one or more IP joints, including the 

first carpometacarpal joint.  Knee OA was defined as having KL grade ≥ 2 in one or both 

knees or having a history of total joint replacement for OA.  Hip OA was defined as 
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having KL grade ≥ 2 in one or more hip joints or total joint replacement for OA.  Spine 

OA was defined as having facet joint OA in three or more lumbar joints above or below 

the disc space.  We required that three out of five lumbar joints were affected so that the 

proportion of affected joints needed to meet the definition of OA in the spine, knee, and 

hips were comparable.  Radiographic progression of the knee, hip, and spine were 

assessed in those who have definitive knee, hip, and spine OA, respectively, and have a 

follow-up exam at least one year after the baseline exam.  At each joint site, we assessed 

progression according to KL grade, osteophytes grade, and joint space (disc space) 

narrowing grade, where individuals were designated progressors if their radiographs 

showed an increase in radiographic grade by one or more units at the follow-up exam or 

the individual underwent total joint replacement for OA.  Since KL grades were not 

provided for spine radiographs, we used a composite grade, where an increase in 

osteophytes grade or disc space narrowing grade by one or more units qualified as 

progression.  Radiographic grades that met the maximum grade at baseline were not 

assessed for progression at the follow-up exam. 

 

Biomarker measurements 

 The biomarkers CS846, PIIANP, CPII, COMP, CRP, and HA were measured 

from sera collected from whole blood on the day of baseline participant assessment.  

Samples were stored at -80°C until biomarker analyses were performed.  All samples 

were analyzed in duplicate.  Commercially available enzyme-linked immunosorbent 

assays (ELISA) were used to measure CS846 (IBEX Pharmaceuticals, Inc., Montreal, 

Canada), PIIANP (EMD Millipore Corporation, St. Charles, MO), and CPII (IBEX 
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Pharmaceuticals, Inc., Montreal, Canada).  The minimum detection limits for CS846, 

PIIANP, and CPII were 20 ng/ml, 17.2 ng/ml, and 35.1 ng/ml.  An enzyme linked 

binding protein assay was used to measure HA (Corgenix, Westminster, CO), which has 

a minimum detection limit of 10 ng/ml.  Samples were diluted 100-fold and analyzed for 

CRP using a highly sensitive solid phase sandwich enzyme immunoassay (United 

Biotech, Mountain View, CA), which was sensitive to less than 10 ng/ml.  A one-step 

sandwich ELISA was used to measure COMP (AnaMar Medical, Lund, Sweden) in 

samples that were diluted 10-fold.  The minimum detectable concentration of COMP was 

1 U/l.  For all biomarker measurements, concentrations were interpolated from standard 

curves that were created according to manufacturers’ instructions.  Measurements under 

the minimum detection limits were set to 0, though few fell under the minimum 

thresholds.  The intra-assay coefficients of variation were < 10.0%, < 6.6%, < 3.7%, < 

4.7%, < 3.9%, and < 3.0% for CS846, PIIANP, CPII, HA, CRP, and COMP, 

respectively.  

 

Statistical Methods 

 To determine whether the number of large joints (knee, hip, and spine) affected 

with OA (coded as 1, 2, or 3) at baseline increases the risk of OA progression in the knee, 

hip, or spine, we implemented generalized estimating equations (GEE) with a 

complementary log-log link, binary distribution, and log(time) offset to estimate the 

hazard ratios.  These models take into account interval censoring and correlation between 

individuals from the same family using an exchangeable matrix.  
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 We then evaluated whether biomarker levels were associated cross-sectionally 

with prevalent OA and burden of OA at baseline, and longitudinally with disease 

progression at each individual large joint OA site.  We used natural-logarithm 

transformations to normalize the distributions of CS846, PIIANP, CPII, CRP, and HA, 

which were right skewed.  No transformation was needed for levels of COMP.  To 

estimate the individual effect of baseline radiographic OA (knee, hip, and spine) on 

baseline biomarker levels, we used linear mixed-effect models, incorporating family 

membership as a random effect.  Similarly, we used linear mixed-effect models to 

estimate the effect of the number of large joints affected with OA on baseline biomarker 

levels.  We used a GEE modeling (described above) to determine the effect of each serum 

biomarker on knee, hip, and spine OA progression. 

 All models were adjusted for gender, clinical site, baseline age, and baseline BMI.  

Analyses were implemented using SAS 9.3 (Cary, NC). 

 

RESULTS 

GOGO participant characteristics 

 A total of 2,728 participants were enrolled in the Genetics of Generalized 

Osteoarthritis (GOGO) Study.  A subset of 676 participants had baseline radiographs of 

the knee, hip, and spine (Figure 5.S1).  About 46%, 38%, and 52% had knee, hip, and 

spine OA at the baseline visit (Table 5.1).  The majority of participants were women 

(65%).  The mean baseline age was 65.4 ± 9.2 years and the mean baseline BMI was 29.0 

± 6.2 kg/m2; both age and BMI were slightly higher in men than women.  A higher 

proportion of women had hallux valgus (46%) than men (32%), and most women were 
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post-menopausal (96%).  Frequency of previous injury/surgery, a known risk factor for 

OA, was in general low for both men and women, but more frequent in men. 

Table 5.1. Baseline characteristics in the GOGO study 

 Males (N=149) Females (N=527) Total (N=676) 

Mean age (SD) in years 66.2 (8.8) 65.2 (9.3) 65.4 (9.2) 

Mean BMI (SD) in kg/m2* 29.4 (5.4) 29.0 (6.4) 29.0 (6.2) 

% Radiographic hand OA 81.9 87.1 86.0 

% Radiographic knee OA 50.3 44.4 45.7 

% Radiographic hip OA 39.6 37.0 37.6 

% Radiographic spine OA 58.4 49.5 51.5 

% Hallux valgus* 31.5 45.8 42.7 

% History of low back surgery 10.1 7.8 8.3 

% History of hip injury 2.7 1.9 2.1 

% History of hip surgery 7.4 4.6 5.2 

% History of knee injury 16.1 10.8 12.0 

% History of knee surgery 22.2 14.2 16.0 

% Post-menopausal N/A 95.8 N/A 

 
*BMI: missing data for 2 males and 1 female; hallux valgus: missing data for 1 female 
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At baseline, the prevalence of hand OA was associated with an increasing number 

of OA-affected large joint sites (Figure 5.S2).  Individuals with no large joint 

involvement not only had the lowest percentage of radiographic hand OA (73%), but also 

the lowest mean age (60 ± 9 years).  Individuals with OA in 2 or 3 large joint sites had 

the highest proportion of hand OA, 96% and 94%, respectively.  Those with OA in 3 

large joints have the highest mean age (71 ± 8 years). 

A total of 268, 227, and 325 participants had a follow-up radiograph of the knee, 

hip, and spine, respectively. At the knee, almost half had progression according to KL 

grade (49%), osteophytes grade (49%), and joint space narrowing grade (46%) (Table 

5.2).  At the hip, about 8% progressed according to KL grade and 20% progressed 

according to osteophytes and joint space narrowing grades.  At the spine, 66% had 

progression as measured by either osteophytes or joint space narrowing grade in the 

spine.  For the individual components, 50% had progression according to osteophytes 

grade and 37% had progression according to joint space narrowing grade. 
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Table 5.2. Frequency of OA progression in the GOGO study 

 Joint Site 

Progression measure Knee Hip Spine 

% KL (N) 48.9 (235) 8.4 (225) 66.2 (325) 

% OST (N) 48.5 (268) 20.3 (227) 50.0 (324) 

% JSN (N) 46.3 (268) 19.8 (227) 37.3 (324) 

 
*KL=Kellgren-Lawrence; OST=osteophytes; JSN=joint space narrowing.  KL grade not 

provided for spine radiographs; classified as a KL grade progressor if progression by 

OST or JSN.  Eligible for progression if follow-up exam occurred at least one year 

beyond the baseline exam, baseline KL grade ≥ 2, and radiographic measure was less 

than the maximum value at baseline. 

 
  



 

 
 
 

141 

Effect of large joint OA burden on disease progression 

We hypothesized that individuals with a greater burden of OA as represented by 

the number of OA affected large joint sites would have an increased risk of OA 

progression at each joint site (knee, hip, and spine).  Using the composite radiographic 

measures, we did not find a significant association between large joint OA burden and 

OA progression at either the knee, hip, and spine (Figure 5.1).  However, when we 

assessed OA progression in a feature specific manner that separates cartilage degradation 

from bone formation, we found that the number of OA affected joint sites significantly 

increased the risk of joint space narrowing at the knee (unadjusted HR=1.46, 95% 

CI=1.12-1.89, P-value=0.004) and both osteophytes development (unadjusted HR=1.51, 

95% CI=1.03-2.22, P-value=0.04) and joint space narrowing (unadjusted HR=1.60, 95% 

CI=1.06-2.43, P-value=0.03) at the hip (table in Figure 5.1). The association with joint 

space narrowing progression in the knee and osteophytes progression in the hip remained 

statistically significant (α=0.05) after adjusting for gender, clinical site, and baseline age.  

After adjustment for BMI, only the association with joint space narrowing at the knee 

remained statistically significant.  The effect of OA burden on osteophytes progression in 

the knee suggested an increased risk of progression (HR=1.23, 95% CI=0.99-1.54, P-

value=0.06), which approached statistical significance after adjustment for gender, 

clinical site, and baseline age.  We did not find a significant relationship between large 

joint OA burden and spine OA progression.   
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In addition to evaluating the effect of a dose dependent increase in the number of 

OA-affected joint sites, we also determined whether OA at either specific joint sites or a 

combination of joint sites would increase the risk of OA progression.  Using joint space 

narrowing grade as the outcome, those who had OA at all three joint sites (knee, hip, and 

spine) had an increased risk of knee OA progression over those who had spine and knee 

OA only (unadjusted HR=2.17, 95% CI=1.44-3.26, P-value < 0.01), hip and knee OA 

only (unadjusted HR=2.01, 95% CI=1.14-3.53, P-value=0.02), or knee OA only 

(unadjusted HR=1.85, 95% CI=1.13-3.04, P-value=0.02) (Table 5.S1).  We found that 

hip OA, regardless of whether or not there was spine OA involvement, significantly 

increased the risk of joint space narrowing progression in the knee (unadjusted HR=1.63, 

95% CI=1.15-2.31, P-value=0.01).  These associations remained statistically significant 

after adjustment for gender, clinical site, age and BMI.  Similarly, using joint space 

narrowing grade as the outcome, we found that presence of OA at all three large joint 

sites significantly increased the risk of hip OA progression compared to those with spine 

and hip OA only (unadjusted HR=2.73, 95% CI=1.01-7.35, P-value=0.05) or hip OA 

only (unadjusted HR=2.39, 95% CI=1.06-5.37, P-value=0.04) (Table 5.S2).  Knee OA, 

regardless of spine OA involvement, significantly increased the risk of hip OA 

progression according to joint space narrowing grade (unadjusted HR=2.27, 95% 

CI=1.18-4.36, P-value=0.01) and osteophytes grade (unadjusted HR=1.90, 95% CI=1.01-

3.55, P-value=0.04).  While we found evidence that OA burden increases the risk of knee 

and hip OA progression, we did not find any evidence that large joint OA burden or OA 

at any other joint site increases the risk of spine OA progression (Table 5.S3). 
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Associations of serum biomarkers levels with baseline OA burden and OA 

prevalence 

 A greater burden of large joint OA was significantly associated with lower levels 

of ln(CS846), a cartilage repair biomarker (unadjusted β=-0.17, SE=0.08, P-value=0.03) 

and ln(CPII), a cartilage synthesis biomarker (unadjusted β=-0.07, SE=0.03, P-

value=0.03) and with higher levels of COMP, a cartilage degradation biomarker 

(unadjusted β=0.81, SE=0.25, P-value=2.14×10-3) and ln(HA), a marker of synovial 

inflammation (unadjusted β=0.18, SE=0.06, P-value=2.46×10-3).  These associations 

remained statistically significant after adjusting for gender, clinical site, age, and BMI 

(Figure 5.2). 
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To determine whether biomarkers levels were associated with OA at specific joint 

sites, we also evaluated associations of prevalent OA at each OA joint site (hand, knee, 

hip, and spine) with serum biomarker levels.  Hand OA was associated with higher levels 

of ln(HA) (unadjusted β=0.45, SE=0.11, P-value=1.12×10-4), COMP (unadjusted β=1.05, 

SE=0.54, P-value=0.05), and CPII (unadjusted β=0.17, SE=0.06, P-value=0.01) (Table 

5.S4).  Knee OA was associated with higher levels of ln(HA) (unadjusted β=0.38, 

SE=0.07, P-value=1.89×10-7), but not COMP (unadjusted β=0.32, SE=0.33, P-

value=0.32) (Table 5.S5), while hip OA was associated with higher levels of both ln(HA) 

(unadjusted β=0.28, SE=0.07, P-value=8.69×10-5) and COMP (unadjusted β=0.87, 

SE=0.33, P-value=0.01) (Table 5.S6).  Spine OA was associated with higher levels of 

COMP (unadjusted β=1.03, SE=0.48, P-value=0.04), but not ln(HA) (unadjusted β=0.17, 

SE=0.11, P-value=0.12) (Table 5.S7). 

 

Association of serum biomarker levels with OA progression 

 Since burden of disease was most strongly associated with knee and hip OA 

progression, we then assessed whether baseline levels of serum biomarkers were also 

associated with knee and hip OA progression.  Higher levels of ln(CPII) were 

significantly associated with a decreased risk of joint space narrowing progression in the 

knee (unadjusted HR=0.68, 95% CI=0.47-0.97, P-value=0.03), but an increased risk of 

both joint space narrowing (unadjusted HR=2.72, 95% CI=1.18-6.26, P-value=0.02) and 

osteophytes progression (unadjusted HR=3.28, 95% CI=1.39-7.71, P-value=0.01) in the 

hip (Table 5.3 and Table 5.4).  Higher levels of ln(HA) were significantly associated with 

an increased risk of osteophytes development in the knee (unadjusted HR=1.34, 95% 
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CI=1.03-1.74, P-value=0.03), joint space narrowing in the hip (unadjusted HR=1.46, 95% 

CI=1.06-2.01, P-value=0.02), and worsening KL grade in the hip (unadjusted HR=1.67, 

95% CI=1.06-2.62, P-value=0.03). ln(HA) was significantly associated with osteophytes 

progression in the hip, but only after adjustment for gender, clinical site, and age 

(adjusted HR=1.57, 95% CI=1.06-2.33, P-value=0.02).  Serum concentrations of COMP 

were not significantly associated with knee or hip OA progression. 
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DISCUSSION 

 Several studies have noted the common co-occurrence of OA at multiple joint 

sites, but few have studied whether an increased burden of OA also increases the risk of 

disease progression.  In this analysis, we report that greater OA involvement at multiple 

joint sites increases the risk of structural OA progression at the knee and hip, but not the 

spine over a mean follow-up period of four years.  We further demonstrated associations 

between some serum biomarkers, most notably HA, and OA progression at both the knee 

and hip, as well as with overall large joint OA burden, and prevalent OA at the hands, 

knees, and hips.  These findings are consistent with polyarticular OA being a more 

metabolically active disease with higher levels of biomarker activity predicting more 

severe disease progression.  More specifically, these results suggest that HA may be a 

useful biomarker for identifying a subset of OA patients at high risk for structural OA 

progression. 

We identified a dose-dependent relationship between the number of affected large 

OA joint sites and knee and hip OA progression, but not spine OA progression.  These 

associations were specific to individual radiographic features, where the burden of OA 

was associated with joint space narrowing progression in the knee and both osteophytes 

and joint space narrowing in the hip.  The relationship between OA burden and knee 

osteophytes progression neared statistical significance, suggesting that OA burden may 

also increase the risk of osteophytes progression in the knee.  However, notably, OA 

burden was not associated with worsening of the summary measure or individual 

radiographic features at the spine, suggesting that the etiology of spine OA may be 

different from knee and hip OA.  An alternative explanation could be that defining spine 
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OA is simply more difficult, since formation of osteophytes in the spine is common with 

advanced age and may accompany other aging related conditions such as kyphosis.  

Spine OA may also be confused with or accompanied by degenerative disc disease that 

results in deterioration of the intervertebral discs.  Therefore, some cases may have been 

misclassified as having spine OA, making it more difficult to detect an association. 

When we assessed the effect of knee OA on hip OA progression and the effect of 

hip OA on knee OA progression, we found that irrespective of the presence of spine OA, 

OA at one joint site significantly increased the risk of OA progression at the other joint 

site.  This suggests that there may be shared risk factors between knee and hip OA that 

impact the risk of OA progression.  One possibility is BMI, a known risk factor for OA 

susceptibility.  Interestingly, the effect of hip OA on knee OA progression remained 

significant and the effect of knee OA on hip OA progression did not remain significant 

after adjusting for BMI.  Hence, BMI may have a greater impact on disease progression 

through knee OA, which could be mediated by knee malalignment.[24-25]  Knee and hip 

OA may also share heightened inflammatory responses, though the exact culprit behind 

the inflammation is unclear.  Either biological derangement or biomechanical 

misalignment, or both, may be at fault.  There may be a shared genetic component, but 

analyses of genetic correlation across OA joint sites did not support this (Appendix C).  

Prior studies have noted that knee malalignment increases the risk of knee OA 

progression.[26-28]  It is possible that this malalignment could also translate to an 

increased risk of hip OA progression.  Similarly, hip abductor weakness associated with 

hip OA may also increase the risk of knee OA progression.[29] 
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We found that baseline serum biomarker levels were associated with OA at 

multiple joints and disease progression.  Synthesis of type II collagen and aggrecan, the 

primary components of cartilage matrix in the joints, are thought to increase in an attempt 

to repair osteoarthritic cartilage.[30]  However, we found that lower levels of type II 

collagen and aggrecan synthesis, which we measured with CPII and CS846, respectively, 

was associated with OA at multiple joints.  This is supported by another study that found 

lower CPII concentrations in individuals with multi-site OA compared to those with OA 

at only one site.[31]  Some have suggested that while CPII increases during OA 

development, it reaches a maximum before OA can be detected on radiographs, at which 

point levels decrease due to increased degradation of type II collagen and aggrecan.[32]  

We also measured COMP, which stabilizes the collagen network and is released during 

cartilage degradation, and HA, a lubricating substance in the synovium that increases in 

response to synovial inflammation.[33-35]  We found that elevated levels of both COMP 

and HA were associated with greater burden of disease, suggesting that cartilage 

degradation and synovial inflammation are important components of advanced OA 

disease, which is consistent with previous reports.[36-41]  Of these biomarkers, only HA 

was consistently associated with prevalent hand, knee, and hip OA, as well as knee and 

hip OA progression.  The consistency of association between elevated levels of HA and 

prevalence, burden, and progression at multiple OA joint sites suggests that synovial 

inflammation or synovitis may be a shared risk factor for disease progression across 

multiple joint sites.  Furthermore, since HA meets three out of four relevant criteria from 

the "Burden of disease, Investigative, Prognostic, Efficacy of intervention, and 

Diagnostic" ("BIPED") classification,[42,43] it may be a good marker for monitoring 
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OAprogression across the spectrum of disease development and help identify individuals 

at greater risk for OA progression.  Even though HA is present in multiple tissues 

throughout the body, and elevation in the serum may be caused by conditions other than 

OA, its consistency as a marker for elevated OA activity in these analyses as well as 

other studies make it unlikely that comorbid conditions alone can explain these 

findings.[37]   

In summary, these analyses support the notion that OA at multiple joint sites 

increases the risk of OA progression, which is associated with HA, a biomarker for 

synovial inflammation.  Though more work will be needed to establish appropriate 

ranges, HA may be a useful monitoring tool for disease activity across the spectrum of 

OA development, from early OA disease detection to identification of individuals at 

higher risk of OA progression.  We also found that the effects of knee and hip OA on OA 

progression were more related to each other than with spine OA, suggesting that 

development of spine OA may have different etiology than knee and hip OA, though 

more work will be needed to confirm this.  Additionally, we cannot rule out the 

possibility that the intimate relationship between knee and hip OA and their effects on hip 

and knee OA progression, respectively, may be attributed to shared biomechanical 

factors.  More work will be needed to determine the role of biomechanics in the trajectory 

of OA across multiple joint sites. 
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Supplementary Figures 

Figure 5.S1. Selection of GOGO participants.  

The flowchart describes the number of participants with baseline knee, hip, and spine 

radiographs that were selected for analyses and of these, the number of participants who 

also have a follow-up radiograph. 
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Figure 5.S2. Frequency of hand OA by number of large joints affected with OA at 

baseline. 

Percentage of individuals who have hand OA based on the number of joint sites affected 

with OA.  Mean age ± SD in years are provided for each group. 
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Chapter 6: Discussion 

SUMMARY 

 This dissertation aimed to determine the clinical and genetic factors associated with 

the progression of osteoarthritis (OA), the most common form of arthritis in older adults.  

Aside from disease prevention, understanding the clinical and genetic basis of structural 

OA progression has high significance insofar as current treatments for OA target 

symptoms and not structural changes in the joint, which may be irreversible.  There is a 

need to develop and approve disease-modifying agents for treatment of OA, but a major 

barrier has been identifying subsets of individuals at high risk for disease progression in 

order to show efficacy of a drug within a reasonable timeframe.  A better understanding 

of the clinical and genetic basis of disease progression may be useful for identifying 

subsets of OA patients for clinical trials who are likely to progress and for risk 

stratification of OA patients who may benefit from more aggressive treatment.  

Furthermore, an improved understanding of structural disease progression may help 

identify new biological pathways or better targets for therapeutic interventions.  So far, 

the majority of studies have focused on OA susceptibility, which may not necessarily 

share the same risk factors and biological pathways as OA progression. 

 To address this gap, this dissertation utilized two large prospective studies of OA 

for which standardized procedures were used to assess structural OA progression over 

time:  1) Genetics of Generalized Osteoarthritis (GOGO) and 2) Osteoarthritis Initiative 

(OAI).  Each study has its own advantages and disadvantages, and provides a slightly 

different view of disease progression.  The GOGO was ideal for studying the genetic 

architecture of OA progression since it ascertained families genetically enriched for hand 
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OA, a known risk factor for generalized OA.  Ascertainment for this specific group of 

participants reduced the phenotypic and genetic heterogeneity in the phenotype, 

providing more power to detect major genes associated with structural OA progression 

through linkage studies.  However, the sample size in GOGO was small, providing little 

power to detect associations to common SNPs with incomplete penetrance and small 

effect sizes.  On the other hand, longitudinal radiographic data at multiple OA-affected 

joints (knees, hips, and spine) were available, providing an added glimpse into the 

association between polyarticular OA and disease progression.  The OAI, which was 

designed as a natural history study of individuals who have symptomatic knee OA, was 

ideal for identifying clinical and genetic risk factors that were associated with OA 

progression.  History of knee injury, a known risk factor for OA, was highly prevalent in 

the OAI compared to GOGO, and therefore, these studies may have different risk profiles 

for OA progression.  However, risk factors that do replicate across studies are more likely 

to represent important global mechanisms involved in OA progression that are 

generalizable to other at-risk OA patients. 

 Through a set of three studies, this dissertation identified clinical and genetic risk 

factors for structural OA progression, concluding the following: 

1) Using a systematic, agnostic screen of clinical risk factors from six risk 

domains in the OAI, knee joint effusion, BMI, female gender, diabetes/high 

blood sugar, use of prescription analgesics, and KOOS pain score were 

significantly associated with structural OA progression (P< 0.05), but as a 

risk profile, moderately predicted structural OA progression in the OAI 

(AUC=0.61, 95% CI=0.60-0.63).  This risk profile provided comparable 
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predictive utility in the GOGO study (AUC=0.62, 95% CI=0.57-0.68).  These 

findings help explain the failure of current strategies to enrich for progressors 

in clinical trials based on gender and BMI, and calls for the need to validate 

and incorporate biomarkers into the risk prediction model that better reflect 

underlying biological activity.  Regardless of the moderate utility in assessing 

clinical risk factors for structural OA progression, we also gained insight into 

the biological processes underlying structural OA progression.  The 

consistency of associations across various radiographic measures of OA 

progression and replication in an independent cohort suggests that clinical 

risk factors related to inflammation and pain may be intimately related in 

driving structural OA progression. 

2) We found evidence that there may be a major gene on chromosome 18q21-22 

that influences susceptibility to structural OA progression.  Fine-mapping of 

18q21-22 with 1000 genomes imputed SNP markers in GOGO, replication 

and meta-analysis with OAI, and inclusion of publicly available cis-eQTL 

data, did not yield any compelling associations.  However, suggestive 

associations included variants in CCBE1, which encodes a collagen and 

calcium binding epidermal growth factor domain involved in 

lymphangiogenesis, FECH, which encodes ferrocheletase that catalyzes the 

incorporation of iron in the final step of heme synthesis, and SERPINB10, 

which encodes a serine protease inhibitor involved in homeostatic 

mechanisms.  Additional replication and functional studies would be needed 

to determine whether these genes are associated with disease progression in 
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other cohorts and to determine the exact mechanisms behind their 

involvement. 

3) Involvement of OA at multiple large joint sites (knee, hip, and spine) 

increases the risk of structural OA progression at the knee and hip, but not the 

spine over a mean follow-up period of four years, suggesting that spine OA 

progression may have a different etiology from knee and hip OA progression.  

Furthermore, we demonstrated the association between several serum 

biomarkers and structural OA progression, of which serum hyaluronic acid 

(HA), a biomarker for synovial inflammation, was also associated with OA at 

multiple joint sites and prevalent OA at the hands, knees, and hips.  These 

findings are consistent with polyarticular OA being a more metabolically 

active disease state that increases the risk of structural OA progression and 

suggest that HA may be a useful biomarker for identifying a subset of OA 

patients at high risk for structural OA progression. 

 In summary, work from this dissertation established a set of clinical predictors that 

are associated with structural OA progression, but have limited utility in predicting 

disease progression, providing a reason for the failure of current strategies to identify 

high-risk individuals through clinical risk factors alone.  Development and validation of 

biomarkers will be needed to further refine the criteria used to identify individuals at high 

risk for structural OA progression.  Our work with polyarticular OA suggests that 

increased OA involvement at multiple joint sites reflects elevated metabolic activity that 

increases the risk of structural OA progression, where the biomarker, serum HA, may be 

a good candidate for risk stratifying OA patients and monitoring OA disease activity.  
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Furthermore, this dissertation demonstrates that there are genetic risk factors involved in 

structural OA progression by providing strong evidence for genetic linkage to 18q21-22, 

though additional validation and functional studies will be needed to establish the 

causative loci. 

 

FUTURE DIRECTIONS 

 This dissertation lays the groundwork for future studies of OA progression.  OA is 

a highly heterogeneous disease given the multitude of environmental and genetic risk 

factors that may affect disease presentation.  Structural progression is no different, though 

work from this dissertation suggests that serum HA may be useful for identifying a subset 

of individuals at high risk for disease progression and for monitoring disease progression.  

Unlike other complex diseases like cardiovascular disease and diabetes, there are few 

quantitative traits available for OA that reflect disease activity.  Serum HA may be a 

good candidate for use in phenotyping for genetic studies, especially if validated and 

normal ranges are provided.  Additionally, genome-wide association studies of serum 

HA, which more closely reflects the underlying biology, may help yield new loci 

involved in structural OA progression.  New quantitative traits such as cartilage volume 

measured by magnetic resonance imaging are now becoming more widely available and 

would also be ripe for the application of genome-wide association studies. 

 Despite using categorical radiographic grades to classify structural progression, we 

identified strong genetic linkage to 18q21-22, though were less successful in fine-

mapping the region using 1000 genomes imputed SNP markers.  The evidence for the 

current list of candidate genes within this region is tenuous, but if confirmed in other OA 
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cohorts may provide new leads for identifying the mechanisms behind structural OA 

progression.  Furthermore, whole-genome or exome sequencing would be needed to 

further map the causative signal within the linkage region. 

 While this dissertation shows that OA at multiple joint sites increases the risk of 

OA progression, where knee OA alone is highly associated with hip progression and vice 

versa, and systemic differences in biomarker levels correlate with increased joint 

involvement and disease progression, it is unclear whether these relationships are due to 

shared genetics, biomechanics, or other risk factors like overweight.  Our analysis of 

genetic correlation of OA progression across different joint sites showed that genetic 

factors were not correlated; however, the sample size to obtain these estimates was small, 

so a negative finding may not necessarily mean that there is no correlation.  Replication 

of these genetic correlations in a larger cohort would be needed to confirm our findings.   

Deficient biomechanics at one joint may affect disease progression at another joint site. 

Assessing the relationship between OA progression at multiple sites and knee alignment, 

hip shape, and muscle strength, will be needed to determine the role of biomechanics in 

disease trajectories at multiple joint sites.  Another possibility is that overweight affects 

systemic activities, such as chronic inflammation, changes in biomechanics, or both that 

lead to elevated metabolic activities within the OA joint.  Additional studies that tease 

apart the relative influence of all of these factors on OA progression would be useful for 

identifying the best targets for therapeutic interventions. 
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Appendices 

APPENDIX A.  GOGO GENOTYPE DATA CLEANING 

The original GOGO genotype file consisted of 666,259 SNPs for 1,257 samples.  

We removed 62,047 SNPs that either failed genotyping or were copy number variations.  

SNPs were also assessed for call rate (<99%) and Hardy-Weinberg equilibrium 

(P<0.001).  We removed 43,322 SNPs that had low call rates and 1,444 SNPs that did not 

meet Hardy-Weinberg equilibrium.  We also excluded 287 SNPs that exceeded a Mendel 

error rate > 1%.  A total of 29,971 duplicate SNPs were also removed.  After filtering, a 

total of 529,189 SNPs passed data quality checks (Table A.1).  Of these, 478,118 SNPs 

had minor allele frequencies > 0.05 and were used for 1000 genomes genotype 

imputation. 

Table A.1. Summary of the GOGO filtered genotype file 

# markers 529,189 
mean SNP call rate 99.9 (range=98.8-100.0) 
range of minor allele frequencies 0-50% 
     # monomorphic SNPs 5,993 
     # rare SNPs (0 < MAF ≤ 0.01) 27,852 
     # low freq SNPs (0.01 < MAF ≤ 0.05) 17,226 
     # common SNPs (MAF > 0.05) 478,118 

  # individuals 1,245 
     # males 243 
     # females 1,002 
     # families 626 
mean individual call rate 99.9 (range=97.5-99.9) 
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A total of 1,257 samples were genotyped in the GOGO study.  We removed 12 

samples that had call rates less than 95%.  Samples were also assessed for sex 

discordance using Y chromosome call rate and X chromosome homozygosity (Figure 

A.1).  Genetic data for all samples matched the reported gender.  We also assessed excess 

heterozygosity and removed samples that had heterozygosity rates that exceeded three 

standard deviations from the mean (Figure A.2).  There were 14 samples that had reduced 

heterozygosity that were not removed from the data.  We also checked for population 

stratification against HapMap data from CEU, YRI, and JPT/CHB.  All samples clustered 

with CEU HapMap data, confirming self-reported Caucasian ancestry for all GOGO 

samples (Figure A.3).  Two families deviated slightly from the main cluster of families, 

indicating that there may be different subpopulations (Figure A.4).  To assess cryptic 

relatedness, we obtained IBD estimates for sharing 0, 1 or 2 alleles between pairs of 

individuals to determine whether the genetic relationships were consistent with 

relationships from the pedigree (Figure A.5).  Mismatches were double-checked and 

corrected.  Families were excluded if the Mendel error rate exceeded 1%, though none 

met this criterion.  A total of 1,245 samples passed all quality checks (Table A.1). 

 

 

  



 

 
 
 

175 

Figure A.1. Check sex discordance 

Gender based on genetic data is determined based on Y chromosome call rate and X 

chromosome homozygosity estimate.  Red=males; blue=females. 
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Figure A.2. Check excess heterozygosity 

Heterozygosity rates are plotted against log10 of the proportion of missing SNPs per 

sample.  Horizontal red dotted lines represent ± 3 SD from the mean heterozygosity rate.  

Vertical red dotted line represents proportion of missing genotypes=0.03. 
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Figure A.3. Check population misclassification in GOGO using HapMap data 

Components for GOGO and HapMap CEU, YRI, and JPT/CHB data were obtained 

through multi-dimensional scaling.  Black=GOGO, red=CEU, blue=YRI, and 

green=JPT/CHB.  GOGO samples cluster with CEU samples. 
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Figure A.4. Check population stratification in the GOGO study 

Components are obtained through multi-dimensional scaling.  Families are represented 

by different colors. 
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Figure A.5. Check genetic relatedness against pedigree relationships 

Plot IBD estimates for 0, 1, and 2 alleles shared between pairs of individuals to identify 

samples where genetic relatedness does not match the expected relatedness based on the 

pedigree.  FS=full sibling, HS=half sibling, OT=other, PO=parent-offspring, and 

UN=unrelated.  Samples that had misspecified relationships were double-checked and 

corrected.  Panel A presents plots before relationships were corrected in the pedigree and 

Panel B represents plots after relationships in the pedigree were corrected according to 

the genetic data. 
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APPENDIX B.  GOGO IMPUTATION QUALITY CHECK 

 After data cleaning and removing SNPs with minor allele frequencies ≤ 5%, there 

were 478,118 SNPs from 1,245 samples in the filtered file.  Before imputation, we 

upgraded to Build 37 and removed 1,110 ambiguous SNPs (SNPs that have A/T or C/G 

alleles) and 593 SNPs that no longer map to the new build.  A total of 476,415 SNPs 

were moved forward to imputation (Table B.1).  Data were phased using SHAPEIT and 

imputed using IMPUTE2 based on the 1000 Genomes Phase I integrated haplotypes 

reference panel (December 2013).  We assessed imputation quality using average INFO 

for genotyped SNPs that were treated as imputed SNPs, concordance between the 

observed and most likely imputed genotype, and R2 correlation between the observed and 

imputed allelic dosage.  Average INFO, concordance, and R2 were high across the range 

of minor allele frequencies (Table B.2).  We also plotted the distribution of SNPs by 

INFO scores, which showed that there was a high number of SNPs with high INFO 

scores, and the number of SNPs drops as INFO decreases.  For INFO scores less than 0.3, 

the number of SNPs begins to increase with a decrease in INFO, suggesting thatINFO 

scores less than 0.3 should be removed (Figure B.1).  A more conservative cutoff is 0.8.  

We also checked the distribution of INFO scores by chromosome and found that the 

distribution was comparable across all autosomal chromosomes, but extremely low for 

the X chromosome (Figure B.2).  When assessing the distribution of INFO scores by 

minor allele frequency, we found that average INFO scores were comparable above a 

minor allele frequency of 10%, but dropped significantly for minor allele frequencies 

under 5% (Figure B.3).  Using a different imputation quality metric, certainty score, 
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which is a measure of the certainty of the best-guess genotype, we found that most SNPs 

had high certainty scores (Figure B.4) and the distribution of certainty scores was 

comparable across all chromosomes (Figure B.5). 
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Table B.1. Summary of GOGO SNPs used for 1000 genomes imputation 

Chr # Study SNPs 
that passed 
pre-
imputation 
filtering 

# Study SNPs 
that overlap 
with the 
reference 
panel (A) 

# Non-study 
SNPs that were 
imputed (B) 

Total # of 
imputed 
SNPs (A+B) 

# Study 
only SNPs 
(not on 
reference 
panel) 

1 36,345 36,302 2,118,855 2,155,157 43 
2 38,599 38,550 2,308,308 2,346,858 49 
3 32,333 32,296 1,934,363 1,966,659 37 
4 27,947 27,918 1,940,249 1,968,167 29 
5 29,153 29,115 1,778,967 1,808,082 38 
6 30,829 30,775 1,725,081 1,755,856 54 
7 25,772 25,729 1,573,653 1,599,382 43 
8 26,394 26,356 1,531,068 1,557,424 38 
9 22,803 22,776 1,164,954 1,187,730 27 
10 24,979 24,939 1,336,566 1,361,505 40 
11 23,285 23,246 1,333,634 1,356,880 39 
12 23,101 23,063 1,291,264 1,314,327 38 
13 17,593 17,571 970,168 987,739 22 
14 15,684 15,661 888,688 904,349 23 
15 14,221 14,203 798,342 812,545 18 
16 14,644 14,622 851,376 865,998 22 
17 12,637 12,625 740,547 753,172 12 
18 14,233 14,217 768,791 783,008 16 
19 8,412 8,397 595,119 603,516 15 
20 12,219 12,205 605,489 617,694 14 
21 7,107 7,095 369,667 376,762 12 
22 7,315 7,309 358,335 365,644 6 
23 10,810 10,803 1,239,415 1,250,218 7 
TOTAL 476,415 475,773 28,222,899 28,698,672 642 
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Table B.2. Mean INFO, concordance, and R2 for masked (type 2) SNPs 

MAF # of SNPs Average INFO Average Concordance Average R2 
< 0.05 0 -- -- -- 

0.05 - 0.10 61,775 0.952 0.986 0.920 
0.10 - 0.15 63,475 0.960 0.983 0.935 
0.15 - 0.20 57,787 0.964 0.980 0.942 
0.20 - 0.25 54,014 0.965 0.980 0.944 
0.25 - 0.30 50,327 0.966 0.974 0.945 
0.30 - 0.35 48,993 0.967 0.972 0.947 
0.35 - 0.40 46,809 0.968 0.971 0.949 
0.40 - 0.45 45,952 0.968 0.970 0.948 
0.45 - 0.50 46,641 0.968 0.970 0.949 

 
*INFO for a type 2 (genotyped) SNP treated as a type 0 (imputed) SNP; Concordance 

between observed and most likely imputed genotype; R2 is the squared correlation 

between observed and imputed allelic dosage 
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Figure B.1. Distribution of INFO scores 

The histogram shows the distribution of SNPs according to INFO scores. 
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Figure B.2. Distribution of INFO scores by chromosome 

This shows the mean and range of INFO scores for each chromosome. 
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Figure B.3. Average INFO by minor allele frequency 

Average INFO scores for each minor allele frequency bin (every 5%) are plotted in black 

alongside the corresponding average number of SNPs in blue. 
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Figure B.4. Distribution of certainty scores 

The histogram shows the distribution of SNPs according to certainty score, which is a 

measure of the certainty of the best-guess genotype. 
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Figure B.5. Distribution of certainty scores by chromosome 

The mean and range of certainty scores are provided by chromosome. 
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APPENDIX C.  GENETIC CORRELATION BETWEEN MEASURES OF 

STRUCTURAL OA PROGRESSION ACROSS JOINT SITES 

We assessed the genetic correlation between various measures of structural OA 

progression (Kellgren-Lawrence (KL) grade, osteophytes (OST) grade, and joint space 

narrowing (JSN) grade) and the genetic correlation between these measures across joint 

sites (knee, hip, spine) by estimating the correlation of z-scores between genome-wide 

association (GWA) analyses using linear regression.  We used 1000 genomes imputed 

data (previously described in Chapter 4) from the Genetics of Generalized Osteoarthritis 

(GOGO) study to conduct genome-wide association analyses of KL, osteophytes, and 

joint space narrowing progression in the knees, hips, and spine.  GWA analyses were 

conducted with a generalized estimating equations (GEE) method that accounts for 

correlation within families and implemented with the GWAF R package.[1]  All analyses 

were adjusted for age, gender, population stratification, and clinical site.  We replicated 

our results in the Osteoarthritis Initiative (OAI), a multi-center, longitudinal study of 

individuals who have symptomatic OA.  Since radiographs of the hip and lumbar spine 

were not available, we were only able to verify our results for genetic correlation between 

radiographic measures of knee OA progression.    

We found that KL and JSN progression in the knee are highly correlated and 

correlation between OST progression and the other two measures are poorly correlated 

(Figure C.1).  This implies that the genetic variation responsible for osteophytes 

development and joint space narrowing is different, which we would expect since 

osteophytes grade is likely to capture processes related to bone development, while joint 

space narrowing grade is likely to capture processes related to cartilage degradation.  The 
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same trends are recapitulated in analyses of knee OA progression in the OAI study 

(Figure C.2).  In the hip and lumbar spine, osteophytes and joint space narrowing 

progression are also poorly correlated, while unlike our findings in the knee, KL 

progression appears to be more highly correlated with osteophytes progression than joint 

space narrowing progression.  Since there is evidence that there is a systemic component 

to polyarticular OA and OA progression, we expected to find genetic correlation of OA 

progression across all joint sites, where knee and hip OA progression would be more 

highly correlated than progression at the knee and spine or hip and spine.  However, we 

did not find any evidence for genetic correlation of OA progression across joint sites, 

which may indicate that progression across joint sites is systemically related through 

biomechanical mechanisms rather than genetics (Figure C.1). 
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Figure C.1. Genetic correlations (r2) between radiographic measures and across joint sites 

in the Genetics of Generalized Osteoarthritis (GOGO) study. 

The r2 values were obtained from linear regression of z-scores from genome wide 

association analyses of Kellgren-Lawrence (KL) grade, osteophytes grade (OST), and 

joint space narrowing grade (JSN) grade progression at the knees, hips, and lumbar spine. 

 
    Knee Hip Spine 
    KL OST JSN KL OST JSN KL OST JSN 

Knee 

KL 
1 0.17 0.76 0 0 0 0 0 0.01 

OST 
0.17 1 0.15 0 0 0 0 0 0.02 

JSN 
0.76 0.15 1 0 0 0 0 0 0.01 

Hip 

KL 
0 0 0 1 0.45 0.39 0 0 0 

OST 
0 0 0 0.45 1 0.25 0 0 0 

JSN 
0 0 0 0.39 0.25 1 0 0 0 

Spine 

KL 
0 0 0 0 0 0 1 0.6 0.34 

OST 
0 0 0 0 0 0 0.6 1 0.04 

JSN 
0.01 0.02 0.01 0 0 0 0.34 0.04 1 
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Figure C.2. Genetic correlations between knee measures in the Osteoarthritis Initiative 

(OAI) study. 

The r2 values were obtained from linear regression of z-scores from genome wide 

association analyses of Kellgren-Lawrence (KL) grade, osteophytes grade (OST), and 

joint space narrowing grade (JSN) grade progression at the knees.  Longitudinal 

radiographs of the hip and spine were not available. 

 

 
KL OST JSN 

KL 
1 0.11 0.87 

OST 
0.11 1 0.12 

JSN 
0.87 0.12 1 
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