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ABSTRACT 

 

Title: The association between radiographic knee osteoarthritis and pain: an 

epidemiological analysis of a twenty-year community-based cohort 

 

Background: Knee osteoarthritis (OA) is one of the leading musculoskeletal burdens in 

the world, causing both structural damage and pain to the joint. Radiographs are the most 

common imaging method for diagnosing OA, however the relationship between 

radiographic changes (ROA) and symptoms is not well understood. This thesis will 

establish the natural history of twenty-year ROA, compare diagnostic methods of ROA 

assessment, evaluate the cross-sectional relationship between ROA and pain, and will 

determine the long-term predictive validity of features of ROA with future knee 

replacements.  

 

Methods: Data from the Chingford women’s study, a twenty-year prospective UK-based 

cohort was used for the analysis. Risk factors included atlas-based ROA scoring methods 

and quantitative joint space width, which were analysed against pain and TKR outcome 

measures. A novel method for assessing joint space on low-contrast x-rays was developed 

which had high reproducibility and validity. 
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Results: The twenty-year natural history of ROA showed relatively low levels of annual 

incidence (3.8%), progression (3.6%), and worsening (4.5%), and emphasised the 

involvement of both medial and lateral osteophytes. Severe JSN had the best construct 

validity with pain, while any size of lateral tibial osteophyte had good construct validity. 

Medial quantitative JSW had good construct validity, but no predictive validity with future 

TKRs. Lateral JSN and osteophytes had the best predictive validity for future TKR.  

 

Conclusion: This research demonstrates that radiographic scoring methods have strong 

construct and predictive validity with symptomatic knee OA. These results support the use 

of x-rays to identify early disease changes which indicate future joint failure. 
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1 INTRODUCTION 

1.1 Rationale  

Knee osteoarthritis is a major world health burden, and radiographs are the most 

commonly used imaging technology for diagnosis. However, research into the relationship 

between radiographic disease and clinical symptoms is both confusing and incomplete. 

Due to a lack of standardised diagnostic methods and the limited availability of long-term 

population-based cohorts, it has been difficult to determine the true prevalence of disease 

over its full natural course, to assess the relationship between pain and radiographic OA 

and to determine the long term risk of having radiographic knee osteoarthritis. All of these 

analyses are essential for identifying risk factors for severe OA validate the diagnostic 

methods for ROA. This thesis aims to address these fundamental issues surrounding both 

the natural history of knee osteoarthritis as well as determine the construct and predictive 

validity of common and novel radiographic diagnostic methods to pain and knee 

replacement in a population-based cohort.  

Osteoarthritis affects the tissue of diarthrodial joints, the most common of these 

joints being the hip, knee, hand, foot and spine. OA is a complex disease process involving 

both bone and soft tissue changes which ultimately can lead to a complete loss of articular 

cartilage in severe cases. Pain is the primary symptom of OA which causes patients to seek 

out medical care such as pain management, physiotherapy and, in severe cases, joint 

replacement surgery. Knee osteoarthritis can be diagnosed by both its structural and 

symptomatic components, either independently or jointly, which makes determining 

overall disease prevalence within and between populations complicated. 

Research cohorts focusing on osteoarthritis have used x-rays as the primary imaging 

method over the past 50 years and therefore long-term information about structural OA 

and natural history is retained on radiographs. Although there is a move within the 
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research community in favour of the use of MRI, its advantage over radiographic 

assessment has not yet been proven (Hannan 2000 et al.). Even if MRI has diagnostic 

benefits over x-ray, due to the lack of long-term data, it cannot be used to answer questions 

about the natural history of structural OA or the relationship of early structural changes to 

future pain and the need for joint replacements over long periods of time.   

 The percentage of people with knee osteoarthritis has been predicted to rise sharply 

in the future due to the ageing population in addition to the on-going obesity epidemic, 

both of which are major risk factors for knee osteoarthritis (Felson et al. 1987; Jinks et al. 

2006; Blagojevic et al. 2009). The economic burden of osteoarthritis is considerable, 

taking into account GP visits, physiotherapy, pain management and surgery (Dakin et al. 

2012). Knee joint replacements are expensive procedures costing the NHS £7458 per 

patient with 60,000 procedures each year in England and Wales (Dakin et al. 2012). 

Temporal trends for knee replacements have shown a three-fold increase between 1991 

and 2006 in the UK (Culliford et al. 2010). Due to these projections, there is a major need 

to identify early risk factors of OA and the natural history of ROA in order to prevent this 

increasing burden and subsequently the need for knee replacements. 

Despite the known disease burden of knee osteoarthritis, research has been limited 

for assessing general populations without evidence of established disease.  This is 

primarily due to OA being a relatively slow progression disease and the cost involved in 

following up subjects over a long period of time through incidence and progression. 

Therefore, the majority of studies have focused on subjects who already have clinical or 

radiographic evidence of knee OA, have common risk factors for OA or have focussed on 

the cross-sectional analysis of pain, radiographic OA and other risk factors. While these 

analyses are extremely important in understanding knee osteoarthritis, the complete picture 
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of disease is still lacking both for the risk of incidence for normal subjects, the long-term 

disease course and the predictive validity of current radiographic diagnostic methods.  

This thesis will address several major issues surrounding both the confusion in 

existing ROA and pain data.  It will contribute new information to help understand the 

long-term disease process as well as identify early radiographic risk factors for severe knee 

osteoarthritis leading to knee replacements. The Chingford study, a population-based 

cohort of women followed for 20 years, is the ideal study to look at the long-term natural 

history of ROA in both symptomatic and asymptomatic subjects. Using this cohort, this 

research will focus on improving the understanding of the relationship between 

radiographic OA and pain by assessing common and novel methods of diagnosis, 

determining the natural history of radiographic OA over twenty years, examining the 

construct validity of ROA scoring methods with pain, and evaluating the predictive 

validity of radiographic risk factors for future total knee replacements. 

 

1.2 Objectives 

• To determine the best way to evaluate and measure radiographic knee 

osteoarthritis, if there is one, by assessing reproducibility and validity, and 

comparing individual scores from each of the methods against one another 

 

• To develop a novel method for measuring quantitative joint space width on older, 

low-contrast x-rays while maintaining comparability with modern edge-detection 

methods 
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• To describe the natural history of ROA over 20 years in order to better understand 

disease prevalence and incidence in a normal population including subjects with 

little or no disease 

 

• To examine the construct validity of established and novel radiographic scoring 

methods by assessing their cross-sectional relationship between ROA and pain at 

the year 20 visit 

 

• To compare and assess the predictive validity of baseline ROA  and five-year 

change of ROA scoring methods for future knee replacements over the next twenty 

years 
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2 LITERATURE REVIEW 

This chapter will review the current literature focusing on the epidemiology of knee 

osteoarthritis, the most common diagnostic methods for assessing radiographic knee 

osteoarthritis (OA) (both atlas-based methods and quantitative scoring), the established 

natural history of radiographic OA (ROA), and the known relationship between ROA and 

pain/knee replacements.  

 

2.1 Epidemiology of knee osteoarthritis 

2.1.1 Background  

Knee osteoarthritis is the one of leading health burdens in the world, costing 14.6 

billion dollars in the US for knee replacements in 2004 in the US alone (Kim et al. 2008). 

This figure does not address the additional expense of pain management, loss of work due 

to disability, and various treatment options such as physiotherapy and revision surgery. 

The economic burden of OA is increasing, with 54% more knee replacements performed 

in 2004 than four years earlier, with this number estimated to rise to 1.4 million by the year 

2015 (Kim 2008). The trend has been further substantiated in a long-term study based in 

the UK, where the rate of knee replacements tripled between 1991 and 2006 (Culliford et 

al. 2010). Because of the increasing health burden due to the ageing population and a 

projected cumulative prevalence of developing symptomatic knee OA of 45%, there is an 

urgent need to understand the natural course of knee osteoarthritis in order to target 

preventative therapies and reduce known risk factors for both incidence and progression 

(Murphy et al. 2008).  

 Knee osteoarthritis is an extremely complex disease involving many aspects of the 

synovial joint and a variety of responses from the tissues involved. It is generally 
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recognised that OA is a progressive disease that may stem from an attempt by the joint to 

repair damage, such as trying to stabilise the joint by growing bone spurs (osteophytes) 

(Pottenger et al. 1990; Nagaosa et al. 2002) or repairing loading damage by strengthening 

subchondral bone (subchondral sclerosis) (Ding et al. 2005; Dore et al. 2006). Other 

tissues involved at different stages of disease include articular cartilage, meniscus, 

synovium and ligaments (Peterfy et al. 2004). Early disease changes include the fibrillation 

and focal-loss of cartilage, the thickening and remodeling of subchondral bone and the 

occurrence of excess bone growth (osteophytes) (Garstang and Stitik 2006; Hough 2007; 

Lane et al. 2001). End-stage disease is marked by complete destruction of the cartilage 

combined with increasing numbers and/or size of osteophytes, leading to clinical 

symptoms of pain, stiffness and disability (Hough 2007; Lane et al. 2011). Although 

osteoarthritis is generally considered a non-inflammatory disease, the inflammation of the 

synovial membrane has been linked to other on-going disease changes within the joint 

(Garstang and Stitik 2006). Pain is generally the symptom that drives patients to seek out a 

doctor and further investigation into the joint. 

 Criteria were developed by the American College of Rheumatology to determine 

clinical osteoarthritis, defining it as a combination of at least three of the following 

features: age>50; crepitus on motion; morning stiffness (less than30 minutes); tenderness 

of bony margins of the joint; presence of bony enlargement on examination; and lack of 

palpable warmth of the synovium (Altman et al. 1986). However, the most sensitive 

definition included some of these features in addition to the presence of an osteophyte 

found on x-ray (Altman et al. 1986). In population-based research, where clinical 

evaluations are not always possible, osteoarthritis-specific pain can be defined by either 

questions about frequency of pain in the last month (NHANES) or by a series of 
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functional, pain, and disability questions (WOMAC) (NHANES 1979; Bellamy et al. 

1986). 

2.1.2 Defining knee osteoarthritis 

 Knee osteoarthritis can be defined in one of three ways: by the presence of 

structural changes using imaging methods (x-ray or MRI), by the presence of symptoms, 

or by a combination of both symptoms and structural features.  

Plain film radiography is the most common diagnostic imaging technique used to 

evaluate knee OA; although other imaging modalities such as MRI are being assessed 

within the research community, their advantage over radiographic assessment in clinical 

practice remains uncertain (Hannan et al. 2000). Radiographs are inexpensive, have a low 

dose of radiation, and are a relatively simple and quick diagnostic tool to use.  

The primary issue with using radiography as the gold-standard diagnostic tool for 

knee osteoarthritis is its perceived poor correlation with pain and disability. A significant 

association has been found between radiographic knee OA and the presence of pain 

(McAlindon et al. 1992; Lethbridge-Cejku et al. 1995; Cicuttini et al. 1996) as well as 

between pain and increasing radiographic scores (Neogi et al. 2009; Cho et al. 2010). The 

reported prevalences, however, range between 15% and 76% depending on the study 

(Bedson and Croft 2008), which does not inspire confidence in the reliability or usefulness 

of this association. These differences between studies could be explained by the variation 

in study populations, radiographic protocols and views, scoring methods, and measures of 

pain and/or disability. A US-based cohort study looked at the differences in prevalence 

using the different definitions; 43% of the subjects had symptomatic knee OA, 28% had 

radiographic OA and 16% had a combination of both symptomatic and radiographic OA 

(Jordan et al. 2007).  
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2.1.3 Mechanisms and risk factors for disease 

 The potential causes for knee osteoarthritis can be divided into local factors 

(biomechanical) and systemic factors (genetic and biochemical) (table 2.1). Biomechanical 

factors linked to the onset and progression of OA include abnormal joint loading, muscle 

weakness, knee alignment, trauma or injury to the joint, and obesity (Felson et al. 2000; 

Sharma et al. 2001; Englund et al. 2004; Roos et al. 2005; Garstang et al. 2006; Goulston 

et al. 2011; Lane et al. 2011). Varus alignment has been shown to cause four-fold increase 

of medial narrowing over 18 months (Sharma et al. 2001), while previous knee injury in 

young adults has been shown to increase risk of subsequent OA in 12 years by over five 

times compared with those without injury (Roos et al. 2005). Abnormal joint loading is 

associated with an increased risk of knee OA, possibly related to previous joint trauma or a 

loss of muscle function (Roos 2005). Obesity is associated with an increased prevalence of 

symptomatic knee OA, and it has been suggested that reduction in BMI to the normal 

range would reduce the need for surgery by 24% (Coggon et al. 2001; Goulston et al. 

2011). Physical activity in the form of sport or occupation has been found to be associated 

with knee osteoarthritis. Subjects with a history of regular sports participation has been 

linked to an increased risk of incident ROA, and occupations requiring manual labour 

(agricultural, forestry, fishing, etc.) have been found to have a significantly higher risk of 

OA than more sedentary occupations (clerical, technical, etc.) (Muraki et al. 2011). 

Biomechanical factors are extremely important, because unlike many of the systemic 

and/or genetic factors, there is a possibility of modification which could reduce pain and 

improve function (Lane et al. 2011).  

 Systemic factors for increased risk of knee osteoarthritis include age, sex, ethnicity, 

genetic and psychosocial factors (Neame et al. 2004; Garstang et al. 2006; Hawker et al. 

2011). Obesity may also be associated with systemic factors as part of a generalised 
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metabolic syndrome (including hypertension, impaired glucose tolerance, etc.), which has 

been found to have a dose-response relationship with the risk of knee osteoarthritis based 

on the number of metabolic factors present (Yoshimura et al.2012).  Women have a higher 

prevalence of knee OA than men after age 50, and an overall association between age and 

increasing OA prevalence has been identified (Van Sasse et al. 1989; Felson et al. 1987). 

The index to ring finger ratio (2D:4D) is generally a sexually dimorphic trait, with ratios 

associated with higher testosterone levels. It has been identified as an independent risk 

factor for knee OA (Zhang et al. 2008). The presence of Heberden’s nodes, indicating 

generalised OA, has been shown to predict progressive knee osteoarthritis (Cooper et al. 

2000). Sibilings have been found to have an increased risk of prevalent OA, even after 

adjustment for relevant environmental risk factors, indicating a likely genetic component 

of OA (Neame et al. 2004). Ethnicity is also associated with prevalence of knee OA, with 

higher rates found among African-Americans, Chinese and Japanese populations 

compared to European/Caucasian subjects (Zhang et al. 2001; Jordan et al. 2007; Muraki 

et al. 2009). Both nutrition and depression have been indicated in studies as influencing the 

course of the disease process and have been linked to increasing OA related pain 

(McAlindon et al. 1996; Hawker et al. 2011). 

 While this distinction between systemic (genetic) and local (biomechanical) factors 

is useful for characterising risk factors, the interaction between these factors is complicated 

and they do not likely occur in isolation. For example, the genetic influence of ethnicity or 

sex may affect joint shape, which in turn may be more susceptible to the effects of mal-

alignment or abnormal joint loading increasing the risk of OA.  
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Table 2.1 Commonly reported risk factors for knee osteoarthritis 

Type Risk Factor References 

Systemic 
Factors 

Age Cooper 2000; Hart 1999; Van Sasse 1989 
Sex Felson1998; Felson 2000  
Ethnicity Zhang 2001; Jordan 2007; Muraki 2009 
Heberden's Nodes (hand OA) Cooper 2000; Hart 1999 
Metabolic Syndrome (incl. hypertension) Yoshimura 2012; Hart 1995 
Nutritional Factors McAlindon 1996 
Genetics Neame 2004; Spector 1996 
2D:4D Finger Ratio Zhang 2008 
Psychosocial (depression/fatigue) Hawker 2011 

Local Factors 

Obesity Goulston 2011; Felson 1997; Coggon 2001 
Joint Injury Roos 2005; Lau 2000 
Occupation Cooper 2000; Lau 2000 
Meniscectomy Englund 2004 
Muscle Weakness Felson 2000; Slemenda 1998 
Joint Biomechanics Sharma 2001; Lane 2011 
Joint Alignment Sharma 2001 
Sports and Physical Activity Felson 1997; Cooper 2000; Hart 1999 

 

2.1.4 Summary 

 Knee osteoarthritis is a major health burden affecting a significant portion of the 

older population of the world. The disease process is complex, involving changes to bone, 

soft-tissue and the presence of clinical symptoms. One of the key questions, is which of 

these factors initiates the disease process. This research focuses on the bony structural 

changes, how they relate cross-sectionally to pain, and whether they can predict future 

complete joint failure.  

 

 

2.2 Radiographic scoring methods  

Once clinical symptoms of knee OA have been identified, radiography is used to 

establish a final diagnosis of OA, to rule out other diseases, and to monitor disease 

progression (Buckland-Wright et al. 2003). Clinical trials often use radiographic evidence 
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as inclusion criteria for subjects (Hochberg et al. 2010), while cohort studies rely heavily 

on it to establish incidence and progression within a population (Felson et al. 1995; 

Pavelka et al. 2000). In spite of this reliance on radiographs for all aspects of disease 

evaluation, the relationship between ROA and pain and disability is not well understood. 

New diagnostic scoring methods have been developed in order to improve this 

relationship, as well as to improve sensitivity to disease progression and the general 

understanding of the natural history of radiographic knee osteoarthritis. 

2.2.1 Background of atlas-based radiographic scoring methods 

Over half a dozen methods have been developed to score the presence and severity 

of knee OA found on plain-film x-rays. These categorical methods can be grouped into 

two categories, the first which evaluates all known radiographic features together as a 

‘global’ score and the second which scores each feature individually. They provide images 

of each level of disease severity by grade in the form of an atlas, which is a tool used to 

standardise training and reproducibility between graders. Commonly evaluated features 

include osteophytes, joint space narrowing, subchondral cysts, subchondral sclerosis, tibial 

spiking, and attrition.  

The oldest method, developed in 1957 by Kellgren and Lawrence (K/L), is a global 

scoring method which has been widely used since its creation and is still the most common 

diagnostic score for radiographic knee OA (Kellgren and Lawrence 1957; Schiphof et al. 

2011). More recently, scoring methods have been developed that focus on individual 

radiographic features, primarily joint space narrowing and osteophytes. The other common 

features listed above are also sometimes included in these scoring methods. The major 

benefit of these methods is that they allow for analysis of the natural history of individual 

structural features and knee compartments, and are able to assess them individually against 
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pain, stiffness and disability. While these methods show promise, they continue to share 

some limitations with K/L grades as highlighted below. 

So many different scoring systems have been developed, often being used only for 

a single cohort, that they are not able to be accurately compared against one another.  Most 

have been developed using arbitrarily defined grading intervals where the interval between 

grades 1 and 2 is not equivalent to the interval between grades 2 and 3 (OARSI, 

Chingford, Framingham, etc.) (Burnett et al. 1994; Felson et al. 1997; Altman et al. 2007). 

One of the most recent scoring methods, the Line Drawing atlas, has been mathematically 

derived to have equal intervals between each grade (Nagaosa et al. 2000). It has also 

emphasised the differences found in joint space between men and women by having sex-

specific joint space grades, the only atlas to do so (Nagaosa et al. 2000).  The OARSI atlas 

is the most popular method in use to grade individual features and compartments, and was 

put forward by Osteoarthritis Research International as an attempt at standardisation, but it 

has not yet been universally adopted (Altman et al. 1995; Altman et al. 2007).  

2.2.2 Kellgren and Lawrence  

2.2.2.1 Formal grading system 

The most widely accepted system of grading was developed by Kellgren and 

Lawrence (K/L) over a series of articles from the late 1950s through the 1970s. In 1957, 

they published a landmark article providing the features used to identify osteoarthritis, a 

grading system based on ‘severity’ of OA, and a series of x-ray images illustrating 

osteoarthritic severity for eleven joints (Kellgren and Lawrence 1957). Radiologic features 

considered to be important for grading included; osteophytes on joint margins or tibial 

spines, periarticular ossicles, narrowing joint space with subchondral sclerosis, and 

subchondral cysts. The basic grading system outlined was divided into five grades, from 
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‘none’ to ‘severe’, without any description of which features made up each grade 

(Kellgren and Lawrence 1957). 

 Kellgren et al formalised this grading system in 1963 with an ‘atlas of standard 

radiographs’ and provided further descriptions for the radiographic images (see figure 2.1 

below) (Kellgren and Lawrence 1963). They described grade 1 as representing ‘doubtful 

narrowing of joint space and possible osteophytic lipping’, grade 2 as ‘definite osteophytes 

and possible narrowing of joint space’, grade 3 as ‘moderate multiple osteophytes, definite 

narrowing of joint space, some sclerosis and possible deformity of bone ends’, and grade 4 

as having ‘large osteophytes, marked narrowing of joint space, severe sclerosis and 

definite deformity of bone ends’ (Kellgren and Lawrence 1963). 

 

Figure 2.1 Kellgren and Lawrence atlas images (1957) 

 

 

 Lawrence used a slightly different description of the features of each grade in a 

later work, with grade 1 being a ‘minute osteophyte of doubtful significance’, grade 2 as a 

‘definite osteophyte and unimpaired joint space’, grade 3 given as a ‘moderate diminution 
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of the joint space’, and grade 4 as having ‘greatly impaired joint space and subchondral 

sclerosis’ (Lawrence 1977).  

The differences between these two descriptions may not, at first, appear to be 

significant, but the variation in wording would likely affect which patients are included in 

each grade. The first notable difference is in grade 1, where the presence of a ‘minute’ 

osteophyte is required in Lawrence’s 1977 score, while only ‘possible’ osteophytic lipping 

is required for Kellgren and Lawrence’s 1963 grade 1. Scoring for grade 2 has an even 

greater discrepancy with ‘unimpaired’ joint space in Lawrence’s description and ‘possible’ 

narrowing in the 1963 article. Sclerosis is a requirement in Kellgren and Lawrence’s 1963 

grade 3, while it is not mentioned until Lawrence’s grade 4. These variations may have had 

an unknown effect on results, and may have hindered the comparability and reproducibility 

between studies on prevalence, incidence and progression. 

2.2.2.2 Alternate definitions 

Schiphof et al. looked at the impact of the many variations of Kellgren and 

Lawrence scoring used in studies (figure 2.2) (Schiphof et al. 2009; Schiphof et al. 2011). 

They found that in addition to the two versions discussed above, at least three other 

permutations existed in studies claiming to use the ‘original’ K/L scoring (Schiphof et al. 

2011). The authors even noted discrepancies in different articles using the same cohort 

(Schiphof et al. 2011). The table below from this article outlines the variations in wording 

used for each of the K/L grades. 
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Figure 2.2 Kellgren and Lawrence variations from Schiphof et al. 2011

 

*Alternative 1 is used in Williams 2004; alternative 2 is in Jordan 2003, Cooper 1996, Hart 1991; 
alternative 3 in Zhang  2001; alternative 4 in Wilder 2002 and Williams 2005 
 
 

Felson et al. compared a modified scale which was more heavily reliant on joint 

space narrowing than the original K/L and found a high level of agreement in prevalence 

between the two methods (Felson et al. 1997). This result implies that there also may not 

be a large difference between those purporting to use the ‘traditional’ K/L and the 

‘alternate’ definitions, because although the descriptions differ, the accompanying x-ray 

images used for grading remain the same. 

Limitations of the Kellgren and Lawrence scoring system include inconsistency in 

application, lack of official patellofemoral compartment grading, absence of sex-specific 

atlas images, its continued weak association with symptomatic OA (that is, not all knees 

with pain have high K/L scores), relative insensitivity to disease change, and an 

assumption of a non-validated disease natural history. Applying K/L to both semi-flexed 

and fully flexed knees can also result in different grades, as the system was not devised for 

a specific radiographic patient position (Schiphof et al. 2008). Despite these limitations, it 

has been accepted as the current ‘gold standard’ by the World Health Organisation for 

epidemiological studies (Symmons et al. 2002). 
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2.2.3 Ahlback scoring method 

This method was developed by Ahlback in 1968 and is often used in eastern 

European studies (Ahlback 1968; Petersson et al. 1997). It focuses primarily on joint space 

narrowing with an expected progression to attrition. The scoring does not capture mild to 

moderate disease well, but focuses on severe disease through complete joint destruction. 

Petersson et al. (Petersson et al. 1997) described an Ahlback grade of I as corresponding to 

a K/L grade of 2 to 3, and of his grade II to a K/L grade 3 to 4. When the two grading 

systems were used on the same population of subjects with knee pain, 15.1% were 

identified as having ROA using a K/L grade ≥2 definition, while 10.8% were identified 

using the Ahlback scoring method with a grade of I or greater (Petersson et al. 1997).  

This scoring method shares several of the same limitations as Kellgren and 

Lawrence, such as evaluation of the whole joint and an assumption of disease progression 

that has not been validated. It is also only useful for studies looking at moderate to severe 

disease, as it would not capture any isolated osteophytes present before joint space 

narrowing.  

 

Figure 2.3 Ahlback scoring method description 

Grade I Joint space narrowing (<3 mm) 

Grade II Joint space obliteration 

Grade III Minor bone attrition (0-5 mm) 

Grade IV Moderate bone attrition (5-10 mm) 

Grade V Severe bone attrition (>10 mm) 
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2.2.4 Chingford atlas 

The Chingford atlas was developed at a time when no definitive atlases existed for 

analysing individual radiographic features. Ahlback had recommended noting the presence 

and location of osteophytes and grading size from zero to five, but did not provide images 

for comparison (Petersson et al. 1997). The Chingford atlas focuses on four individual 

features; osteophytes, joint space narrowing, subchondral sclerosis and tibial spiking. 

Osteophytes and joint space narrowing are graded on a scale between zero and three, while 

subchondral sclerosis and tibial spiking is marked as present or absent (Burnett et al. 1994; 

Hart and Spector 1995). Unlike K/L, reference images include the patellofemoral 

compartment with both lateral and skyline views in addition to the medial and lateral 

compartments (Burnett et al. 1994).  

Limitations of the Chingford atlas include: a lack of features including subchondral 

cysts; the lack of sex-specific atlases for joint space narrowing (as it was developed for use 

on a cohort of women); and the fact that it is not as widely used as the OARSI atlas which 

was developed several years later.  

 

Figure 2.4 Osteophytes from the Chingford atlas (Burnett 1993) 
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Figure 2.3 Joint space narrowing from the Chingford atlas (Burnett 1993) 

 

 

2.2.5 Osteoarthritis International atlas (OARSI) 

The OARSI atlas was developed in 1995, for similar reasons to the Chingford atlas, 

in order to isolate features and compartments to be graded separately, and to create a 

system usable by all studies. Distinguishing each feature independently was also meant to 

address the trend in medical research to give more detail and description of the disease 

process rather than just a simple presence/absence statement (Altman et al. 2007).  

The selection of radiographs of the knee includes four areas for marginal 

osteophytes: medial femoral condyle, medial tibial plateau, lateral femoral condyle, and 

the lateral tibial plateau. Joint space narrowing is scored from 0 to 3 in both medial and 

lateral compartments, while attrition is scored only as present or absent in the medial 

compartment. The final feature, sclerosis, is scored present/absent in both compartments. 

The original 1995 atlas also included views of the patellofemoral compartment. The 

OARSI atlas was redone in 2001 due to the first atlas being difficult to locate and the 

demand by researchers. Some issues with this method include lack of sex-specific atlases, 

missing subchondral cysts as a gradable feature, no ‘standardised’ definition of OA based 

on the scoring, and the lack of a patellofemoral view in the current atlas. 



24 
 

Figure 2.6 Osteophyte image from the OARSI atlas 

 

2.2.6 Logically Derived Line Drawing atlas 

The Logically Derived Line Drawing atlas was developed in 2000 by Nottingham 

University in response to issues found while using the OARSI atlas to analyse individual 

radiographic features. The main problems identified by the authors with the OARSI atlas 

were: the use of ordinal grades for joint space narrowing; non-interval grading for 

osteophytes; lack of medial and lateral femoral trochlea views in skyline; magnification 

differences in radiographic images; and that several features are visible at the same time in 

images (Nagaosa et al. 2000). They contend that the OARSI atlas is difficult to use, 

resulting in poor reproducibility between observers (see table 2.2) (Nagaosa et al. 2000).  

Two features, osteophytes and joint space narrowing (JSN), were selected for 

representation in the atlas based on observer reproducibility, their identification generally 

as the two main features of radiographic osteoarthritis, and their ease of being reproduced 

as line drawings. ‘Normal’ joint space narrowing was identified by viewing several 

hundred radiographs of asymptomatic men and women. It was noted that the mean joint 

space varied significantly between men and women, prompting sex-specific joint space 

line drawings (Nagaosa et al. 2000). JSN was graded from 0 to 3, with 0 being ‘normal’ 
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and three as ‘bone-on-bone’, and each compartment was drawn individually. The other 

grades were developed in an interval fashion, where grade 1 is two-thirds of grade 0 and 

grade 2 is one-third of ‘normal’ joint space.  

Osteophytes were selected in a similar fashion, where a sample of over seven 

hundred radiographs of symptomatic patients was analysed for the largest osteophytes as 

well as the most common shape and direction at each site. Two sites (the lateral tibial 

plateau and medial femoral trochlea) had more than one common shape/direction of 

osteophytes, so a second set of drawings was included for these sites (Nagaosa et al. 2000). 

The largest osteophyte identified was represented as grade 3, with grades 1 and 2 being 

one-third and two-thirds of grade 3 respectively. 

Due to the high level of reproducibility and validity of the pilot version of the atlas 

(see Nagaosa 2000 results in table 2.2), a modified version incorporating additional grades 

was tested (Wilkinson et al. 2005). Negative grades were added in for joint space to 

capture pseudo-widening, bringing the possible grades to between -5 and 5, and osteophyte 

scores were increased to have six possible grades (0 to 5). Inter-observer reproducibility 

was found to be the same despite the additional grades (see Wilkinson 2005 results in table 

2.2), and identifying joint space using the expanded negative grades was found to be 

quicker than with the previous versions of the atlas (Wilkinson et al. 2005). 
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Figure 2.7 Joint space narrowing image from the Line Drawing atlas (Wilkinson 2005) 

 

2.2.7 Less commonly used scoring methods  

In 1991, Brandt developed a six point, semi-quantitative scale where each grade 

represented a percentage of ‘normal’ joint space; i.e. grade 0 equalled less than 25% of 

normal joint space narrowing. The system also took other radiographic features into 

account by including an alternate definition where either joint space narrowing or less joint 

space narrowing plus a secondary feature (subchondral sclerosis, osteophytes, etc.) needed 

to be present (Brandt et al. 1991).  

 An atlas of individual radiographic features was developed for specific use in the 

Framingham knee osteoarthritis study (Felson et al. 1995; Felson et al. 1997). 

Anteroposterior and lateral images were graded for four features; osteophytes, JSN, and 

sclerosis on a 0 to 3 scale with subchondral cysts marked as present or absent (Felson et al. 
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1997). Images for AP joint space narrowing and osteophytes were published, but a full 

atlas was never made widely available, leading to a restricted use of this system. It was, 

however, noted by the authors that their grade 2 osteophytes correspond to the grade 1 

osteophytes found in both the Chingford and OARSI atlases (Felson et al. 1997). 

2.2.8 Reproducibility and validity of the scoring methods 

In order for the grading systems to be useful diagnostic tools, they must be easy to 

use, have high inter- and intra-observer reproducibility, be sensitive to disease progression, 

provide construct validity for pain and function, be valid for a variety of radiographic 

protocols, identify different modalities of disease, diagnose disease within each 

compartment (medial, lateral and patellofemoral), be gender specific, and ultimately 

associate with end-stage pathology and disability. It is no wonder, with such a list of 

desirable traits, that the perfect scoring method has yet to be found despite half a century 

of attempts. 

The most basic and important requirement of any diagnostic tool is to be 

reproducible; that is, if a measurement is repeated using a scoring system, it must give the 

same result regardless of the person measuring or the time interval between measurements. 

Otherwise, the differences found between patients or between years will be the result of 

measurement bias rather than indicating a meaningful change in disease status.  

Being reproducible provides a precise measurement or score, but does not 

necessarily imply that the score provides any useful information to a researcher. The tool 

must also be accurate in identifying disease prevalence, progression or incidence. This 

involves having both construct validity and predictive validity. Construct validity evaluates 

whether the scoring method correlates to external variables (such as pain and disability), 

and predictive validity evaluates whether the method correlates to a ‘gold-standard’ 

outcome measure after a follow-up period (Reijman et al. 2004). Without construct 
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validity with the disease being measured, precision is meaningless. For most knee 

osteoarthritis radiographic scoring methods, construct validity was tested using accepted 

clinical aspects of osteoarthritis such as the presence of pain and disability.  

Most of the scoring methods previously evaluated solidly address the above two 

issues of reproducibility and construct validity; however, the predictive validity of 

radiographic methods has not been comprehensively evaluated. The reproducibility and 

construct validity of each of the methods is described below and summarised in table 2.1.  

2.2.8.1 Kellgren and Lawrence 

Despite the many criticisms aimed at the K/L score, it has been found to have very 

high intra- and inter-observer reproducibility (Cooper et al. 2000; Neame et al. 2004; 

Thorstensson et al. 2008) and continues to be the single most-used radiographic scoring 

system for osteoarthritis.  

Validation studies have compared K/L grades to pain, the amount of cartilage loss 

seen on MRI, evidence of arthroscopic surgery, and whether there is a correlation between 

K/L grades and future knee replacements. While there remains a large gap between the 

radiographic presence of OA and the occurrence of symptomatic OA,  higher K/L grades 

have been shown to be correlated with pain (Duncan et al. 2007; Muraki et al. 2009; Neogi 

et al. 2009).  It has also been validated against both cartilage loss and defects in magnetic 

resonance imaging (Hayes et al. 2005; Hernandez-Molina et al. 2008).   

2.2.8.2 Chingford and OARSI atlases 

Intra- and inter-observer reproducibility was found to be good for all features 

(kappa≥0.6) except inter-observer joint space which was only acceptable (kappa≥0.5) 

(Spector et al. 1993). The feature with the strongest association with pain was medial 

osteophytes (53.4%). The features with the weakest construct validity with pain were the 

joint space measurements, particularly in the lateral compartment (Spector et al. 1993).   
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The OARSI atlas is widely used and is generally good for both intra- (kappa≥0.6) 

and inter-observer (kappa≥0.5) reproducibility (table 2.1).  Validity was assessed for 

OARSI features by looking at their association with pain. It was found that increasing 

osteophyte grade and JSN grade are both associated with increasing knee pain (Neogi et al. 

2009; Lanyon et al. 1998).  

2.2.8.3 Line Drawing atlas 

 Reproducibility for both osteophytes and JSN was found to be good using the Line 

Drawing atlas, with patellar osteophytes as the feature with the worst reproducibility 

overall (Nagaosa et al. 2000). The Line Drawing atlas has been tested for both face validity 

and content validity (Wilkinson et al. 2005). Predictive validity was examined in a 

retrospective cohort where knees with baseline osteophytes≥1 had a hazard ratio of 2.5 and 

JSN≥1 had a hazard ratio of 2.2 for knee pain 12 years later compared to subjects without 

osteophytes and JSN at baseline (Ingham et al. 2011).  
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Table 2.2 Published reproducibility of atlas-based ROA scoring methods 

 

Method Studies N Population X-ray View 

Intra-
Observer  
(JSN/Ost) 

Inter-
Observer 
(JSN/Ost) 

K/L 

Kellgren /Lawrence 1957 85 age 55-64 extended 0.83 0.83+  
Spector 1993 

+  
100 women 45-65 extended >0.66* >0.56* 

Gunther 1999 100 ortho. clinic extended >0.85 >0.76ǂ  
Cooper 2000 

ǂ  
20 age >55 extended 0.71 0.58 

Neame 2004 20 age>40 extended >0.69* 
 Gossec 2008 50 symptomatic  semi-flexed 0.50 
 Gossec 2008 50 symptomatic extended 0.61 0.56 

Neogi 2009 n/a age 50-79 fixed-flexion   0.90 

OARSI 

Lanyon 1998 40 age >40 extended   >0.7/>0.7* 
Nagaosa 2000 50 age>40 extended >0.75/>0.57 >0.49/>0.49 
Gossec 2008 50 symptomatic  semi-flexed 0.67/ 

 Gossec 2008 50 symptomatic  extended 0.71/ 0.48/ 

Chingford 

Spector 1993 100 women 45-65 extended >0.74/0.84 >0.49/>0.64 
Cicuttini 1996 50 twin study extended >0.88/>0.94 >0.60/>0.88 
Gunther 1999 100 ortho. clinic extended >0.86/>0.81 >0.24/>0.65ǂ 
Cooper 2000 

ǂ 
20 age >55 extended 0.65/0.71 0.60/0.56 

Line 
Drawing 

Nagaosa 2000 50 age>40 extended >0.76/>0.60 >0.56/>0.46 
Neame 2004 20 age>40 extended >0.69/>0.69* 

 Wilkinson 2005 121 age>40 extended >0.81/>0.71 >0.65/>0.64 
All methods used weighted kappa statistic unless otherwise indicated: *unweighted kappa, + 
correlation coefficient, ǂ  Intra-class correlation. Studies in italics indicate the 'official' reported 
reproducibility 

 

2.3 Quantitative joint space 

Joint space width on radiographs is often used as a surrogate outcome marker for 

knee cartilage loss as a result of osteoarthritis. The x-rays show the delimitations of the 

bony edges of the joint and any space in between is assumed to represent cartilage (or lack 

thereof).  

Quantitative methods measure the actual space between the articular surfaces of the 

bones in millimetres. The measurement is made independently in each compartment from 

the distal edge of the femur to the sclerotic line indicating the floor of the tibial plateau. 
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This measurement is referred to as the inter-bone distance. Previously this measurement 

was made by hand on plain-film x-rays using either specially designed callipers or rulers 

(Lequesne et al 1994; Ravaud et al 1996), but more recently semi-automated methods 

designed for use on digitised plain-film x-rays or digital x-rays have been developed. 

These methods are described in detail in chapter 4.  

The measurement of quantitative joint space is extremely important, as change in 

minimum joint space is currently one of the primary outcomes for testing disease-

modifying osteoarthritis drugs (Abadie et al. 2004), and has also been suggested as an 

early indicator for pain and future knee replacements (Bruyere et al. 2005).    

 

2.4 Radiographic joint space narrowing as a marker of cartilage 

Several issues exist with the use of joint space width as a surrogate for knee 

cartilage loss in the progression of osteoarthritis. First, the use of this measurement as a 

surrogate assumes that articular cartilage is the only soft tissue that influences joint space 

width. Research has shown that meniscal subluxation results in joint space narrowing in 

cases where cartilage loss is not evident on MRI (Gale et al. 1999). Joint space loss greater 

than 3mm due to meniscal subluxation was seen in 81% of cases (with knee osteoarthritis) 

and 64% of the controls in research comparing MRIs to plain radiographs (Gale et al. 

1999). While meniscal subluxation has been shown to be correlated with osteoarthritis, this 

research demonstrates that cartilage loss is not the only factor in joint space narrowing.  

An additional issue with the use of joint space width or narrowing is the effect of 

patient positioning during the radiograph. The extended knee position is one of the older 

standardised methods, and is still used for some ongoing cohort studies. Some research has 

shown this method to lead to an overestimation of joint space due to the variability of knee 

positioning (Buckland-Wright 1999). The two methods currently used to correct somewhat 
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for these issues are fluoroscopic semi-flexed positioning and fixed flexion. Magnification 

error due to variable patient positioning is an important issue for quantitative measurement 

of minimum joint space and will cause inaccuracies for all measurements made without 

having a standard reference point (e.g. a standardised steel ball) in all radiographs. 

Differences in joint space width have also been found between weight-bearing and non-

weight-bearing x-rays, particularly in the lateral compartment (Buckland-Wright et al. 

1995(B)).  

 

2.5 Natural history of radiographic knee osteoarthritis 

2.5.1 Introduction 

The natural history of radiographic knee OA has been assessed by approximately a 

dozen studies (table 2.3) with various study designs, inclusion criteria and lengths of 

follow-up. The studies can be divided into two main groups; those that used some aspect 

of pain as inclusion criteria (or recruited from rheumatology clinics) and those that used 

community-based cohorts. The former, as would be expected, show a higher percentage of 

prevalence, incidence and progression of ROA than the latter. The majority of these 

studies use Kellgren and Lawrence (K/L) as the primary method of radiographic scoring 

excepting two, one of which uses the Ahlback scoring method (Hernborg 1976), and one 

which uses only individual features such as osteophytes and joint space narrowing (Hart et 

al. 1999). 

2.5.2 Natural history of ROA in the community 

The longest natural history study conducted using a community-based cohort to 

date had 12 year follow-up (Schouten et al. 1992) and many of these studies have 

relatively elderly cohorts at baseline (mean age 70 or above) (Felson et al. 1995; Felson et 
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al. 1997; Cooper et al. 2000). There is a marked lack of long-term natural history studies 

that examine the incidence of mild/moderate ROA in younger subjects, regardless of pain 

status or known risk factors for pain. 

2.5.3 Natural history of ROA in painful knees 

Analyses conducted on primarily symptomatic cohorts have found a range of figures 

for incidence, progression and worsening ROA (essentially defined as incidence plus 

progression). Rates were 7.2% for incident ROA (Thorstensson et al. 2008), 4-8.8% for 

progression (Pavelka et al. 2000; Thorstensson et al. 2008), and between 3.3 and 7.7% for 

yearly worsening (Massardo et al. 1989; Spector  et al. 1992). As would be expected, these 

yearly rates were found to be smaller in population-based cohort studies and case-control 

studies which included both symptomatic and non-symptomatic subjects in the analysis. 

The results were between 1.9 and 3.6% for yearly incidence (Felson et al. 1995; Felson et 

al. 1997; Cooper et al. 2000), 3.5-4% for yearly progression (Felson et al. 1995; Cooper et 

al. 2000) and 4.4% for worsening (Cooper et al. 2000). 
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Table 2.3 Studies of the natural history of radiographic knee osteoarthritis 

Author Year Length N Age Inclusion Methods Risk Factor Results 
Thorstensson 2008 12 years 143 35-54 Knee pain  

>3 months 
Extended at baseline,  
Semi-flexed at year 12 

OA= KL>1 85.5% had incident TF OA 
97.0% had progressive TF OA 
31.0% had incident PF OA 

Lachance 2002 3 years 679 42-52 Population-based 
>=40 years 

Extended  
Blinded to series 

OA= KL>1 
OA=KL>2 

Baseline grade 1s OR 2.2 to have 
incident ROA than grade 0.  
Age and BMI risk factors for 
progression 

Felson 1995 8-10 years 869 mean 71 Population-based Extended, weight bearing 
 

OA=KL>2 Incident OA was 1.7 times higher 
in women then men   
 Progression was 1.4 times higher 
In women, 2% yearly incident 
ROA, 1% incident symptomatic 
4% had progressive ROA 

Schouten 1992 12 years 142 46-68 Population-based 
>=45 years 

Extended, weight bearing 
 

OA=K/L>2 
JSN= binary 
loss (yes/no) 

34% lost cartilage over 12 years 
Women had cartilage loss less 
often than men, but when present 
was more severe 

Spector 1992 11 years 63 mean 58 Rheum Clinic 
Clinical OA of 
hand or knee 

AP, non-weight bearing OA=K/L>1 
Osteo>1 
JSN>1 
Global -4 to 4 

19-42% showed progression 
depending on scoring method 
Global score=50% worsening 
Same progression between 
baseline K/L 0,1 and 2 
More progression in subject with 
pain except for JSN 
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Pavelka 2000 5 139 mean 59.1 Age >= 40 
Pain + JSN 
and/or Osteo 
and/or Scler. 

weight-bearing AP OA=K/L>2 
Quant. JSW 

Subjects with K/L 2+ at baseline 
showed higher JSW progression 
JSW change is phasic - quickest 
over 1st year then slower 
19% of subjects progressed in 
K/L over 5 years 
JSW more sensitive to change 
then K/L 

Hornberg 1976 10-18 71 mean 63 TF sclerosis  
Osteophytes 

AP weight-bearing 
Lateral with 45° flexion 

Ahlback Only 71 patients out of 2195 had 
sclerosis but no osteophytes      
Of 80 knees, 60 remained medial 
Only knees w/both med and 
lateral were worse 

Massardo 1989 8 31 mean 71.7 Symptomatic 
knee  

AP OA=JSN +  
Sclerosis 

Medial OA showed most change 
38.5% were unchanged 
61.5% had more signs of OA 
2 subjects with improved 
symptoms had more structural 
change 

Felson 1997 8.1 598 mean 70.5 ROA free Weight-bearing AP 
lateral 45° flexion 

OA=modified 
K&L 2+ 
Osteo>1 
JSN>2 

15.6% developed incident OA 
Women OR of 1.8 
BMI OR 1.6 per 5 kilo increase 
Weight change OR 1.4 per 10 lb 
High physical activity OR 3.3 

Hart 1999 5 715 54.1 +-5.9 Age>45 Weight-bearing AP OA=JSN>1  
and/or 
Osteo>1 

3.1% yearly incidence of JSN 
3.3% yearly incidence of osteo. 
Subjects who developed incident 
osteophytes were more likely to 
be older, heavier, have hand OA 
and knee symptoms 
Subjects in top tertile of BMI had 
OR 2.38 for incident osteophytes 
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Cooper  2000 5 354 mean 70.7 Case-control 
Pain and pain free 

 AP weight-bearing OA=K&L 1+ 
and 2+ 

Incidence and progression were 
2.5% and 3.6% yearly 
Risk of incident ROA:  
Highest tertile BMI OR 18.3  
Previous Injury OR 4.8 
Sport participation OR 3.2 
ROA progression:  
Knee pain at baseline OR 2.4 
Heberden's nodes OR 2.0 
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2.6 Outcome assessment methods – pain and total knee 

replacements 

2.6.1 Introduction 

While the presence of pain is a key aspect in the disease process of knee 

osteoarthritis, the cause of pain is not well understood. The major impediment to this 

understanding is that the primary tissue involved in the disease process, cartilage, is not 

innervated with pain nociceptive fibres. Other features involved in the disease 

pathogenesis, such as osteophytes and sclerosis, also do not have pain fibres, yet have also 

been frequently found to have an association with pain. Osteophytes may be inducing pain 

by impinging on other joint structures (Sofat et al. 2011). MR imaging has identified other 

features with more possibilities of a direct relationship with pain, such as bone marrow 

lesions (Felson et al. 2007), effusion, bursitis, meniscal lesions and synovitis (Keen et al. 

1997; Sofat et al. 2011). 

Osteoarthritis pain is difficult to assess due to its episodic nature and worsening 

with movement and weight-bearing. A few of the possible sources of osteoarthritic pain 

include periosteal damage by osteophytes, raised intraosseous pressure, microfractures, 

ligament damage, capsular tension, meniscal injury and synovitis (Creamer 2000). 

Anxiety, depression and other co-morbidities are also thought to be related to the presence 

and/or severity of OA pain (Dieppe et al. 2000; Hawker et al. 2008). Alternatively, 

subjects who report more and/or frequent knee pain may be influenced by central 

sensitisation (Soni et al. 2012). 

Pain is the primary feature of clinical knee osteoarthritis. Some other common 

features assessed clinically (and specifically mentioned as part of the ACR criteria), are 

stiffness lasting less than 30 minutes, bony enlargement and local effusion. For research 
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purposes, pain is often used as the only non-radiological feature to distinguish 

symptomatic OA from radiographic OA.  

2.6.2 NHANES 

The most commonly used assessment in identifying painful knees for research 

comes from a large U.S. cohort study, the National Health and Nutrition Examination 

Survey (NHANES) which began in the 1960s and included comprehensive questionnaires 

and physical examinations on all aspects of health. The 1970s examinations included the 

knee pain question, ‘have you ever had pain in or around a knee on most days for at least a 

month?’ (NHANES 1979). This question was then used in a major U.S. prospective 

cohort, the Framingham study (Felson et al. 1987). In 1999, for NHANES III, an 

additional question was asked; ‘have you had pain in or around your knee for at least a 

month in the last year?’ This question, or a variation of it, is now practically a standard 

question for cohort studies, and is often used to divide subjects into pain and pain-free 

groups (Dillon et al. 2006).  

The use of a simple binary pain question has proved useful, and therefore variations 

of this question have developed, often to modify the length of recall, from the more 

general ‘have you ever had pain for more than fifteen days?’ (Lethbridge-Cejku et al. 

1995) to the more restrictive, ‘have you had pain for most days in the last three months?’ 

(Petersson et al. 1997). A study in 1996 looked at how these questions affect the resulting 

reported pain prevalence (O'Reilly et al. 1996). The authors compared three different 

questions asked to the same subjects and found that reported pain levels varied by 10%, 

depending on which question was asked. Even repeating the same question within the 

same population within a two week time span revealed a 10% response difference (Felson 

et al. 1987). The use of these questions about knee pain is the simplest and most 

commonly used method of determining symptomatic subjects within a cohort. Trying to 



39 
 

capture incident pain and worsening pain in longitudinal cohorts is extremely difficult with 

these types of questions, so further scoring methods have been developed. 

2.6.3 Total knee replacements 

 Knee replacements have been described as the ‘single most relevant outcome in 

knee osteoarthritis’ (Bruyere et al. 2005). They represent complete joint failure at the end 

of the disease process where both the symptoms and structural changes are judged to be 

the most severe. Because of its usefulness as a ‘hard’ outcome, change in joint space over 

3 years has been recommended as a surrogate marker for having a total knee replacement 

(TKR), as TKRs are rare and require much longer follow-up (Abadie et al. 2004).  

 Only a handful of studies have evaluated baseline ROA or worsening of ROA 

against the risk of having a future TKR.  Bruyere et al. found that 3-year change of 

minimum joint space width but not mean joint space width was highly predictive of having 

a TKR within the next five years (Bruyere et al. 2005). In a post-hoc analysis of a clinical 

trial, neither baseline nor medial minJSW was found to be predictive of a TKR within the 

next 5 years (Raynauld et al. 2011).  

 The limitations of using TKRs as a clinical outcome (rather than pain) include the 

variability in access and desire for surgery, and that it is highly dependent on local medical 

and surgical practices.  

 

2.7 Relationship between ROA and pain  

A systematic review published in 2008 looked at the discordance between 

symptomatic and radiographic knee OA and found that studies reported that between 15 

and 76% of painful knees had ROA and between 15 and 81% of ROA knees had pain 

(Bedson and Croft 2008). They identified three major issues which they felt contributed to 
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the extreme variation of disease prevalence between studies. First, the number of subjects 

used as well as the number of radiographic views (i.e. AP only); second, the definition of 

pain and radiographic OA that was used; and third, the type of study population (Bedson 

and Croft 2008).  

The table below (table 2.4) displays all of the known studies that examine the 

relationship between pain and radiographic knee OA, cross-tabulated by radiographic 

scoring method across the top and pain assessment down the left side. From this table, the 

variation of pain assessment and radiographic scoring used by these studies is clear. 

The most commonly used definition for radiographic OA continues to be K/L, with 

19 out of the 23 studies using K/L. Roughly half of these employed an additional scoring 

method using individual feature grades (i.e. OARSI). The pain definitions are more 

difficult to group, with the most common question, NHANES III ‘have you had knee pain 

for the most days of a month in the last year?’ used by only seven of the studies. The next 

most commonly used pain assessments also come from NHANES, with ‘have you had 

pain for the most days of one month ever?’ and ‘…most days in the last month?’ A few of 

the more recent studies have used the WOMAC score in addition to/ instead of the 

variations of NHANES (Brandt et al. 2000; Williams et al. 2004; Duncan et al. 2007; 

Neogi et al. 2009).  

A major limitation of many of these studies is the lack of either a skyline or lateral 

radiographic view for the patellofemoral compartment. Work as far back as the early 

1990s (McAlindon et al. 1992) has emphasised the association between pain and 

radiographic patellofemoral osteoarthritis. To emphasise the necessity for the inclusion of 

this compartment, Duncan et al. looked at 777 subjects with knee pain and imaged them 

using AP, skyline and lateral views. They found a prevalence of 68% ROA when all three 

views were used (Duncan et al. 2006). When only the subjects with ROA (in any view) 
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were analysed (n=531), 57% only had ROA in the AP view, while 87% were identified 

with the addition of either a skyline or lateral view (Duncan et al. 2006).  

As indicated previously, a slight wording difference in a single pain question can 

cause a variation in up to 10% (O'Reilly et al. 1996), so it is no surprise that utilising 

different pain assessment methods as well as different radiographic scoring methods could 

cause such disparity in results.  

An additional limitation is that the majority of studies assess the cross-sectional 

relationship between ROA and pain only. A 12-year longitudinal study of a general 

population found that subjects with a K/L grade ≥ 1 at baseline were over three times more  

likely to develop pain over the course of the study compared to those with a K/L grade 0 at 

baseline (Ingham et al. 2011).  
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Table 2.4 Comparison of ROA and pain discordance literature 

  K&L* Modified 
K&L 

ǂ  OARSI Line 
Drawing 

Spector Ahlback 

Any Last 
Month 

Odding 1998ǂ

  

 
Lachance 
2001       

 15+ Last 
Month         

Cicuttini 
1996 

 Most Days 
Last Month 

Lethbridge-
Cejku 1995            
Muraki 2009        
Cooper 2000     
Hart 1991 Neogi 2009 

Neogi 2009 
Muraki 
2009     

 Most Days 
Last 3 
Months 

Petersson 
1997         

Petersson 
1997 

Any Last 
Year 

Duncan 2007  
Peat 2007   Peat 2007   Peat 2007 

 15+ (1 mo.) 
Last Year         

Cicuttini 
1996 

 Most Days 
(1 mo.) Last 
Year - 
NHANES 
III 

Lethbridge-
Cejku 1995            
Maruki 2009 
Cooper 2000  
Felson 1997   
McAlindon 
1992          
Davis 1992* 

McAlindon 
1992 

Maruki 
2009 
Lanyon 
1998   

Cooper 
2000 

McAlindon 
1992 

15+  Ever Lethbridge-
Cejku 1995         

 Most Days 
(1 mo.) Ever 
- NHANES I 

Lanyon 1998  
Hannan 2000 

LaValley2001 
McAlindon 
1992 

Lanyon 
1998 

Ingham 
2011   

McAlindon 
1992 

Current 
Pain 

Dieppe 1997 
Claessens 
1990         

 WOMAC 
(Pain) 

Williams 
2004 Duncan 
2007  Brandt 
2000 Neogi 2009 Neogi 2009      

  
      *Used K&L 1+ as additional definition 

     ǂ

 
Used K&L 1+ as additional definition 
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2.8 Summary 

This literature review highlighted important areas of research that need to be 

explored in the relationship between radiographic knee osteoarthritis and pain. Although 

different definitions of pain have been directly compared to one another, the same has not 

yet been done for structural definitions of knee osteoarthritis. The lack of research into the 

long-term natural history of radiographic OA is noticeable especially in regards to 

population-based cohorts and/or asymptomatic subjects, with the longest reported study 

being 12 years in subjects with long-term knee pain. The long-term association between 

change in joint space and future pain or the need for future knee replacement also needs to 

be assessed. 
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3 METHODS AND MATERIALS 

3.1 Introduction 

The methods and study designs for the four major research objectives of this thesis 

(reproducibility, natural history, construct validity and predictive validity of radiographic 

scoring methods) are described in this section. It will outline the Chingford study, the 

previous data collected over the duration of the cohort, the new data collected specifically 

for this research, and the study design and statistical methods used in each analysis. 

The Chingford Women’s study is a population-based UK cohort uniquely positioned 

to fully address all objectives outlined in this research, particularly looking at early or mild 

radiographic predictors of knee pain and joint replacement due to OA in a normal 

population. This cohort is unique in that it followed a middle-aged group of women rather 

than an elderly population of the kind usually targeted for this type of research. It also has 

an extremely high retention rate of over 50% over the 19-year follow-up. This cohort is 

one of the few with the type of data able to assess radiographic natural history over 19 

years and to answer questions regarding early disease detection and identification of 

subjects at risk for severe OA later in life. 

This research used previously collected data from earlier visits, quantitative joint 

space from a novel image analysis program, and some re-analysis of x-rays from earlier 

study visits. New data collection included using a variety of radiographic scoring methods 

at year 20 and using a novel measure of joint space on the year 20 x-rays in addition to a 

sub-sample of baseline and year 5 x-rays. Several different study designs (complete-case 

analysis, cross-sectional and nested case-control) were used throughout this research in 

order to address each individual research question depending on the specific risk factors 

and outcomes being analysed. 
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3.2 Subjects 

Subjects were selected from the Chingford study, a prospective 20-year population-

based longitudinal study focused on osteoporosis and osteoarthritis. All women between 

the ages of 43 and 65 from a single GP practice in Chingford, north London, were 

contacted to take part between 1988 and 1989. 1003 women out of a possible 1353 (78% 

response rate) attended the baseline visit with an actual age range of 44 to 67 due to the 

two year recruitment period (Leyland et al. 2012). Subjects of the Chingford study are a 

well-described, predominantly Caucasian cohort, who have been found to be 

representative of women of the general UK population in terms of height, weight, and rates 

of hysterectomy, but with a lower percentage of current smokers (Hart et al. 1999). The 

study was approved by the Outer North East London Research Ethics Committee and 

written consent was obtained from each woman. 

 

3.3 Data collection 

3.3.1 Population demographics 

Each visit year included a combination of detailed musculoskeletal questionnaires, 

physical evaluation, blood and urine collection and x-rays, depending on the visit year. 

Yearly phone interviews were conducted between clinic visit dates in order to gather 

information on medication, fractures and recent co-morbidities. 

Musculoskeletal questionnaire included questions regarding pertinent risk factors 

for osteoarthritis such as age, current medication, menarche/hysterectomy dates, 

smoking/alcohol intake, family history of arthritis, location and duration of knee pain, 

stiffness and swelling, fracture history, and physical activity. Total knee replacements 

(TKRs) were confirmed using a variety of sources including radiographs, nurses’ reports 
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during physical examinations, self-report by the subject on questionnaires, and 

confirmation by the subject’s general practitioner. 

Pain was evaluated by questionnaire at baseline and year 2 clinic visits using the 

questions ‘Have you ever had any knee pain in your knees for at least one month?’ 

(NHANES 1979) and ‘Have you had knee pain within the last month?’ Clinic visits 

starting at year 3 added a side specific (left/right) component to the knee pain question 

‘Have you ever had pain or stiffness in this (knee) joint?’ in addition to asking about 

duration of pain, ‘Does it last less than 15 days, 15-30 days or more than a month?’ Also 

included in this version were questions specifically related to knee pain during the 

previous month; ‘Did it occur in the prior month?’ and ‘How many days did it last in the 

prior month?’ The year 20 visit included the most comprehensive set of knee pain 

questions which included all the questions given in years 3-15 (NHANES) in addition to 

both the WOMAC (Bellamy et al. 1986) and Oxford Knee scores (Dawson et al. 1998).  

Height and weight were collected by medical staff (from which body mass index 

(BMI) has been calculated) in addition to blood pressure and serum samples (urine/blood) 

at each of the clinic visits. BMI groups were calculated using World Health Organisation 

categories, with normal BMI as less than 25, overweight as 25 to less than 35, and obese as 

35 and above.  

Some clinic years included more comprehensive examinations with physiotherapy 

evaluations (grip strength, get up and go test, etc.) in addition to quantitative sensory pain 

testing (QST). Clinical examination for knee pain included assessment for bony swelling, 

joint effusion, warmth, tenderness and pain on motion (flexion).  
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3.3.2 Twenty-year follow-up of the Chingford cohort 

 Figure 3.1 shows a consort diagram illustrating the attendance, x-rays, mortality 

and the subjects lost to follow-up over the twenty year study. Mortality (in the circles) 

increased over time along with the ageing cohort. There was a disparity of up to 6.7% of 

subjects who attended a study visit, but did not have an x-ray taken for whatever reason.  

 

Figure 3.1 Flow diagram for twenty-year follow-up of the Chingford study
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3.3.3 Radiographic risk factors: x-ray protocols and scoring 

3.3.3.1 X-ray protocols 

Bilateral weight-bearing extended anteroposterior (AP) x-rays were taken at 

baseline, year 2, year 3, year 5, year 10, year 15 and year 20, with year 20 being the first 

year of digital x-rays. Standard protocols were established at baseline and continued for all 

subsequent visits. Both knees for every subject present for the visit were radiographed by 

experienced radiographers using the same equipment each year.  For the baseline to year 

15 plain film x-rays, the knee was kept in contact with the cassette and the patella was 

centered over the lower portion of the femur. The tube-to-film distance was 100cm, with 

the beam centered 2.5cm below the apex of the patella (Hart et al. 1999).  

Digital x-rays were taken at year 20 with protocols as similar as possible to earlier 

visits, and included a KIDA (Marijnissen et al. 2008) calibration object. Plain film x-rays 

were scanned on a digital scanner at 600 dpi with a grey scale pixel depth of 16 bits. Pixel 

size for the digital x-rays was determined using embedded DICOM information. 

3.3.3.2 Previously collected data: baseline to year 15  

Baseline and year 5 radiographs were read by Prof. Tim Spector (TS) and Dr. 

Deborah Hart (DJH), with the year 10 and 15 radiographs read by DH alone. Radiographs 

were read individually (not in sequence) and were blinded to all clinical information (other 

than study number and visit).  

 Radiographs were scored using the Kellgren and Lawrence global score (‘0= 

normal; 1= possible osteophyte, no joint space narrowing (JSN); 2= definite osteophyte, 

possible joint space narrowing; 3= multiple osteophytes, definite JSN, sclerosis and 

possible deformity of bone ends; 4= large osteophytes, marked JSN, severe sclerosis and 

definite deformity of bone ends’) (Kellgren and Lawrence 1952, Kellgren and Lawrence 

1963). 
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The Chingford atlas (see chapter 2) was also used to score each radiograph. This 

has scores ranging from 0 to 3 for osteophytes and joint space narrowing, and has a binary 

score (present/absent) for tibial spiking and subchondral sclerosis (Burnett et al. 1994). 

3.3.3.3 New data collection: year 20 

3.3.3.3.1 Blinding 

Year 20 radiographs were scored by a single reader, Kirsten Leyland (KL) and 

blinded to all clinical information except study visit and study number. X-rays were read 

individually and not in a series to keep in practice with reading methods for x-rays from 

previous study visits. Although this method is not common, it has been used for similar 

studies (Lachance et al. 2002). Due to the number of years between each x-ray (at least 

four), it was also determined that progression would be identifiable, which is a primary 

concern of not reading radiographs in a series (Felson and Nevitt 2009).  The regression of 

grades, which is also a consideration with this type of blinding method, was found to be 

low (1.7%).  

3.3.3.3.2 Radiographic scoring methods 

X-rays were scored using the same Kellgren and Lawrence (K/L) grading 

definition as outlined above in chapter 2. The traditional cut-off for K/L (≥2) was used in 

analyses unless otherwise stated. This is the cut-off originally indicated by Kellgren and 

Lawrence (1957) and allows results to be comparable to other epidemiological analyses. 

Knees were also scored using K&L on a compartmental basis, although this method is not 

common and is relatively untested. This score was included because although it has only 

been referenced in a single epidemiological study (McAlindon et al. 1992) and several 

biomechanical studies (Khan et al. 2008 and Ersoz et al. 2003), it is currently being used as 
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part of recruitment inclusion criteria for large randomised control trials (NIH clinical trials, 

2010).  

The Chingford radiographic atlas was used to grade year 20 in order to keep 

consistency with previous study years although this is not currently a common method for 

scoring radiographs. Tibial spiking was graded using this atlas, although it was not read for 

previous x-rays. Although very similar to the Chingford atlas, the OARSI atlas (Altman et 

al. 2007) was also used to grade the year 20 radiographs due to comparability with other 

research. Osteophytes (femoral and tibial) and joint space narrowing were graded between 

0 and 3, with a binary grade for subchondral sclerosis.  

The Line Drawing atlas was used based on the revised version with scores ranging 

from 0 to 5 for osteophytes and -5 to 5 for joint space width (Wilkinson et al. 2005)). A 

modified version of this latter score was also used in some analyses, as testing showed that 

the joint space narrowing grades between -5 and -1 were not as reproducible as when all 

‘wide’ joint space grades were grouped into a single grade (-1) (Wilkinson et al. 2005). 

Due to the Chingford study using extended protocol x-rays, it was necessary to increase 

the ‘normal’ range by one grade to -2 and below.  

A manual combined atlas was created for use by the readers, combining all 

methods of scoring with all available images and descriptions for each method (appendix 

1.2). Additional notes and clarification for each grade and/or method were included when 

any parts were determined to be unclear during the inter-observer training test (see chapter 

5).  

3.3.3.4 KneeMorf data collection: year 20 

KneeMorf (described in detail in chapter 4) is a software program which was 

developed by the University of Oxford for the purpose of providing an efficient and 

accurate way to gather quantitative data on a variety of measurements commonly used in 
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the research of musculoskeletal conditions relating to the knee.  Specifically for this 

research, it was developed to provide a novel way to measure quantitative joint space and 

identify flexion on older low-contrast radiographs, while providing as much information as 

newer automated edge detection methods. KneeMorf is also able to record alignment and 

tibial varus among other factors.   

All year 20 x-rays were read by KL using the KneeMorf software package. A nested 

sample of baseline and year 5 x-rays were also read for quantitative joint space. Minimum 

joint space, mean joint space and joint space area from both the medial and lateral 

compartments were all analysed as possible risk factors. Flexion variables were used as 

covariates during analysis. 

3.3.4 Covariates 

Adjustment for covariates were done to correct for any imbalances in baseline 

variables that are related to the outcome (pain or TKR) in addition to the possible 

adjustment for large differences detected between the groups being tested. Covariates 

included age, BMI (baseline and year 20), and smoking. While age and BMI are well-

established risk factors for osteoarthritis (Garstang and Stitik 2006; Blagojevic et al. 2010), 

smoking has been more controversial due to conflicting results. A met-analysis in 2011 

found that while there was an overall negative association between smoking and OA, in 

subgroup analyses only case-control studies maintained a significant negative association 

(cohort and cross-sectional sub-groups were not significant) (Hui 2011). Due to the use of 

several study designs in this thesis (case-control, cross-sectional and longitudinal), 

smoking was used as a covariate for all relevant analyses in spite of a possible lack of 

association with the outcomes.  
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3.3.5 Outcomes: pain and total knee replacement 

3.3.5.1 Year 20 pain 

Knee pain was assessed during the year 20 visit as part of the general Chingford 

musculoskeletal questionnaire, with both a modified NHANES question as well as the full 

WOMAC questionnaire. The NHANES question came in two parts, with the first asking 

‘Have you had pain in your right/left knee in the last month?’ The second half of the 

question asked the subject to circle the number of days they had pain each month. The 

variable for pain used at year 20 was created as positive for pain if subjects answered ‘yes’ 

to the first part of the question and selected ‘15+ days’ for the second part of the question.  

3.3.5.2 Total knee replacements 

Total knee replacements were confirmed using a variety of sources including 

radiographs, nurses’ reports during physical exams, self-report by the subject on 

questionnaires, and confirmation by the subject’s general practitioner. Radiographs were 

considered the ‘gold-standard’ evidence for TKR and were used wherever possible.  

3.4 Study design and statistical methods 

This section will outline the study designs and statistical methods used for each of 

the results sections; comparison of ROA scoring methods, natural history, cross-sectional 

and longitudinal analysis. It will also describe several methods and concepts which are 

used throughout this research; comparing characteristics of subjects in the analysis to 

subjects lost to follow-up, reproducibility and validity.  

3.4.1 Cohort characteristics 

Descriptive statistics were used to compare baseline characteristics of subjects 

included in each analysis to those who were lost to follow-up. Baseline characteristics 

included age, BMI, history of smoking, pain (at year 5) and baseline K/L grade. Normally 
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distributed variables were compared by t-test, while non-normal variables were tested 

using Man-Whitney U tests for continuous data, Pearson Chi-square tests for categorical 

data, and Fisher exact tests for categorical variables with small expected cell counts. 

3.4.2 Reproducibility  

Two researchers (KL and NB) graded x-rays using the atlas-based scoring methods 

for the reproducibility study. Two one hour training sessions were conducted with both 

readers, with a period of several weeks in-between. Each reader independently scored at 

least 15 radiographs, which were discussed and compared during the second training 

session. Official reproducibility was evaluated using 50 radiographs randomly selected 

from the full cohort (25 from year 15 and 25 from year 20). Each reader read the full set of 

x-rays, with a single reader (KL) re-reading the set after an interval of one day for short-

term intra-observer reproducibility and then again after an interval of ten days for medium-

term intra-observer reproducibility. 

Linear weighted kappas were calculated in order to evaluate inter- and intra-

observer reliability for each atlas-based scoring method (see figure 3.2).  The Cohen kappa 

statistic assesses reproducibility in categorical variables (Kirkwood and Sterne 2003) and 

compares the ‘expected’ agreement calculated based on the distribution of the variables to 

the ‘actual’ agreement, and gives a range of values between -1 and 1 (primarily between 0 

and 1). A negative kappa indicates that ‘actual’ agreement is less than ‘expected’ 

agreement, while a kappa of 0 indicates that agreement is no better than would be expected 

by chance.  
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Figure 3.2 Definitions of Reproducibility 

 

A standard interpretation of kappas has been proposed in order to qualify the cut-

offs for ‘good’ or ‘poor’ agreement.  Landis and Koch (1977) gave the following 

descriptions to describe the strength of the agreement ‘≤0= poor, .01 -.20= slight, .21-.40= 

fair, .41-.60= moderate, .61-.80= substantial, and .81-1= almost perfect’. Weighted kappas 

can be used to reflect a degree of disagreement and are more appropriate to use on ordinal 

data (such as x-ray grades) than an unweighted kappa (Sim et al. 2005). They take into 

account the severity of disagreement (i.e. how many categories away from agreement) by 

counting partial agreement and do not penalise completely for less than perfect agreement. 

Factors that can affect the kappa include prevalence, bias and non-independence of ratings 

by the graders (Sim et al. 2005).  

During the year 20 readings, intra-observer reliability was tested at intervals to 

check for reader drift (see figure 3.1) over the course of the reading period. After reading 

the first 200 year 20 x-rays, KL re-read the first 20 x-rays and then repeated this process 

after reading another 200 x-rays. Weighted kappas were used to check for non-systematic 

change in readings, while cross-tabulations were used to assess if there was any systematic 

under- or over-grading.  
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The reproducibility of continuous variables, such as minimum joint space, was 

tested using intra-class correlations (ICCs) and 95% confidence intervals. 

3.4.3 Validity 

 Validity is one of the measures alongside reproducibility which can help determine the 

quality of a diagnostic tool. While reproducibility is focused on the consistency of a measurement, 

validity is concerned with whether the tool or method is actually measuring what is meant to be 

measured.  The definitions for construct validity and predictive validity are outlined in figure 3.3.  

 

Figure 3.3 Definitions of validity 

 

3.4.4 Comparing scoring Methods 

Study Design: Cross-sectional analysis using atlas-based ROA data from year 20. 

Statistical Methods: All categorical scoring methods were evaluated for each feature and 

scoring method read for the year 20 x-rays (K/L, Chingford, OARSI and Line Drawing). 

Descriptive statistical methods were used for the analysis, which included cross-

tabulations with frequencies and percentages. Stacked bar charts were used to display 

cross-tabulation data.  
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3.4.5 Natural history of radiographic osteoarthritis 

Study Design: Complete case analysis of K/L and Chingford atlas data at baseline, year 5, 

year 10, year 15, and year 20. 

Statistical Methods: Prevalence, incidence, progression and worsening (described in more 

detail below) were calculated using x-ray data from all available visit years. Pearson chi-

squared tests were used to compare differences between age groups, BMI groups and 

pain/pain-free knees. Wilcoxon rank-sum tests were used to assess the significance of 

trends across age groups.  

3.4.5.1 Prevalence 

Prevalence was calculated at the knee level (with each subject supplying two knees 

to the analysis) as well as the compartment level (for both K/L and individual features). It 

was defined using a K/L grade 2 or above or individual feature grade 1 or above as an 

indication of disease presence.   

3.4.5.2 Incidence 

Incidence of K/L was calculated at the knee level and was defined as having a 

grade 0 or 1 at the first period of observation and a grade 2 or above at the second period 

of observation. Individual feature incidence was calculated at both the compartmental (i.e. 

‘medial JSN or osteophyte’) and knee levels (i.e. ‘any osteophyte’) and were defined as a 

grade 0 at the first observation period and a grade 1 or above at the second. Annual 

cumulative incidence was determined by dividing the incidence by the number of years 

under observation.  

3.4.5.3 Progression and worsening 

Progression was calculated at the compartmental and knee levels and for K/L was 

defined as having a grade ≥ 2 at the first period of observation and showing an increase of 
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at least one grade by the second period of observation. Individual features were defined as 

having a grade ≥ 1 at the first period of observation and an increase of at least one grade at 

the second. Worsening was calculated at the compartmental and knee levels and was 

defined as an increase of one grade from any other grade (including grades 0 and 1).  

3.4.6 Construct validity of ROA and pain (cross-sectional analysis) 

Study Design: Cross-sectional analysis at year 20 of subjects with x-ray (atlas-based ROA 

scores and quantitative JSW) and pain (NHANES variable) 

Statistical Methods: The outcome measure for all analysis is the binary NHANES pain 

variable (described in chapter 2). Crude associations were tested first between individual 

ROA features (atlas-based scores and quantitative JSW) and pain using univariable logistic 

regression.  Multivariable logistic models were then used to adjust for covariates; age, 

BMI, and flexion (for quantitative JSW only). General estimating equation (GEE) models 

were used for all regression analysis in order to account for co-linearity (clustering) due to 

the knee level analysis (two knees for each subject) (Burton et al. 1998; Hanley et al. 

2003).  Construct validity was interpreted using odds ratios and 95% confidence intervals, 

with ROA features having higher odds ratios demonstrating better construct validity 

(association with pain).  

3.4.7 Predictive validity of ROA with TKR (longitudinal analysis) 

Study Design: Nested case-control: 10 controls for each TKR, matched on age and time in 

the study. 

Statistical Methods: The association between baseline ROA (atlas-based and JSW) was 

assessed against the odds of a future TKR (after year 5). Change (worsening) of risk 

factors between baseline and year 5 was also evaluated. Conditional logistic regression 

was used to account for matching of the cases and controls. Results were given in odds 

ratios and 95% confidence intervals.  
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3.5 Summary 

This chapter describes the unique characteristics of the Chingford study cohort 

including the nineteen year follow-up, the recruitment from a general population, and the 

comprehensive x-rays and pain information taken throughout the study, which provides 

data with which to evaluate the quality of radiographic risk factors in terms of 

reproducibility, construct validity and predictive validity. It is one of the few cohorts in the 

world which provides the necessary data to describe the 20 year natural history of 

radiographic knee osteoarthritis. 

  This chapter outlines the specific variables that were collected as risk factors, such 

as the previously read x-ray data, the newly collected data at the year 20 visit, and 

quantitative joint space measurements assessed at specific time points using the specially 

developed KneeMorf software program. The methods used to identify the two main 

outcomes (pain at year 20 and total knee replacement after year 5) are fully described 

above along with the general collection of variables used to assess the baseline 

characteristics of the cohort.  

The study designs and statistical methods are outlined for each aspect of this 

research; a complete-case analysis for analysing the natural history of radiographic knee 

osteoarthritis, a cross-sectional analysis at year 20 to compare ROA methods to each other 

and then to pain, and a matched nested case-control to analyse baseline (and 4-year 

change) ROA and the risk for a future knee replacement.  
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4 KNEEMORF PROGRAM 

One of the primary outcomes for testing disease modifying osteoarthritis drugs is 

minimum joint space measured quantitatively (Abadie et al. 2004). Narrowing joint space 

over time has also been identified as a possible early indication for both pain and the need 

for a knee replacement (Bruyere et al. 2005).  

Automated methods have been developed to quickly and reproducibly give a variety 

of joint space measurements including minimum, mean and area on digitised and digital x-

rays (Marijnissen et al. 2008; Oka et al. 2009). Most of these methods, however, require 

high contrast x-rays for their edge-detection algorithms to accurately capture joint space.  

Due to the length of the Chingford study, some of the plain-film x-rays are over 20 

years old and were only later digitised after being stored for ten to fifteen years. While 

joint space is still easily identifiable by eye, the lines are not distinct enough to use edge-

detection algorithms. A new method using Bézier curves (described in detail below) was 

developed for this research in order to provide the benefits of edge-detect methods (having 

a full outline of the entire knee compartment) while allowing the user to identify the 

compartment edges accurately, quickly and efficiently. 

This chapter describes the development of the KneeMorf software, the testing and 

validation work involved in implementing the Bézier curves, and the long- and short-term 

reproducibility of the measurements. 

 

4.1 Background 

4.1.1 Quantitative joint space width measurements 

Joint space narrowing or width is often used as a surrogate outcome marker for 

knee cartilage loss as a result of osteoarthritis. X-rays are more cost-effective and patient-
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friendly than MRIs, and are therefore more often used in determining the extent of the 

disease process. Plain-film radiographs show the delimitations of the bony edges of the 

joint and any space between is assumed to represent cartilage. Joint space is scored 

primarily using either quantitative or categorical methods.  

Quantitative methods measure the actual space between the articular surfaces of the 

bone in millimetres either by hand using callipers on plain-film or by utilising 

computerised methods on digitised film. Lequesne used specially designed callipers on 

high quality radiographs to measure the point of maximum narrowing, and this method of 

measurement is generally preferred to other manual methods such as applying a ruler 

directly onto the radiograph (1994). Ravaud based his technique on Lequesne’s method, 

but included an additional two measurements; the midpoint of the knee compartment and a 

standardised point 10mm from the edge of the compartment (1996).  

More recent quantitative methods have focused on semi-automated and fully 

automated computerised measurements in order to minimise error and maximise 

reproducibility. Automated methods for measuring minimum joint space width (minJSW) 

have shown high reproducibility when compared to manual measurements. In one study, 

patients were radiographed twice within a two week time-span and both automated and 

manual methods were applied to each radiograph. The automated method varied by an 

average of one pixel between radiographs of the same series, while the manual method 

differed by 0.10mm (Schmidt et al. 2005).  

4.1.2 Computerised methods for measuring joint space width 

One of the earliest semi-automated methods for calculating joint space was 

developed by Dacre et al (1988; 1989). They made early use of edge-detection type 

algorithms, to try to define bone edges within a small defined section of each knee 

compartment (see figure 4.1). They calculated only joint space area (JSA).  
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Figure 4.1 Method of measuring JSA (from Dacre et al. 1989) 

 

 

Lynch et al’s work combined automated scoring with precise radiographic protocols 

(quantitative microfocal radiography), in order to minimise error from rotation and flexion 

(1993). They used modified edge detection with user-defined parameters within each 

measure, with the ability to calculate JSA and minJSW (see figure 4.2).  

 

Figure 4.2 Calculating JSW using edge detection (from Lynch 1993) 

 

 

Conrozier et al developed an automated method for hip minJSW and applied the 

same method to knee radiographs to calculate minJSW, meanJSW, and JSA (see figure 

4.3) (Conrozier et al. 1998; Piperno et al. 1998). Schmidt et al produced a semi-automated 



62 
 

method using established edge-detect methods within a custom Matlab program giving 

very good reproducibility (2005). 

 

Figure 4.3 Semi-automated edge detection method (Piperno 1998) 

 

 

The Knee Image Digital Analysis (KIDA) program was the first program which 

collected risk-factor data in addition to joint space measures for knee radiographs 

(Marijnissen et al. 2008). In addition to minJSW and JSA, developers included osteophyte 

area, joint angle, tibial eminence height and bone density of the bone margin using a 

proprietary aluminium wedge which was included in x-rays (figure 4.4). Marijnissen et al 

found the majority of their measures were sensitive for identifying knees with 

osteoarthritis, and had high levels of reproducibility (Marijnissen et al. 008).  
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Figure 4.4 KIDA software program (from Marijnissen 2008) 

 

 

One of the more recently developed methods of measuring joint space width does 

not measure the ‘minimum’, but rather uses a coordinate system based on anatomical 

landmarks to measure joint space at pre-specified locations (Neumann et al. 2009). The 

benefits of this method include the high reproducibility for a series of radiographs, the 

ability to make comparisons between patients, and the independence of the measurement 

location from knee size and magnification (ibid). In a small trial the responsiveness of the 

coordinate system was found to be better than minJSW in knees identified as having 

narrowing, although it was not significantly different. There was no difference for knees 

with normal joint space (Benichou et al. 2010). In practice this method is more time-

consuming then measuring minimum width and requires perfectly consistent knee 

positioning (using strict x-ray protocols), all of which may limit its usefulness for future 

large-scale cohort studies. 
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Figure 4.5 Coordinate system for measuring JSW (Neumann 2009) 

 

 

4.1.3 KneeMorf 

KneeMorf was developed for the purpose of providing an efficient and accurate way 

to gather quantitative data on a variety of measurements commonly used in the research of 

musculoskeletal conditions. Specifically, other automated methods did not provide a way 

to collect comprehensive data, specialising in either joint space or alignment, but not both.  

It was also necessary to develop a method which did not rely on edge-detection and 

would be equally reproducible and accurate on digitised plain-film x-rays as on digital x-

rays. KneeMorf has additional built-in functionality to record semi-quantitative scoring 

methods (such as Kellgren and Lawrence) commonly used in the research of osteoarthritis. 

It also features a novel method of recording joint space width, using Bézier curves to give 

a range of accurate and reproducible measurements (figure 4.6). Additional unique features 

of KneeMorf include the recording of anatomical features with the potential to identify 

flexion, which is known to influence joint space measurements (Buckland-Wright et al. 

2005)  
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Figure 4.6 KneeMorf output – Outlines of compartments with measurements 

 

4.2 Software development 

4.2.1 Development team 

The KneeMorf program was developed by a team of researchers at the University of 

Oxford. Professor Nigel Arden and Dr. Kassim Javaid were the principal investigators of 

the project with Dr. Richie Gill as the technological lead. Two programmers were involved 

over the course of the project, with a contractor providing the primary coding and database 

development, the user interface and coding of the initial points and measurements. Dr. 

David Hunter, an image specialist and engineer, modified the original version of the 

program providing advanced functionality and usability on all aspects of the program 

including the implementation of novel features such as the Bézier curves. Kirsten Leyland 

and Nicholas Bottomley developed the original concept for the program including the 

design of the graphical user interface and database schema. Kirsten Leyland managed the 

project from inception to the current version and helped develop, evaluate and test all 

functionality of KneeMorf.  

4.2.2 Programming  and databases 

KneeMorf was developed using open-source software (Python 2.7) and database 

management systems (SQL 5.1). This allows the program to be as flexible as possible and 

widely accessible by researchers. Matlab 7.12 was used to calculate final measurements 

and angles from the raw data (points) exported from KneeMorf. 
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4.3 Bézier curves  

4.3.1 Background 

As an alternative to edge-detection algorithms and manually determined minJSW, 

this research explores the use of Bézier curves, a parametric function easily manipulated to 

represent the curvilinear shape of both a femoral condyle and tibial plateau. Bézier curves 

provide a similar level of information as automated edge-detect methods, but benefit from 

the accuracy of the human eye in detecting bone contours. Bézier curves were developed 

in 1959 by mathematician Paul de Casteljau for use in automobile design, but were 

popularised by engineer Paul Bézier in 1962 (Riskus et al. 2006). More recently they have 

been applied to biological systems for use in biometric data (iris and fingerprint images) 

(Vari et al. 2010), as well as being used to record the shape of complex anatomical 

structures such as the corpus collosum (Farag et al. 2010).  

This research utilised Bézier curves which were able to be defined by between four 

and six points. Once the two end-points are set, it takes a minimal amount of time (less 

than 15 seconds) and practice to overlay the bone edge with the Bézier curve with visual 

accuracy. Each curve can be stored as four discrete points, which require a minimal 

amount of space to store, but are able to describe a complex biological shape.  
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Figure 4.7 KneeMorf – Bézier curve placement 

 

4.3.2 Bézier curve placement and measurement definitions  

Bézier curves were placed to define the floor of the tibial plateau in the medial and 

lateral compartments individually (figure 4.7). The first point was placed on the outer edge 

of the tibial plateau, excluding osteophytes. The point defining the interior of the 

compartment was placed on the tip of the corresponding tibial spine. Next, two control 

points were manipulated until the curve corresponded to the middle of the lowest sclerotic 

line indicating the floor of the tibial plateau.  

 The placement of the Bézier curves on the medial and lateral femoral condyles was 

accomplished in a similar manner, with the outer edge determined by trying to include the 

curve of both the outer edge of the condyle and part way into the femoral notch. The 

KneeMorf manual in appendix 1.3 has full descriptions of the placement of each point with 

corresponding images.  

4.3.2.1  Minimum joint space width 

Minimum JSW was calculated within an area restricted between the two 

compartmental Bézier curves and the apex of the curve up the tibial spine slope. Two 

methods were evaluated which determined the bottom of the slope of the tibial spine, past 

which joint space would not be measured. The first was a point manually determined by 
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the user (user-slope) and placed where the user determined the floor of the tibial plateau 

stopped and the slope of the tibial spine began; the second was automatically calculated 

(auto-slope) using a mathematically derived inflection point on the tibial Bézier curve. 

Minimum JSW measurements were calculated using both the user-defined slope point as 

well as the auto-defined slope point to restrict the area of joint space to be measured.  

To determine minJSW each curve was calculated into a series of highly discretised 

points using a customised Matlab function. All distances between each of the resulting 

points for the femoral Bézier and the tibial Bézier curves were then calculated, with the 

smallest distance given as the minJSW for the compartment. The axis of measurement was 

not restricted to any pre-specified angle. 

4.3.2.2 Mean joint space width 

Mean JSW was calculated within the region established using the automatically-

determined tibial slope point as the innermost limit and the tibial plateau edge point as the 

outer limit. The Bézier curves were used as the superior and inferior limits of the area to be 

calculated. A series of circles were fit between the curves with the outer edges touching 

both the femoral and tibial Bézier curves at regular intervals. This was based upon the 

previous method established by Lynch et al (1993). The mean of the diameters of the 

circles then gave the meanJSW for each knee compartment.  

4.3.2.3 Joint space area 

 Joint space area was determined for each compartment using the same restricted 

area for measurement as both minJSW and meanJSW. This measurement was constrained 

medially by the auto slope point, laterally by the plateau edge, superiorly by the femoral 

Bézier curve and inferiorly by the tibial Bézier curves. The area was calculated as mm2 

within the pre-defined space. 
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4.3.2.4 Manual digital calliper (validation measure) 

In order to validate the novel measures calculated by the Bézier curves, a ‘digital 

calliper’ requiring manual placement to measure minJSW was included in the KneeMorf 

reproducibility and validity study. The digital calliper was implemented to be as similar to 

measuring minJSW on a plain film x-ray as possible. A sliding calliper cursor was used, 

without any restrictions placed on the measurement angle. This measure was used as the 

gold standard minJSW measure to validate the Bézier minJSW against.  

 

4.4 Validity and reproducibility methods 

4.4.1 Reproducibility protocols 

Twenty-five digitised plain-film x-rays from year 15 and 25 digital x-rays from 

year 20 were selected for the study. All joint space measurements available in the 

KneeMorf program were placed during the testing including digital callipers for manually 

determining minJSW, and Bézier curves for each of the four bone edges defining the 

medial and lateral compartments of the knee.  

X-rays were selected with a range of disease severity (K/L 0 through 4) and BMI 

categories. X-rays were subdivided by K/L grade and again by BMI group (<25 kg/m2 or 

≥25 kg/m2) to make sure an equal number of normal/overweight subjects were represented 

in each K/L grade. Five subjects were randomly selected from each K/L grade as scored at 

the year 15 visit, with half from each BMI category. Subjects with K/L grade 4 were 

underrepresented due to a lack of subjects and were substituted with subjects with K/L 

grade 3. The corresponding x-rays for the 25 subjects chosen from year 15 were then 

selected from year 20.  
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Two observers were used to test reproducibility and validity, Kirsten Leyland (KL) 

and Dr. David Hunter (DH), both of whom were familiar with KneeMorf technology and 

the definition of the points and curves. Two training sessions were completed with the 

reading of ten radiographs at the end of each session. A small improvement of agreement 

was found between the first and second sessions, although the overall agreement remained 

high from the beginning. Once the training was complete, KL and DH each read 50 

radiographs using KneeMorf, blind to study number, disease severity and BMI group. The 

study year was unable to be blinded due to the noticeable differences between the digitised 

plain-film and the digital radiographs. KL reread all 50 x-rays after an interval of five days 

for the short-term intra-observer reproducibility and then for a third time after an interval 

of five months for the long-term reproducibility. DH reread all radiographs after an 

interval of five months. There was an informal brief review of training materials with a 

discussion before each reader read the set after the five month interval. 

4.4.2 Statistical methods 

4.4.2.1 Reproducibility 

Inter- and intra-observer reproducibility was calculated using intra-class 

correlations (ICC) with 95% confidence intervals (CI) in addition to Bland-Altman plots 

(Bland and Altman 1986). Short-term intra-observer reproducibility was calculated using 

KL’s first and second readings. Long-term intra-observer calculations were done using 

KL’s first and third readings and DH’s first and second readings. Intra-observer 

reproducibility was calculated with the first readings by both readers and the last readings 

by both readers. 
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4.4.2.2 Validity 

Validity of the automated minJSW produced by the Bézier curve was tested against 

minJSW produced by user placement of a digital calliper. To be a valid measure, the 

automated minJSW would be expected to be highly correlated with the digital calliper 

minJSW and have a similar or greater level of reproducibility. The measurements were 

assessed using linear regression in addition to Spearman’s correlation coefficient (r).  

 

4.5 Results 

4.5.1 Reproducibility 

Table 4.1 shows the results for all the joint space measurements taken during the 

reproducibility study. Inter-observer reproducibility was extremely high with the intra-

class correlation coefficients greater than 0.9 for all measurements. When comparing the 

reproducibility of user-defined tibial slope Bézier minJSW with the automated tibial slope 

point minimum, the automated measure showed greater short- and long-term 

reproducibility than the user-determined slope measure. The greatest difference in 

reproducibility was found for the lateral compartment over the five month interval (0.83 vs 

0.97). The meanJSW measures followed a similar pattern with those calculated using the 

automated slope point being the same or having slightly better reproducibility than the 

manually determined slope point.  
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Table 4.1 Intra- and inter- observer short- and long-term Bézier reproducibility 
JSW Measurements Intra-Observer  (short) Intra-Observer  (long) Inter-Observer (first) 

  ICC 95% CI ICC 95% CI ICC 95% CI 
minJSW (medial) - user  0.96 (0.94, 0.98) 0.93 (0.89, 0.97) 0.93 (0.90, 0.97) 
minJSW (lateral) - user 0.96 (0.94, 0.98) 0.83 (0.74, 0.92) 0.91 (0.87, 0.96) 
minJSW (medial) - auto  0.97 (0.95, 0.99) 0.94 (0.90, 0.97) 0.94 (0.91, 0.97) 
minJSW (lateral) - auto  0.96 (0.93, 0.98) 0.97 (0.95, 0.99) 0.94 (0.91, 0.97) 
meanJSW (medial)  0.96 (0.93, 0.98) 0.91 (0.86, 0.96) 0.89 (0.83, 0.95) 
meanJSW (lateral)  0.97 (0.96, 0.99) 0.97 (0.95, 0.99) 0.94 (0.91, 0.97) 
Joint Space Area (medial) 0.95 (0.93, 0.98) 0.95 (0.92, 0.98) 0.93 (0.89, 0.97) 
Joint Space Area (lateral) 0.97 (0.95, 0.98) 0.97 (0.95, 0.99) 0.94 (0.90, 0.97) 
*Intraclass correlations (ICC) and Confidence Intervals (CI) 

    

 Table 4.2 shows the reproducibility between the year 15 digitised plain-film low 

contrast x-rays and the new digital x-rays from year 20. This demonstrates that there is no 

noticeable difference in reproducibility for x-ray type.  

 

Table 4.2 Inter-observer reproducibility: year 15, year 20, and all x-rays 
  

JSW Measurements 
Inter-Observer Year 15 

 X-rays 
Inter-Observer Year 20  

X-rays Inter-Observer (ALL) 

  ICC 95% CI ICC 95% CI ICC 95% CI 
Calliper minJSW (medial) 0.95 (0.88, 0.98) 0.92 (0.84, 0.97) 0.94 (0.89, 0.96) 
Calliper minJSW (lateral) 0.97 (0.93, 0.99) 0.94 (0.87, 0.97) 0.96 (0.93, 0.98) 
minJSW (medial) - user  0.94 (0.87, 0.97) 0.93 (0.83, 0.97) 0.93 (0.90, 0.97) 
minJSW (lateral) - user 0.88 (0.76, 0.95) 0.94 (0.88, 0.97) 0.91 (0.87, 0.96) 
minJSW (medial) - auto  0.95 (0.89, 0.98) 0.93 (0.83, 0.97) 0.94 (0.91, 0.97) 
minJSW (lateral) - auto  0.95 (0.89, 0.98) 0.93 (0.85, 0.97) 0.94 (0.91, 0.97) 
meanJSW (medial) 0.89 (0.77, 0.95) 0.88 (0.76, 0.95) 0.89 (0.83, 0.95) 
meanJSW (lateral) 0.96 (0.91, 0.98) 0.91 (0.80, 0.96) 0.94 (0.91, 0.97) 
Joint Space Area (medial) 0.94 (0.87, 0.97) 0.91 (0.82, 0.96) 0.93 (0.89, 0.97) 
Joint Space Area (lateral) 0.97 (0.92, 0.99) 0.89 (0.78, 0.95) 0.94 (0.90, 0.97) 
*Intra-class correlations (ICC) and Confidence Intervals (CI) 

     

4.5.2 Validity 

The validity of the Bézier curve minJSW was tested against minJSW produced by 

user placement of the digital calliper. To be a valid measure, the Bézier minJSW would be 

expected to be highly correlated with the digital calliper minJSW and have a similar or 

greater level of reproducibility. The measurements were assessed using linear regression in 
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addition to Spearman’s correlation coefficient (CC). The means and standard deviations 

for the minJSW in the medial compartment were 3.9mm (SD 1.5) and 3.8mm (SD 1.4) for 

the callipers and Bézier measurements, respectively. In the lateral compartment, the 

minJSW were 5.1mm (SD 1.5) and 5.1mm (SD 1.4), respectively. The standard deviation 

of the Bézier minJSW was 0.1mm smaller than the ‘gold standard’ calliper minJW, 

indicating a smaller measurement error between grading for the Bézier minJSW. 

 When the validity of the Bézier -based minJSW was tested against the manual 

digital callipers, linear regression showed an r2 

Reproducibility (table 4.2) was the same for both measures in the medial 

compartment, except for the long-term intra-observer analysis which was slightly better 

(0.96 vs 0.94) for the digital calliper. The reproducibility in the lateral compartment 

showed slightly better short-term intra-observer (0.96 vs 0.97) and inter-observer (0.94 vs 

0.96) but long-term intra-observer was much better using the Bézier minJSW (0.97 vs 

0.75).  

of 0.92 in both compartments and a 

correlation coefficient of 0.89 medially and 0.93 laterally.  

 

4.6 Identification of flexion on radiographs 

As quantitative joint space width is used as a primary outcome for clinical trials 

(Abadie et al. 2004), there has been research on ways to minimise the effect that flexion 

has on the appearance of joint space width. This is a well-known issue addressed by 

Buckland-Wright et al. 2005, Vignon et al. 2010, and Takahashi et al. 2009. Takahashi 

showed that mean minimum joint space varied between 2.46mm in an extended view 

compared to 1.47mm in the same 46 subjects with painful knees (Takahashi et al. 2009).  

Extended knee x-rays cause the most problems in regards to flexion due to the 

variation of each subject. The degree to which a subject can fully straighten their legs is 
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highly influenced both by pain and fixed-flexion deformities, and is especially evident for 

x-rays taken at more than one time point if symptoms have changed over that time. Studies 

have shown that pain relief after extreme flare-ups biased the joint space width which 

appeared to widen (Mazzucca et al. 2002). This is one of the primary reasons that fixed-

flexion and fluoroscopy protocols are now standard where possible.  

The primary method to deal with this issue has been to establish the best 

standardised protocols for positioning subjects during x-ray to minimise the effects of poor 

flexion. The favoured methods for standardisation have been the metatarsophalangeal 

(MTP) view and semi-flexed positioning with the aid of fluoroscopy.  

A second method of accounting for flexion is to identify the degree of poor 

positioning found in x-rays which have been previously taken. This method is the only 

available to long-term cohort studies such as the Chingford study, which is using the same 

protocols established at the time of the study’s inception over twenty years ago. 

Establishing the presence of flexion requires the identification of morphological features 

on x-ray which change in some measureable way in relation to the amount of flexion. One 

of these features which has been previously identified is the inter-margin distance (IMD), 

which has been indicated as a useful identifier of flexion (Vignon et al. 2010; Takahashi et 

al. 2009; Le Graverand et al. 2008). 

4.6.1 Feature for identifying flexion: inter-margin distance 

The inter-margin distance (IMD) is calculated as the maximum distance between 

the tibial plateau floor (the middle of the sclerotic line) and the upper most rim visible on 

x-ray (either the anterior or posterior rim) (Vignon et al. 2010). This distance is calculated 

both medially and laterally.  
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For studies using fluoroscopy assisted positioning or MTP views, an IMD distance 

of greater than 1.0mm is considered an indication of flexion which will have adverse 

effects on the measurement of joint space (Buckland-Wright et al. 1995).  

 

4.7 Summary 

The benefit of using Bézier curves to measure joint space is four-fold; first, a user 

can accurately define the bone edge of a compartment by placing only four or five points; 

second, the memory required to record this information and compute results is much less 

than that needed for edge-detect based software; third, the results are easier to interpret and 

compare with one another as they are represented by a mathematical function; and finally, 

edge-detection has not yet reached the same level of accuracy as the human eye when 

determining bone edge on difficult radiographs.  

This work has shown that minimum joint space calculated from Bézier curves is 

highly reproducible for both short- and long-term inter- and intra-observer readings and is 

valid when compared to a manual measurement of minimum joint space (using a digital 

calliper). It also has been shown to have similar reproducibility on older low-contrast 

digitised plain-film x-rays as on new high quality digital x-rays.  
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5 REPRODUCIBILITY OF ATLAS-BASED SCORING METHODS 

Data quality of a scoring method should be assessed by checking both its 

reproducibility and its validity. While validity focuses on whether the measurement is 

giving the true answer, reproducibility is concerned with the difficulty in obtaining a 

consistent answer either between readers or between sets of results over time from the 

same reader (Silman and Macfarlane 1995). If reproducibility of a measurement is not 

good, it can either indicate that the method itself lacks consistency or that one or both of 

the readers are inconsistent in the application of the method. 

 Determining the reproducibility of each atlas-based scoring method (K/L, OARSI, 

Chingford and Line Drawing) is the first step in evaluating the quality of each method, 

providing a solid base from which to assess both construct validity and predictive validity 

of the methods. A comparison of reproducibility between scoring methods will help 

evaluate whether differences found in prevalence between studies may be due to error 

between graders as opposed to a true reflection of a difference in disease burden. 

Assessing reproducibility was also necessary before grading all of the year 20 x-rays 

needed for testing construct validity of the ROA scoring methods (see chapter 8). This 

ensured that the atlas grading was consistent and did not change over the course of the 

grading. 

This chapter will address several common issues surrounding reproducibility; 

comparing reproducibility between graders (inter-observer), comparing reproducibility of a 

single observer over more than one time (intra-observer), assessing the short and long-term 

reproducibility, identifying the consistency of grading over a period of time (reader drift), 

and evaluating whether reproducibility was affected by x-ray type (digitised plain-film vs. 

digital x-ray).  
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5.1  Methods 

Reproducibility was comprehensively assessed throughout the study. Long- and 

short-term reproducibility was analysed both between (inter-) and within (intra-) graders 

for all atlas-based scoring methods (K/L, Chingford, OARSI and Line Drawing).  Intra-

observer reader drift was evaluated twice throughout the course of reading the year 20 x-

rays. 

5.1.1 Study design 

5.1.1.1 Training  

For inter-observer reproducibility, two readers generally familiar with radiographic 

features of knee osteoarthritis (KL and NB) read a test set of radiographs using a standard 

set of the radiographic scoring atlases, without any prior consultation, in order to identify 

natural differences between graders as well as problematic areas in each atlas without 

external influence. 

Ten subjects were randomly selected from the year 15 Chingford x-rays to reflect 

the full range of K/L grades as the first training set. Each grader independently read the x-

rays (right knees only) while keeping a detailed record of specific knees or scores that 

were found to be problematic. The percentage of agreement for each score was used to 

give a general indication of where future training should focus. 

5.1.1.2 Formal study 

Once the training was complete, 50 x-rays were selected from the Chingford study 

as the formal reproducibility set, 25 from the year 20 visit and the same 25 subjects from 

the year 15 visit. This was done so that reproducibility could be calculated for both the 

newer digital x-rays (year 20) as well as the older digitised plain-film x-rays (year 15).  
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Since the year 20 x-rays had not yet been read for K/L, the K/L grades and BMI 

measures for year 15 were used to select the reproducibility set. An attempt was made to 

have an equal representation of the full range of K/L grades (0-4) as well as an even 

number of subjects representing both the normal (<25 kg/m2) and overweight/obese (≥25 

kg/m2

All radiographs were assigned a random number in order to blind the study number of 

the subject, but it was not possible to blind the study year, as the difference between 

digitised and digital x-rays is distinct. K/L grades and BMI categories were not evident 

once the x-rays were selected and renumbered. 

) BMI categories. Due to an under-representation of subjects with K/L grade 4 at 

year 15, subjects with K/L grade 3 were substituted.  

KL read the reproducibility set three times with the first reading also used for the inter-

observer analysis. The second reading was completed by KL after an interval of one day, 

with a third after an interval of ten days.  Reproducibility was assessed using the statistical 

methods previously described. 

For inter-observer reproducibility, both readers (KL and NB) independently read 

all 50 radiographs (right side only).  

5.1.1.3 Reader drift 

Reader-drift is tested to ensure that readers are grading consistently throughout the 

time it takes to grade all of the radiographs within a study. Semi-objective scoring 

methods, such as the radiographic atlases, are prone to several issues including a learning-

effect and the tendency to over-read the presence of disease as the study goes on.   

To check for reader-drift, KL re-read the first 20 x-rays after grading 250 subjects 

and a gap of seven months. Ten right knees and ten left knees were selected to be reread. A 

second reading of the first 20 x-rays was repeated after grading an additional 220 subjects 

to check for any learning and/or disease over-reading effect. 
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5.1.2 Statistical methods 

The statistical measure, percentage agreement, was used for training sets due to the 

small number of observations (generally 10 to 15). For all formal reproducibility involving 

categorical data, a linear weighted kappa statistic (described in chapter 3) was used with 

standard errors (SE) in addition to percentage agreement. Stata version 12.0 was used for 

all statistics and graphing.  

 

5.2 Training reproducibility results 

The features with the lowest percentage of agreement were lateral K/L, OARSI  

lateral tibial osteophyte, Line Drawing medial JSN, both Chingford osteophyte measures 

and medial Chingford JSN, all of which had below 70% agreement. The results were not 

consistent between features across the scoring methods, as in, the agreement for OARSI 

scoring of medial JSN was 90%, while Line Drawing medial JSN was 65%. This 

suggested that the issue was with the specific atlases, as opposed to a general disagreement 

between graders on how to assess medial JSN. The first testing set was reviewed in detail, 

with readers coming to a consensus on the interpretation of each atlas. This session 

resulted in a series of points of clarification for each scoring method to be used in 

conjunction with the atlas (see appendix 1.2).  

Once agreement was reached on the first set of x-rays, a second set of training x-

rays was independently read by each grader to check whether the additional training had 

improved agreement. Only a single score was below 70% agreement during this round; 

Line Drawing lateral JSN. A majority of the scores (75%) increased in agreement, while 

the remaining remained steady or decreased slightly.  

Unlike the previous training round, lateral JSN was the only feature which was 

assessed poorly across all scoring methods, indicating a general issue of consistency 
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between readers in the assessment of lateral joint space narrowing. This measurement is 

recognised to be difficult and a lot of research focuses on the medial compartment only, 

excluding the lateral side (Felson et al. 2008). Readers therefore underwent further training 

together, coming to a consensus on the interpretation and grading of joint space in the 

lateral compartment. This ultimately came down to agreeing which sclerotic line indicated 

the ‘floor’ of the lateral tibial plateau, which is discussed in more detail in the KneeMorf 

chapter (chapter 4).  

 

5.3 Formal reproducibility results 

5.3.1 Formal intra-observer  

Table 5.1 demonstrates that the scoring methods generally had good short-term 

reproducibility, with kappas ranging between 0.43 and 0.95, with the majority (75%) 

having a kappa of at least 0.70. Several features showed poor reproducibility including 

tibial spiking (0.43) and the two medial sclerosis scores (0.50). Most osteophyte and joint 

space grades had very high kappas except for the medial femoral osteophyte in both the 

OARSI and Line Drawing atlases (Chingford did not have a comparable category). 

Features with the lowest levels of reproducibility were binary variables such as sclerosis 

and tibial spiking.  

Medium-term readings showed a similarly good level of reproducibility, with 

kappas ranging from 0.49 to 0.89. As would be expected, the majority of kappas were 

slightly lower than the short-term reproducibility, with a few exceptions. Both the medial 

femoral osteophyte scores increased from having ‘moderate’ reproducibility to the 

‘substantial’ range (Landis and Koch 1977).  

 



81 
 

 

Table 5.1. Intra-observer reproducibility of atlas-based methods  

Method Individual Features 
Short-term 

Reproducibility 
Medium-term 

Reproducibility 
    Kappa (w) Std. Error Kappa (w) Std. Error 

K&L 
 whole knee 0.84 0.09 0.79 0.09 
medial compartment 0.79 0.09 0.72 0.09 
lateral compartment 0.71 0.10 0.61 0.09 

OARSI 

medial femoral osteophyte 0.56 0.10 0.66 0.10 
lateral femoral osteophyte 0.84 0.11 0.89 0.11 
medial tibial osteophyte 0.77 0.11 0.65 0.11 
lateral tibial osteophyte 0.74 0.11 0.72 0.10 
medial jsn 0.79 0.11 0.63 0.10 
lateral jsn 0.95 0.11 0.86 0.11 
medial sclerosis 0.50 0.13 0.53 0.13 
lateral sclerosis 0.69 0.14 0.62 0.14 

Line Drawing 

medial femoral osteophyte 0.55 0.10 0.71 0.11 
lateral femoral osteophyte 0.84 0.11 0.79 0.11 
medial tibial osteophyte 0.79 0.10 0.70 0.10 
lateral tibial osteophyte 0.78 0.10 0.75 0.10 
medial jsn 0.73 0.08 0.76 0.08 
lateral jsn 0.67 0.08 0.76 0.08 

Chingford 

medial tibiofemoral osteophyte 0.79 0.10 0.66 0.11 
lateral tibiofemoral osteophyte 0.81 0.10 0.72 0.10 
medial jsn 0.88 0.11 0.78 0.11 
lateral jsn 0.95 0.11 0.86 0.11 
tibial spine spiking 0.43 0.13 0.50 0.13 
medial sclerosis 0.50 0.13 0.53 0.13 
lateral sclerosis 0.56 0.14 0.49 0.14 

 

5.3.2 Formal inter-observer  

The results of the atlas-based inter-observer reproducibility (table 5.2) were 

considerably lower than expected. Kappas ranged between 0.29 and 0.92, with 61% of 

features having kappas of 0.50 or greater which is considered moderate agreement. 

Particular issues were seen with medial K/L (kappa 0.35), whole knee K/L (kappa 0.41), 

medial femoral osteophytes across all atlases (kappa range 0.30-0.42), and joint space in 

the Line Drawing atlas (kappa 0.40 and 0.42). The percentage of agreement for all 
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features, however, was relatively high with 82% of features having over 80% agreement 

between raters.  

Table 5.2. Inter-observer reproducibility for atlas-based methods 

Method Individual Features 
Percent 

Agreement Kappa (w) SE 

K/L 
 whole knee 81.0% 0.41 0.08 
medial compartment 74.5% 0.35 0.08 
lateral compartment 87.5% 0.54 0.10 

OARSI 

medial femoral osteophyte 78.0% 0.35 0.08 
lateral femoral osteophyte 86.7% 0.59 0.11 
medial tibial osteophyte 89.5% 0.58 0.10 
lateral tibial osteophyte 87.3% 0.57 0.10 
medial jsn 89.3% 0.68 0.10 
lateral jsn 94.7% 0.62 0.11 
medial sclerosis 72.0% 0.38 0.12 
lateral sclerosis 92.0% 0.56 0.14 

Line Drawing 

medial femoral osteophyte 76.5% 0.30 0.09 
lateral femoral osteophyte 87.6% 0.53 0.11 
medial tibial osteophyte 88.0% 0.54 0.09 
lateral tibial osteophyte 86.8% 0.52 0.09 
medial jsn 82.4% 0.40 0.07 
lateral jsn 88.4% 0.42 0.07 

Chingford 

medial tibiofemoral osteophyte 80.0% 0.42 0.09 
lateral tibiofemoral osteophyte 84.0% 0.54 0.10 
medial jsn 88.7% 0.65 0.10 
lateral jsn 96.7% 0.74 0.11 
tibial spine spiking 81.0% 0.33 0.11 
medial sclerosis 68.0% 0.29 0.12 
lateral sclerosis 88.0% 0.33 0.14 

Other Features 

medial subchondral cysts 90.0% 0.00 0.00 
lateral subchondral cysts 98.0% 0.00 0.00 
medial chondrocalcinosis 98.0% 0.92 0.14 
lateral chondrocalcinosis 90.0% 0.68 0.13 

 

5.4 Reader-drift  

The first reader-drift reproducibility showed good results (table 5.3), especially 

considering the long period of time between readings. A kappa statistic is able to assess 

any non-systematic changes in grading.  Sixty-eight percent of the grades had kappas 
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greater than 0.7, with the features with lower grades including lateral JSN for all atlases, 

sclerosis for both atlases as well as tibial spiking. No kappas were in the ‘poor’ categories 

(<0.5).  

 Seventy-one percent of the kappas for the second reader-drift reproducibility test 

were greater than 0.7 indicating that, in general, the grading remained consistent 

throughout the course of reading year 20 x-rays. Some of the features with lower 

reproducibility include joint space narrowing in the lateral compartment for both the 

OARSI and Line Drawing atlases, as well as sclerosis for both the OARSI and Chingford 

atlases. 

 Cross-tabulations were used to check for any systematic over- or under-grading 

which would not be evident using a kappa statistic. K/L (whole-knee) and all osteophyte 

and JSN measures from the OARSI atlas were tested to represent the general features 

being graded for all atlases. While all osteophyte grades had an equal number of over- and 

under-grading for each reader-drift check, the JSN measures appear to have been under-

graded, reading less disease after the first grading. For medial JSN, 25% of grades were 

lower in the second reading, primarily from a grade 1 to a grade 0. The same was seen for 

the third reading. Fifteen percent of the grades for lateral JSN were graded as 0 for the first 

and second readings. This shows that there was a shift to identify less narrowing after the 

first 20 x-rays that were read, but the fact that the second and third readings show the same 

trend means that only x-rays read very early in the study will have slightly higher levels of 

joint space narrowing.  
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Table 5.3 First and second intra-observer reader drift reproducibility 
Method Individual Features First Drift Reading Second Drift Reading 

    Kappa (w) SE Kappa (w) SE 

K&L 
 whole knee 0.86 0.17 0.85 0.15 
medial compartment 0.89 0.16 0.85 0.15 
lateral compartment 0.76 0.17 0.92 0.18 

OARSI 

medial femoral osteophyte 0.67 0.16 0.74 0.16 
lateral femoral osteophyte 0.83 0.16 0.79 0.17 
medial tibial osteophyte 0.84 0.17 0.84 0.17 
lateral tibial osteophyte 0.91 0.17 0.82 0.17 
medial jsn 0.72 0.15 0.67 0.15 
lateral jsn 0.62 0.19 0.70 0.18 
medial sclerosis 0.34 0.17 0.61 0.21 
lateral sclerosis 0.62 0.21 0.48 0.22 

Line Drawing 

medial femoral osteophyte 0.81 0.16 0.73 0.16 
lateral femoral osteophyte 0.88 0.17 0.73 0.17 
medial tibial osteophyte 0.86 0.17 0.93 0.17 
lateral tibial osteophyte 0.89 0.16 0.86 0.17 
medial jsn 0.80 0.13 0.50 0.11 
lateral jsn 0.51 0.13 0.49 0.12 

Chingford 

medial tibiofemoral osteophyte 0.90 0.16 0.85 0.16 
lateral tibiofemoral osteophyte 0.91 0.16 0.83 0.16 
medial jsn 0.87 0.16 0.76 0.16 
lateral jsn 0.57 0.19 0.89 0.19 
tibial spine spiking 0.30 0.22 0.70 0.21 
medial sclerosis 0.34 0.17 0.61 0.21 
lateral sclerosis 0.62 0.21 0.48 0.22 

Other 
Features 

medial subchondral cysts 95%* 
 

90%* 
 lateral subchondral cysts 95%* 

 
100%* 

 medial chondrocalcinosis 1.00 0.22 1.00 0.22 
lateral chondrocalcinosis 0.77 0.23 1.00 0.23 

*Percentage of agreement used due to lack of categories required by kappa statistic 
  

5.5 Inter-observer analysis with previously read Chingford x-rays 

Chingford knee x-rays have been read by three different sets of people. Baseline and 

year 5 radiographs were read jointly by Tim Spector (TS) and Debbie Hart (DJH) (Hart 

1999). Year 10 and year 15 x-rays were read by Debbie Hart alone, and year 20 by Kirsten 

Leyland (KL). Although all previous plain-film x-rays have been subsequently digitised, 
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they were all originally read for K/L and the Chingford atlas using the plain-film x-rays. 

Year 20 is the only year to be read using the digital format with an ability to zoom in on 

specific areas of the x-ray. This would be expected to cause a difference in readings, 

specifically that more disease (i.e. osteophytes and joint space narrowing) would be 

identifiable in year 20.  

The 25 year 15 x-rays that were reread for this reproducibility study in their digitised 

format by KL were compared to the readings done previously by Debbie Hart (DJH) on 

the plain-film format.  

5.5.1 Results 

Only the whole knee K/L and the osteophyte and JSN scores from the Chingford 

atlas had been previously assessed on the plain-film x-rays. In this analysis (table 5.4), K/L 

showed moderate inter-observer reproducibility (0.54), with medial JSN having the best 

(0.68) and lateral JSN having the worst (0.22). The low kappas are not reflected by the 

overall percentage of agreement, which was greater than 85% for all grades. This may be 

due to the small sample size and the lack of representation in several categories of grades, 

which has an effect on the kappa statistic.  A direct comparison between newer digital and 

older methods yielded higher grades in direct comparison with an absolute grade increase 

of 16.0% for K/L, and between 4.0 and 16.0% for individual ROA features. 

 

Table 5.4 Inter-observer reproducibility – previous methods vs. current methods 

Method Individual Features Percent Agreement Kappa (w) SE 
K&L  whole knee 85.0% 0.54 0.13 
Chingford medial tibiofemoral osteophyte 85.3% 0.41 0.14 

 lateral tibiofemoral osteophyte 85.3% 0.44 0.15 

 medial JSN 92.0% 0.68 0.15 
  lateral JSN 90.0% 0.22 0.17 
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5.6 Reproducibility of digitised plain-film compared to digital x-

rays 

Due to the long-term nature of the Chingford cohort, with x-rays having been 

collected over a span of 20 years, the methods of acquisition have changed over this time. 

The most dramatic change was the transition from plain-film to digital x-rays.  

While every effort was made to maintain consistent x-ray protocols between the 

baseline and year 20 visit, the image quality is understandably different between the plain-

film x-rays which were subsequently digitised and the digital x-rays acquired using 

modern techniques. In order to ensure the grading was not dependent on the type of x-ray, 

the reproducibility of each type of x-ray was checked independently.  

5.6.1 Intra-observer comparison 

Intra-observer reproducibility (table 5.5) was the same or higher for almost every 

feature for the year 20 x-rays compared to the year 15 x-rays. The only exceptions were 

tibial spiking, subchondral sclerosis and chondrocalcinosis. Some of the greatest 

differences were found for whole knee K/L grades (0.74 vs 0.94), OARSI medial tibial 

osteophytes (0.67 vs. 0.87) and lateral tibial osteophytes (0.59 vs 0.86).  

With the intra-observer reproducibility being consistently higher across the board 

between digital and plain-film digitised x-rays, it appears that the image clarity seen in 

digital images improves the reproducibility of grading, as would be expected. The year 15 

x-rays, however, still maintained a good level of reproducibility on their own. This 

demonstrates that the reproducibility of the two different formats of x-ray should not affect 

analyses between them. 
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Table 5.5. Intra-observer reproducibility: year 15 digitised vs. year 20 digital x-rays 

Method Individual Features Year 15 x-rays (n=25) Year 20 x-rays (n=25) 
    Kappa (w) SE Kappa (w) SE 

K&L 
 whole knee 0.74 0.13 0.94 0.13 
medial compartment 0.71 0.13 0.88 0.13 
lateral compartment 0.62 0.14 0.79 0.13 

OARSI 

medial femoral osteophyte 0.49 0.14 0.59 0.15 
lateral femoral osteophyte 0.81 0.15 0.86 0.16 
medial tibial osteophyte 0.67 0.16 0.87 0.16 
lateral tibial osteophyte 0.59 0.16 0.86 0.14 
medial jsn 0.74 0.15 0.83 0.15 
lateral jsn 0.87 0.17 1.00 0.16 
medial sclerosis 0.36 0.15 0.45 0.18 
lateral sclerosis 0.62 0.20 0.78 0.20 

Line Drawing 

medial femoral osteophyte 0.55 0.16 0.50 0.15 
lateral femoral osteophyte 0.76 0.15 0.88 0.16 
medial tibial osteophyte 0.70 0.15 0.86 0.14 
lateral tibial osteophyte 0.68 0.14 0.83 0.14 
medial jsn 0.71 0.12 0.71 0.11 
lateral jsn 0.64 0.11 0.67 0.11 

Chingford 

medial tibiofemoral osteo 0.69 0.14 0.88 0.15 
lateral tibiofemoral 
osteophyte 0.66 0.15 0.92 0.14 
medial jsn 0.81 0.15 0.95 0.15 
lateral jsn 1.00 0.17 0.92 0.16 
tibial spine spiking 0.46 0.18 0.39 0.18 
medial sclerosis 0.36 0.15 0.45 0.18 
lateral sclerosis 0.34 0.20 0.78 0.20 

Other Features 

medial subchondral cysts 100%* 
 

100%* 
 lateral subchondral cysts 100%* 

 
100%* 

 medial chondrocalcinosis 1.00 0.20 0.86 0.20 
lateral chondrocalcinosis 1 0.20 0.75 0.19 

*Percent agreement was used due to lack of observations required by the kappa statistic 
 

5.6.2 Inter-observer comparison 

Inter-observer reproducibility (table 5.6) was not as consistent in a single direction, 

with approximately 50% showing an increase and 50% a decrease in the kappas between 

year 15 and year 20 x-rays. There was no discernible pattern as to which kappas increased 

or decreased by compartment, feature or scoring method. 
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This analysis shows mixed results, which is likely due to the issues related to the 

general inter-observer reproducibility which is addressed further in the discussion. 

Ultimately, neither set of x-rays had significantly different reproducibility than the other, 

and both showed acceptable levels of reproducibility for most features and scoring 

methods.  

 

Table 5.6 Inter-observer reproducibility: year 15 digitised vs. year 20 digital x-rays 

Method Individual Features Y15 X-rays (n=25) Y20 X-rays (n=25) 
    Kappa (w) SE Kappa (w) SE 

K&L 
 whole knee 0.43 0.11 0.40 0.12 
medial compartment 0.33 0.10 0.38 0.12 
lateral compartment 0.69 0.14 0.41 0.13 

OARSI 

medial femoral osteophyte 0.26 0.09 0.42 0.13 
lateral femoral osteophyte 0.56 0.14 0.60 0.16 
medial tibial osteophyte 0.45 0.13 0.69 0.14 
lateral tibial osteophyte 0.55 0.14 0.58 0.14 
medial jsn 0.74 0.14 0.63 0.14 
lateral jsn 0.63 0.15 0.62 0.16 
medial sclerosis 0.29 0.14 0.27 0.16 
lateral sclerosis 0.47 0.17 0.62 0.20 

Line Drawing 

medial femoral osteophyte 0.25 0.11 0.34 0.13 
lateral femoral osteophyte 0.47 0.15 0.57 0.15 
medial tibial osteophyte 0.43 0.13 0.62 0.13 
lateral tibial osteophyte 0.64 0.15 0.41 0.13 
medial jsn 0.34 0.09 0.45 0.10 
lateral jsn 0.39 0.10 0.45 0.11 

Chingford 

medial tibiofemoral osteo 0.33 0.11 0.48 0.13 
lateral tibiofemoral 
osteophyte 0.57 0.13 0.51 0.14 
medial jsn 0.77 0.14 0.54 0.13 
lateral jsn 0.84 0.17 0.68 0.16 
tibial spine spiking 0.27 0.13 0.39 0.18 
medial sclerosis 0.29 0.14 0.13 0.16 
lateral sclerosis -0.06 0.19 0.50 0.20 

Other Features 

medial subchondral cysts 96.0%* 
 

84.0%* 
 lateral subchondral cysts 96%* 

 
96.0%* 

 medial chondrocalcinosis 1.00 0.20 0.86 0.20 
lateral chondrocalcinosis 1.00 0.20 0.51 0.17 

*Percent agreement used due to lack of number of categories required by the kappa statistic 
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5.7 Summary of results 

Intra-observer results remained high for both short (most kappas >0.70) and 

medium-term (most kappas >0.60) reproducibility. The features with the lowest kappas 

(although still in the ‘acceptable’ range) included medial femoral osteophytes, subchondral 

sclerosis and tibial spiking. 

Inter-observer reproducibility had results ranging between 0.29 (Chingford medial 

sclerosis) and 0.92 (medial chondrocalcinosis), with the majority of kappas greater than 

0.50. The features and/or methods exhibiting the lowest kappas included K/L, osteophyte 

scores across all methods and JSN in the Line Drawing atlas.  

Reader drift reproducibility remained good for both readings, with the majority of 

kappas greater than 0.70 showing that there were no non-systematic changes in grading. 

Based on cross-tabulations of the same data, there is some evidence of a shift to identify 

less narrowing after the first 20 x-rays that were read, although that remains consistent 

throughout the grading of the rest of the study.  

 The comparison of the grading of plain-film x-ray previously read by DJH and the 

digitised x-rays read by KL showed poor to acceptable level of inter-observer 

reproducibility, with kappas ranging between 0.22 and 0.68. This was due to both a lack of 

training between the two readers, and the use of very different methods (plain-film on a 

light-box and a digitised x-ray in imaging software). Despite the low kappa values, the 

percentage of agreement was greater than 85% for all features and methods.  

 Both the digitised plain-film x-rays and digital x-rays demonstrated good intra-

observer reproducibility, although the digital x-rays had higher kappas for almost all 

features, possibly due to the better image quality. Inter-observer reproducibility showed 

mixed results for both types of x-rays, which is consistent with the general problematic 

results for inter-observer reproducibility.   
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5.8 Discussion 

 Assessing reproducibility is one of the most important aspects in determining the 

quality of a diagnostic measure. This section determined the reproducibility for all of the 

atlas-based ROA scoring methods which will be used to grade the Chingford year 20 x-

rays.  

5.8.1 Intra-observer reproducibility 

 The intra-observer reproducibility for K/L (0.84 short-term and 0.79 medium-term) 

was better or in line with other reported reproducibility for K/L (0.61-0.85) (Kellgren and 

Lawrence 1957; Spector et al. 1993; Gunther et al. 1999; Cooper et al. 2000; Neame et al. 

2004; Gossec et al. 2008). For the OARSI atlas, the reproducibility for some osteophyte 

grades seemed slightly on the low side (medial femoral osteophyte = 0.56), but is 

comparable to the only other research which reported reproducibility (0.57) (Nagaosa et al. 

2000). Other OARSI grades were comparable to or better than other reported 

reproducibility (Lanyon et al. 1998; Gossec et al. 2008).  

 The reproducibility for the Chingford atlas (>0.88 for JSN, >0.79 for osteophytes) 

was much better than even the original ‘official’ reproducibility (>0.48 for JSN, 0.49 for 

osteophytes) and is similar to the other studies who have used this method (Cicuttini et al. 

1996; Gunther et al. 1999; et al. Cooper 2000). In the Line Drawing atlas, scores for 

medial femoral osteophyte (0.55) were lower than all other reported reproducibility for this 

feature, although the values for JSN were similar (Nagaosa et al. 2000; Neame et al. 2004; 

Wilkinson 2004). 

  The low levels of reproducibility found for medial femoral osteophytes when 

compared to other research indicates that this may have been due to inconsistencies of the 

grader (KL) and not a reflection of the atlases. This view is confirmed when the reader-

drift is reviewed for the same feature. Reader drift was analysed after the reader had more 



91 
 

experience grading, increasing intra-observer for the OARSI atlas to 0.67 and 0.81 for the 

Line Drawing atlas, both of which are much higher than the original reproducibility and 

are more in line with other research.  

 Overall the intra-observer reproducibility results were good and comparable to 

reported reproducibility from other studies, indicating that the readings subsequently done 

for the year 20 x-rays are accurate and reproducible.  

5.8.1.1 Inter-observer reproducibility 

While intra-observer reproducibility was found to be good, inter-observer tended to 

be in the poor to fair range. The low kappa for K/L grade (0.41) was lower than other 

reported reproducibility, which ranged between 0.56 and 0.90 (Kellgren and Lawrence 

1957; Spector et al. 1993; Gunther et al. 1999; Cooper et al. 2000; Neame et al. 2004; 

Gossec et al. 2008).  

The reproducibility for the OARSI atlas (>0.62 for JSN and >0.35 for osteophyte) 

grades were much closer to the reproducibility found for other studies, although the 

osteophyte grade was still on the low side (Lanyon et al. 1998; Gossec et al. 2008; 

Nagaosa et al. 2000). The results for the Chingford atlas (>0.65 JSN and >0.42 osteophyte) 

were also closer to the published ranges (Cicuttini et al. 1996; Gunther et al. 1999; Cooper 

et al. 2000). The Line Drawing atlas reproducibility (>0.40 JSN and >0.30 osteophyte) was 

lower than other reported reproducibility, but was in the range of Nagaosa et al who found 

>0.56 for JSN and 0.46 for osteophytes (2000). 

This low reproducibility was worrying particularly in reference to K/L grading, 

which is historically known to have good levels of inter-observer reproducibility. Because 

of this, a review was made of the x-rays which showed the highest discrepancy between 

readers. 
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Table  5.7 Cross-tabulation of K/L grades read by KL and NB 

KL K/L grades NB K/L grades   
  0 1 2 3 4 total 
0 2 0 2 3 0 7 
1 2 0 3 3 0 8 
2 0 2 6 9 0 17 
3 0 0 1 10 2 13 
4 0 0 0 0 5 5 

total 4 2 12 25 7 50 
*Shaded boxes represent the line of identity 

  

 The above cross-tabulation (table 5.7) emphasises the consistent differences 

between readers, specifically NB reading for greater amounts of disease than KL. The 

category showing the x-rays with the greatest number of disagreements was x-rays graded 

as a 0, 1 or 2 by KL and as a grade 3 by NB. This indicates that differences between the 

two readers were predominantly related to the assessment of joint space, with some 

disagreement on the presence or absence of osteophytes.  

After a review of all 15 radiographs in this group, the different grades for 9/15 of 

the x-rays were explained by a tendency of NB to grade knees showing one compartment 

to be narrower than the other compartment as being positive for narrowing. If the 

compartments were evaluated independently, without reference to the contralateral 

compartment, it would not fit the formal definition provided by the atlas definition of 

narrowing. The remaining 6/15 radiographs from this group did not show a clear-cut 

reason for the discrepancy for the disagreement. 

5.8.1.2 Expert reader for adjudication for inter-observer results 

An expert reader was consulted to adjudicate the results in order to produce a 

consensus grade for the x-rays with high levels of disagreement between KL and NB. 

Professor Nigel Arden (NA), a specialist in osteoarthritis research, was asked to review the 
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x-rays in question after a brief review of the official K/L descriptions and atlas, and to give 

consensus grades.  

The expert reader graded each of the 15 radiographs for K/L in addition to grading 

for the presence or absence of osteophytes in both compartments. The expert reader agreed 

with KL for 12/15 of the radiographs, NB for 2/15, and disagreed with both for 1/15 

radiographs. 

Due to these results, it appeared that NB was more likely to judge the joint as a 

whole for general indications of disease rather than assess component parts of the joint. 

For example, he was more likely to grade JSN in cases where there were osteophytes 

present and generally graded more narrowing overall. This may be due to the fact that he 

was much more familiar dealing with x-rays of painful knees and knees which had 

indications for surgery, rather than those in a normal population with less disease.   

5.8.2 Comparing atlases  

 In terms of reproducibility the best complete atlas (for JSN and osteophyte grading 

only) was the Chingford atlas which had slightly higher levels of reproducibility across all 

tests (intra-observer, inter-observer, short-term, long-term, reader-drift and digitised vs. 

digital x-rays). Only just behind was the OARSI atlas, edging out the Line Drawing atlas 

which was let down by the inter-observer and reader-drift for JSN. This order of atlases 

also matches the level of description from least to most, which is not likely a coincidence. 

As the atlas adds more levels of disease description, such as by breaking down osteophyte 

placement by joint edge rather than grouped by compartment, or by increasing the number 

of possible grades, the more likely it is that there will be some disagreement between 

readers. Despite this, the levels of reproducibility did not drop to unacceptable levels in the 

more descriptive atlases, which is encouraging for the use of both the OARSI and Line 

Drawing atlases.  
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 This research is the first to compare the reproducibility of a variety of atlas-

based knee ROA scoring methods within a single study using the same cohort for 

comparison. While the reproducibility of an atlas is a very important aspect in determining 

the quality of the method, there are several other factors which are equally important. The 

following chapters will address each of these factors; how the grading of each atlas 

compares to one another and affects the calculation of prevalence (chapter 6), the construct 

validity of each of the methods with pain (chapter 8) and the predictive validity of atlas-

based and quantitative ROA with future TKRs (chapter 9).  
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6 COMPARISON OF ATLAS-BASED ROA SCORING METHODS 

6.1 Introduction 

One of the most important aspects of assessing radiographic knee OA using an atlas 

is that not only is the location of the feature recorded, but the severity as well. 

Unfortunately, due to a lack of research and understanding about how the severity of the 

feature relates to clinical variables, this information is often conflated into a simple binary 

presence/absence variable which undermines many of the benefits of scoring the size and 

severity of a radiological feature. This aggregation of information may be hiding 

meaningful disease information and preventing a better association of ROA with clinically 

important characteristics such as pain and disability. 

This chapter will explore some of the key reasons that atlases are not used to their 

full potential; the lack of understanding about how grades of each atlas relate to one 

another, whether having a wider range of categories or recording more locations in grading 

improves disease description, and how different grade cut-offs affect disease prevalence 

comparisons between scoring methods. 

  

6.2 Methods 

6.2.1 Study design 

All Chingford subjects present for the year 20 x-ray visits (n= 497) were eligible 

for this analysis. Exclusion criteria included subjects with a history of rheumatoid arthritis 

in any joint recorded at any time-point over the course of the study (n= 21). The knees of 

any subjects with a total or partial knee replacement on or before year 20 were also 

excluded from the analysis (8 subjects or 35 knees), although the contralateral knee (if 

without surgery) was eligible to remain in the analysis.  
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 921 knees (462 subjects) were included in the final analysis. One to two knees were 

excluded in some analyses due to incomplete data.  

The comparability of each atlas’s grades was evaluated using cross-tabulation for 

each feature, although the femoral and tibial osteophytes of the OARSI atlas had to be 

combined into a single osteophyte variable in order to be directly comparable to the 

Chingford atlas. The highest graded osteophyte in each compartment (either tibial or 

femoral) was taken to represent the entire compartment for the modified OARSI 

osteophyte variable.  

Composite grades were created by using a cut-off for each feature and combining 

them to create a new ROA definition. Composite grades were generated for several 

different iterations of ROA; for compartments containing at least one feature (JSN or 

osteophytes), for compartments containing both features (JSN and osteophytes), for either 

the medial or lateral compartment containing at least one osteophyte (any osteophyte), and 

for either the medial or lateral compartment containing joint space narrowing (any JSN). A 

cut-off of ≥1 was used for all scoring methods and features except for Line Drawing JSN, 

where a cut-off of ≥-1 was used.  These cut-offs and composite scores were determined 

based on their use in previous research (Hart et al. 1999; Ingham et al. 2011; Peat et al. 

2007; Muraki et al. 2009; Cicuttini et al. 1996). 

6.2.2 Statistical methods 

The baseline characteristics of subjects (knees) attending the year 20 visit were 

compared to non-attendees, using Man-Whitney U tests for non-normal for continuous 

data (age and BMI) and Pearson chi-square tests for categorical variables (smoking, pain 

and baseline K/L grade). Descriptive statistical methods were used for this analysis 

including cross-tabulations visually displayed using stacked bar charts. Prevalence was 

calculated using frequencies and percentages. Stata version 12.0 was used for all analyses.  
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6.3 Cohort characteristics 

 921 knees had complete radiographic data at year 20 and were included in the 

analysis. When the baseline characteristics of knees present at year 20 was compared to 

those lost to follow-up, statistically significant differences were seen between age, BMI, 

the percentage of smokers and the percentage of subjects with knee pain at year 5. While 

statistically significant, the difference in BMI between those with complete and incomplete 

follow-up does not appear clinically significant (with a difference in medians of 0.8 

kg/m2

Table 6.1. Baseline Characteristics of knees with and without complete follow-up at the year 20 visit 

).  Those who attended year 20 were significantly younger, were less likely to smoke 

and reported less knee pain at year 5. However, importantly for this analysis, there was no 

significant difference between baseline K/L grades.  

  
Entire 
Cohort 

Complete Follow-
up  Incomplete Follow-up p-value** 

N 2006 921 1085 
 

Age (years)* 
54.0 (49.0, 

60.0) 51.0 (47.0, 56.0) 56.0 (51.0, 61.0) >0.001 

BMI (kg/m2
24.8 (22.6, 

27.6) )* 24.4 (22.6, 27.0) 25.2 (22.8, 28.2) >0.001 
Current Smokers (%) 46.2 39.7 51.6 >0.001 
Pain at year 5 %) 20.0 16.3 24.0 >0.001 
Baseline K/L grade:  

    0 84.1 86.1 82.2 

0.106 
1 5.9 5.4 6.4 
2 6.7 6.0 7.3 
3 3.2 2.4 3.9 
4 0.1 0.0 0.2 

*values for age and BMI (body mass index) are medialns with IQRs 
**p-values are  comparing subjects with complete follow-up versus subjects with incomplete  
follow-up with significant p-values in bold 

 

6.4 OARSI versus Chingford atlas 

Of all the atlas-based knee ROA assessments addressed here, the Chingford atlas 

and the OARSI atlas are the most similar. Both atlases grade features individually from 
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zero through grade three (osteophytes and JSN) and include a few additional binary 

features (tibial spiking, attrition, etc.). The questions remain whether one atlas is ‘better’ 

and should be used over the other, and if they can be reasonably compared to one another 

for OA prevalence, incidence, and progression in cases where they were used to assess 

different studies. While ‘better’ is hard to define, in this context, it would make sense to 

evaluate reproducibility, the amount of information provided by each atlas, and how easy 

each atlas is to use correctly with minimal training.  

Reproducibility was determined in the previous chapter (chapter 5), with the 

Chingford atlas having slightly greater reproducibility (for both intra- and inter-observer) 

overall, although they were roughly comparable to one another. When it comes to the 

amount of information each atlas gives regarding the disease process, however, the OARSI 

atlas comes out ahead, specifically in regard to osteophyte location where femoral and 

tibial osteophytes are graded independently. This is also the likely factor for 

reproducibility being lower in the OARSI atlas.  

6.4.1 Osteophyte grades 

Figure 6.1 shows the comparison of Chingford atlas medial osteophytes versus the 

modified medial osteophyte variable of the OARSI atlas. For grades 0 through 2, the 

atlases are similar with only up to a 2.4% difference between the OARSI and Chingford 

atlas grades. For grade 3 Chingford osteophytes, however, 20.0% of the OARSI grade 

osteophytes have been recorded as a grade 2. Overall, there was a 96.5% agreement of all 

OARSI and Chingford atlas medial osteophyte grades.  

Lateral osteophytes (figure 6.2) show a similar pattern to the medial osteophyte 

comparison, although with a slightly lower overall level of agreement (92.8% for all 

grades). Disagreement between scoring methods occurred more often at the higher grades, 
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with 12.0% of Chingford grade 2s graded as either a 1 or 3 in OARSI, and 18.4% of 

Chingford grade 3s graded as an OARSI grade 2.  

 

Figures 6.1 and 6.2 Medial and lateral osteophyte comparison: OARSI and Chingford atlas 

 

6.4.2 Joint space grades 

The medial and lateral joint space grades (figure 6.3 and 6.4) have >97.4% agreement for 

all grades except for Chingford grade 1 medial JSN, where 10.0% of grade 1s have been 

scored as a grade 2 OARSI. There were negligible differences between scoring for other 

binary features of subchondral sclerosis (99.5% agreement). 

 

Figures 6.3 and 6.4 Medial and lateral JSN comparison: OARSI and Chingford atlas 
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6.5 OARSI versus Line Drawing atlas: are more categories better? 

The key differences between the OARSI atlas and the Line Drawing atlas are the 

increased ranges for both osteophytes (0 to 5) and JSN (-5 to 5), as well as the sex-specific 

JSN ranges for the Line Drawing atlas. While having expanded ranges of grades provides 

more information than the narrower ranges of grades of OARSI and Chingford, how those 

grades relate within a shorter grade range has not been explored.  

6.5.1 Osteophyte grades 

Figures 6.5 and 6.6 show the relationship between medial osteophytes (femoral and 

tibial) in the OARSI and Line Drawing atlases. They show a similar pattern for both 

OARSI grade 0 and 3, but much wider for the intermediate grades. For femoral medial 

osteophytes, a grade 1 OARSI ranged between 0 and 3 Line Drawing, with 31.2% as a 

grade 1 and 60.1% as a grade 2, and 7.7% as a grade 3 in the Line Drawing atlas. 

Chingford grade 1 medial tibial osteophytes were similarly spread over the Line Drawing 

grades 0 through 3, with 31.2% as a grade 1, 60.1% as a grade 2, and 7.7% recorded as a 

grade 3.  

The corresponding Line Drawing grades for an OARSI grade 2 were similarly 

spread out between Line Drawing grades 2-5. This general pattern of results remained for 

all osteophyte grades. For medial and lateral JSN, OARSI grade 0 had the widest range of 

corresponding Line Drawing grades. This was due to the ability of the Line Drawing atlas 

to capture ‘wide’ joint space in addition to what is considered ‘normal’. Line Drawing 

grades ranged between -5 and 0 with in an OARSI grade 0 JSN.  The line drawing grades 

for an OARSI grade 1 were relatively narrow with a majority between -1 and 1, while the 

grade 2 OARSI JSN, as with the osteophyte grades, gave a much wider range with LD 

grades between 0 and 4. Grade 3 OARSI, which shows distinctive bone-on-bone 

narrowing, was perhaps surprisingly represented by several Line Drawing grades, 4 and 5.  
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The lateral osteophytes (figures 6.7 and 6.8) show a slightly different pattern of 

grade distribution between atlases than the medial osteophytes. The grade 1 OARSI 

femoral osteophytes are scored as a grade 1 (27.8%), grade 2 (45.8%), and grade 3 

(22.2%) on the Line Drawing atlas.  

 

Figures 6.5-6.8 (top left to bottom right) Osteophyte comparison: OARSI and Line Drawing atlas 

 
 

6.5.2 Joint space grades 

The figure below shows the cross-tabulation between OARSI and Line Drawing 

medial (figure 6.9) and lateral (figure 6.10) JSN. The unique design of the Line Drawing 

atlas capturing a full range of ‘normal’ joint space is evident by the number of Line 

Drawing grades which are scored as an OARSI grade 0. Line Drawing grades -5 through -

2 compare almost completely to OARSI grade 0 (95.7% medial, 96.4% lateral). OARSI 

grade 1 is represented by a smaller number of Line Drawing grades, with the majority 
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(95.8% medial, 91.3% lateral) corresponding to LD grades -1 and 84.1% of medial OARSI 

grade 2s are represented by Line Drawing grades 0 through 2.  

 

Figures 6.9 and 6.10 Medial JSN and lateral JSN comparison: OARSI and Line Drawing atlas 

 
 

6.6 Comparison of disease prevalence 

One issue in the ROA and pain literature which has not been properly investigated 

is the effect that using different diagnostic methods for ROA has on disease prevalence 

and subsequently with ROA’s relationship with pain. Although studies have speculated 

that differences found between the prevalence of ROA in cohorts may be due to the 

method of diagnosis, this limitation has not been addressed.  

This section will calculate disease prevalence using four different scoring systems 

(K/L, OARSI, Chingford and the Line Drawing atlas) as well as looking at composite 

grades commonly calculated using individual features. These include the definitions 

discussed in section 6.2.1, for ‘JSN or osteophytes’, ‘JSN and osteophytes’, ‘any 

osteophyte’ and ‘any JSN’.  

 This analysis eliminates the bias of comparing diagnostic definitions of ROA 

between different populations, as the ROA data collected for the year 20 Chingford visit is 
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uniquely suited to answer this research question due to the multiple ways ROA was 

assessed for each subject in the study. 

6.6.1 Kellgren and Lawrence prevalence 

Table 6.2 shows the prevalence of radiographic knee OA when using whole knee 

K/L grade, medial compartment K/L and compartmental K/L grades. The percentage of 

ROA is shown when using three different cut-offs; ≥1, ≥2, and ≥3. The highest prevalence 

was found using K/L ≥1 cut-off, with 89.7 percent of subjects having ROA, with only a 

slightly lower prevalence (74.4%) using the traditional K/L cut-off of ≥2. The more 

restrictive definition of ≥3, which is often equated to ‘severe’ OA, gave a more modest 

prevalence of 32.1%. 

Grading each compartment independently using the K/L criteria is not common and 

therefore prevalence for this has not yet been reported in any study. The medial 

compartment showed higher prevalence than the lateral for each of the cut-offs, although 

only slightly higher for both the ≥1 and ≥2 cut-off, with the largest difference found in 

subjects with K/L ≥3 (25.4% vs. 8.7%).  

 

Table 6.2  Prevalence of K/L grades (percentage) 
 K/L N 1+ 2+ 3+ 

Whole Knee 921 89.7 74.4 32.1 
Medial  921 83.5 64.7 25.4 
Lateral 921 77.4 59.8 8.7 

 

6.6.2 Individual feature prevalence 

The OARSI and Chingford atlases showed similar prevalence across all 

comparable categories, including the modified OARSI compartmental osteophyte and the 

Chingford compartmental osteophyte scores for both cut-offs (≥1 and ≥2) (table 6.3). For 

methods which score the femoral and tibial osteophytes separately (OARSI, Line 
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Drawing), the tibial osteophyte seems to be driving the prevalence for the overall 

compartmental osteophyte prevalence, i.e. tibial osteophytes are almost always present 

when femoral osteophytes are present. The Line Drawing atlas ≥1 osteophyte definition 

was directly comparable to the same OARSI and Line Drawing osteophyte definitions, 

however the ≥2 osteophyte cut-off gave almost double the prevalence for both medial and 

lateral osteophytes (20.4% OARSI vs. 40.9% LD medial osteophyte; 17.2% OARSI vs. 

48.2% LD lateral osteophyte). Line Drawing joint space categories were not directly 

comparable to any OARSI or Chingford JSN categories, however ≥-1 for medial and 

lateral JSN was the closest match to the ≥1 cut-off for both Chingford and OARSI (34.6% 

OARSI vs. 37.0% LD medial JSN; 13.6% OARSI vs. 16.2% LD lateral JSN). 

 

Table 6.3 Prevalence of individual feature scoring methods (percentage) 
Method N -1 0 1+ 2+ 3+ 

Chingford 
      Medial Osteophyte 920 

  
64.2 18.8 

 Lateral Osteophyte 921 
  

59.5 17.5 
 Medial JSN 920 

  
33.3 6.0 

 Lateral JSN 921 
  

13.1 2.2 
 OARSI 

      Medial Fem Osteophyte 919 
  

31.2 11.3 
 Medial Tib Osteophyte 920 

  
63.4 16.8 

 Medial Osteophyte 920 
  

64.7 20.4 
 Lateral Fem Osteophyte 921 

  
23.5 7.8 

 Lateral Tib Osteophyte 921 
  

57.3 14.3 
 Lateral Osteophyte 921 

  
59.7 17.2 

 Medial JSN 920 
  

34.6 8.7 
 Lateral JSN 921 

  
13.6 2.3 

 Line Drawing 
      Medial Fem Osteophyte 919 

  
31.1 24.9 12.0 

Medial Tib Osteophyte 920 
  

63.2 34.6 15.1 
Medial Osteophyte 920 

  
64.5 40.9 19.8 

Lateral Fem Osteophyte 921 
  

23.2 18.8 11.3 
Lateral Tib Osteophyte 921 

  
57.2 45.3 18.6 

Lateral Osteophyte 921 
  

59.6 48.3 22.7 
Medial JSN 920 37.0 16.7 7.5 4.9 2.8 
Lateral JSN 921 16.2 6.6 2.4 1.4 1.0 
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6.6.3 Composite grades 

 All of the composite definitions created using ‘osteophyte or JSN’ for each atlas 

give extremely comparable prevalence (table 6.4). This definition also roughly compares 

the prevalence reported for compartmental K/L with a ≥2 cut-off for each compartment 

(64.7% medial K/L and 59.8% lateral K/L).  ‘Any osteophyte’ was the best composite 

score to compare with the traditional K/L≥2 using the whole knee definition. As would be 

expected by using a more restrictive definition for ROA as defined by both JSN and an 

osteophyte (‘JSN and Ost’), prevalence is much lower for all methods, although they are 

still comparable to each another. The percentages reported for the ‘JSN and Ost’ 

composite definition of ROA compares to the prevalence reported for the ≥3 cut-off for 

compartmental K/L (25.4% medial K/L and 8.7% lateral K/L). 

 

Table 6.4 Prevalence for ROA using composite feature scores (percentage) 
 Method JSN or Ost* JSN and Ost* Any Ost Any JSN* 

  Medial Lateral Medial  Lateral     
Chingford 72.3 63.8 25.2 8.8 74.2 40.9 
OARSI 73.3 64.3 26.0 9.0 74.5 42.5 
Line Drawing (-1+) 74.3 65.6 27.1 10.2 74.3 45.6 
Medial (n=920), Lateral (n=921) 

      

6.7 Summary 

As would be expected from how similar each atlas was to use in practice, the 

Chingford and OARSI atlases showed overall high levels of agreement for all grades 

(≥92.8% osteophytes, ≥95.7% JSN). The majority of disagreement for osteophyte grades 

occurred between grades 2 and 3, and grades 1 and 2 for JSN scores.  

The comparison between the OARSI and Line Drawing atlases showed a marked 

difference between the scoring methods for both osteophytes and JSN grades. Grade 0 had 

the highest agreement between methods, followed by an OARSI grade 3 which was 
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consistently graded as a LD 4 or 5. OARSI grades 1 and 2 were both represented by a wide 

range of LD grades (1 through 3 for OARSI grade 1s and 2 through 5 for OARSI grade 

2s). For the comparison between joint space grades in the OARSI and LD atlas, OARSI 

grade 0 corresponded to a wide range of LD grades (-5 through -2). The majority of 

OARSI grade 1s (≥91.3%) were graded as LD grades -1 or 0, while ≥84.1%  of grade 2s 

are represented by LD grades 0 through 2. 

The prevalence for whole knee K/L grade was 89.7% for the ≥1cut-off, 74.4% for 

the ≥2 cut-off, and 32.1% for the ≥3cut-off. Medial K/L prevalence was up to 9% lower 

than whole knee for all cut-offs, while lateral K/L was 6% lower for both the ≥1 and ≥2 

cut-offs and 17% lower for the ≥3 cut-off. The prevalence calculated for the Chingford and 

OARSI atlases were directly comparable for both osteophytes and JSN using both cut-off 

points (≥1 and ≥2). For the scoring methods which grade the femoral and tibial 

osteophytes independently, the tibial osteophytes seem to be driving the compartmental 

osteophyte prevalence, with the tibial osteophytes almost always present when the femoral 

osteophytes are present. The femoral osteophytes did not generally appear in isolation.  

The prevalence calculated for the composite ROA definition ‘osteophyte or JSN’ 

gives roughly the same prevalence for the Chingford, OARSI and LD atlases (range 72.3-

74.3% medial, 63.8-65.6% lateral) and is generally similar, although higher, than the ≥2 

cut-off compartmental K/L prevalence (64.7% medial, 59.8% lateral) which would be the 

most comparable K/L definition. The ROA composite definition ‘osteophyte and JSN’ 

again gives similar prevalence with a tight range of values between the three scoring 

methods with individual features (range 25.2-27.1% medial, 8.8-10.2% lateral) and is very 

similar to the ≥3 cut-off compartmental K/L prevalence (25.4% medial, 8.7% lateral) with 

the medial prevalence falling inside the range for the composite definition and the lateral 

prevalence just under the range of prevalence calculated.  
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6.8 Discussion 

 The Chingford atlas and OARSI atlas (with modified osteophyte grades) were 

found to have very high agreement (≥92.8%) both for individual features and 

compartments. This makes sense due to the fact that both use the same grading scale (0 

through 3), although with different atlas images. The highest agreement occurred for 

grades 0 and 1 osteophytes and JSN which was likely due to grade 1 being almost a 

presence/absence grade. Higher osteophyte grades (2 and 3) had greater differences in 

agreement which were not found in the JSN grades. The major differences between 

methods are the images used to illustrate osteophyte grades. The Chingford atlas uses 

grading images for osteophytes which switch between tibial osteophytes and femoral 

osteophytes of very different shapes to illustrate the increasing severity in each 

compartment, making the grades much more difficult to interpret accurately than the 

OARSI atlas.  

 There are major differences between the OARSI (and therefore Chingford) atlas 

and the Line Drawing atlas, with the most dominant differences being the increase in 

grading scale  for osteophytes (from 4 to 6) and a range of negative joint space grades for 

capturing JSN in the ‘normal’ range. The increase in grades addresses criticisms of other 

atlases where it is difficult to capture progression of features due to the large jump in 

severity between each grade (Felson et al. 2008; Guermazi et al. 2009). This would also 

affect the sensitivity in capturing variations in severity in cross-sectional analyses. This is 

especially important as increasing grade has been shown to be associated with an 

increasing risk of pain (Lethbridge-Cejku et al. 2005; Muraki et al. 2009; Neogi et al. 

2009) and therefore the ability to distinguish between different levels of severity is key in 

helping improve the understanding of the ROA and pain relationship.  
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 The other unique aspect of the Line Drawing atlas is the use of negative joint space 

grades. Categorical JSN grades with a negative range have been explored previously, but 

without the benefit of associated images (Schouten et al. 1992). For the OARSI and 

Chingford atlases, graders have to make a subjective judgement as to when a knee has 

‘normal’ joint space and when this changes to ‘abnormal’. This range of normal space can 

vary by age, sex, and x-ray protocol and therefore the atlas image for ‘normal’ joint space 

cannot reflect these variations (Dacre et al. 1991; Buckland-Wright et al. 1995). It is then 

up to the grader to make an educated decision based on the characteristics of the cohort 

they are studying as to when joint space becomes abnormal. The Line Drawing atlas 

removes several of these issues; firstly by having sex-specific JSN grades, and secondly by 

having a range of grades capable of capturing a wide range of possible joint space 

regardless of the population. In a way, this is a categorical equivalent to a continuous joint 

space measure. A third benefit is the ability to capture progressive widening of joint space. 

This is a known phenomenon, particularly in the lateral compartment, which often occurs 

at the same time as narrowing in the medial compartment (Felson et al. 2008; Duryea et al. 

2010).  

 The prevalence of K/L≥2 in the Chingford cohort at year 20 (74.4% of knees) is 

high, but is comparable to prevalence in population-based cohorts with a similarly elderly 

population (mean age 72.5 (SD 5.5)). In a large-scale cohort based in Japan, 70.2% of 

women (mean age 74.0 (SD 6.4) had K/L≥2 (Muraki et al. 2009), while in a UK-based 

cohort of men and women (mean age 65.2 (SD 8.6)), 68.0% had K/L≥2 (Duncan et al. 

2007). Several US-based cohorts have reported lower prevalence, one identifying 34.0% of 

women in the Framingham cohort (mean age 73) (Felson et al. 1987) and only 6.1% in the 

national health and nutrition examination with a much lower age range (35-74) (Anderson 

et al. 1988).  A Dutch cohort found a prevalence somewhere in the middle, with 40.2% of 
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women aged 70 to 79 (van Saase et al. 1989).  There appears to be a gap in the reported 

prevalence between older studies (Felson et al. 1987, van Saase et al. 989) and the most 

recent population studies (Duncan et al. 2007, Muraki et al. 2009) independent of mean 

age and location, suggesting that new methodology (x-ray acquisition and assessment) is 

possibly influencing the resulting prevalence. This is explored further in this current 

research in chapter 7.  

In the previous chapter (chapter 6), the merits of each atlas were evaluated in respect 

to their reproducibility. With all things being (relatively) equal in those respects, the 

benefits of each method comes down to the detail and level of information given by each 

scoring method and whether it accurately captures the structural features of knee OA 

(location, type, size) in a meaningful way.  

 In comparing the atlases, it was found that the OARSI and Chingford atlas are the 

most comparable grade for grade and would calculate the same disease prevalence 

regardless of the cut-offs chosen. The Line Drawing atlas is only comparable to these 

atlases using osteophyte scores grouped into the lowest score. The Line Drawing JSN 

grades are very different from the more traditional atlases, and are only comparable if a 

careful choice of the grade where ‘normal’ joint space changes to ‘narrowing’. In this case 

a cut-off of -1 gave the closest result for prevalence in the medial and lateral 

compartments, although at least 3-4% higher. Prevalence created using different K/L 

grades as cut-offs, compared reasonably well to the prevalence calculated using composite 

grades, with ‘any osteophyte’ comparing directly to K/L≥2, and ‘JSN and  Ost’ comparing 

to the compartmental K/L≥3 grades. This section reviews the comparability of these 

methods to each other, and whether there is a difference in the amount of disease detected 

when using the respective scoring methods.   
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7 NATURAL HISTORY OF RADIOGRAPHIC KNEE OA 

Natural History is a systematic account of a chronological disease process based on 

observation rather than experimentation. It describes the disease from exposure through 

progression and final outcome, providing a framework for identifying methods for 

preventing and controlling disease progression. 

Research into the natural history of radiographic knee osteoarthritis has primarily 

focused on symptomatic patients (Thorstensson et al. 2008; Pavelka et al. 2000; Massardo 

et al. 1989), and the progression of disease in older community-based cohorts (Felson et al. 

1995; Felson et al. 1997). Population-based studies have been limited by relatively short 

follow-up times that vary between 3 and 12 years (Lachance et al. 2002; Schouten et al. 

1992). These studies also lack repeated measures between baseline and follow-up, which 

may lead to grouping slow and fast progressing knees into the same group  

This section will analyse the 19-year prevalence, incidence and 

progression/worsening of radiographic knee osteoarthritis in the Chingford cohort. The 

analysis includes atlas-based scoring methods and composite definitions to establish ROA 

(K/L and the Chingford atlas), and the novel use of incremental 5-year data between 

baseline and follow-up to better understand the pattern of disease incidence and 

progression over time. The 14-year natural history (baseline through year 15) of this cohort 

has been previously published (Leyland 2012) and the full article is available in appendix 

1.1.  

The strengths of this study is that it is the longest natural history of radiographic 

knee osteoarthritis to date, it has repeated measures of follow-up, it has a large proportion 

of disease free subjects at baseline, and it evaluates both whole-knee as well as individual 

feature progression.  
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7.1 Methods 

7.1.1 Subjects 

All subjects present for x-rays for each clinic visit between baseline and year 20 

and with no evidence of rheumatoid arthritis (RA) were eligible for inclusion in this 

analysis (n=834 knees). Subjects with TKRs were included in the analysis for K/L 

prevalence, incidence and progression/worsening as a proxy for K/L ≥2, so as to prevent 

underestimation of the overall disease burden. TKRs were excluded from the individual 

feature and compartmental analyses since it was not possible to extrapolate which 

compartment, feature or location was the driving force for the structural presence of OA, 

and therefore the results may be slightly underestimated in these sections. 834 knees were 

available for compartmental and individual feature analysis for baseline through year 10, 

825 knees for year 15 and 805 for year 20.  

 K/L grades and the Chingford atlas were used to evaluate ROA to maintain 

consistency within the cohort, because all previous x-rays from baseline through year 15 

had been analysed using these scoring methods. Age groups were determined by grouping 

subjects into 5-year age categories; 45-49, 50-54, 55-59 and 60-64. BMI groups were 

determined using the WHO categories with normal subjects having a BMI less than 25.0 

kg/m2 and overweight subjects with a BMI 25.0 kg/m2

The methods used to calculate prevalence, progression and worsening are described 

in detail in chapter 3.  

 or higher. Prevalence, incidence 

and worsening were all stratified by age group, BMI group and pain. Incidence was not 

analysed due to the small number of knees with disease at baseline.  
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7.1.2 Statistical methods 

Chi-squared tests were used to assess differences in age, BMI and pain between 

groups. Fisher’s exact tests were used in cases where there was a small cell count. Linear 

trends were tested using the Cuzick extension of the Wilcoxon rank-sum test, which is a 

non-parametric test for trend across ordered groups (Kirkwood and Sterne 2003).  

7.1.3 Novel data collection: year 20 data 

Although the year 20 data is presented in the following analysis alongside the 

previously collected Chingford x-ray data (baseline through year 15), there are several 

major caveats to interpretation of the 20-year data. Different methods were used to take the 

x-rays and to assess K/L for the year 20 visit (see section chapter 3). Digitised x-rays were 

taken only at year 20, and which had greater clarity and definition then the plain-film x-

rays used for the previous visits. The x-rays were also assessed using a computer program 

(see chapter 4) with the capability to zoom and focus on small aspects of the x-ray 

providing much greater detail of the joint than would be possible looking at a plain-film x-

ray on a light box. 

An analysis comparing DJH’s scoring on 25 plain-film x-rays using traditional 

methods (light-box) to the same x-rays in a digital format scored by KL is described in 

chapter 5. The digitised plain-film x-rays were originally selected for the reproducibility 

analysis, and therefore represent a wide variety of ages, BMI and severity of ROA. These 

new readings using the digital methods were then compared to the grades originally given 

by DJH using traditional methods during the normal grading of the x-rays for the study 

year. Reproducibility between graders (and methods) was found to be in the poor to 

acceptable range (weighted kappa 0.22-0.68), but the percentage of agreement was good 

(≥85.0%) for all features.  
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Thirty-two percent of K/L grades were higher when scored using the new digital 

methods versus the traditional plain-film grading techniques, while 16.0% were lower. 

Twenty-four percent of medial osteophytes were graded as higher using digital methods, 

with 16.0% graded lower as a 0 rather than a grade 1. Lateral osteophytes had 20.0% 

higher grades and 16.0% lower grades using the new methods. Medial JSN had 20.0% 

higher grades and only one (4.0%) x-ray graded as a 0 instead of a grade 1. Lateral JSN 

showed a very similar pattern to medial JSN, with 12.0% graded higher and 4.0% as lower.  

Although there will be an obvious jump between the baseline through year 15 data 

and the year 20 data due to the different scoring methods, the year 20 data was included 

into this analysis. The original intention of this work was to produce a 20-year natural 

history, and short of rereading 4000 knee x-rays (which was outside the scope of this 

study), combining the data was the best option. This methodological change can be viewed 

in the same light as studies which dramatically change x-ray protocols from extended to 

semi-flexion over the course of a study and due to the type of rare longitudinal data, 

present the data regardless (Thorstensson 2008). Both methods are correct, but are known 

to give slightly different results. Due to this difference, however, the results below have 

been given between baseline and year 15, and between baseline and year 20 in order to 

clearly highlight the differences between the data.  

 

7.2 Prevalence 

7.2.1 Kellgren and Lawrence 

Out of all knees (n=834), ROA prevalence (K/L ≥ 2) was 9.0% at baseline, 17.3% 

at year 5, 27.7% at year 10, 36.5% at year 15 and 74.5% at year 20 (data included in figure 

7.1). Using the incremental (repeated measure) data, prevalence increased by 2.1% 
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between year 1 and year 5 (4-years), 1.7% between year 5 and 10, 2.2% between 10 and 

15, and 7.6% between year 15 and 20. When OA was determined using a more severe 

definition of radiographic changes (K/L ≥ 3), prevalence was 2.6% at year 1, 4.9% at year 

5, 7.8% at year 10, 17.0% at year 15 and 34.4% at year 20. 

7.2.2 Individual radiographic features 

Table 7.1 shows the prevalence of medial osteophytes, lateral osteophytes, medial 

joint space and lateral joint space at each clinic visit. Medial compartment features show a 

slightly higher prevalence at each time point, with prevalence of lateral osteophytes 

between 0.5% and 5.0% lower than medial osteophytes. Medial JSN has a much higher 

prevalence than lateral JSN at all time-points, which has a prevalence up to 19.8% lower 

than medial JSN.  

 

Table 7.1. Prevalence of individual ROA features by compartment 
  Y1 Y5 Y10 Y15 Y20 
N 834 834 834 824 805 
Medial Osteophyte 6.4 12.6 18.8 25.9 63.5 
Lateral Osteophyte 5.2 10.2 15.8 25.4 58.5 
Medial JSN 14.3 20.1 17.8 23.1 33.3 
Lateral JSN 7.8 10.3 5.9 4.1 13.5 

 

 

 Figure 7.1 illustrates the temporal trends in prevalence for K/L as well as the 

individual compartment features. The upward trends are clear for K/L and osteophytes in 

both compartments for the first 15 years, with a sharp jump in prevalence up to year 20. 

The temporal trend for joint space narrowing is not as clear in either compartment. Medial 

JSN flattens out through year 10 and 15 before increasing in year 20, while lateral JSN 

shows a slight downward trend until year 15, when it increases again at year 20. 
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*K/L was calculated including TKRs with n of 834 for all years 

7.2.3 Composite ROA grades 

Table 7.2 shows the prevalence of composite ROA definitions created using the 

individual feature scores of the Chingford atlas. The prevalence of ‘any osteophyte’ 

increases for each visit over the 20 years starting from 9.2% at baseline and ending at 

73.5% by year 20. ‘Any JSN’ remains relatively stable in comparison, ranging between 

17.5% and 24.6% for the first 15 years and then increasing to 41.0% by year 20. 

Prevalence for any medial feature is approximately 10.0% higher than any lateral feature at 

each time point. The definition requiring both osteophytes and narrowing in the lateral 

compartment has the lowest prevalence of all the composite ROA definitions.  
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Table 7.2 Prevalence of composite ROA definitions: baseline 
through year 20 

  Y1 Y5 Y10 Y15 Y20 
N 834 834 834 824 805 
Any Osteophyte 9.2 17.3 25.7 35.9 73.5 
Any JSN 17.5 23.9 19.5 24.6 41.0 
Any Medial Feature 19.0 29.6 30.8 36.0 71.6 
Any Lateral Feature 12.0 19.4 20.0 26.7 62.9 
Both Medial Features 1.7 3.1 5.8 12.9 25.2 
Both Lateral Features 1.0 1.1 1.7 2.8 9.2 

 

 Figure 7.2 demonstrates the prevalence of the composite ROA definitions over the 

19-year study period. As with the individual feature prevalence, there is a noticeable jump 

in prevalence at year 20 due to the change in grading methods. The prevalence for the 

definitions of ‘any osteophyte’, ‘any medial feature’ and ‘any lateral feature’ all increase 

through each study year through year 20. The definitions for ‘any JSN’, ‘both medial 

features’ and ‘both lateral features’ either increase only modestly or remain stable until 

year 20.  
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7.2.4 ROA prevalence stratified by age 

The prevalence of K/L (≥ 2) was significantly different between the four age groups 

for each visit year (p≤0.001) except for year 20 (p=0.159) (table 7.3). There was a 

significant trend for increasing prevalence from  the youngest  to oldest age groups for 

baseline to year 15 (p≤0.001) but not year 20 (p=0.135). 

 Prevalence of medial osteophytes (≥1) were significantly different for all age groups 

(p≤0.023), except for year 20 (p=0.334). There was also a trend for increasing prevalence 

between the youngest and oldest groups for all visit years (p≤0.008), except for visit year 

20 (p=0.315). The prevalence of lateral osteophytes was significantly different between 

age groups (p≤0.003), with an increasing trend from youngest to oldest groups (p≤0.007) 

for all visit years. For medial  and lateral joint space narrowing, only year 20 showed any 

significant difference in prevalence between age groups (p≤0.008), with an increasing 

trend with increasing age group (p≤0.022). Prevalence for lateral joint space at year 5 did 

not show any significant difference between age groups (p=0.089), but an increasing trend 

from youngest to oldest age group was found to be significant (p=0.023).  
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Table 7.3 Prevalence (%) by visit year stratified by age groups 
Feature/Method Visit year Age groups 
    45-49 50-54 55-59 60-64 

N   300 250 158 126 

K/L 

1 5.0 6.8 11.4 19.8 
5 10.7 13.2 21.5 35.7 

10 17.0 22.0 31.7 46.0 
15 28.0 34.4 38.0 58.7 
20 73.3 73.2 72.2 82.5 

Medial osteophytes 

1 4.3 4.8 8.9 11.1 
5 9.0 9.2 16.5 23.0 

10 12.0 16.0 25.3 32.5 
15 19.0 25.6 31.7 41.3 
20 63.7 64.8 61.4 71.4 

Lateral osteophytes 

1 2.0 4.4 5.7 13.5 
5 5.3 8.0 12.0 23.8 

10 10.3 14.4 19.0 27.8 
15 18.7 27.2 24.7 44.4 
20 56.3 59.6 55.7 74.6 

Medial JSN 

1 10.3 16.0 18.4 15.1 
5 19.3 20.4 22.2 19.1 

10 15.0 20.8 19.0 16.7 
15 20.3 24.8 26.6 27.8 
20 28.3 41.6 36.7 39.7 

Lateral JSN 

1 8.0 7.2 7.0 9.5 
5 13.7 8.8 9.5 6.4 

10 5.4 5.6 7.0 6.4 
15 4.0 4.8 8.9 4.8 
20 10.3 17.6 24.7 19.1 

 

7.2.5 ROA prevalence stratified by BMI 

There was a significant increase for prevalence of K/L in overweight subjects 

(baseline BMI) for all years compared to normal subjects (p≤0.001) (table 7.4). 

Overweight subjects had a higher prevalence of both medial (p≤0.001) and lateral 

osteophytes (p≤0.02) for all visit years. The prevalence of medial JSN was significantly 

higher in overweight subjects for visit 5, 15 and 20 (p≤0.05), and a significant difference 

for prevalence of  lateral JSN  was only found for visit 1 and visit 20 (p≤0.02). 
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When baseline BMI was analysed as a continuous variable, the risk of having 

prevalent K/L ≥ 2 at each time point was 15% to 20% higher for each unit increase of BMI 

(Y1: OR 1.15 (95%CI 1.09, 1.23); Y5: OR 1.15 (95%CI 1.10, 1.21); Y10: OR1.17 (95%CI 

1.12, 1.22); Y15: OR 1.16 (95%CI 1.11, 1.21); Y20: OR 1.20 (95%CI 1.14, 1.27)). The 

risk of having prevalent osteophytes increased by between 13-18% medially and between 

19-29% laterally for each unit increase of BMI, and was significant for all visits. The risk 

of prevalent joint space narrowing increased by between 12-13% medially (for visits 10, 

15 and 20) and between 10-13% laterally (for visits 15 and 20). 

7.2.6 ROA prevalence stratified by pain 

When the prevalence of K/L ≥ 2 was stratified by NHANES knee pain (evaluated at 

each visit, excluding baseline due to a lack of this information), a significant difference 

was seen between the pain and pain-free knees at each visit year (p≤0.003).  

The prevalence of both medial and lateral osteophytes was significantly increased in 

knees with pain for all visit years (p≤0.01). There was a difference between medial 

narrowing in knees with and without pain at visits 10 through 20 (p≤0.008), and for lateral 

narrowing at visits 10 and 20 (p≤0.002). 
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Table 7.4 Prevalence (%) by visit year stratified by  BMI groups and pain 
Feature/Method Visit year BMI group Pain 

    Normal Overweight No Pain Pain 

N 

1 464 370     
5 

  
600 122 

10 
  

580 248 
15 

  
549 280 

20     676 127 

K/L 

1 5.8 13.0 
  5 12.3 23.5 13.5 34.4 

10 18.3 34.9 20.0 37.1 
15 29.5 45.1 28.8 52.1 
20 69.0 81.4 71.8 84.3 

Medial osteophyte 

1 3.7 9.7 
  5 8.6 17.6 9.8 23.0 

10 12.9 26.2 14.1 28.2 
15 19.8 35.4 19.5 41.4 
20 58.6 72.4 62.0 74.0 

Lateral osteophyte 

1 3.5 7.3 
  5 6.7 14.6 7.5 23.8 

10 10.6 22.4 11.0 25.4 
15 19.6 34.6 19.3 40.4 
20 54.1 67.3 55.3 80.3 

Medial JSN 

1 12.7 16.2 
  5 17.0 24.1 20.8 19.7 

10 17.2 18.4 15.3 23.8 
15 21.1 27.6 21.3 29.6 
20 32.8 39.2 32.3 50.4 

Lateral JSN 

1 5.8 10.3 
  5 8.8 12.2 10.7 9.0 

10 4.5 7.6 4.2 10.1 
15 4.3 6.5 4.4 7.1 
20 12.5 21.6 14.1 28.4 

 

 

7.3 Incidence 

7.3.1 Kellgren and Lawrence 

At baseline, there were 759 knees (out of 834) that were not classified as having 

disease defined as K/L≥2. The annual cumulative incidence increased steadily between 
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each five-year period, from 2.3% between baseline and year 5, 2.2% between year 5 and 

10, 3.2% between years 10 and 15, and 12.1% between year 15 and 20. 30.4% percent of 

knees developed incident ROA between baseline and year 15, while 72.1% developed 

K/L≥2 between baseline and year 20.  The annual cumulative incidence between baseline 

and year 15 was 2.2% and 3.8% between baseline and year 20.  

7.3.2 Individual radiographic features 

Table 7.5 shows the incidence of individual ROA features between each x-ray visit. 

Incidence of medial JSN and osteophytes are similar for each visit until year 20 incidence, 

where osteophytes occur 31.0% more than JSN. This likely reflects the difference found in 

grading year 20 x-rays compared with year 15 x-rays discussed previously in section 1.1.3. 

Overall incidence remains relatively low during each time-point (between 2.0 and 13.1%), 

until year 20 where medial osteophytes have an incidence of 52.5%.  

 

Table 7.5. Five-year incidence of individual ROA features 
  N  Year 5 N  Year 10 N  Year 15 N  Year 20 
Medial Osteophytes 781 6.8 729 8.9 677 12.3 611 52.5 
Lateral Osteophytes 791 5.4 749 6.9 702 13.1 615 46.5 
Medial JSN 715 7.6 666 8.0 686 12.7 634 21.5 
Lateral JSN 769 3.9 748 2.0 783 2.2 790 11.4 

 

 

Table 7.6 shows the incidence between baseline and year 15, with annual 

cumulative incidence of 1.6% for medial osteophytes, 1.5% for lateral osteophytes, 1.2% 

for medial JSN and 0.2% for lateral JSN. The 20-year incidence (baseline to year 20 only) 

gives annual cumulative incidence of 3.2% for medial osteophytes, 2.9% for lateral 

osteophytes, 1.5% for medial JSN and 0.6% for lateral JSN.  
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Table 7.6 Fifteen and nineteen-year incidence of 
individual ROA features 

  N  Y1-Y15 Y1-Y20 
Medial Osteophytes 781 21.8 60.3 
Lateral Osteophytes 791 21.6 55.0 
Medial JSN 715 16.2 28.7 
Lateral JSN 769 2.6 10.5 

 

7.3.3 Composite ROA grades 

The highest incidence for ROA using composite definitions (table 7.7) at all time-

points is for ‘any medial’ feature up until year 20 where ‘any osteophytes’ has the highest 

incidence with 75.2%. The definition requiring the presence of both osteophytes and JSN 

in a single compartment remains low for all years, with the highest incidence of this 

definition occurring at year 20, with 16.2% for ‘both medial’ and 9.6% for ‘both lateral’. 

 

Table 7.7 Five-year incidence of composite ROA definitions 
  N  Year 5 N  Year 10 N  Year 15 N Year 20 
Any Osteophytes 757 9.0 690 11.0 620 16.1 528 75.2 
Any JSN 688 8.9 635 7.9 671 13.4 621 29.8 
Any Medial 676 13.9 587 13.5 577 16.3 527 59.6 
Any Lateral 734 9.4 672 8.6 667 13.6 604 52.8 
Both Medial 820 1.6 808 4.0 786 9.7 718 16.2 
Both Lateral 826 0.5 825 0.7 818 2.8 801 9.6 

 

 

 Based on the incidence presented in table 7.8, annual cumulative incidence 

between baseline and year 15 is 2.1% for ‘any osteophyte’, 1.2% for ‘any JSN’, 2.0% for 

‘any medial’, 1.7% for ‘any lateral’, 0.9%  for ‘both medial’, and 0.3% for ‘both lateral’. 

The annual cumulative incidence between baseline and year 20 grades is 3.7% for ‘any 

osteophyte’ 1.8% for ‘any JSN’, 3.6% for ‘any medial’, 3.2% for ‘any lateral’, 1.4% ‘both 

medial’ and 0.6% for ‘both lateral’. 
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Table 7.8 Fifteen and nineteen-year Incidence of 
composite ROA definitions 

  N Y1-Y15 Y1-Y20 
Any Osteophytes 757 29.9 72.0 
Any JSN 688 17.2 34.4 
Any Medial 676 28.3 68.5 
Any Lateral 734 23.3 61.6 
Both Medial 820 12.8 27.3 
Both Lateral 826 3.6 12.0 

 

7.3.4 Incidence of K/L stratified by covariates 

7.3.4.1 Incidence of K/L stratified by baseline grade 

While a K&L grade 1 is not considered diagnostic of ROA, when stratifying by an 

initial baseline grade of 0 or 1 (figure 7.3), there is a significant difference in cumulative 

incidence between the groups at each visit (p<0.001). The odds of a baseline grade 1 

developing incident ROA by year 15 is 4.8 (95% CI 2.8, 8.1) times the odds for a baseline 

grade 0, while the odds increase to 5.2 (95% CI 2.1, 13.3) by year 20.  

 

Figure 7.3 Cumulative incidence of ROA (K&L ≥ 2), baseline grade 0s versus 1s  
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7.3.4.2 K/L Incidence stratified by age 

When 5-year cumulative incidence of ROA was examined within each visit year 

and stratified by age group, a linear trend (p<0.02) is evident for years 5 and 10 with the 

oldest age group having the highest percentage of incident ROA, but this trend is not 

significant for incident ROA by age group at year 15 or year 20 (figure 7.4). Between 

baseline and year 15, 24.6% of subjects with a baseline age under 50 developed incident 

ROA, 30.0% of subjects aged 50 to 54, 30.0% of 55 to 60 year olds and 48.5% of subjects 

with a baseline age greater than 60. Between baseline and year 20, 71.9% of subjects with 

a baseline age less than 50 had developed incident ROA, 71.9% of subjects aged 50 to 54, 

68.6% of 55 to 60 year olds and 78.2% of subjects who had a baseline age greater than 60. 

There was a significant difference found between the youngest and oldest age groups 

(p<0.001), in addition to between the two middle age groups (p<0.02).  

 

Figure 7.4 Cumulative incidence of ROA (%) stratified by age groups (n= 759 knees) 
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7.3.4.3 Incidence of K/L stratified by BMI  

Incidence between subjects with a normal baseline BMI and subjects who were 

overweight was significantly different at year 5, year 10 and year 20 (p<0.02). There was 

no difference between groups for year 15 (p=0.429). When cumulative incidence was 

examined between normal and overweight subjects (figure 7.5), it showed a significant 

difference between overweight and normal subjects at each year (p<0.009).  

For each unit increase of baseline BMI (as a continuous measure), knees had a 

significantly increased risk of incident K/L ≥ 2 of 14% by year 5, 16% by year 10, 15% by 

year 15 and 18% by year 20.   

 

Figure 7.5 Cumulative incidence of ROA (%) stratified by BMI groups (n= 759 knees) 

 

 

7.3.5 Cumulative incidence of ROA individual features stratified by covariates 

7.3.5.1 Incidence of individual features stratified by age  

 The cumulative incidence of medial and lateral osteophytes (table 7.9) was 

significantly different between age groups at all visit years (p≤0.05) except for medial 
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osteophytes at year 20 (p=0.329). A trend of increasing incidence between the youngest 

and oldest age groups was also found for all years except for medial osteophytes at year 

20. Cumulative incidence of narrowing was the same for age groups at all years except for 

medial narrowing at year 20 (p=0.049), and lateral narrowing at year 5 (p=0.001) and year 

20 (p≤0.001).  

 

Table7.9 Cumulative incidence by visit year stratified by age 
Feature/Method Visit year Age groups 
    45-49 50-54 55-59 60-64 

N   287 238 144 112 

Medial osteophyte 

1 
    5 5.23 4.62 8.33 13.39 

10 9.41 12.61 18.75 25 
15 16.03 22.69 25.69 34.82 
20 62.02 63.45 57.64 68.75 

N   294 239 149 109 

Lateral osteophyte 

1 
    5 3.74 3.77 6.71 11.93 

10 8.5 10.46 14.09 17.43 
15 17.01 24.27 20.13 35.78 
20 55.44 57.74 53.02 70.64 

N   269 210 129 107 

Medial JSN 

1 
    5 10.41 5.71 6.98 4.67 

10 9.29 12.38 9.3 7.48 
15 14.87 15.71 20.16 22.43 
20 25.28 36.19 32.56 35.51 

N   276 232 147 114 

Lateral JSN 

1 
    5 7.25 1.72 4.08 0 

10 3.28 3.02 4.08 1.75 
15 2.54 2.59 7.48 4.39 
20 7.25 15.52 22.45 15.79 

 

7.3.5.2 Incidence of individual features stratified by baseline BMI 

 Cumulative incidence of both medial and lateral osteophytes was significantly 

higher for overweight compared to normal subjects for all visit years (p≤0.04) (table 7.10). 
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Overweight subjects had significantly higher cumulative incidence of medial JSN at years 

5, 15 and 20 (p≤0.05), and higher incidence of lateral JSN only at year 20 (p=0.007). 

  For each unit increase of baseline BMI (as a continuous measure), the risk of 

incident medial osteophytes increased by 27% at year 5, 14% at year 10, 10% at year 15 

and 13% at year 20. The risk of having incident lateral osteophytes was 30% higher at year 

5, 37% at year 10, 24% at year 15 and 17% at year 20.  The risk of incident medial JSN 

increased by 24% at year 10, 13% by year 15, and 17% by year 20 for each unit increase of 

baseline BMI. There was no significant increase for year 5. The risk of incident lateral JSN 

was only significantly increased at year 15 (15%) and year 20 (11%).  

7.3.5.3 Incidence of individual features stratified by pain 

 The cumulative incidence of medial and lateral osteophytes (table 7.10)were 

significantly higher in subjects with knee pain than without for all visit years (p≤0.02),  

except for medial osteophytes at year 15 (p=0.076). The incidence of medial JSN was 

significantly higher in painful knees at year 20 only (p≤0.001), and at year 15 and 20 for 

lateral JSN (p≤0.001).  

 

 

 

 

 

 

 

 

 

 



128 
 

Table 7.10 Cumulative incidence by visit year stratified by BMI group and pain 
Feature/Method Visit year BMI Pain 

    Normal Overweight No Pain Pain 

Medial osteophyte 

1 
    5 5.15 8.98 

  10 9.84 20.36 12.5 22.86 
15 17 29.94 20.82 26.73 
20 57.05 70.06 59.13 70.8 

Lateral osteophyte 

1 
    5 3.57 7.87 

  10 7.37 16.62 9.64 18.1 
15 16.74 29.74 19.79 27.75 
20 52.46 64.72 52.28 70 

Medial JSN 

1 
    5 5.43 10.32 

  10 9.63 10.32 10.55 8.65 
15 14.81 20.32 16.21 20.2 
20 28.4 35.16 24.48 45.49 

Lateral JSN 

1 
    5 4.12 3.61 

  10 2.98 3.32 2.7 3.64 
15 3.43 4.22 2.24 7.49 
20 10.98 17.77 11.11 19.44 

 

 

7.4 Progression and worsening 

7.4.1 Kellgren and Lawrence 

Out of knees with a grade 2 or above at baseline (n=75), 58.7% progressed between 

baseline and year 15, and 66.7% progressed between baseline and year 20. 11.5% of knees 

(n=834) showed worsening (increase of at least one grade) between baseline and year 5, 

21.8% between year 5 and 10, 23.1% between 10 and 15 and 62.6% between year 15 and 

20. Analysing only baseline and year 15 data, 39.8% of knees showed worsening by at 

least one grade.  

A cross-tabulation of individual K/L grades (0-4) and TKR’s between baseline and 

year 20 (table 7.11) demonstrates that 10.6% of all knees (n=834) remained a grade 0 
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throughout the study period, while 85.0% of knees worsened by at least one grade. Out of 

the subjects with a K&L of 1 or above at baseline (n=123), 23.6% remained at the same 

grade and 69.9% worsened (including to TKR) by year 20. Knees with a baseline grade 1 

(n=48) had a higher percentage of worsening than any other baseline grade (95.8%). Grade 

0’s (n=711) were the next most likely to worsen, with 87.6% increasing by at least one 

grade over 20 years. Only 1.0% of knees were scored as having regressed to a lower grade 

by year 20. 

 

Table 7.11 Cross-tabulation of baseline and year 20 K/L grades* 
(n= 834) 

Baseline N Year 20 
    0 1 2 3 4 TKR 
0 711 88 (12.4) 122 (17.2) 285 (40.1) 190 (26.7) 13 (1.9) 13 (1.8) 
1 48 0 (0.0) 2 (4.2) 25 (52.1) 14 (29.2) 2 (4.2) 5 (10.4) 
2 53 0 (0.0) 0 (0.0) 17 (32.1) 24 (45.3) 5 (9.4) 7 (13.2) 
3 22 0 (0.0) 1 (4.6) 7 (31.8) 10 (45.5) 0 (0.0) 4 (18.2) 

*Results are displayed as N (%), with percentages calculated by row 

 

7.4.2 Individual ROA features 

62.3% of subjects with medial osteophytes at baseline (grade 1 or above, n=53) 

progressed to a higher grade over the next 19 years. 72.1% of subjects with lateral 

osteophytes (n= 31/43), 15.1% with medial JSN (n=18/119), and 13.8% with lateral JSN 

(n=9/65) also progressed over the duration of the study. Tables 7.12 – 7.15 show the cross-

tabulations between baseline and year 20 ROA features showing both incidence and 

progression.  
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Table 7.12 Cross-tabulation of baseline and year 20 medial osteophytes 
Baseline N Year 20 
    0 1 2 3 TKR 

0 781 292 (37.4) 349 (44.7) 97 (12.4) 25 (3.2) 18 (2.3) 
1 47 2 (4.3) 17 (36.2) 16 (34.0) 5 (10.6) 7 (14.9) 
2 6 0 (0.0) 0 (0.0) 1 (16.7) 1 (16.7) 4 (66.7) 

 

Table 7.13 Cross-tabulation of baseline and year 20 lateral osteophytes 
Baseline N Year 20  
    0 1 2 3 TKR 

0 791 334 (42.2) 322 (40.7) 89 (11.3) 24 (3.0) 22 (2.8) 
1 38 0 (0.0) 10 (26.3) 17 (44.7) 6 (15.8) 5 (13.2) 
2 4 0 (0.0) 0 (0.0) 2 (50.0) 1 (25.0) 1 (25.0) 
3 1 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0) 1 (100.0) 

 

Table 7.14 Cross-tabulation of baseline and year 20 medial JSN 
Baseline N Year 20 

    0 1 2 3 TKR 
0 715 491 (68.7) 164 (22.9) 27 (3.8) 14 (2.0) 19 (2.7) 
1 116 46 (39.7) 54 (46.6) 7 (6.0) 1 (0.9) 8 (6.9) 
2 1 0 (0.0) 1 (100.0) 0 (0.0) 0 (0.0) 0 (0.0) 
3 2 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0) 2 (100.0) 

 

Table 7.15 Cross-tabulation of baseline and year 20 lateral JSN 
Baseline N Year 20 

    0 1 2 3 TKR 
0 769 662 (86.1) 69 (9.0) 7 (0.9) 5 (0.7) 26 (3.4) 
1 65 34 (52.3) 22 (33.9) 6 (9.2) 0 (0.0) 3 (4.6) 

 

7.4.3 Worsening stratified by age 

When stratified by age, worsening of K/L grade was significantly different between 

age groups between baseline and year 5 (p<0.001) and between year 15 and 20 only 

(p=0.04). The difference between age groups was significant when worsening was 

analysed between baseline and year 15 (p<0.001), but not between baseline and year 20 

(p=0.304).  
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There was a significant increase in knees with worsening medial osteophytes 

between the youngest and oldest age groups at year 5 (p≤0.001) (table 7.16). There were 

also trends identified between age groups for the year 10 and 20 visits, although for year 

20 there is a decrease in the percentage of worsening medial osteophytes as subjects 

increase in age (54.7% to 45.2% [p=0.028]). For lateral osteophytes, worsening was 

significantly different between age groups only for visit 5 and visit 15 (p≤0.02), and trends 

were identified for increasing percentage of worsening with increasing age (p≤0.02). No 

difference was found for worsening of medial JSN for any visit year, but both baseline and 

year 20 showed significant differences for lateral narrowing between age groups (p≤0.02).  

 

Table7.16 Worsening by visit year stratified by age 
Feature/Method Visit year Age groups 

    45-49 50-54 55-59 60-64 
N   300 250 158 126 

Medial osteophyte 

1 
    5 5.0 4.8 7.6 14.3 

10 6.3 10.4 11.4 13.5 
15 10.3 13.6 12.7 15.9 
20 54.7 52.0 45.6 45.2 

Lateral osteophyte 

1 
    5 3.7 3.6 7.0 11.9 

10 7.0 7.2 8.2 6.4 
15 12.3 19.2 14.6 23.0 
20 46.3 44.8 43.7 43.7 

Medial JSN 

1 
    5 9.3 5.2 8.2 4.0 

10 6.3 10.8 6.3 4.8 
15 13.0 13.6 14.6 17.5 
20 17.7 26.0 22.8 26.2 

Lateral JSN 

1 
    5 6.7 2.4 5.1 0.0 

10 1.3 3.6 3.2 1.6 
15 2.7 3.2 7.0 3.2 
20 9.3 14.0 19.6 15.1 
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7.4.4 Worsening stratified by baseline BMI 

 The difference in worsening K/L grades between normal and overweight subjects 

was only significant between baseline and year 5, and year 5 and year 10 (p<0.04). As 

with the age groups, baseline BMI groups were only significantly different between 

baseline and year 15 (p<0.001) and not between baseline and year 20 (p=0.207).  

 Both medial and lateral osteophytes demonstrated an increase in worsening in 

overweight subjects for all years (p≤0.02), except for year 20. There was a significant 

increase in the worsening of medial JSN for years 10 and 15 (p≤0.008), and for lateral JSN 

at year 20 (p≤0.009).  

7.4.5 Worsening stratified by pain 

 No difference was found in worsening K/L between subjects with and without knee 

pain (p=0.681). Subjects with knee pain had significantly more worsening of medial 

osteophytes at year 10, and of lateral osteophytes at year 20. Worsening of joint space 

narrowing was significantly increased for painful knees at all visits (p≤0.03), except for 

year 10 medial JSN (p=0.987).  
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Table 7.17 Worsening by visit year stratified by BMI and pain 
Feature/Method Visit year BMI Pain 
    Normal Overweight No Pain Pain 

N 

1 464 370     
5 

  
600 122 

10 
  

580 248 
15 

  
549 280 

20     676 127 

Medial osteophyte 

1 
    5 4.96 9.19 

  10 6.9 12.97 8.33 14.75 
15 10.34 15.41 11.55 14.92 
20 48.71 53.24 49.36 53.93 

Lateral osteophyte 

1 
    5 3.45 8.11 

  10 4.31 10.81 6.5 7.38 
15 11.64 22.43 14.83 20.16 
20 42.89 47.57 42.44 50.71 

Medial JSN 

1 
    5 4.96 9.73 

  10 7.33 7.57 7.33 7.38 
15 11.21 17.84 12.24 18.95 
20 20.47 24.86 16.39 34.29 

Lateral JSN 

1 
    5 4.31 3.78 

  10 1.94 2.98 1.67 4.96 
15 3.02 4.61 2.42 6.88 
20 10.78 17.03 10.56 18.93 

 

7.5 Summary 

 Prevalence of K/L≥2 was 36.5% by year 15 and 74.5% by year 20. Individual ROA 

features had a prevalence of 63.5% for medial osteophytes, 58.5% for lateral osteophytes, 

33.3% for medial JSN, and 13.5% for lateral JSN by year 20. The composite ROA 

definition of ‘any medial’ feature had the highest prevalence at each year except for year 

20 (19.0-71.6%), while the definition for ‘any osteophytes’ had the greatest increase of 

prevalence over 19 years ranging from 9.2% to 73.5%. K/L prevalence is significantly 

different between pain and pain-free subjects, BMI groups and between age groups for the 
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majority of visit years. The risk of having prevalent K/L ≥ 2 was 15 to 20% higher at each 

visit for each unit increase in baseline BMI. For both medial and lateral osteophytes, there 

was a significant increase in prevalence with increasing age, obesity (in overweight 

category) and knee pain. The prevalence of JSN was significantly associated with 

increasing age group only at year 20, with BMI for roughly half the visits (for both 

compartments) and with pain toward the later visit years (10 through 20).  The risk of 

prevalent osteophytes increased from 13 to 29% each visit for each unit increase of 

baseline BMI, while the risk prevalent JSN increased from 10 to 13% for later visit years. 

 The annual cumulative incidence over 19 years was 3.8% for K/L, 3.2% for medial 

osteophytes, 2.9% for lateral osteophytes, 1.5% for medial JSN and 0.6% for lateral JSN. 

For the composite ROA grades, annual cumulative incidence was 3.7% for ‘any 

osteophyte’, 1.8% for ‘any JSN’, 3.6% for ‘any medial’ feature, 3.2% for ‘any lateral’ 

feature, 1.4% for ‘both medial’ features and 0.6% for ‘both lateral’ features. There was a 

significant difference in the 19 year annual cumulative incidence of K/L≥2 in subjects with 

a baseline grade of 1 versus 0, and between both age and BMI groups. The cumulative 

incidence of medial and lateral osteophytes was significantly higher for older age groups, 

in knees of overweight subjects and in painful knees. When baseline BMI was analysed as 

a continuous variable, the risk of incident osteophytes was much higher at earlier visits 

(27-30% at year 5) compared to later visits (13-17% at year 20). The incidence of JSN was 

only associated with age group at the year 5 and year 20 visits. Incidence of medial 

narrowing was significantly higher in overweight subjects for visits 5, 15 and 20, although 

this association was only seen at year 20 for lateral narrowing. Cumulative incidence for 

medial narrowing was higher in painful knees only at year 20, with lateral narrowing 

showing a significant difference at year 15 and 20.  
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 Thirty-six percent of knees with K/L≥2 at baseline progressed between baseline 

and year 15, with 67.9% progressing between baseline and year 20. Eighty-five percent of 

knees worsened by at least one K/L grade over the 19 years of the study, with knees with a 

baseline grade of 1 having the highest percentage of worsening (95.8%) compared to any 

other baseline grade. Out of the knees which had ROA features present at baseline 

(grade≥1), 62.3% of medial osteophytes, 72.1% of lateral osteophytes, 15.1% of medial 

JSN and 13.8% of lateral JSN increased by at least one grade over 19 years. Subjects with 

knee pain had significantly more worsening of medial osteophytes at year 10, and of lateral 

osteophytes at year 20. Worsening of joint space narrowing was significantly increased for 

painful knees at all visits (p≤0.03), except for year 10 medial JSN (p=0.987). 

 

7.6 Discussion 

The novel findings of this research were that annual cumulative incidence, 

progression and worsening of K/L≥2 were 3.8%, 3.6% and 4.5% respectively over the 19 

years of follow-up; medial osteophytes had the highest prevalence of any individual ROA 

feature by year 20 (63.5%); lateral osteophytes had high levels of prevalence, incidence 

and progression between baseline and year 20 (58.5%, 55.0% and 72.1% respectively); 

and the risk of a baseline K/L grade 1 was 5.2 times (95% CI 2.1, 13.3) that of a grade 0 to 

develop incident ROA (K/L≥2).  

The increasing prevalence of K/L≥2 over each visit year is related to the increasing 

age of the study population as well as the change in method for the year 20 data.  The 

prevalence of ROA is well known to be correlated to increasing age and continues to 

increase through elderly years (Felson et al. 1987). The jump between the year 15 and year 

20 prevalence is also a reflection of the change in methodology between grading the two 

sets of x-rays. Year 15 x-rays were graded with traditional techniques, as plain-film x-rays 
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using a light-box. The year 20 digital x-rays were graded using the KneeMorf program 

which has both zooming and contrast adjustment capabilities. Therefore, there was a much 

greater chance to identify disease at year 20 than at year 15, even if it was present at year 

15 resulting in misclassification. This was also borne out by the results in the 

reproducibility section (chapter 5) comparing year 15 x-rays read by DJH to those read by 

KL on digitised x-rays and KneeMorf. A direct comparison between newer digital and 

older methods yielded higher grades in direct comparison with an absolute grade increase 

of 16.0% for K/L, and between 4.0 and 16.0% for individual ROA features.  

Furthermore, the reported prevalence for K/L≥2 at year 20 (74.5%) was directly 

comparable to two recent population-based cohort studies. A large-scale Japanese cohort 

found that 70.2% of women had K/L≥2 (Muraki et al. 2009), and a UK-based cohort of 

both men and women found a prevalence of 68.0% (Duncan et al. 2007), both of which 

were populations with similar mean ages to the Chingford study at year 20.  

 Annual rates of knee progression (3.6%) and worsening (4.5%) between baseline 

and year 20 were on the lower end for progression than those observed in other 

community-based cohorts which varied between 3.5% and 8.0% (Thorstensson et al. 2008; 

Felson et al. 1995; Felson et al. 1997), although was  on par for annual worsening 4.4% 

(Cooper et al. 2000). Rates in established symptomatic cohorts were similar, varying 

between and 4.0% to 8.8% for progression (Pavelka et al. 2000; Thorstensson et al. 2008) 

and from 3.3% to 7.7% for worsening (Massardo et al. 1989; Spector et al. 1992). The 

slightly lower rates found in Chingford for progression are likely a consequence of both 

the relatively young age of the cohort at the start of the study, and the much longer length 

of the study in comparison to other research.  

There were no comparable population studies against which to evaluate 

compartmental incidence and worsening of individual radiographic features. Despite these 
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features being measured in several longitudinal studies (Cooper et al. 2000, Felson et al. 

1997), the natural history of individual features or compartments were not reported. Due to 

the emphasis on the medial compartment as the driving force for incidence and 

progression, it was surprising to find the high prevalence, incidence and worsening of 

osteophytes and JSN in the lateral compartment. Using the composite definition which 

included ‘JSN or osteophytes’, the prevalence of any feature in the lateral compartment 

was 62.9% at year 20 compared to 71.6% in the medial compartment at year 20. The 

prevalence of the ‘JSN or osteophyte’ definition was only approximately 10% lower in the 

lateral compartment compared to the medial compartment at each visit year.  

The comparison of incident ROA between subjects with baseline grades 0 and 1 

extends the timeline of an earlier nested case-control study within this cohort (Hart et al. 

1999) and other recent research (Lachance et al. 2002) which emphasise the importance of 

grade 1s being treated distinctly from grade 0s. The higher risk of a grade 1 going on to 

develop incident ROA (5.2 times the chance of a grade 0) suggests that they are an 

important indicator of longitudinal radiographic incidence. Lachance et al. looked at 

incidence and progression of mild K&L grades over 3 years and found that a grade 1 was 

6.4 times more likely to progress to a grade ≥2 than a grade 0 (Lachance et al. 2002).  

K/L has been the primary method for evaluating radiographic knee OA in similar 

studies (Pavelka et al. 2000; Thorstensson et al. 2008; Felson et al. 1995; Felson et al. 

1997; Cooper et al. 2000, etc.) but it is commonly criticised (as discussed in chapter 2). 

The issue specifically related to this analysis is the use of K/L to evaluate progression and 

worsening, despite several major limitations. K/L assumes a non-validated natural disease 

progression which is extremely osteophyte-centric, as well as having several different 

‘official’ and modified versions which are all in use (Schiphof et al. 2011). Despite these 

negatives, K/L scores have a high level of reproducibility (Thorstensson et al. 2008; 
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Cooper et al. 2000) a strong correlation with pain and increasing K&L grades (Neogi et al. 

2009, Cho et al. 2010), and is present in the majority of subjects who present with knee 

pain (Duncan et al. 2007). Although increasing K/L grades may be criticised for not being 

‘linear or equidistant’ (Ding et al. 2012), the evidence of increasing grades having greater 

association with pain (Duncan et al. 2007; Muraki et al. 2009; Neogi et al. 2009) implies 

that while the grades are not perfect, they are capturing something important about the 

disease process and the resulting severity. And more importantly, they are identifying 

something that may be clinically relevant. 

This analysis establishes the longest natural history study of radiographic knee OA 

to date, and provides novel information about incidence and worsening of whole knee and 

compartmental features in the intervals over the 19 year study. These results provide the 

necessary basis for understanding the structural component of knee osteoarthritis, allowing 

for further research to relate these features to clinical outcomes such as pain and risk of 

knee replacement.  
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8 CONSTRUCT VALIDITY OF ROA WITH PAIN (CROSS-SECTIONAL) 

 This section will evaluate the construct validity of radiographic knee OA, as 

assessed by a cross-sectional analysis of ROA (atlas-based and quantitative JSW) and knee 

pain. Year 20 data was used due to several factors; this visit provided the most 

comprehensive data for pain assessment, and the year 20 x-rays were the only high-quality 

digital x-rays available for the cohort.  

Previous studies evaluating this relationship between ROA and pain are common, 

although very few studies have assessed community-based subjects and they often target 

subjects either with knee pain or with pre-defined risk factors for ROA.  One of the most 

important aspects of this relationship, which has not been explored, is whether the 

relationship with pain improves when ROA is broken down by compartment, feature (i.e. 

osteophytes or JSN), and the severity of the feature.   

This chapter will establish which diagnostic scoring method of ROA has the best 

construct validity with pain, if there is an individual feature which has better construct 

validity than whole-knee grades (K/L) and if evaluating the severity (individual grades) 

improves the relationship with pain.  

 

8.1 Methods 

8.1.1 Study design 

All subjects who attended the year 20 x-ray visit were eligible for inclusion in the 

analysis.  994 knees were radiographed at year 20 and were graded for K/L. Thirty-five of 

the knees had a TKR by year 20, 104 were missing either quantitative joint space or 

flexion data and 21 subjects (42 knees) had evidence of RA in any joint at any time during 

the study. A total of 174 knees were excluded from the analyses due to one or more of 
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these issues, leaving 820 knees for this cross-sectional analysis. The methods used to score 

the x-rays have been previously described in detail (chapters 3 and 4), and the outcome 

measure for pain was the NHANES question. 

8.1.2 Statistical methods 

Baseline characteristics of subjects with all pertinent data at year 20 (ROA, 

quantitative JSW and pain) were compared to subjects who were lost to follow-up, with 

Man-Whitney U tests for non-normal continuous data and Pearson’s chi-squared test for 

categorical variables. GEE logistic regression modeling was used for all analyses assessing 

ROA and pain, in order to account for within person clustering due to the knee level 

analysis. Both univariable and multivariable models adjusted for age, BMI (kg/m2

 

), history 

of smoking and flexion (for quantitative JSW only) were produced for each radiographic 

variable, giving results in odds ratios and 95% confidence intervals. Construct validity was 

evaluated by comparing odds ratios and confidence intervals of the multivariable model 

for each feature.  

8.2 Results 

8.2.1 Cohort characteristics 

Table 8.1 shows the comparison of demographic characteristics between the knees 

used in the analysis (820) and those that were lost to follow-up between baseline and year 

20 (1186). There was a significant difference for all characteristics tested between subjects 

who had complete data compared to those who were lost to follow-up. The subjects lost to 

follow-up were significantly older, had a higher BMI (although only slightly), were more 

likely to have a history of smoking, had knee pain at year 5, and had a higher percentage of 

K/L ≥2 at baseline.  
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Table  8.1 Comparison of  baseline demographics for knees with and 
without year 20 follow-up 

Characteristic Knees in Analysis 
Knees lost to 

follow-up p-value 
N (knees) 820 1186 

 Age (median (IQR)) 51.0  (47.0, 56.0) 56.0 (50.0, 61.0) <0.001 
BMI (median (IQR)) 24.4 (22.5, 27.0) 25.2 (22.8, 28.1) <0.001 
Smoking (% ever) 39.9 50.5 <0.001 
Pain at year 5 (%) 16.3 23.2 0.001 
K/L 2+ (%) 8.6 11.6 0.012 

 
8.2.2 Descriptive statistics for year 20 radiographic data 

8.2.2.1 Categorical atlas-based ROA descriptive data 

 The prevalence (overall) of radiographic features shown here for year 20 (table 8.2), 

demonstrate the same trends discussed in previous chapters (chapters 6 and 7). There are higher 

levels of medial involvement than lateral, both for osteophytes and JSN. Osteophytes overall have 

a much higher prevalence than narrowing in both compartments. Prevalence of pain was relatively 

low overall, with 16.3% of knees having pain for more than 15 days in the last month (NHANES 

pain question).  

 The prevalence for almost all ROA features was significantly higher in the older 

age group compared to the younger group (table 8.2), except for whole-knee K/L, medial 

K/L and medial osteophytes. The prevalence for all ROA features was higher in 

overweight subjects (≥25 kg/m2

 

), except for medial narrowing in the OARSI and Line 

Drawing atlases.   
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Table 8.2 Descriptive statistics for year 20 atlas data 
Scoring 
Method Feature 

Overall 
(%) 

Percentage 
by Age p-value* Percentage by BMI p-valueǂ 

      <72  ≥72   Normal Overweight   
  N 820 410 410   249 565   

K/L 
Whole Knee (≥2) 73.7 71.7 75.6 0.205 63.1 78.1 0.000 
Medial (≥2) 63.9 62.4 65.4 0.383 55.0 67.6 0.001 
Lateral (≥2) 59.2 54.9 63.4 0.013 45.0 65.3 0.000 

Chingford 

Medial Osteo (≥1) 63.5 62.2 64.9 0.425 54.6 67.3 0.001 
Lateral Osteo (≥1) 58.9 54.4 63.4 0.009 44.5 65.1 0.000 
Medial JSN (≥1) 32.8 28.1 37.6 0.004 28.1 35.2 0.047 
Lateral JSN (≥1) 13.1 8.3 17.8 0.000 7.2 15.8 0.001 

OARSI 

Medial Fem Osteo (≥1) 30.0 28.1 32.0 0.223 18.5 34.9 0.000 
Medial Tib Osteo (≥1) 62.6 61.2 63.9 0.427 55.0 65.7 0.004 
Lateral Fem Osteo (≥1) 22.7 18.8 26.6 0.008 13.7 26.6 0.000 
Lateral Tib Osteo (≥1) 56.8 53.4 60.2 0.048 44.6 62.1 0.000 
Medial JSN (≥1) 34.2 28.5 39.8 0.001 29.7 36.5 0.062 
Lateral JSN (≥1) 13.5 8.5 18.5 0.000 7.2 16.5 0.000 

Line Drawing 

Medial Fem Osteo (≥1) 29.8 27.8 31.7 0.222 18.1 34.7 0.000 
Medial Tib Osteo (≥1) 62.3 61.0 63.7 0.428 54.6 65.5 0.003 
Lateral Fem Osteo (≥1) 22.6 19.3 25.9 0.024 13.3 26.6 0.000 
Lateral Tib Osteo (≥1) 56.7 53.2 60.2 0.041 44.2 62.1 0.000 
Medial JSN (≥-1) 36.5 31.5 41.5 0.003 33.7 38.1 0.239 
Lateral JSN (≥-1) 16.1 9.8 22.4 0.000 10.0 18.9 0.002 

Composite  
(Chingford) 

Medial Osteo or JSN 71.8 68.8 74.9 0.052 65.9 74.3 0.013 
Latera Osteo or JSN 63.2 58.5 67.8 0.006 47.0 70.3 0.000 
Medial Osteo and JSN 24.5 21.5 27.6 0.042 16.8 28.1 0.001 
Lateral Osteo and JSN 8.8 4.2 13.4 0.000 4.8 10.6 0.007 

NHANES Pain pain at year 20 16.3 14.7 17.9 0.217 9.5 19.5 0.001 
Italicised p-values are significant (p<0.05); *comparison of age groups; ǂcomparison of BMI groups 
 

8.2.2.2 Quantitative JSW descriptive data 

 Table 8.3 shows the descriptive statistics for the quantitative JSW. The means for both 

minJSW and meanJSW are in a small range between 4.3 and 6.1 millimetres for the four 

measurements. The ranges, however show that meanJSW in the lateral compartment has 

much larger maximum values. The  lateral JSA measurements has the widest range of all 

the joint space widths, ranging between 4.9 and 61.5 millimetres, with the medial 

compartment showing a similarly wide range. This is consistent with the way this 
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measurement was calculated compared to minJSW and meanJSW.  The inter-margin 

distances for determining flexion, has small means/medians for both compartments, 

despite having wide ranges. When stratifying by age or BMI group, the only significant 

difference was found for medial inter-margin distance, which was significantly larger in 

normal subjects.  

 

Table 8.3 Descriptive statistics for year 20 quantitative JSW data (in millimetres) 
Feature Mean (SD) Range Mean by Age Mean by BMI 

      <72  ≥72 Normal Overweight 
N 820 820 410 410 249 565 

Medial minJSW 4.3 (1.1) 0.0 - 8.1 4.3 (1.0) 4.3 (1.1) 4.3 (1.0) 4.3 (1.1) 
Lateral minJSW 5.2 (1.2) 0.7 - 9.5 5.2 (1.2) 5.1 (1.2) 5.1 (1.1) 5.2 (1.2) 
Medial meanJSW 5.2 (1.2) 1.3 - 9.7 5.2 (1.1) 5.2 (1.1) 5.3 (0.9) 5.2 (1.1) 
Lateral meanJSW 6.1 (1.2) 1.1 - 11.8 6.1 (1.1) 6.0 (1.3) 6.0 (1.1) 6.1 (1.3) 
Medial JSA 31.2 (6.6) 5.2 - 61.0 31.4 (6.2) 31.0 (6.9) 31.3 (5.9) 31.1 (6.8) 
Lateral JSA 35.5 (7.6) 4.9 - 61.5 35.7 (7.1) 35.4 (8.0) 34.9 (7.3) 35.8 (7.7) 
Medial IMD 5.0 (1.9) 0.0 - 13.9 4.9 (2.1) 5.1 (1.8) 5.3(2.0)** 4.9 (1.9)** 
Lateral IMDǂ 1.3 (0.0, 2.8) 0.0 - 25.8 1.7 (2.8) 1.9 (2.9) 2.1 (3.5) 1.6 (2.3) 
ǂGiven in median (interquartile range) due to skewed nature of data 

 **Statistically sigificant difference 
     

8.2.3 Construct validity of atlas-based radiographic scoring methods 

8.2.3.1 Kellgren and Lawrence  

 Figure 8.1 shows the odds ratios of whole knee K/L, and both compartmental K/L 

grades. Only grade 3 and 4 were significantly associated with pain for whole-knee K/L 

(grade 3: OR 2.8 [95% CI 1.3, 6.3], grade 4: OR 28.4 [95% CI 6.7, 121.0]). Lateral K/L 

grade 4 had the highest overall association with pain (OR 34.6[95% CI 1.1, 1093.8) 

although the relationship was only marginally significant. The only definition where a 

grade 2 was significant was lateral K/L (OR 2.6 [95% CI 1.5, 4.4]). 
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Figure 8.1 Construct validity of Kellgren and Lawrence scoring method 

 

 

8.2.3.2 Chingford atlas 

 Out of the Chingford atlas scores (figure 8.2), lateral osteophytes and medial JSN 

grades 2 and 3 had the highest significant associations with pain (OR ≥4.1). Grade 3 

medial JSN had the best association with pain (OR 12.3 [95% CI 3.5, 43.6]) out of all 

features and grades.  Lateral osteophytes were the only feature which were significantly 

associated with pain for all individual grades (grade 1: OR 2.1 [95% CI 1.4, 3.2], grade 2: 

OR 4.1 [95% CI 2.4, 6.8], grade 3: OR 10.2 [95% CI 4.4, 23.4]). 
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Figure 8.2 Construct validity of the Chingford atlas 

 

 

8.2.3.3 OARSI atlas 

 Testing the construct validity of the OARSI atlas (figure 8.3) demonstrated that 

medial narrowing, lateral tibial osteophytes and medial femoral osteophytes all had good 

associations with pain for their highest individual grade (OR 12.6 [95% CI 3.6, 8.7], OR 

12.2 [95% CI 3.5, 42.3], OR 11.1 [95% CI 3.2, 38.0], respectively). Lateral tibial 

osteophytes were the only feature to have a significant association with pain for all three 

grades (grade 1: OR 1.8 [95% CI 1.2, 2.7], grade 2: OR 3.7 [95% CI 2.2, 6.2], grade 3: OR 

12.2 [95% CI 3.5, 42.3]). Medial tibial osteophytes and lateral JSN were not significantly 

associated with pain for any grades.  
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Figure 8.3 Construct validity of the OARSI atlas 

 

 

8.2.3.4 Line Drawing atlas 

 Of all the compartmental osteophyte grades in the Line Drawing atlas (figure 8.4), 

medial femoral osteophyte grade 5s had the best association with pain (OR 14.4 [95% CI 

3.4, 61.7]). Similar to the OARSI atlas, lateral tibial osteophytes had the most number of 

grades which had a significant association with pain (grade 3: OR 3.2 [95% CI 2.0, 5.3], 

grade 4: OR 4.9 [95% CI 2.4, 10.1], grade 3: OR 6.0 [95% CI 2.1, 17.4]). There was no 

significant association between medial tibial osteophytes and pain. Lateral femoral 

osteophytes had an unusual association with pain, where each increasing grade did not 

have an increasing association. The grade 4 lateral femoral osteophyte had the best 

association with pain (OR 6.6 [95% CI 3.2, 13.6]). 

 The medial compartment (figure 8.5) had the best association between JSN and 

pain (grade 1: OR 2.5 [95% CI 1.2, 5.3], grade 2: OR 8.7 [95% CI 3.0, 24.7], grade 3: OR 
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10.8 [95% CI 1.8, 64.3], grade 5: OR 23.3 [95% CI 5.0, 108.6]). Grade 4, was the only 

lateral JSN grade significantly associated with pain (OR 17.3 [95% CI 3.1, 95.5]). 

 

Figure 8.4 and 8.5 Construct validity of the Line Drawing atlas: osteophytes and JSN 

 

 

8.2.3.5 Composite ROA definitions 

 The composite ROA definitions (figure 8.6) with the best construct validity was 

having either joint space narrowing or an osteophyte in the lateral compartment (figure 

8.6) had the best construct validity of any of the composite ROA definitions (OR 2.7 [95% 

CI 1.8, 4.1]) followed by having both JSN and an osteophyte in the medial compartment 

(OR 1.8 [95% CI 1.2, 2.7]). 
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Figure 8.6 Construct validity of the composite ROA definitions 

 

 

8.2.4 Quantitative JSW measurements  

 For the quantitative JSW measurements, having higher (wider) minJSW or meanJSW was 

significantly protective against having knee pain (medial minJSW: OR 0.7 [95% CI 0.6, 0.9], 

medial meanJSW: OR 0.7 [95% CI 0.5, 0.9]). This translates to a 30% decrease in the odds 

of having pain with every 1 mm increase in minJSW. None of the lateral quantitative 

measurements or medial JSA were significantly associated with pain in either direction. 
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Figure 8.7. Construct validity of quantitative JSW measurements 

 

 

8.3 Summary 

 The OARSI atlas had the best overall construct validity with pain, taking into 

account the number of grades of each feature which had a statistically significant 

association with pain and the magnitude of each of the associations. 

 Grade 4 lateral K/L had the highest association with pain of all individual grades 

(OR 34.6 [95% CI 1.1, 1093.8]). The individual feature and grade with the highest 

association was grade 5 JSN in the Line Drawing atlas (OR 23.3 [95% CI 5.0, 108.7]), 

which represents bone-on-bone narrowing in that atlas.  Neither of the compartmental K/L 

grades had a better association with pain than the original whole-knee grade.  

 The feature with the most number of individual grades associated with pain was the 

lateral tibial osteophyte. This was found for all atlases (lateral osteophyte in Chingford 

atlas), with the highest odds ratios associated with the OARSI atlas grade 3 lateral tibial 

osteophyte (OR 12.2 [95% CI 3.5, 42.3]). Having a large femoral osteophyte (OARSI 



150 
 

grade 3 or Line Drawing grade 5) in the medial compartment also had very good construct 

validity with pain (OR 11.1 and OR 14.4, respectively). There was no significant 

association found for medial tibial osteophytes for any grades.  

 Two of the composite ROA definitions showed comparatively modest association 

with pain; ‘lateral JSN or osteophyte’ had an odds ratio of 2.7 (95%CI 1.8, 4.1) while 

‘medial JSN and osteophyte’ had an odds ratio of 1.8 (1.2, 2.7).  

 Two of the medial quantitative joint space measurements showed a significant 

cross-sectional association with pain; medial minimum JSW (OR 0.7 [95% CI 0.6, 0.9]), 

and medial mean JSW (OR 0.7 [95%CI 0.5, 0.9]). This result showed that subjects with 

overall wider medial joint space were less likely to have knee pain.  

 

8.4 Discussion 

 Although there are many studies which analyse the cross-sectional relationship 

between radiographic osteoarthritis and pain, few break down the analysis by feature and 

compartment, and there is no previous research assessing how the severity of each feature 

to relate to the presence of pain. For the atlas-based features, the results demonstrated that 

any lateral tibial osteophyte, large medial femoral osteophytes and severe medial 

narrowing all had good construct validity with pain regardless of the atlas method. For 

quantitative JSW, having higher medial minJSW and meanJSW was significantly 

protective against pain.  

 It would be expected with the general emphasis in ROA research on medial disease 

that using a compartmental specific K/L grade would increase the association with pain 

compared to the older whole-knee K/L grade. These results did not find any benefit of 

using individual compartmental K/L grades over the traditional whole-knee score. This 

result can be explained by the other findings in this section showing the importance of 
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medial narrowing and lateral osteophytes. Restricting these features into one compartment 

reduced the overall construct validity with pain. 

 The OARSI atlas was found to have the best overall association with pain. It 

provides a good balance of having distinctive grades for both compartmental osteophytes 

(rather than grouping as the Chingford atlas), and a narrower range of individual grades (0-

3) which likely gives each grade more statistical power (rather than the Line Drawing atlas 

with expanded grades).  

 This analysis showed that the presence of any size lateral tibial osteophyte is 

significantly associated with pain. This result was only visible because of the use of the 

OARSI and Line Drawing atlas, and the fact that lateral tibial osteophytes were not 

grouped together with femoral osteophytes which would hide the association. The results 

show that the tibial osteophyte is driving the cross-sectional relationship with pain in the 

lateral compartment and the femoral osteophyte is driving this relationship in the medial 

compartment.  

 Although the mechanisms for why lateral tibial osteophytes have an increased 

association with pain have not yet been researched, a study by Nagaosa et al. found that 

they were significantly associated with patellofemoral attrition and narrowing, 

chondrocalcinosis, and medial JSN (2002). Their data also showed that lateral tibial 

osteophytes were different from the majority of those at other sites which extended 

outward from the joint.  The majority of lateral tibial osteophytes grew upwards appearing 

as ‘traction spurs’, which have been described as being able to reduce valgus motion 

increasing joint stability (Nagaosa et al. 2002; Pottenger et al. 1990). 

 Osteophytes have been shown to have a good cross-sectional relationship with 

pain. The presence of osteophytes has been shown to have a better association with pain 

than narrowing in any x-ray view (AP, lateral, skyline), and increasing osteophyte size was 



152 
 

also found to be significantly associated with pain (Cicuttini et al. 1996).  This relationship 

was confirmed on MRI, where the number of osteophytes present was associated with 

pain, although not the size of the osteophyte (Kornaat et al. 2006).  

  This research did not find any increase in construct validity for K/L grading by 

compartment instead of the traditional whole-knee method. Szebenyi et al. found similar 

results where knees with structural changes in both compartments were more likely to be 

painful than knees with only single compartment involvement (2006). Felson et al. also 

found that a combination of ROA features (moderate definite osteophyte and ‘moderate 

JSN or osteophyte’) had good relationship with pain, although did not explore this finding 

by compartment (1997).  

 The degree of structural severity being associated with pain has previously been 

demonstrated for K/L grades, although not for individual features (osteophytes and JSN). 

Cho et al. looked at the relationship of individual K/L grades to the WOMAC pain 

subscale and found a significant increase in the pain score between grade 2 and grade 3 

women and men (2010). Laxafoss et al. demonstrated increasing odds of pain between K/L 

grades 1 through 4 (OR 1.1 to 6.4) where the positive predictive validity (PPV) improved 

for each increasing grade as well (PPV 42.6 to 80.0).  

 The mean of the quantitative medial minJSW measurement for this study was 

4.3mm (SD 1.1). This is partway between the means reported for a study on ROA normal 

knees without pain (4.8mm (SD 0.7), and a study on obese, symptomatic women with 

evidence of ROA (3.6mm (SD 1.1) (Beattie et al. 2008; Mazzuca 2006). This is due to the 

non-restrictive inclusion criteria for this analysis. This type of analysis looking at the 

cross-sectional relationship of the continuous range of quantitative JSW measures and pain 

has not previously been done. The results show that wide joint space is protective against 



153 
 

the presence of pain, which directly relates to the categorical atlas-based JSN where 

narrowing predicts the presence of pain.  
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9 PREDICTIVE VALIDITY OF ROA WITH FUTURE TKR  

9.1 Introduction 

While joint space narrowing and osteophytes are well-known features of knee 

osteoarthritis and are considered key disease indications on x-ray, their relationship with 

future total knee joint replacements (TKRs) has not been well explored. Total knee 

replacements are the best hard outcome to establish end-stage osteoarthritis as they require 

the presence of both structural evidence of OA in addition to severe pain. Knee 

replacement surgery is important both at the patient level, but at the public health level as 

well due to the economic burden of surgery. The need for surgery is ‘widely recognised as 

the single most relevant outcome in knee osteoarthritis’ (Bruyere et al. 2005).  

Research has focused primarily on the cross-sectional relationship between joint 

space and pain or the predictive power of joint space at baseline to predict future pain 

(Bedson and Croft 2008; Emrani et al. 2008). Very little research has explored whether the 

change in joint space can predict the need for a total knee replacement, and there is no 

research to date looking into the predictive power of osteophytes, which have been shown 

to have good construct validity with pain (Spector et al. 1993; Cucuttini et al. 1996; 

Kornaat et al. 2006).  

This section will look at both baseline measures of radiographic OA including 

quantitative joint space measures, categorical joint space and osteophytes, as well as the 

worsening of these same features over a period of four years and how predictive these 

variables are in regards to the need for a future total knee replacement over the subsequent 

fifteen years. This will be the first research to look at the predictive validity of osteophytes 

and to explore these joint space variables as predictors for TKRs over such a long period 

of time.  
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9.2 Methods 

9.2.1 Study design 

For this analysis, it was decided to use a nested case control study design in order 

to increase the power and precision of the study due to the use of a rare outcome (TKR).  

A case-control design also limited any bias due to loss to follow-up, and limited the 

amount of extra data needed to be collected for quantitative joint space at baseline and year 

5.  Cases were selected from subjects present for the baseline and year 5 x-rays, and had a 

TKR after the year 5 x-ray visit, and had no evidence of RA over the 20 years of the study. 

Ten controls were selected for each case from subjects who had both baseline and year 5 

x-rays and did not have any indications for a total or partial knee replacement at any time 

up until the year 20 x-ray visit. 

 Controls were matched to cases by baseline age, with the majority (85.0%) 

matched to the exact age of the case at baseline. 86.7% of those not matched exactly 

(n=60), were matched within two years of the baseline age of the case. Controls were also 

matched by the length of time they were in the study. They had to be actively involved in 

the study, and not listed as missing, dropped out, or deceased by the time their matched 

case had their TKR (e.g. for a case with a TKR at visit 10, controls must have study 

information at least until the year 10 visit but not necessarily beyond).   

 Controls provided the same side knee to the analysis as the case knee (e.g. 1 

bilateral TKR [2 case knees] was matched with 10 subjects [20 control knees]; 1 right 

unilateral TKR [1 case knee] was matched with 10 subjects [10 right control knees]). This 

allowed for the use of a knee level analysis without having to adjust for within person 

clustering.  
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9.2.2 Statistical methods 

 Change in the quantitative joint space measurements was calculated by subtracting 

the year 5 variable from the corresponding baseline variable. A positive number indicated 

narrowing over the four year period, with a negative number indicating widening. These 

measures were analysed as continuous measurements unless specifically described as 

having a set cut-off creating a binary variable. Change for categorical features was 

calculated similarly with the grade at year 5 subtracted from the baseline grade. All 

negative numbers (which would indicate widening joint space or osteophytes getting 

smaller) were relabelled as noughts to group them within the ‘no change’ group. 

The baseline demographics and radiographic predictors of cases and controls were 

compared using t-tests for continuous and chi squared tests for categorical variables. 

Conditional logistic regression was used to account for matching the cases and controls by 

age at baseline, with odds ratios (ORs) and 95% confidence intervals (CIs) given in the 

results. A univariable model is presented where only the predictor of interest was included 

in the model as well as a multivariable model where baseline BMI has been adjusted for. 

Neither pain nor baseline K/L were included in the multivariable analysis. Pain was 

excluded because it is likely on the causal pathway between radiographic risk factors and 

the outcome (TKR), and adding this into the model would cause overadjustment bias 

(Schisterman 2009). Baseline K/L was not included in the model because it is a composite 

measure which is made up of part of the risk factors being testing (osteophytes and joint 

space narrowing).  
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9.3 Descriptive statistics 

9.3.1 Baseline demographics 

Baseline demographics of the cases, controls and the subjects missing from the 

analysis can be seen in table 9.1 There was a statistically significant difference between 

BMI, knee pain at year 5 and baseline K/L grade between the case and control group. 

 

Table 9.1 Baseline demographics of cases and controls 
Characteristic Cases (n=40) Controls (n=383) p-value 

Age, mean (SD) years 53.9 (5.3) 53.8 (5.2) 0.94 
BMI, mean (SD) kg/m 27.0 (2.9) 2 25.3(3.6) 0.05 
Knee Pain at Year 5 54.3%* 16.7%* >0.001 
Baseline K/L grade:                                   

   Grade 0 55.0% 86.7% 

>0.001 Grade 1 15.0% 6.3% 
Grade 2 17.5% 4.4% 
Grade 3 12.5% 2.6% 

    
 

9.3.2 Descriptive statistics of quantitative risk factors (joint space) 

Table 9.2 compares quantitative measurements collected using the KneeMorf 

software between cases and controls. Baseline and change measures were compared for 

minimum JSW, mean JSW, and joint space area for both the medial and lateral 

compartments. None of the baseline measurements were found to be significantly different 

between cases and controls, while a single change variable, change of mean JSW in the 

lateral compartment showed a modest difference (p=0.048) between groups. This result 

shows that there was more joint space widening in the lateral compartment over four years 

in cases compared to the control group.  
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Table 9.2 Descriptive statistics of quantitative JSW  (cases vs. controls) in mm 
(±SD) 

Predictor Cases (n=40) Controls (n=383) p-value 
Baseline: 

   Medial minJSW 4.2 (1.3) 4.4 (0.8) 0.257 
Lateral minJSW 4.8 (1.6) 5.1 (1.3) 0.102 
Medial meanJSW 5.2 (1.2) 5.3 (0.8) 0.277 
Lateral meanJSW 6.0 (1.4) 6.1 (1.1) 0.634 
Medial JSA 30.6 (8.2) 31.6 (5.4) 0.268 
Lateral JSA 34.3 (8.6) 35.3 (7.4) 0.431 
Change: 

  
 

Medial minJSW 0.07 (0.84) 0.03 (0.67) 0.736 
Lateral minJSW -0.51 (1.05) -0.17 (1.19) 0.081 
Medial meanJSW 0.91 (0.81) 0.00 (0.63) 0.415 
Lateral meanJSW -0.42 (1.27) -0.09 (0.98) 0.048 
Medial JSA -0.12 (5.25) -0.12 (4.39) 0.992 
Lateral JSA -2.84 (6.99) -0.84 (6.58) 0.070 
Proportional med.  minJSW 0.02 (0.26) -0.00 (0.16) 0.500 
Proportional lat. minJSW -0.13 (0.36) -0.08 (0.33) 0.363 

 

 

9.3.3 Descriptive statistics of categorical risk factors  

Table 9.3 compares the percentage of ROA features present in cases to controls 

both for baseline and whether any feature worsened over 4 years (any increase of 1 grade 

or more). All baseline ROA features were significantly higher in cases than controls except 

for lateral JSN. The percentage of subjects of subjects with worsening grades over four 

years was also significantly higher in cases than controls.  
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Table 9.3 Descriptive statistics of ROA features( cases vs. controls)  
Characteristic Cases (n=40) Controls (n=383) p-value 

Baseline: 
   Medial Osteophyte 27.5% 5.7% >0.001 

Lateral Osteophyte 20.0% 3.45 >0.001 
Medial JSN 30.0% 13.8% 0.007 
Lateral JSN 10.0% 7.35 0.541 
K/L 30.0% 7.1% >0.001 
Change: 

  
 

Medial Osteophyte 20.0% 5.5% 0.001 
Lateral Osteophyte 22.5% 5.55 >0.001 
Medial JSN 20.05 7.3% 0.006 
Lateral JSN 7.5% 2.15 0.041 
K/L 30.0% 11.2% 0.001 

 

 

9.4 Baseline risk factors as predictors of future TKR 

9.4.1 Demographic predictors 

The results of the conditional logistic regression analysis assessing the risk of 

common demographic predictors of OA (both structural and symptomatic) including BMI, 

pain and history of smoking is shown in table 9.4. Age was not included, as it was used as 

a matching variable for the controls. These results show that baseline BMI and pain at year 

5 significantly predict having a future knee replacement. Smoking was not significant both 

with and without adjustment for BMI in the multivariable model. An increase of one unit 

of BMI (kg/m2

 

), increases the odds of having a TKR by ten percent. As would be 

expected, pain was the strongest demographic predictor of future TKR, even after 

adjustment for baseline BMI, with painful knees having 4.8 times the risk of having a 

future TKR compared to knees without pain. 
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Table 9.4 Conditional logistic regression: demographic predictors 
Predictors Univariable  Multivariable (adj for BMI only) 

  OR 95% CI p-value OR 95% CI p-value 
Baseline BMI 1.1 (1.0, 1.2) 0.005   

  Pain at year 5 5.5 (2.6, 11.5) <0.001 4.8 (2.3, 10.2) <0.001 
       

 

9.4.2 Quantitative JSW predictors 

Table 9.5 shows the baseline joint space variables calculated using KneeMorf as 

predictors for TKR. Minimum JSW, mean JSW and joint space area were not found to be 

predictive of a TKR in either compartment, except for baseline minimum JSW in the 

lateral compartment only after adjustment for BMI. This is possibly a type I error (a 

rejection of a true null hypothesis) due to multiple testing.  

 

Table 9.5 Conditional logistic regression: baseline JSW predictors 
Predictors Univariable  Multivariable (adj for BMI only) 

  OR 95% CI p-value OR 95% CI p-value 
medial minJSW 0.8 (0.5, 1.2) 0.233 0.8 (0.5, 1.1) 0.166 
lateral minJSW 0.8 (0.6, 1.0) 0.110 0.8 (0.6, 1.0) 0.035 
medial meanJSW 0.9 (0.7, 1.3) 0.657 0.8 (0.5, 1.2) 0.223 
lateral meanJSW 0.9 (0.7, 1.3) 0.657 0.9 (0.6, 1.2) 0.348 
medial JSA 1.0 (0.9, 1.0) 0.260 1.0 (0.9, 1.0) 0.212 
lateral JSA 1.0 (0.9, 1.0) 0.456 1.0 (0.9, 1.0) 0.214 

 

9.4.3 Baseline categorical ROA predictors 

Analysis of the predictive validity of baseline categorical features showed that the 

presence of any feature significantly predicted future TKR, except for lateral joint space 

(table 9.6). The odds ratios remained significant, although slightly attenuated in the 

multivariable model once adjusted for BMI. The presence of lateral osteophytes at baseline 

was the strongest predictor of future TKR, with an increased risk of 5.5 times that of a 
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knee without lateral osteophytes at baseline. Medial osteophytes (OR 4.9) and K/L grade 

(OR 4.7) at baseline were also both strong predictors of TKR.  

 

Table 9.6 Conditional logistic regression: baseline categorical ROA predictors 
Predictors Univariable  Multivariable (adj for BMI only) 

  OR 95% CI pavalue OR 95% CI pvalue 
medial JSN 2.9 (1.3, 6.2) 0.007 2.6 (1.2, 5.7) 0.017 
lateral JSN 1.4 (0.5, 4.3) 0.540 1.5 (0.5, 4.6) 0.481 
medial osteophytes 6.0 (2.7, 13.5) <0.001 4.9 (2.1, 11.5) <0.001 
lateral osteophytes 7.3 (2.8, 19.1) <0.001 5.5 (2.0, 15.0) <0.001 
Kellgren and Lawrence 5.8 (2.6, 13.0) <0.001 4.7 (2.0, 11.0) <0.001 

 
 

9.5 Four-year change predictors of TKR 

9.5.1 Quantitative change predictors 

Table 9.7 shows the results of the analysis of the four-year joint space change 

variables including minimum, mean, area and proportional change in both the medial and 

lateral compartments. The only variable which showed any significance was mean joint 

space width change in the lateral compartment. This was modestly significant, as the 

confidence intervals were close to 1.0, and this result disappeared in the multivariable 

model.  

 

Table 9.7 Conditional logistic regression: quantitative JSW change predictors 
Predictors Univariable  Multivariable (adj for BMI only) 

  OR 95% CI p-value OR 95% CI p-value 
Joint Space Change: 

   
  

  medial minJSW 1.1 (0.7, 1.8) 0.731 1.0 (0.7, 1.6) 0.878 
lateral minJSW 0.8 (0.6, 1.0) 0.078 0.8 (0.6, 1.0) 0.100 
medial meanJSW 0.8 (0.5, 1.4) 0.409 0.8 (0.5, 1.4) 0.446 
lateral meanJSW 0.7 (0.5, 1.0) 0.043 0.8 (0.6, 1.0) 0.089 
medial JSA 1.0 (0.9, 1.1) 0.982 1.0 (0.9, 1.1) 0.866 
lateral JSA 1.0 (0.9, 1.0) 0.064 1.0 (0.9, 1.0) 0.134 
proportional medminJSW 2.0 (0.3, 13.7) 0.492 1.6 (0.2, 10.8) 0.616 
proportional latminJSW 0.7 (0.3, 1.6) 0.363 0.7 (0.3, 1.5) 0.324 
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9.5.2 Categorical change predictors 

All four-year categorical change variables significantly predicted future TKRs (table 

9.8). Four-year worsening of lateral joint space was the strongest predictor, where knees 

with an increase of at least one joint space grade were 4.2 times more likely to have a 

future TKR than knees without any evidence of worsening. Worsening of lateral 

osteophytes (OR 3.8) and medial osteophytes (OR 3.4) were the next strongest predictors. 

 

Table 9.8 Conditional logistic regression: categorical ROA change predictors 
Predictors Univariable  Multivariable (adj for BMI only) 

  OR 95% CI p-value OR 95% CI p-value 
Medial minJSN 3.3 (1.4, 8.0) 0.009 3.3 (1.3, 8.2) 0.011 
Lateral minJSN 4.1 (1.0, 17.2) 0.052 4.2 (1.0, 17.7) 0.052 
Medial Osteophytes 4.3 (1.7, 10.4) 0.001 3.4 (1.4, 8.5) 0.009 
Lateral Osteophytes 4.7 (2.0, 10.9) <0.001 3.8 (1.6, 9.2) 0.003 
Kellgren and Lawrence 3.5 (1.6, 7.4) 0.001 2.9 (1.3, 6.3) 0.007 

 

 

9.6 Summary  

There were statistically significant differences found between baseline BMI, pain at 

year 5, and baseline K/L grade between the cases and controls, although no differences 

were seen between the controls and missing data.  

There was a 0.2mm difference in mean between medial minJSW for cases and 

controls, and a 0.1mm difference in mean for medial meanJSW. The largest difference in 

means was seen for change in lateral meanJSW, where cases had a 0.33mm larger mean 

than the controls. In contrast, all categorical variables showed significant differences for 

baseline variables when cases and controls were compared except for lateral JSN. All four-

year change variables were significantly different between cases and controls.  

Baseline BMI and pain at year 5 both significantly predicted having a future TKR. 

Lateral minJSW was the only quantitative predictor of TKR, although was only marginally 
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significant.  All baseline categorical variables were significant except for lateral JSN, with 

lateral osteophytes having the highest predictive validity. Subjects with lateral osteophytes 

at baseline were 5.5 times more likely to go on to have a TKR than subjects without lateral 

osteophytes.  

When analysing change between baseline and year 5, no quantitative joint space 

measures were found to be a significant predictor of TKR. All four-year categorical atlas-

based ROA features significantly predicted TKRs. Change in lateral joint space was the 

strongest predictor (OR 4.2) followed by osteophytes in both the medial and lateral 

compartments (OR 3.4 medial, OR 3.8 lateral). 

 

9.7 Discussion 

 For the evaluation of four-year change in the categorical variables, narrowing in the 

lateral compartment had the highest odd ratio (OR 4.2), although due to the extremely 

small sample size this risk factor was only borderline significant (p=0.052). This finding is 

very interesting since lateral joint space is often ignored or dropped from analyses due to a 

lack of data. 27.3% of knees with incident lateral joint space narrowing by year 5 (n=11) 

went on to have a knee replacement by year 20 (n=3). Only a very small number of control 

knees showed any evidence of lateral narrowing (2.1%). So while lateral narrowing 

appears to be rare, when it is present it appears to be an important disease indicator. 

 A change in lateral osteophyte had the next highest predictive validity (OR 3.8), 

but had a much stronger statistical significance (p=0.007). This finding correlates well 

with the result in the previous chapter, where the presence of any size of lateral tibial 

osteophyte had good construct validity with pain (OR 2.1-10.2). Although the osteophyte 

grade is made up of both incident and progressive osteophytes in order to have enough 
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statistical power, out of all the knees which were positive for osteophyte 4-year change 

(n=30),  all knees with incident osteophytes went on to have a TKR (n=9).  

 This finding contrasts a study looking at the predictive validity of ROA features, 

where joint space narrowing was a better predictor for joint failure (complete loss of joint 

space) than osteophytes. Wolfe et al. found that osteophytes were a valuable indicator for 

progression only until moderate JSN was also present in the joint (2001). The difference of 

this study, however, is that it is not using a marker of pain and is evaluating progression to 

structural failure in isolation of any accompanying symptoms.  There are no comparable 

studies for predictive validity of osteophytes to the need for a future TKR.   

 The lack of significance for four-year change in quantitative JSW variables as 

predictors for TKR in this study was surprising based on the results of several other 

studies. Bruyere et al. found that by dichotomising their continuous joint space change 

variables using cut-offs between 0.5 and 0.8mm, that eight-year change in minJSW was 

predictive of a TKR. (2005). Two MRI studies have also shown that loss of cartilage 

volume is predictive of a future TKR (Cicuttini et al. 2004; Raynauld et al. 2011).  

 The reason for this lack of significance is likely due to the number of healthy knees 

at the baseline of the study. 83.9% of knees (cases and controls) had a baseline K/L grade 

of 0. The three studies which found an association with TKR all used subjects with 

radiographic and/or symptomatic osteoarthritis present at baseline (Bruyere et al. 2005; 

Raynauld et al. 2011; Cicuttini et al. 2004). This indicates that quantitative joint space 

measures may be identifying change within the ‘normal’ range and are grouping change 

within the normal range and abnormal range together, thereby obscuring any associations 

that may be present. This requires a different study design and inclusion criteria to further 

explore these results.  
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10 STRENGTHS AND LIMITATIONS 

 This section will outline the strengths and limitations of this thesis, reflecting 

specifically on the study population and study design, radiographic protocols, 

measurement of risk factors and the selection of outcome measures.  

 

10.1 Population – the Chingford study 

 There were many strengths in using the Chingford study to assess long-term natural 

history of ROA and to test the construct and predictive validity of ROA and pain. The 

subjects had a relatively young age (median 54.0) at the start of the study allowing for 

research into incident disease and the progression of mild disease, rather than into 

established disease, which is more common. The follow-up of twenty-years is one of the 

longest for OA research, and the retention rate is extremely high, with almost half the 

women returning for the year 20 visit. The population was selected from a single GP 

practice in an area with a relatively homogenous population (Hart et al. 1999), eliminating 

the need to adjust for geographical and social factors. The inclusion criteria were not 

restrictive, based only on being female and age (45-65), unlike a lot of osteoarthritis 

cohorts which recruit on the presence of ROA (Hornberg et al.1976), pain (Thorstensson et 

al. 2008, Massardo et al. 1989) or a combination of both (Pavelka et al. 2000).  

Subjects lost to follow-up are a major limitation of all long-term cohort studies, 

such as Chingford. There is a potential for study bias due to deaths, subjects dropping out 

because of disability and illness and generally having a healthier cohort attending the 

follow-up visits. While the comparison of baseline characteristics of those included in 

analysis versus those lost to follow-up are similar enough not to imply a severe bias (i.e. 

slightly older, more likely to smoke and slightly more knee pain), the unknown possibility 

remains that subjects lost to follow-up, for whatever reason, would have had significantly 
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worse ROA than those included in this analysis. There is no way to know the potential 

effect of this type of bias on any study of this design.  

Another limitation of the Chingford study is that it is comprised solely of women 

who are predominantly Caucasian. Because of this, the results of this study are not 

necessarily applicable to the general population.  While the results should be able to be 

loosely applied to men, and women of other ancestry, there are known differences in 

prevalence, incidence and progression of knee osteoarthritis between these groups 

(Lachance et al. 2001, McAlindon et al. 1992, Cho et al. 2010, Odding et al. 1998).  Felson 

et al. followed an elderly cohort (mean age 71) and found that incident radiographic 

disease was 1.7 times higher in women than men at the 8 year follow-up (1995). 

Differences in prevalence, incidence and pain due to OA has also been found when 

comparing groups of different ancestry, with subjects of both African and Chinese descent 

having more radiographic evidence of knee OA and pain than subjects of European 

ancestry (Zhang et al. 2001, Jordan et al. 2007) 

 

10.2 Risk factors – radiographic features 

10.2.1 X-ray views and positioning  

 The Chingford study is unusual in the extent of radiography available throughout 

the course of the study. Knees have been radiographed at each 5-yearly visit over twenty 

years following a similar protocol and using the same x-ray machine for the first 15 years. 

The year 20 visit, as previously discussed, was the first to have digital x-rays. Due to the 

age of the study, at the time the original protocols were established, the best x-rays for 

research was considered to be fully-extended, bilateral and weight-bearing.  
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 Even though this view has changed over the past decade, and currently semi-flexed 

and fluoroscopy-assisted x-rays are preferred (Brandt et al. 2002, Buckland-Wright et al. 

1999, Mazzuca et al. 1997), the original fully-extended protocols were maintained during 

the year 20 visit. This allowed for the ability to accurately evaluate change, both for 

incidence and progression over the course of the study. The use of extended x-rays are 

now known to underestimate joint space (Buckland-Wright et al. 1995), therefore no 

attempt was made in this research to reduce this limitation by assessing the tibial inter-

margin distance as a marker of flexion. It was included as a covariate during multivariable 

regression of quantitative joint space.  

Censoring was utilised due to the lack of an exact date of radiographic 

incidence/progression/worsening for each knee. Scores were only evaluated on the date of 

each radiograph, so that knees that progressed immediately after a visit would be recorded 

as not having worsened until the next clinic visit 4-5 years later. This may have 

contributed to an overestimation of the amount of time it took subjects to have incident or 

progressive ROA.  

 The Chingford study also has skyline x-rays (patellofemoral (PF) views) at 

five-year intervals starting at the year 5 visit. Unfortunately these x-rays are not digitised 

and have not yet been made available for research. The lack of this view is a limitation for 

this type of research, as the PF compartment is known to be an important component of 

‘whole organ’ knee OA, and the presence of PF ROA is highly associated with pain and 

disability (McAlindon et al. 1992, Duncan et al. 2006; Peat et al. 2007).  The lack of 

additional radiographic views in this study is a major limitation which should be addressed 

in future research.  
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10.2.2 Blinding x-rays for grading 

 A potential limitation of reading radiographs with the reader blinded to order is that 

the grades may decrease over time, because they are not being read in a method that allows 

for the evaluation of change. The percentage of ‘regressive’ grades in this study (1.7%) 

was much lower than that in studies using similar blinding methods (5.5-7.5%) (Lachance 

et al. 2002; Hart et al. 2001).  

 Reading in a series, blinded to time, is meant to reduce the bias of over-reading for 

disease and for limiting the bias for readers who have information about risk factors or 

treatment (Felson and Nevitt 2009). The blinding method used for Chingford is even more 

restrictive and is completely reliant on objective grading (with either an atlas or software 

program), and therefore could be underrepresenting disease compared to other longitudinal 

studies.   

10.2.2.1 Effect of blinding on categorical measures 

Botha-Scheepers et al. focused specifically on the sensitivity-to-change issue when 

looking at blinding (2005). They used categorical measures of JSN, and assessed 

radiographic change after 2 years in 20 subjects. They found that change in JSN and 

osteophyte progression was smaller for paired x-rays than for x-rays read in a known 

series. The actual number of radiographs which showed any change was very small in 

relation to the number of radiographs assessed, and the clinically important difference 

when grouping by any progression did not appear to be significant (Botha-Scheepers and 

Watt 2005).  

Auleley et al. compared the grading and blinding methods in 104 x-rays taken three 

years apart for determining change in hip ROA (2000). They read K/L, JSN and minJSW 

unpaired, paired (random-order) and chronologically. They found that categorical ROA 
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grades (K/L and JSN) showed the most change using unpaired, than by paired x-rays 

blinded to time and finally, with a known time sequence (Auleley et al. 2000) 

10.2.3 Quantitative JSW - KneeMorf program  

 Many of the digital methods used to assess radiographic joint space use an 

automated edge-detection algorithm which generally has high levels of reproducibility 

(Dacre et al. 1989, Lynch et al. 1993, Buckland-Wright et al. 1995, Piperno et al. 1998, 

Marijnissen et al. 2008, Oka et al. 2009). This study found similarly high levels of 

reproducibility despite the method having a large manual component. This study also did 

not find a significant difference in the reproducibility of lateral compartment compared 

with the medial compartment minJSW which has been identified in previous studies 

(Lynch et al. 1993).  

 MinJSW is used to assess knee joint space and as a proxy for cartilage damage, but 

the true relationship between minJSW on knee radiographs and actual cartilage volume is 

not yet fully understood.  Many factors unrelated to cartilage are known to have an effect 

on radiographic joint space such as meniscal extrusion, using extended knee AP 

radiographs (versus fixed-flexion or fluoroscopy) and the quality of the radiographic image 

(Gale et al. 1999; Buckland-Wright et al. 1995). This work shows that joint space 

measurements calculated from Bezier curves as highly reproducible as automated edge-

detect measurements, and are valid when compared to digital manual methods.  

 

10.3 Outcome Measures 

10.3.1 Pain 

 The pain assessment used for this research, although commonly-used and 

validated, is ultimately a crude evaluation of pain presence. The NHANES pain question 
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gives a simple binary result of present or absent, which may be capturing pain due to any 

cause. As it is a self-evaluating response, it has all the biases involved for any subjective 

diagnosis. For the purposes of this analysis, where ROA was the primary risk factor under 

examination, the use of a simplified pain variable was necessary to avoid adding an 

additional layer of uncertainty. The benefits of using a more comprehensive pain 

assessment method, such as WOMAC, a variable that identifies both sub-scales of pain 

and function as well as levels of severity, would have unnecessarily complicated the 

results for this stage of the research.  

10.3.2 Total knee replacements 

 There are many factors which influence whether a subject has a joint replacement, 

in addition to radiographic evidence of OA and symptoms. Cultural views, access to 

healthcare and willingness for surgery have all been shown to influence whether someone 

has a TKR (Raynauld et al. 2011).  

 Although this is one of the best outcome measures for joint failure, the variability 

in subjects who have surgery that does not directly relate to the disease (i.e. personal 

choice, access to care), is a limitation of its use as an outcome measure.  This has 

prompted work in having a surrogate outcome combining radiographic and symptomatic 

aspects of the disease which would produce a ‘indication of TKR’ outcome measure which 

would eliminate some of the non-controllable factors (Raynauld et al. 2011).   

 

 

 

 

.  
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11 CONCLUSION 

11.1 Principal findings 

 This research contributes several major findings to the body of knowledge 

surrounding the relationship between radiographic knee osteoarthritis and clinical outcome 

measures (pain and TKR). 

  It emphasises the usefulness of radiographs as tools for evaluating structural joint 

changes, both in terms of construct and predictive validity, and that x-rays should remain 

in the arsenal of both clinicians and researchers for the identification of subjects at risk for 

disease. 

 In comparing the reproducibility of atlas-based scoring methods, this research 

shows that within the same cohort all atlases showed relatively good reproducibility, 

despite grading different features and using varying grading scales. Methods which tend to 

group features by compartment have slightly better reproducibility (K/L and Chingford), 

than those which aim for a greater number of features by separating tibial and femoral 

osteophytes (OARSI and Line Drawing). This overall good reproducibility suggests that 

each of these methods is a possible candidate for use in validation testing against pain 

(construct validity) or the longitudinal relationship with knee replacements (predictive 

validity). 

 For this research, a software program was required which would be able to evaluate 

quantitative joint space on older low-contrast x-rays. The KneeMorf program was 

developed with specialised methods to measure joint space in the same way as fully-

automated software, but employing manually positioned Bezier curves. This is the first 

time such techniques have been used in this way and they were found to be highly valid 

and reproducible. This method offers a novel way to evaluate older x-rays using the most 

up-to-date quantitative scores. 
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 Due to the wide range of radiographic scoring methods used for research in 

different populations, it was not known whether they could be reasonably compared. This 

study assessed both how the individual grades of each atlas related to one another, and 

whether prevalence differed when it was calculated using the respective atlases.  These 

findings show that only the Chingford and OARSI atlas have high agreement across all 

grades and features. Prevalence from the composite scores created from the individual 

feature atlases all compared well to each other, but had higher prevalence than the 

corresponding compartmental K/L grade. Some of the differences in prevalence found here 

may help explain the wide range in reported results seen in various studies, both in terms 

of prevalence and the relationship between ROA and clinical outcomes (Bedson 2008). 

These findings may provide guidance as to which atlases or grades can be reasonably 

compared when assessing the results of different studies.  

 An understanding of the natural history of disease is the first step needed for 

determining the risk factors for incidence and progression. The Chingford study offered a 

unique opportunity to look at the natural history of radiographic knee osteoarthritis over 

the course of 20 years, which sheds new light on the long-term course of ROA. This is the 

first study to establish the natural history of individual radiographic features over 19 years. 

Novel findings include that the features with the highest prevalence, incidence and 

progression between baseline and year 20 are medial osteophytes, closely followed by 

lateral osteophytes. A K/L grade 1 at baseline was 5.2 times more likely to develop 

incident ROA (K/L≥2) than a grade 0 to over the nineteen year study.  

 The OARSI atlas was found to have the best overall construct validity (association 

with pain) out of all the atlases. Severe medial JSN grades had the highest magnitude of 

association with pain (i.e. Line Drawing atlas grade 5), although significant association 

with pain was found for lateral tibial osteophytes of any severity. Having wider medial 
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joint space measured quantitatively (minJSW and meanJSW) was significantly protective 

against the presence of knee pain.  

 This thesis demonstrates the continued usefulness of x-rays in the study of knee 

osteoarthritis; for understanding the long-term disease process, for highlighting structural 

features with increased associations with pain, and identifying early structural risk factors 

for progression to joint failure (TKR).   

 

11.2 Future work 

 The results of this thesis open up several new avenues of research. The importance 

of lateral osteophytes was highlighted throughout this research, but the biological reasons 

for their increased association with pain are unknown.  Their biomechanical properties and 

interaction with the surrounding soft-tissue should be explored using other imaging 

methods, such as MRI. Also, further analyses should be done using this dataset to identify 

their interaction with other structural features over time.  

 While significant associations between ROA and pain were found, it was 

acknowledged that the pain measurement used was simplistic. Further analysis on the same 

dataset using a more comprehensive measure of pain (such as WOMAC) should be done to 

explore the relationship between the severity of each feature to the severity of pain.  

 A limitation of this work was the lack of patellofemoral compartment view. This 

compartment has a well-known association with pain, and would complete the picture for 

‘whole-knee’ disease.  

 The quantitative JSW measurements read using KneeMorf, showed mixed levels of 

association with pain.  These measurements need to be further assessed in a more pre-

defined population to improve the predictive validity.  
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1.1.2 Conference papers 

1.1.2.1 British Society for Rheumatology 2010 – oral abstract 
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1.1.2.2 OARSI 2011  poster abstract– Bézier curves 
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1.1.2.3 OARSI 2011 poster abstract – Reproducibility 
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1.1.2.4 British Society of Rheumatology 2013 - poster abstract  (accepted) 

 

TITLE: JOINT SPACE NARROWING OVER FIVE-YEARS PREDICTS FUTURE NEED FOR 

KNEE REPLACEMENTS UP TO FIFTEEN YEARS LATER 

AUTHORS (FIRST NAME, LAST NAME): Kirsten M. Leyland1, Amit Kiran1, Andrew 

Judge1,3, Dave Hunter1, Debbie Hart2, M.K.Javaid1,3, N.K.Arden1,3, Cyrus Cooper1,3 

INSTITUTIONS: 1. NIHR Musculoskeletal BRU, University of Oxford, Oxford, United Kingdom.  

2. Department of Twin Research and Genetic Epidemiology, King's College London, London, 

United Kingdom. 

3. MRC Lifecourse Epidemiology Unit, University of Southampton, Southampton, United 

Kingdom.  

BACKGROUND: The primary outcome measure recommended by regulatory agencies for 

structure modifying drugs in osteoarthritis (OA) is a reduction in joint space narrowing (JSN) over 

3 years. While JSN is an established feature of knee OA on radiographs, its relationship with knee 

replacement is not well understood. This study evaluated the relationship between 5-year change of 

joint space and the future risk of a TKR over 15year follow-up.  

 METHODS: A nested case control study was performed using the Chingford Women’s Cohort, a 

UK population-based study with a twenty-year follow-up. At the knee level, 40 TKRs (cases) were 

observed between year 5 and year 20 visits (of which 10 were bilateral). Cases and controls (1:10 

ratio) were matched by baseline age (within 3 years), side of TKR and time in the study. Subjects 

were required to have baseline and year 5 radiographs, and must not have had a TKR over this 

period.  Digitised radiographs were read for minimum quantitative joint space width (minJSW) 

(using the KneeMorf software program) as well as categorical joint space narrowing (catJSN) 

using a standard atlas (grade 0 [normal] through grade 3 [bone-on-bone]). Reproducibility for 

minJSW was calculated using intra-class correlations (ICC) on 50 x-rays read by two readers. 

Reproducibility has previously been reported to be good for catJSN and Kellgren and Lawrence 

(K/L) grade (ICC >0.7).  Five-year change was calculated as an increase of one or more grades for 

catJSN or K/L and as any change of joint space for JSW (both widening and narrowing).  

Multivariable Conditional logistic regression was used to analyse the risk of TKR in relation to 

change in JSN and K/L grade.  

RESULTS: The ICC’s for inter-observer reproducibility for medial minJSW were 0.96 (95% CI 

0.93, 0.98) and 0.81 (95% CI 0.69, 0.89) for minJSW in the lateral compartment. Cases (n=40 

knees) had higher mean BMI (27.0 versus 25.3, p=0.05) and more knee pain at year 5 (54.3% 

versus 16.7%, p<0.001) compared to controls (n=383). The mean minJSW at baseline was 4.2 mm 

(1.2 SD) for cases and 4.4 mm (0.8 SD) for controls.  Over 5 years, 20% of cases and 7% of 

controls showed medial catJSN narrowing, while 52% of cases and 53% of controls showed any 

medial minJSW narrowing.   5-year change in catJSN was significantly associated with TKR in 

both the medial (OR 3.32 [95% CI (1.34, 8.19)]) and lateral compartment (OR 4.29 [95% CI (1.01, 

18.28)]); a commensurate increase in risk was observed with change in K/L grade (OR 2.98 [95% 

CI (1.37, 6.49)]).  5-year change in quantitative minJSW was not significant in either the medial 

(OR 1.04 [95% CI (0.65, 1.65)]) or lateral compartment (OR 0.79 [95% CI (0.60, 1.05)]).   
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CONCLUSION: These results show that 5-year change in categorical joint space and overall K/L 

grade predict future knee replacements up to 15 years later. Quantitative joint space change was 

not predictive, perhaps due to the large number of subjects whose values remained within the 

normal range over this period of follow-up.  The performance characteristics of these measures 

require further evaluation. 
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1.2 Atlas-based radiographic scoring methods manual 

 

 

 

CHINGFORD STUDY: KNEE RADIOGRAPHIC 

SCORING ATLAS and MANUAL  
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KELLGREN & LAWRENCE (K/L) 

 

WHOLE KNEE K/L 

Reference: Images from Kellgren and Lawrence 1957, Descriptions from Kellgren et al. 1963  

Additional Information:  

1. Grade 1 = Possible Osteophyte, not a small definite osteophyte as in some versions 

of K&L. A grade 1 should be marked when there is evidence of a disruption of 

cortical bone and/or abnormal morphology in common osteophytic areas, without the 

definition of an actual osteophyte. A grade 1 K&L should not equal a grade 1 in any 

other scoring method for osteophyte as an individual feature. 

2. Grade 2 = Definite osteophyte present with a possible JSN. This should be scored as 

a grade 2 even if joint space appears normal. 

3. Grade 3 = At least one definite osteophyte (even if small) plus definite JSN 

 

COMPARTMENTAL K/L 

Additional Information:  

1. Using same definitions as whole knee K&L, but features must all be present in the 

same compartment, i.e. definite osteophyte plus possible narrowing in the medial 

compartment equals a Grade 2 
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(Kellgren and Lawrence 1957) 

 

 

(Kellgren et al. 1963) 

Grade 0 – Normal 

Grade 1 – Doubtful narrowing of joint space and possible osteophytic lipping 

Grade 2 – Definite osteophytes and possible narrowing of joint space 

Grade 3 – Moderate, multiple osteophytes, definite narrowing of joint space, some sclerosis 

and possible deformity of bone ends 

Grade 4 – Large osteophytes, marked narrowing of joint space, severe sclerosis and definite 

deformity of bone ends 
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OARSI ATLAS 

 

 

Reference: Images from Altman et al. 2007 (Revised atlas) 

Additional Information:  

1. Osteophyte Grade 1 = Definite osteophyte (not possible osteophyte as used in K&L) 

2. JSN Grade 1 = possible/minimum narrowing 

3. JSN Grade 2 = moderate/definite narrowing 

4. JSN Grade 3 = bone on bone 
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(Altman 2007) 

Medial Femoral Osteophytes 

 

 

A) Grade 0, Normal 

B) Grade 1 Medial femoral osteophyte 
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C) Grade 2 Medial femoral osteophyte 

D) Grade 3 Medial femoral osteophyte 
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Medial Tibial Osteophytes 

 

 

A) Grade 0, Normal 

B) Grade 1 Medial tibial osteophyte 
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C) Grade 2 Medial tibial osteophyte 

D) Grade 3 Medial tibial osteophyte 
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Lateral Femoral Osteophytes 

 

 

A) Grade 0 Normal 

B) Grade 1 Lateral femoral osteophyte 
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C) Grade 2 – Lateral femoral osteophyte 

D) Grade 3 – Lateral femoral osteophyte 
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Lateral Tibial Osteophytes 

 

 

 

A) Grade 0 Normal 

B) Grade 1 Lateral tibial osteophyte 
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C) Grade 2 Lateral tibial osteophyte 

D) Grade 3 Lateral tibial osteophyte 
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Medial Tibiofemoral Joint Space Narrowing 

 

 

 

A) Grade 0 Normal 

B) Grade 1 Medial tibiofemoral narrowing 
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C) Grade 2 Medial tibiofemoral narrowing 

D) Grade 3 Medial tibiofemoral narrowing 

 

 

 

 

 

 

 



31 

 

Lateral Tibiofemoral Joint Space Narrowing 

 

 

A) Grade 0 Normal 

B) Grade 1 Lateral tibiofemoral narrowing 
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C) Grade 3 Lateral tibiofemoral narrowing 

D) Grade 4 Lateral tibiofemoral narrowing 
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Attrition and Sclerosis 

 

 

A) Normal 

B) Medial tibial attrition 
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C) Medial tibial sclerosis 

D) Lateral femoral sclerosis 
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SPECTOR ATLAS 

 

Reference: Images from Spector 1992 

Additional Information:  

1. JSN Grade 1 – possible/minimal narrowing 

2. JSN Grade 2 – definite narrowing 

3. JSN Grade 3 – bone on bone (anterior rim of tibial plateau) 

4. Osteophyte Grade 1 – small definite osteophyte (not possible osteophyte as used in 

K&L grade 1) 

5. Tibial spiking – should be scored as present (1) if at least one tibial spine appears 

abnormal 

 

 

(Spector 1992) 
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LINE DRAWING ATLAS 

 

Reference: Images from Wilkinson 2005 

Additional Information:  

1. JSN Grade 0 = Does not necessarily equal normal joint space as in other scoring 

methods 

2. Osteophyte Grade 1 = Small definite osteophyte (not a possible osteophyte as used in 

K&L) 

3. JSN = Anterior rims of the tibial plateau should be used to compare with line 

drawings 
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(Wilkinson 2005) 
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1.3 KneeMorf user manual 

  

KneeMorf Manual  

(Version 1.1) 

 

 
 

 

 

Quick Start Guide and Point Placement 

Kirsten Leyland and Dr. David Hunter 

University of Oxford 
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Quick Start Guide 

 

Browsing for the Image Folder 

 

 

 

Selecting a New Patient 

 

 

Browse to the folder which is the 

first of the folder tree containing x-

ray images 

Select the folder labelled Knee 

Morf and click OK 

i.e. Knee Morf - CHIN – KN – 

V020 – (xrays) 

Individual x-rays will be labelled 

similarly:  

CHINKN000020V020B.DICO

M 

 

Code – Patient ID 

DOB – Date in American Format 

(MM/DD/YEAR) 

Gender – Female/Male 

Group –  Selected when setting up 

the study 

Centre – Not a required field  
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Manually Selecting X-rays 

 

 

 

 

Selecting a New X-ray Reading 

 

 

 

 

 

 

This box will appear when 

KneeMorf cannot find an x-ray that 

matches the study name, joint, visit 

date and patient number  

It will prompt you to manually 

browse for the file 

N.B. This will also appear when 

there is more than one file for the 

subject (normally labelled 1 of 2, 

etc.) 

Number/Side: Options will appear 

for unread knees. For a new x-ray, 

choices will be 1Both, 1Right, 

1Left. If the only the right has been 

completed by a reader, choices will 

be 2Right, 1Left. 

Date, User and Centre: should be 

set and do not have to be adjusted 
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Creating Calibration Object for Digitised Plain Film X-rays 

  

 

 

 

Selecting Calibration Object for DICOM (Digital) x-rays 

 

 

  

For Digitised Plain Film X-rays 

(i.e. any Chingford x-rays other 

than year 20), a calibration object 

must be created  

Go to Database, New Calibration 

Object 

Enter a Name specific to the 

Year/type of x-ray (e.g. Chingford 

Year 1) 

Select a Shape: Fixed for entering 

pixel size 

Enter Horizontal and Vertical 

pixel size in mm as originally given 

with the x-rays (0.04233333 for 

digitised Chingford)  

Once created, the new calibration 

object will appear in the dropdown 

menu of the ‘Select calibration 

object’ popup box 

For Digital x-rays (Chingford year 

20), use the option “calibrate from 

DICOM tag: “Imager Pixel 

Spacing”, which will automatically 

be present in the calibration object 

popup box 
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Keyboard Shortcuts 

 

Display Options 

Option Command 
Zoom in Ctrl + left drag  

Zoom out Ctrl +A 

Adjust contrast C +left drag (horizontal) 

Adjust brightness C + left drag (vertical) 

Scroll around image Right drag 

Toggle point visibility P 

Toggle point label visibility L 

Toggle graphic line visibility G 

 

General Point Placement  

Option Command 
Create current point (if doesn’t already exist) Left click 

Move current point Left drag 

Set point and move on to next one 1. Press <enter>   

OR 

2. Press  ‘Next point’ on button bar 

Return to previous point 1. Ctrl + Z 

OR 

2. Press ‘Previous point’ on button bar 

 

Caliper Placement 

Option Command 
Adjust caliper width Alt + left drag 

Rotate caliper (only works if rotation is enabled 

for the current point, otherwise caliper will turn 

red) 

Alt + right drag 

 

Bezier Curve Placement 

Option Command 
Move curve control point Left drag (moves closest point) 

Move entire curve Alt + right drag 

Add additional point +/=  key 
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Joint Space Point Placement 

 

 

Point 1: Top of fibular head (point) 

 

 

 

Point 2 and 3: Lateral and medial edge of fibular head (caliper) 

 

 

 

 

 

 

• Click to place on top most part of fibular 

head 

• This point may be hidden behind the 

tibia (but still visible) 

 

• Doesn’t matter which side is medial or 

lateral 

• Orient the calipers so that the centre of 

each line is on the widest part of the 

fibular head (Alt +Right Mouse) 

• Press return to set both points 
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Point 4: Distal tibia-fibular overlap (point) 

 

 

 

Point 5: Proximal tibia-fibular overlap (point) 

 

 

 

• Place point where the fibula and tibia 

meet, furthest from the top of the fibula 

(distally) 

• This point may vary from being along the 

shafts or up near the middle of the fibular 

head 

• Place the point at the uppermost point 

where the fibula meets the tibia 

• This point is normally toward the top of 

the fibular head 
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Point 6 and 7: Medial and lateral tibial plateau edge (point) 

 

 

 

 

 

 

Point 8 and 9: Medial and lateral tibial spine (point) 

 

 

 

 

• Place point at the edge of the tibial plateau, in the middle of the 

sclerotic line (indicating the plateau floor, if present), NOT 

including marginal osteophytes 

• Keep in mind that these points are used later to define the tibial 

bezier curve  and the top of the tibial metaphysis 

• Click the tip of the medial and lateral 

spines 

• Some spines may appear taller or split 

into more than one tip – click on the 

tallest peak of this type of spine 
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Points 10-15: Curve of the femoral intercondylar notch (bezier 

curve) 

 

 

 

 

 

 

 

Points 16-21: Curve of medial tibial plateau (bezier curve) 

 

 

 

 

 

• Click on edge of lateral condyle where it starts to flatten out to place 

the first point 

• Drag the point on the  opposite side of the curve to the same spot on 

the medial condyle 

• Manipulate the two intermediate points to reshape the curve using the 

Left  Mouse button placed near the point you want to move 

• Click the plus sign key (+) to add extra points if the curve needs 

additional inflexion points 

• End points of the curve will automatically be set where the tibial 

spine point and the tibial plateau edge points were placed 

• Manipulate the two intermediate points to reshape the curve using 

the Left  Mouse button placed near the point you want to move 

• Click the plus sign key (+) to add extra points if the curve needs 

additional inflexion points 

• **Follow the curve along the middle of the lowest brightest 

(sclerotic) line** 
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Points 22-27: Curve of medial femoral condyle (bezier curve) 

 

 

 

 

 

Points 28-33: Curve of lateral tibial plateau (bezier curve) 

 

 

 

• Place the curve to capture a bit of the outer curve of the joint as well as 

some of the femoral notch 

• DO include osteophytes if present 

• Include ‘dips’ or small curves if well-defined 

• Outermost points will automatically be placed based upon previous points 

• Curve should follow the middle of the brightest (sclerotic) line or edge of the 

uppermost part of the plateau (whichever is present) 
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Points 34-39: Curve of lateral femoral condyle (bezier curve) 

 

 

 

 

 

Point 40-45 medial tibial rim (and/or point 46-51 lateral rim) 

 

 

 

 

  

• Place the curve to capture a bit of the outer curve of the joint 

and as much of the inner part of the femoral notch as possible 

• DO include osteophytes 

• Place curve on the cortical edge of the condyle 

• Place end points where the rim meets the tibial plateau curve 

• Use standard keyboard shortcuts (see X) to set curve 
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Alignment Point Placement 

Points 52 and 53: Medial and distal edge of tibial shaft – 70mm 

(constrained points) 

 

 

 

 

 

Points 54 and 55: Medial and lateral edge of tibial shaft – 

100mm (constrained points) 

 

• Place on the outermost edge of the bone NOT on the 

middle of the brightest line 

• Check to make sure the medial and lateral points are on the 

correct sides 
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Point 56: Most distal edge of medial tibial shaft (point with 

levelling guide) 

 

 

 

Point 57: Most distal edge of lateral tibial shaft (constrained 

point) 

 

 

• Place on the outermost part of the bone NOT on the 

middle of the brightest line 

• Check to make sure the medial and lateral points are on the 

correct sides as per the point description 

• Click Skip Point button on top of page to not place points 

if the constrained line is off the edge of the x-ray 

• Use Check box in right hand panel to select 

Tib Shaft Override =1 to set this point instead 

of the 100mm points 

• Place point on the edge of the medial shaft as 

far down as possible (where bone edges are 

clearly visible) 

• Make sure the guideline can be clearly seen 

on both sides of the shaft and is not obscured 

• Place point on the lateral edge of the tibial 

shaft along the line 

• Do not place on the brightest line, but at the 

very edge of the bone 
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Points 58-63: Curve of medial metaphysis edge (bezier curve) 

 

 

 

Points 64-69: Curve of lateral metaphysis edge (bezier curve) 

 

 

• The two end points will automatically set 

• Follow the outline of the edge of the bone 

NOT including osteophytes 

• Don’t worry about very small indents 

• Stay on the outer edge of the bone (not in 

the middle of bright lines) 

• The two end points will automatically set 

• Follow the outline of the edge of the bone 

NOT including osteophytes 

• Don’t worry about very small indents 

• Stay on the edge of the bone (not in the 

middle of bright lines) 
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Point 70: Tibial spine bony surface (floor between spines) (point 

with levelling guide) 

 

 

 

Point 71 and 72: Most inferior points of medial and lateral 

condyle (point with levelling guide) 

 

 

 

 

 

 

• Place on the lowest surface of the bone 

between tibial spines 

• This point may not be perfectly 

centred between the spines 

• Use the line as a guide to show  the 

lowest (most distal) edge of the 

femoral condyle 

• If the guide line overlaps bone on 

either side of the centre point, then 

the point may not be in the optimal 

location 
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Point 73 and 74: Medial and lateral edge of femoral shaft – 

70mm (constrained point) 

 

 

 

 

 

 

Point 75 and 76: Medial and lateral edge of femoral shaft – 

100mm (constrained point) 

 

 

 

• Place on the outermost part of the bone NOT on the 

brightest line 

• Check to make sure the medial and lateral points are on the 

correct sides 

• Do not include bulges from the back of the femur 

• Place on the outermost part of the bone NOT on the 

middle of the brightest line 

• Check to make sure the medial and lateral points are on 

the correct sides 
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Point 77: Most distal medial edge of femoral shaft (point with 

levelling guide) 

 

 

 

Point 78: Most distal lateral edge of femoral shaft (constrained 

point) 

 

 

 

 

  

• Use Check box in right hand panel to select 

Fem Shaft Override =1 to set this point 

instead of the 100mm points 

• Place point on the edge of the medial shaft as 

far up as possible (where bone edges are 

clearly visible) 

• Make sure the guideline can be clearly seen 

on both sides of the shaft and is not obscured 

• Place point on the lateral edge of the femoral 

shaft along the line 

• Do not place on the brightest line, but at the 

very edge 
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Reference  

 

Anatomical Orientation 
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Bones/Anatomical Features 
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