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Abstract

The task of evaluating tissue parameters in and around the knee joint in those
with and without knee osteoarthritis was taken upon in this thesis. One knee X-
ray, a Dual X-ray Absorptiometry scan of the lumbar spine, hip, distal femur and
proximal tibia and an MRI scan of the knee were acquired from 120 healthy and
55 osteoarthritic participants 20 to 83 years of age. Scans were analyzed to yield
outcome parameters of minimum joint space width (mJSW), bone mineral density
(BMD) and cartilage volume and thickness using dedicated software algorithms.

All osteoarthritic individuals completed WOMAC and SF-36 questionnaires.

Joint space analyses revealed that healthy males have larger values than
females of similar ages and that increasing disease severity is reflected by joint
space narrowing. Data suggests there may be a threshold mJSW value for both
males and females at which point one could be identified with early knee OA.
Radiographic measures were also found to correlate with symptoms of pain (in

females) and physical function.

Cartilage volume and thickness analyses generally paralleled those of mJSW.
Measurements appeared constant throughout the ages in healthy males while a
small decline in parameters was apparent in healthy females. Increasing disease
severity, body mass index and age were also significantly related to joint space
narrowing. Cartilage volume and thickness were significantly correlated with

pain, stiffness and physical function in those with knee OA.
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In healthy and osteoarthritic individuals, BMD measurements in the distal femur
and proximal tibia were higher in males than females but were not significantly
different in those with knee OA versus those without. Disease severity was
found to be positively correlated with subchondral BMD in the distal femur and
the proximal tibia suggesting that those with more severe disease may have

more sclerotic bone compared to those with milder disease.
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Abstract

The task of evaluating tissue parameters in and around the knee joint in those
with and without knee osteoarthritis was taken upon in this thesis. One knee X-
ray, a Dual X-ray Absorptiometry scan of the lumbar spine, hip, distal femur and
proximal tibia and an MRI scan of the knee were acquired from 120 healthy and
55 osteoarthritic participants 20 to 83 years of age. Scans were analyzed to yield
outcome parameters of minimum joint space width (mJSW), bone mineral density
(BMD) and cartilage volume and thickness using dedicated software algorithms.

All osteoarthritic individuals completed WOMAC and SF-36 questionnaires.

Joint space analyses revealed that healthy males have larger values than
females of similar ages and that increasing disease severity is reflected by joint
space narrowing. Data suggests there may be a threshold mJSW value for both
males and females at which point one could be identified with early knee OA.
Radiographic measures were also found to correlate with symptoms of pain (in

females) and physical function.

Cartilage volume and thickness analyses generally paralleled those of mJSW.
Measurements appeared constant throughout the ages in healthy males while a
small decline in parameters was apparent in healthy females. Increasing disease
severity, body mass index and age were also significantly related to joint space
narrowing. Cartilage volume and thickness were significantly correlated with

pain, stiffness and physical function in those with knee OA.
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In healthy and osteoarthritic individuals, BMD measurements in the distal femur
and proximal tibia were higher in males than females but were not significantly
different in those with knee OA versus those without. Disease severity was
found to be positively correlated with subchondral BMD in the distal femur and
the proximal tibia suggesting that those with more severe disease may have

more sclerotic bone compared to those with milder disease.
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A RADIOLOGICAL INVESTIGATION OF KNEE OSTEOARTHRITIS



K. Beattie - Ph.D. Thesis, Dept. of Medical Sciences, McMaster University,

Chapter 1: Introduction

Osteoarthritis (OA) is the most common form of arthritis and has
been defined by Altman as “a heterogeneous group of conditions that lead
to joint symptoms and signs which are associated with defective integrity
of articular cartilage, in addition to related changes in the underlying bone
and at the joint margins” (1;2). The causes of OA may be idiopathic,
mostly related to aging, or secondary, as in congenital abnormalities,
response to trauma or diseases such as gout or pseudogout (3). Although
articular cartilage degeneration or loss is seemingly the signature event in
OA, it represents only a piece of the puzzle with regards to the structural
changes which accompany this complex muitifactorial disease. Known to
affect the synovial joints, the condition is often also associated with
concomitant changes in soft tissue structures surrounding the joint such
as the synovium and joint capsule (4). While some once considered OA
to be a disease of wear and tear and a natural consequence of aging, the
existence of elderly individuals without radiographic or symptomatic
disease has shown that this is not the case (1;5). The paradigm has since
shifted to a view of a disease that appears, as described by Sowers, to be
a mechanically driven, chemically mediated disease process in which
there is attempted joint repair (5-7). Figures 1 and 2 represent similar
hypothesized pathophysiological pathways of OA as described by Felson

and Loeser (1;5).
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Many epidemiological studies have been conducted to investigate
the incidence, prevalence and risk factors of knee OA. Unfortunately,
such rates differ depending on variable diagnostic definitions of OA. For
example, estimated prevalences of knee OA determined on the basis of
patient-reports, clinician-diagnosed or radiographic presence of disease
can vastly differ between studies. Clinically speaking, the most compelling
definition of joint disease is likely one which incorporates both
radiographic/pathological features as well as symptoms (4). Regardless
of the definition of OA employed in different studies, two observations
consistently predominate; 1) there is a clear association between the
prevalence of knee OA and aging and 2) there is a higher prevalence of

knee OA among females as compared to males (4;6).

According to data from the Framingham study, 33% of individuals
>60 years of age showed radiographic evidence of knee OA as defined by
the Kellgren-Lawrence scale (8). In females, the prevalence of knee OA
increased significantly with aging with prevalences of 25.1% in those <70
years, 36.3% in those 70-79 years and 52.6% in those = 80 years of age.
In males, the prevalence of knee OA also increased with age, albeit only
slightly. Of those males <70 years, 30.4% had radiographic knee OA
compared to 30.7% in those 70-79 years and 32.6% in those 2 80 years of
age. Other epidemiological studies have also found gender disparities in

the prevalence of knee OA at an even greater degree than was identified
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in the Framingham study (9;10). The higher prevalence of knee OA in
females and the trend towards a rather dramatic increase in the
prevalence of knee OA in aging females has led to the speculation that
estrogen may play a role in the pathophysiology of the disease with
estrogen exerting potential chondroprotective effects prior to menopause
which may recede post-menopause (11;12). It should be noted that prior
to age 50 years, men appear to have a higher prevalence of OA than do
women, likely because of the levels of estrogen in females before
menopause and also because of the role of athletics and injury in the male

population (1).

While the prevalences of knee OA estimated in the Framingham
population were upwards of 30%, it should be noted that these data were
based on the radiographic presence of disease. Upon evaluating the
same population on the basis of symptomatic knee OA, the prevalence
decreased dramatically. While 7.6% of individuals with no radiographic
evidence of disease reported knee symptoms, only 19.2% of those with
definitive osteophytes reported symptoms and 40.0% of those with definite
disease reported knee symptoms (6;8). Females reported symptoms of
knee OA more frequently than males with similar degrees of radiographic
OA. It is evident, then, that the prevalence of knee OA appears lower
when reporting symptomatic OA in those with radiographic OA because

only a portion of those with radiographic evidence of disease actually
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experience symptoms (1;6). In fact, the prevalence of patients with both
radiographic and symptomatic OA have been estimated at <15% even
among elderly populations. For example, only 6% of those > 30 years in
the US have knee pain on most days compared to 10-15% of those age
260 years (13). It is generally thought that these figures are large
underestimates of the actual disease prevalence. However, upon
changing the definition of symptomatic OA to include any knee symptoms,
even if they are not present on most days or many activities, the
prevalence of knee symptoms increases towards 25% of the population
(1). Likewise, it has also been shown that only approximately 12.5% of
patients > 55 years of age who experience knee symptoms actually have
radiographic OA suggesting that knee pain may be associated with many
factors other than OA (1). Thus, the prevalence rates of knee OA differ
significantly based on the diagnostic criteria implemented in the study and
that radiographic OA is more prevalent than symptomatic OA in

radiographically defined cases.

Few studies estimating incidence rates of knee OA exist, likely due
to the fact that studies must be carried out over long durations in order to
observe new cases, the methodological issues surrounding the definitions
of OA and higher morbidity and mortality rates among the elderly who are
most profoundly affected by OA. However, despite these challenges,

some of the best incidence data have been derived from the Framingham
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As evidenced by a plethora of epidemiological studies, it is
apparent that knee OA affects all races worldwide. With an increasing
incidence and prevalence of osteoarthritis associated with aging, it is
expected that the extended life expectancy will result in greater numbers
of people affected by OA. The burden felt by the healthcare system and
by society as a whole will likely be greatest in countries that have seen
increases in average life expectancy (17). For example, in the United
States, it is projected that 59.4 million individuals will be affected by the
disease by 2020, an increase of almost 50% from the 1995 estimate of 40
million individuals (10). Knee OA has long been recognized as a major
cause of impaired mobility, especially among women. In fact, the disease
was estimated to be the eighth leading non-fatal burden of disease in the
world in 1990 with direct costs of medical intervention and indirect costs
associated with premature mortality, chronic and short-term disability in
western countries estimated at 1-2.5% of the gross domestic product

(18;19).

As previously mentioned, the diagnosis of knee OA can be based
on the symptomatic presentation of the individual (i.e. morning stiffness
and joint pain), which is usually the case in patient-centred studies, the
radiographic evidence of disease, as is typically used in community-based
studies, or a combination of these (20). Disease progression is usually

measured by changes in symptoms and/or changes in radiographic
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features as presented on X-ray. A disease-specific instrument widely
used to evaluate osteoarthritic symptoms is known as the Western Ontario
and McMaster Universities Osteoarthritis Index (WOMAC™ Index).
Initially developed in 1988, this measure evaluates patient-relevant
symptoms and physical disability associated with hip and knee OA (21).
Using this tool, changes in health status can be monitored and the
effectiveness/efficacy of treatment interventions, pharmacological and
non-pharmacological (i.e. acupuncture) can be measured. Since its initial
validation, many additional studies have reported the validity and reliability
of the WOMAC in various populations (22). In addition, the index has also
been translated into many different languages (e.g. Spanish, Arabic and
Italian) making the measure available for multi-center studies and making

comparisons between populations possible (23-25).

Radiographically speaking, the disease pathology is reflected by
two main features, those being a narrowing of the joint space, typically in
the tibiofemoral compartment, and osteophyte formation. Diagnosis of the
disease relies on the presence and/or severity of these features while
progression is reflected by their worsening as indicated by increased joint
space narrowing or an increase in the number or size of osteophytes.
Until recently, however, semi-quantitative scoring systems (i.e. grading
features on a scale of 0 to 3/4) such as the Kellgren-Lawrence scale

specifically used for joint space narrowing and osteophytes have been
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used to monitor these radiographic features. In fact, initially described in
1957, the Kellgren-Lawrence scoring system was accepted by the World
Health Organization (WHO) in 1961 as the gold standard for cross-
sectional and longitudinal epidemiological studies and has since been the
classic source of measurement of these changes (26;27). Recently,
however, problematic limitations of the scale have been noted including its
insensitivity to change over time and the introduction of subjectivity in

measurement leading to possible weaknesses in reproducibility.

These recent limitations have arisen as a consequence of supply
and demand. Years ago, the treatment for knee OA was centred upon the
management of disease symptoms using both pharmacological and non-
pharmacological means. However, the magnitude and severity of the
intensified burden associated with an increase in the prevalence of knee
OA combined with disturbing and often overwhelming personal, social and
healthcare costs, (i.e. increased morbidity, lost productivity, cost of
treatments) has necessitated the development of disease-modifying rather
than simply symptom-modifying agents. The demand for such agents
exists and continues to grow while the supply of such agents seemingly
lags behind. However, in order to demonstrate disease-modifying
properties of pharmacological agents, it is essential to develop methods
which can be used to measure aspects of the disease process. Thus,

there has also been a great demand for the discovery of new techniques
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which can measure outcomes of relevance to the pathophysiology of the
disease. Because the so-called “supply” of techniques, such as the
Kellgren-Lawrence scale and other semi-quantitative scoring systems,
have not been deemed capable of doing so, other methods of assessing

radiographs has become necessary.

To obijectify the scoring of radiographs and improve the precision of
measurement while evaluating a feature of the knee relevant to the
disease, the notion of quantifying the amount of space between the distal
femur and the proximal tibia, known as the joint space width (JSW),
became the new tool used to measure disease progression. Because
cartilage degeneration is the signature feature of knee OA, it was
determined that these joint space measurements would be an indirect
measure of the articular cartilage in the joint. Initially, radiographs were
acquired in the supine position and JSW values were quantified by trained
readers or radiologists using a magnifying lens. In time, this methodology
has evolved to involve weight-bearing X-rays, which more accurately
reflects the position of standing and visualizes the joint surfaces which
come into contact while walking, and automated measurements of JSW
using specially designed software algorithms. In fact, techniques for
accurately and reproducibly acquiring radiographs and measuring JSW

have improved significantly over the years.
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Low cost and convenience have encouraged the use of
conventional radiography in imaging OA and, today, it remains the primary
imaging technique implemented for the diagnosis and longitudinal follow-
up of patients affected by the disease (28). Unfortunately, this modality
has several weaknesses due to the fundamental nature of plain
radiography. For instance, X-rays permit the visualization of bone but not
soft tissue structures known to be involved in the disease such as articular
cartilage, menisci, synovium and ligaments. Thus, as previously noted,
joint space measurements represent only an indirect measure of cartilage
loss through the evaluation of the distance between two opposing articular
surfaces. In addition, radiography represents only a two-dimensional
picture of the joint and thus reveals joint space measurements at only one
location between the joint surfaces (3;28). It is well known that cartilage
loss is heterogeneous throughout the joint. Although the position of the
tibia varies little with knee flexion, even slight bending of the knee can
alter the corresponding point of articulation between the femur and the
tibia. Thus, JSW measurements may be subject to positioning error which
may complicate measures of longitudinal changes using repeated

radiographs (3).

While plain radiography may be the simplest and least expensive
method of imaging an osteoarthritic knee, advances in sophisticated

imaging techniques since the mid-late 1990’s have shown that magnetic

10
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In addition to MRI, some researchers have also begun to use Dual
X-ray Absorptiometry (DXA). Typically used to analyze bone mineral
density (BMD) in those with metabolic bone diseases such as osteopenia
and osteoporosis, there has recently been interest in investigating
measurements of BMD in those with OA. This has most likely occurred
because of the hypothesis that bone, specifically subchondral bone, may
play a significant role in the pathophysiology of OA (29-32). Thus, in
addition to using MR imaging to look at subchondral bone, DXA allows for
the quantification of bone density in various locations throughout the body
including those regions adjacent to locations of joint disease. Because
DXA equipment is more readily available and less expensive to purchase
and operate than MRI, it is possible to investigate subchondral bone in
those with OA to determine if, in fact, bone density is altered by the

disease.

The increasing prevalence of knee OA, the increasing costs
associated with the disease, both monetary and otherwise, and the
demand for techniques that can reliably diagnose and monitor longitudinal
disease progression warrants the investigation and quantification of
disease parameters that can be measured using these imaging
techniques. However, measurements of joint space width, cartilage
volume and thickness and bone mineral density in osteoarthritic

individuals mean little if there are no healthy reference values which can
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be used as a comparison. Such is the case in osteoporosis where optimal
“‘healthy” BMD measurements have been established such that
comparisons can be made with those suspected of having the bone
disease. Without these reference values, relative statements about “low”
BMD would have no meaning. Thus, the purpose of this study was to
quantify, in healthy males and females of ages 20-70 years, “normal”
ranges of minimum JSW, cartilage volume and thickness BMD in the
subchondral regions of the distal femur and proximal tibia. These values
could then be used as reference points for comparisons with those
diagnosed with knee OA. In addition, a second objective was to compare
these values amongst one another to identify whether these variables

were significantly related to one another in both healthy and osteoarthritic

participants.

In establishing these objectives, many hypotheses were formed:

e JSW will decrease slightly yet consistently with aging in healthy and
osteoarthritic males and females

e JSW measurements will be greater in males vs. females

e JSW measurements will be significantly smaller in those with knee

OA compared to those without

e BMD in the subchondral regions of the tibia and femur will decrease

with aging

13
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BMD in the subchondral regions of the tibia and femur will be
greater in males than females and greater in those with OA
compared to those without

Patterns of cartilage volume and thickness will mimic those of JSW
A significant, positive correlation will be identified between JSW
and cartilage parameters in healthy and osteoarthritis individuals
BMD measurements will correlate negatively with JSW in healthy
individuals but this relationship will be much stronger and more
pronounced in those with OA

BMD measurements will correlate negatively with cartilage volume
and thickness values in healthy individuals but this relationship will

be much stronger and more pronounced in those with OA

14



K. Beattie - Ph.D. Thesis, Dept. of Medical Sciences, McMaster University

Methodology

2.1 Subject Population

Four two groups of volunteers were recruited to undergo knee X-
rays, DXA scans and knee MRIs. These groups included healthy men
and women between 20 and 69 years of age, and osteoarthritic men and
women over the age of 30 years. Healthy individuals were recruited via
locally posted advertisements in hospitals, medical buildings and the
athletic centre at McMaster University. Individuals were asked to respond
to the advertisements by telephone. They were then asked a number of
screening questions to ensure that they met the inclusion and exclusion
criteria of the study. Those excluded from the healthy group (N=8) were
individuals experiencing knee pain, those who had been previously
diagnosed with a bone or joint disease (i.e. rheumatoid arthritis,
osteoporosis) and those who had sustained a knee injury. Participants
with knee osteoarthritis (OA) were referred by local rheumatologists or
were respondents to locally posted advertisements. In the latter case,
these individuals claimed to have been diagnosed with knee OA by their
physician.  Osteoarthritic individuals excluded from the study (N=6)
included those with diabetes or a bone or joint disease other than OA (i.e.
osteopenia, osteoporosis, RA) and those who had previously undergone
knee surgery (i.e. arthroscopic surgery). All participants were informed,

both verbally and in writing, about the three scanning procedures involved
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in the study, namely a knee X-ray, bone mineral density scan and an MRI
of the knee, and provided with information on the measures involved.
Individuals who were eligible to have a knee X-ray and a bone mineral
density scan but were not eligible to have a MRI scan of the knee due to
contraindications such as implanted devices (i.e., pacemaker) or vascular
implants (i.e. stent, aneurism clips) agreed to undergo those two scans.
All participants were required to sign a consent form that had been
approved by the Research Ethics Board at St. Joseph’s Healthcare. In
addition to completing the study consent form, individuals were required to
complete two questionnaires, one of which was an MRI safety form and
the other which asked questions pertaining to his/her medical history,
medications and exercise activity. Osteoarthritic participants were asked

to complete the WOMAC™ Index and the SF 36 health survey (21;33;34).

The entire population under investigation consisted of 179
individuals, 124 of whom were “healthy” and 65 of whom were diagnosed
with knee OA. The vast majority of participants were Caucasian (approx.
92%) and non-smokers (approx. 92%). Of those who affirmed they were
current smokers, three quarters of them stated they had smoked
cigarettes for 2 5 years. Less than 5% of participants reported taking non
steroidal anti-inflammatory medications, corticosteroids and thyroid or
parathyroid hormone on a regular basis at the time of the study.

Surprisingly, 3 osteoarthritic individuals reported taking glucosamine
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sulfate and/or methylsulfonyimethane (MSM) while, surprisingly, so did 3
healthy individuals. Of the females who participated, approximately one
fifth of them reported taking hormone replacement for menopause or as a
method of birth control. Approximately 40% of participants reported that
they participate in “regular’ physical activity. More specifically, 44% of
healthy individuals reported being physically active compared to only 22%
of those with knee OA, likely due to the physical limitations presented by

the disease.

Study volunteers underwent all three scans during a single two
hour clinic visit. Participants were permitted to withdraw at any point in the

study without bias. A description of the three scanning protocols follows.

2.2 Plain Radiography

Conventional radiography has been, and continues to be, the
primary imaging modality used in the evaluation of osteoarthritis (OA),
both in terms of diagnosis and monitoring of disease progression.
Unfortunately, this imaging technique presents numerous limitations
including its inability to directly visualize non-osseous tissues known to be
involved in the pathophysiology of OA, most notably articular cartilage,
menisci and synovium, and its capability of imaging only in two-
dimensions (28;35). Despite these limitations, plain radiography also

presents many advantages. Abnormalities such as osteophytes,
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subchondral sclerosis and cysts can be detected on plain film. In addition,
cartilage degeneration in OA can be indirectly evaluated by measuring the
space between opposing articular surfaces, known as joint space width
(JSW). By comparing baseline radiographs with those taken at later time
intervals, it is possible to objectively assess disease progression by
comparing the number and size of osteophytes and the rate of narrowing

of the joint space width.

For decades, the semi-quantitative scoring system known as the
Kellgren-Lawrence (K-L) scale was accepted as the standard for the
longitudinal evaluation of knee OA (35;36). Unfortunately, the ambiguity
of the definitions of each grade on the scale, the low sensitivity to change,
the element of subjectivity introduced by the nature of grading and the
focus on the presence of osteophytes have challenged the use of this
scale in research and in clinical practice. Definitions of each K-L grade
are displayed in Table 1. More objective, sensitive methods for evaluating
knee OA have since been introduced, the most popular of which is the
automated measurement of JSW. In fact, guidelines endorsed by
OMERACT (Outcome Measures in Arthritis Clinical Trials) and the FDA
suggest that JSW be considered one of the primary outcome measures in

trials of osteoarthritic agents longer than one year in duration (37-39).
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To date, many groups have developed methods of acquiring and
analyzing radiographs for the purpose of measuring JSW. In terms of
acquiring a knee X-ray, different imaging protocols vary in terms of joint
positioning and radiographic procedures as shown in Table 2 and Figure 3
(28;40-42). For instance, the degree of knee flexion and foot rotation, the
angle of inclination of the X-ray beam and the degree of magnification
have all been adjusted to optimize both the quality of the X-ray and the
reproducibility of the technique. Limiting or even eliminating causes of
measurement error in the positioning technique is critical as there are
many sources of variability which can be introduced at different points in
the acquisition process. For instance, the quality of medial tibial plateau
alignment and the degree of knee flexion and rotation have been reported
as potential significant sources of error (35;43;44). ldeally, the goal of all
techniques is to limit the sources of variability of patient positioning,
optimize the sensitivity of measurement and achieve the highest possible
reproducibility of measurement such that any changes in JSW between
successive time periods can be attributed to actual changes at the joint
and not to measurement error. Although numerous comparisons of
different techniques have been published, to date no single technique has

been deemed “the gold standard”.

In addition, some techniques including the semi-flexed and Lyon-

Schuss techniques make use of fluoroscopy Wwhile the metatarsal-
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phalangeal (MTP) and the fixed-flexion techniques do not. While
fluoroscopically guided radiographs have been shown to provide good
precision in multi-centre studies, these techniques are costly to employ
due to the required presence of a radiologist and expose patients to doses
of radiation much higher than techniques that are non-fluoroscopic
(45;46). In addition, it has been shown that the test-retest reproducibility
of non-fluoroscopically guided X-rays may be as good as fluoroscopically
guided X-rays acquired using the fixed-flexion technique (root-mean-
square standard deviation = 0.1 mm) (42). Also, it has been shown that
the reproducibility of measurement of minimum joint space width (mJSW)
is better when using an automated computer algorithm compared to

manual methods (i.e. hand-held lens) (42).

Based on observations and published data, the fixed-flexion
technique has been shown to be reproducible due, in part, to its ability to
decrease possible sources of measurement error introduced by fixing the
degree of femoral and tibial angulation (flexion and rotation). It is more
cost-effective than fluoroscopically assisted techniques which have limited
multi-centre applications and exposes those who are undergoing X-ray to
the smaller doses of radiation. In addition, automated algorithms used to
quantify mJSW are more accurate and reproducible than manual analyses
using magnifying lenses. It is for these reasons that the fixed-flexion

technique was selected as the positioning technique of choice and the
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automated computer algorithm was selected to accurately measure

mJSW.

Each participant underwent a single fixed-flexion knee X-ray of
his/her non-dominant knee. In this position, participants are required to
stand, with their weight distributed equally between their legs, on a piece
of cardboard such that both great toes are touching the vertical X-ray table
and feet are externally rotated by approximately 10°. In this position, both
feet are traced onto the cardboard should the foot map be needed for use
in successive X-rays. Facing the vertical X-ray table and holding the sides
for balance and support, subjects are asked to bend their knees slightly
such that both their patellas and thighs are pressed tightly against the
table. In doing so, the position of the femur and tibia are fixed, and thus,
so is the degree of knee flexion. The posteroanterior X-ray beam is
directed parallel to the tibial plateau (10° caudal beam alignment). A
schematic representation of the fixed-flexion technique is shown in Figure

3 (right hand side).

Radiographs were graded independently by two radiologists
according to the Kellgren-Lawrence (K-L) scoring system. In the case
where the radiologists did not agree on the K-L grade assigned to an X-
ray, the X-ray was viewed by both radiologists simuitaneously and a

consensus grade was assigned. This grade was used to confirm or refute
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the radiological presence of knee OA and to assess the degree of disease
severity. Those assigned a grade of 0 or 1 on the scale were considered
to be “healthy” while those scoring = 2 were considered to have knee

osteoarthritis.

X-rays were digitized using a Sierra plus™ digitizer (Vidar Systems
Corporation, Herndon, VA, USA) at an isotropic pitch of 84.7 ym and a 12
bit grey scale resolution. The digitized images were further analyzed for
mJSW in the medial compartment of the knee using an automated
computer algorithm, details of which have been described previously (47).
An analyzed radiograph is depicted in Figure 4. This program delineates
the bony margins of the femoral condyles and the tibial plateau.
Radiographs were successfully analyzed except in the cases of severe
arthritis (i.e. cases of K-L grade 4 radiographs). In these instances, the
computer was unable to detect the margins of the femoral condyles due to
the severity of the disease with resultant bone on bone contact of the
medial femoral condyle and the tibial plateau. In this case the mJSW was
assigned a value of 0 mm. In approximately 3% of radiographs analyzed
for mJSW, user intervention was required to slightly alter the delineations
drawn by the computer algorithm. All manual manipulations were
considered minor and did not alter the actual mJSW values in a significant

way. These data are represented in the Results section of this thesis.
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Each participant's mJSW values were then entered into a large patient

database.

2.3 Dual X-ray Absorptiometry

Currently, dual energy X-ray absorptiometry (DXA) technology
remains the most widely used technique for the measurement of bone
mineral density (BMD). Exposing patients to low doses of ionizing
radiation (approximately 2 uSv per scan, equivalent to less than the
exposure to natural radiation and radioactivity that every Canadian
receives in one day), this non-invasive technique is a fast, accurate and
reproducible method of assessing bone mineral density (48;49). Typically,
BMD measurements are used to assess bone loss associated with aging,
to aid in the diagnosis and longitudinal follow-up of those with
osteoporosis, to assess potential fracture risk and to evaluate the
effectiveness of various intervention strategies including pharmaceutical
agents and exercise (50-54). Clinically, BMD measurements are made

typically at the lumbar spine, proximal femur (hip) and the forearm (distal

radius).

The distal femur and proximal tibial regions are not commonly
scanned using DXA technology. In fact, BMD measurements in these
areas have never been used in clinical practice to study metabolic bone

diseases. However, decades of research in the area of OA have
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determined there is little doubt that subchondral bone plays a significant
role in the pathogenesis of knee OA. In fact, over 30 years ago it was
suggested that articular cartlage was protected from damage by
subchondral bone shock absorption which occurred during impact loading
and that increased mechanical stress on cartilage may have been caused,
in part, by a high periarticular bone mass (55;56). In the late 1980’s,
researchers began to use DXA technology to study subchondral bone,
initially in the proximal tibia and later also in the distal femur, to try to
elucidate more information about its role in the onset and progression of

OA (50;57).

To date, different groups studying subchondral bone density have
published results determining BMD primarily in regions of the proximal
tibia, although distal femoral BMD has been reported. However, there is
no standardized method of evaluating BMD in either of these areas.
Different studies have employed various techniques of measurement
making comparisons of data between these studies a challenge (48;50;57-

59). Listed below are ways in which these methods differed:

Patient positioning:

In one study, patients were asked to lie in a supine position with the
knee flexed at 30° (58) while in others, patients sat upright or lay supine

with knees fully extended (50;57;59;60). One study did not mention
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investigated regions with the highest degree of sclerosis at the narrowest
joint space in the medial compartment of the knee while other studies
used the fibula and the intercondylar notch as references point to mark the
starting point for the height of the measurements (48;59). This is also
shown in Figure 5. Again, it was evident that there was no consistency
between scanning techniques particularly in relation to the location of the
regions of interest being studied, that regions appeared to be selected
arbitrarily and justifications for investigating these regions of interest were

weak, if existent at all.

The technique for scanning BMD implemented in this study was
developed and validated in a population of individuals with spinal cord
injuries in 2001 (61). This protocol was designed with a number of
specific important features in mind. Firstly, the knee was slightly flexed so
as to ensure adequate separation between the distal femur and the
proximal tibia such that BMD results of the regions of interest in the
subchondral regions directly adjacent to the articular cartilage would not
interfere with one another. Secondly, the foot was internally rotated for
the purpose of maximizing the amount of space between the tibia and the
fibula while still being able to view the entire tibia in the posteroanterior
direction (not laterally). This was also necessary for minimizing the
amount of overlap of the fibula with the tibia such that the analysis of the

proximal tibia included as little proximal fibula as possible (seen in region
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T2 of Figure 9). Lastly, this protocol selected regions of interest in both
the proximal tibia and the distal femur based on the length of the entire
bone being scanned. For instance, each region of interest includes a well
defined percentage of the entire bone length so as to make BMD
measurements in different patients comparable with one another.
Compared to previously published protocols which defined regions of
interest by area or height, this technique defined regions of interest by
approximating the length of the bone from the width of the epiphysis and
subsequently separating the distal 25% of the femur and the proximal 25%
of the tibia each into four regions of interest also based on proportions of
the length of the bone. The advantage of doing this allows a
standardization of measurement and permits data from patients of all

sizes to be compared with one another based on these defined areas.

Each participant agreed to undergo DXA scans of his/her lumbar
spine and non-dominant hip acquired using a Hologic Delphi™ DXA
scanner (Hologic Inc., Bedford, MA, USA). Bone density analyses were
performed by a trained technologist using the scanner's own software.
This same scanner was used to acquire scans of the distal femur and
proximal tibia for each individual. Subjects were required to lay, supine,
on the table, with the non-dominant leg held in place by a polycarbonate
positioning device (Figure 6). Using this device, knee flexion of 5° was

achieved by placing a curved polycarbonate insert behind the knee while
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the foot was placed in a foot plate and internally rotated by approximately
10°. This position has been found to optimize both the space between the
femur and the tibia as well as the space between the fibula and the tibia
(61). For the purpose of imaging the distal femur, the laser crosshair of
the densitometer was positioned 5 cm distally from the inferior border of
the patella where the scanning began and proceeded 24 cm proximally
(Figure 7). Before starting the proximal tibia scan, the laser crosshair was
positioned 23 cm distally to the superior border of the patella where the
scan began and again, proceeded proximally 24 cm. The femur and tibia
were positioned such that the shaft of the bone appeared as vertically as
possible in the DXA scan and that the epiphysis was centred in the image.
Distal femur and proximal tibia scans were acquired using the lumbar
spine scanning software associated with the Delphi machine. The distal
femur and proximal tibia DXA scans were analyzed using the protocol as
described elsewhere (61). Each of the femur and tibia are divided into 4
distinct regions, F1-F4 and T1-T4, respectively, where F1 and T1 are the
most proximal and F4 and T4 are most distal (Figures 8 and 9). For the
distal femur, the following is a breakdown of the sizes of each region of
interest: F1 accounts for 5.1% of the entire bone length, F2 accounts for
7.7%, F3 for 10.0% and F4 for 2.6%. Likewise, the proximal tibia is
divided into four regions in a similar fashion where T1 accounts for 5.1%
of the bone length, T2 for 5.1%, T3 for 11.7% and T4 for 8.3%. Average

distal femur and proximal tibia BMD measurements were also calculated
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using the software. Scans were saved and archived by technicians at the
end of each day and analyses of BMD in the femur and tibia were
conducted only after approximately 30-40 scans had been acquired. All

data was entered into patient database where it was later analyzed.

2.4 Magnetic Resonance Imaging

Despite significant advances made in techniques used to both
image and analyze plain radiographs in past decades, magnetic
resonance imaging (MRI) has emerged as the imaging technique most
likely to expand and improve our knowledge of OA pathophysiology and
provide us with information that may aid in the evaluation of disease-
modifying therapeutic agents. Because plain radiography is limited by its
inability to visualize tissue other than bone and acquire images in three
dimensions, mJSW represent only a surrogate measure of cartilage
thickness, can only be measured in the tibiofemoral compartment of the
knee and is susceptible to error caused by variability in patient positioning
(28;62). In contrast, MRI has an unparalleled ability to visualize soft tissue
detail in three dimensions enabling us to both qualitatively and
quantitatively evaluate structures involved in the disease. In addition, the
ability of MRI to produce multiplanar tomographic images eliminates
problems which exist with plain radiography such as the superimposition

of overlapping tissues and the potential for error introduced by patient
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positioning making MRI ideally suited to imaging synovial joints (28). For
these reasons, MRI has been used extensively in the study of knee OA

with a specific focus on articular cartilage morphology.

Since the late 1990’s, numerous research groups have worked to
determine what they consider to be the “optimal” MRI pulse sequence for
imaging articular cartilage. These efforts have tried to obtain the highest
possible spatial resolution and signal-to-noise and contrast-to-noise ratios
while trying to preserve a minimal acquisition time. The goal of doing so is
to optimize contrast at the bone-cartilage interface for delineating the joint
surface essential to achieve the highest possible accuracy and precision
of measurement. Although a 1.5 mm slice thickness and a 0.3 mm in-
plane resolution have commonly been used, there remains a lack of

consensus as to which scanning protocol is the “best” (62).

A recent paper published by Eckstein and Glaser reviewed MR
scanning protocols that have been used to image cartilage over the last
ten years (62). While the techniques of fast spin gradient-echo, selective
water excitation and others have been reported to produce images of
comparable quality and shorter scan times to the fat-suppressed, T1-
weighted, three-dimensional (3-D) spoiled gradient echo (SPGR), the
latter has been the most commonly used protocol (28;62-65). Although

this sequence provides superior signal and contrast for the delineation of
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the bone-cartilage interface and the articular cartilage surface, its primary
disadvantage is the relatively long scan time (typically 212 minutes using a
1.5 Tesla MRI) which often contributes to decreased image quality due to

motion artifact (28).

While the discovery of an optimal scanning protocol is extremely
important in the effort to quantify tibial and femoral cartilage volume and
thickness, image acquisition represents only a part of the procedure. The
other challenge is the implementation of a software program with the
ability to measure with accuracy and precision the variables with minimal
user intervention in the shortest possible time period. Various cartilage
segmentation algorithms have been developed, each requiring a degree of
user intervention, in some cases an extensive degree, and quality control
by an experienced operator (62). These algorithms include the manual
tracing of the borders of the articular cartilage while others use what is
referred to as “region growing” and “B-spline snake” techniques as
reviewed by Eckstein and Glaser (62). Ideally, algorithms considered to be
semiautomated should require less time and user-intervention (thus
improving intra and inter-rater reliability) than methods that are manual
(66).

With few exceptions, articular cartilage volume and thickness
measurements Yyielded by these segmentation algorithms have been

validated by comparing values obtained through MR image analyses with

32






K. Beattie - Ph.D. Thesis, Dept. of Medical Sciences, McMaster University

Following this, a 3-D SPGR scan was acquired in the sagittal plane using
the following parameters: TR 60 ms; TE 12.4 ms (or minimum); flip angle
40°; bandwidth 30 kHz; matrix 512 x 256 (frequency x phase); 1 excitation;
field of view 150 mm; slice thickness 1.5 mm; 56 to 64 partitions
depending on patient size; fat saturation (FS) and radiofrequency spoiling;
scan time 15-16 minutes. Acquired scans were then transferred to an
independent workstation where they were saved in DICOM format and
later deleted from the scanning computer. Upon completing the
acquisition of images from study participants, images were saved on a
portable hard drive and transported to an image analysis centre at the
Paracelsus Medizinische Privatuniversitdt in Salzburg, Austria. One
person, trained in the use of the proprietary segmentation software
(Chondrometrics GmbH, Ainring, Germany), was responsible for analyzing
all images. Cartilage segmentation was conducted on a slice-by-slice
basis by manually tracing the bone-cartilage interface and the cartilage
surface of the medial tibial plateau (MT) (66;70). After segmenting all
images, the same reader reviewed the segmentation of all images for the
purposes of quality assurance and alterations in segmentation were made
if deemed necessary. Medial tibial cartilage volume and thickness
measurements were then computed and values were entered into the

patient database.
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To determine if, in fact, measurements of cartilage volume and
thickness are reliable, an additional reader agreed to analyze a small
number of MR images. Blinded to the measurements of the first reader,
raw images without any analyses from the first reader were analyzed
independently by a second trained reader. Comparisons between
measurements of medial tibial cartilage volume and thickness were made

and are reported in Chapter 5.

In addition to assessing tibial cartilage volume and thickness, MR
images from a sub-group of healthy individuals were analyzed, using a
semiquantitative scoring system developed in-house, for the presence and
severity of other bony and soft-tissue abnormalities. The purpose of doing
so was to estimate the prevalence of such abnormalities, namely
subchondral cysts, bone marrow edema, cartilaginous lesions and
meniscal and ligamentous defects, in an asymptomatic, seemingly healthy
population. A similar scoring system used to evaluate bony and soft
tissue features of the knee was developed by Peterfy et al. This system is
termed WORMS, a pneumonic for Whole Organ Magnetic Resonance
Imaging Score (WORMS) (71).  More recently, an additional scoring
system, termed the Knee Osteoarthritis Scoring System (KOSS), which
assessed the same features of OA as those assessed in our scoring
system, has also been developed (72). Once again, results of this sub-

study are presented in Chapter 5.
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Chapter 3: Minimum Joint Space Width Results

In total, 120 healthy individuals without a history of knee pain, injury
and a bone or joint disease agreed to participate in the X-ray portion of the
study. Of these, 73 were female and 47 were male. The mean (standard
deviation (SD)) height, weight and body mass index (BMI) of the healthy
female group was 1.65 (0.06) metres, 66.5 (14.0) kilograms and 24.7 (4.9)
kg/m?, respectively. For the group of healthy males, the mean (SD)
height, weight and body mass index (BMI) was 1.77 (0.07) metres, 80.7
(12.8) kilograms and 25.6 (3.7) kg/m?, respectively. K-L grading of X-rays
revealed that, of the healthy women, 49 had radiographic scores of 0 while

the remaining 24 had scores of 1. Grading for males revealed that 31 had

K-L scores of 0 and 16 had a score of 1.

Thirty-three osteoarthritic women participated with a group mean
(SD) height, weight and BMI of 1.58 (0.07) metres, 72.4 (12.9) kilograms
and 28.1 (5.4) kg/m? respectively. The group of osteoarthritic men
included 22 individuals with 1.81 (0.07) metres, 88.8 (14.5) kilograms and
27.8 (3.7) kg/m? being the group mean (SD) height, weight and body mass
index (BMI), respectively. Of the 33 female participants, K-L grading
revealed the following; 3 grade 0, 8 grade 1, 12 grade 2, 5 grade 3 and 5
grade 4. Thus, although all of these participants had been clinically
diagnosed with knee OA, only two thirds of them (67%) showed

radiographic evidence of the disease (K-L 22). K-L scoring of the
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radiographs from the 22 males revealed 2 were grade 0, 2 grade 1, 9
grade 2, 3 grade 3 and 6 grade 4. Once again there were individuals who
had been clinically diagnosed with knee OA but had no radiographic
evidence of disease, although this proportion was much smaller at only

18%.

All individuals agreed to undergo a fixed-flexion knee X-ray as per
the protocol described previously. However, in order to perform analyses
to evaluate “normal” and osteoarthritic measurements of mJSW in these
individuals, an analysis of the short-term and long-term reproducibility of
the technique was undertaken. This was necessary in order to support
the notion that this methodology was, indeed, a technique that could

provide reproducible measurements of mJSW in this population.

3.1  Minimum Joint Space Width Reproducibility

A sub-group of subjects agreed to volunteer for a study conducted
to assess the short-term and long-term reproducibility of medial mJSW
measurements. The short-term reproducibility included 34 volunteers
comprised of 7 men and 27 women. Nineteen of these volunteers had
one knee radiographed twice while the remaining fifteen volunteers
agreed to have both knees X-rayed under the fixed-flexion protocol, thus

yielding 49 pairs of radiographs. After undergoing the initial X-ray,
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volunteers returned to their seats in the waiting room and were then called
back into the exam room for their second radiograph a short time later
(approximately 15 minutes). Each radiograph was graded for OA severity
using the K-L scale. Thirty-four pairs were graded as normal (KL grade 0
or 1) while 13 pairs showed radiographic evidence of OA (KL grade 2 or
3). Two pairs of radiographs scoring 4 on the K-L scale, reflecting bone
on bone contact, were excluded from the analyses. For the long-term
reproducibility study, a single knee radiograph from 11 females and 3
males was initially acquired. Ali individuals returned for their second X-ray
between 8 and 26 months later. These radiographs included 10 of grade

0 and 4 of grade 1.

Each X-ray was initially analyzed for mJSW using the automated
algorithm previously discussed (47). Subsequently, two readers (Karen
Beattie and Pauline Boulos) independently reviewed each of the images
and the computer-determined borders of the medial tibial plateau and the
medial femoral condyle. In an attempt to optimize these pre-determined
contours, reader 1 altered the computer-defined borders on 2 radiographic
images in the short-term study and 3 images in the long-term study while

the second reader made alterations on 4 short-term and 4 long-term

radiographs.
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Three measures of reproducibility were calculated from this data.
The root-mean-square standard deviation (RMSSD) was used to assess
the reproducibility error of repeat radiographs, the coefficient of variation
(CV) examined the reproducibility error as a relative term and the intra-
class correlation (ICC) coefficients measured reliability (47;73). Intra-class
correlation coefficients, by consensus, are considered good when > 0.80.
Methods of calculating RMSSD and CV are shown in Figure 11. When
including all participants in the analyses for the short-term study, the
RMSSD was found to be 0.19 mm for the computer algorithm and 0.20
mm and 0.25 mm for each of the two readers, respectively. The short-
term data were then re-analyzed after separating those with no
radiographic evidence of knee OA from those with radiographic OA (i.e.,
K-L grades 0 and 1 together, K-L grades 2 and 3 together). In so doing, it
was seen that the RMSSD for the “healthy” volunteers was improved over
that for all participants, and that the reproducibility for the osteoarthritic
individuals was, indeed, worse. The ICCs for the computer, when
investigating all individuals as well as those who had and did not have
knee OA, were 0.98, 0.98 and 0.97, respectively. For each reader, the
ICCs for all individuals and for just those who had K-L scores of 0 and 1
were between 0.96 and 0.98, respectively. The RMSSD of the long-term
study was found to be 0.14 mm for the computer algorithm and 0.17 mm
for each reader. In addition, the ICC for the long term study was 0.99 for

the computer and 0.98 for each reader, suggesting that manually altering
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the bony borders determined by the computer algorithm did not improve
the reproducibility in either study. In fact, by introducing subjectivity to the
analyses, reproducibility actually decreased. These results and the

corresponding CVs are shown in Table 5.

3.2 Quantification of Minimum Joint Space Width in Healthy
Volunteers

Upon determining that the short-term and long-term reproducibility
of the automated technique of analyzing mJSW were satisfactory, further
analyses of mJSW in healthy individuals were conducted. Both groups,
males and females, were each subdivided by decade of life, thus treating
age as a categorical rather than a continuous variable. The purpose of
doing so was to determine if there was an identifiable decade where
changes (i.e. decreases) in mJSW could be detected. In addition,
previous groups had performed analyses by age group and, by doing so in
these analyses, comparisons between studies could be made possible.
The mean (SD), range, minimum and maximum mJSW data for each of
these age groups were calculated and are presented in Table 6. A
graphical representation of the distribution of mean mJSW data per
decade for both males and females is shown in Figure 12. Neither the
descriptive statistics nor the graphs appear to show any differences in

mean mJSW values between decades in either males or females. In fact,
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suggest that less than 3% of the variation in mJSW is explained by the

variation in age in this population.

While there are no mJSW outliers existing in the healthy male
population, it is evident from the graph of mJSW distribution in healthy
women that two outliers exist, as depicted in Figure 13. These two points
represent a 42 year old with an mJSW of 6.519 and a 57 year old with an
mJSW of 7.341 mm. Upon removing these outliers from the data set,
regression analyses were repeated and results revealed that age was,
indeed, significantly related to mJSW. The slope of the regression line
(red) was -0.284 (p<0.05) indicating that increasing age correlates with
decreasing mJSW (Figure 14). It is very important to note, however, that
these points were removed solely because they were outliers and there is

no scientific justification or explanation for doing so.

3.3 AQuantification of Minimum Joint Space Width in Osteoarthritic

Volunteers

Just as in healthy individuals, mJSW analyses in osteoarthritic
participants were also conducted. Both the male and female groups of
participants were subdivided by age group and descriptive and graphical
analyses were performed. Table 7 displays descriptive statistics of mJSW

per age group while Figure 15 represents mean mJSW data in the form of
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a bar graph. It is important to note that there were very large standard
deviations and broad ranges in mJSW for many of the age groups in both
the males and females. For instance, mJSW values ranged from 0 to just
over 6.0 mm in both 50-59 and 60-69 year old females as well as 50-59
year old males. The variation in mJSW likely reflects the fact that there
are small numbers of individuals in some of these groups and, within
these age groups, there is a wide range of disease severity as reflected by
K-L scoring. Given this observation, it was intuitive to investigate the
distribution of mJSW as it varied with K-L grading in both males and
females. As depicted in Figure 16, it appears as though mJSW decreases
with increasing K-L score of 22, a grade which is defined by the presence
of joint space narrowing observed on plain radiographs (Table 1).
Inconsistent mean mJSW results represented by the bar heights for K-L
grades 0 and 1 are also representative of the definitions of the scoring
system as neither grade includes any comment of evidence of joint space
narrowing. In both graphs in Figure 16, the mean mJSW values in grade
2 lie between grades 0 and 1 as in the male population, or are greater
than those of both grades 0 and 1 as is true for the female population and
also the study population as a whole. This disparity is likely the result of
two factors, the first being the fact that the K-L grading system primarily
focuses on a definition of knee OA based on the presence and severity of
osteophytes, not JSSW. The second is the use of the phrase “joint space

narrowing” with the term “narrowing” being a relative, qualitative term as
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opposed to mJSW which is an objective, quantifiable value. The issue
arises of where the comparison of width should occur; Joint space
narrowing in the medial compartment relative to the lateral compartment
or relative to the medial compartment of the contralateral knee. The
conflict in relating these two variables arises from the possibility of having
a small, uniform joint space width (mJSW) that is not necessarily narrowed
or, likewise, a larger joint space width which is narrowed. In this way, the
term joint space narrowing would not necessarily relate to the actual joint
space width. Ultimately, one would expect the mean values of mJSW to
decrease consistently with increasing disease severity, and this was the
case for mild, moderate and severe disease. The lack of consistency
between K-L grades of 0, 1 and 2 is likely explained by the lack of an
objective, quantifiable measure of joint space width or narrowing and the

scoring system’s predominant focus on osteophytosis.

In addition to exploring the relationship between disease severity as
defined by the K-L scale and its quantitative counterpart, mJSW, the
relationship between age and mJSW was also investigated. In females,
mJSW appeared to decrease significantly with increasing age group and
this was shown to be true when an ANOVA analysis was performed
(p<0.05). Unfortunately, post-hoc analyses could not be performed due to
the fact that there was only one data point in the 30-39 year old age

group. The same analysis was performed in men and again, a significant
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associated with increasingly severe symptoms of pain and stiffness and
increased difficulty performing daily physical functions. Similarities
between scores of those with K-L grades of 1 and 2 may indicate that
those with a grade of 1, defined as “doubtful narrowing of joint space and
possible osteophytic lipping” may indeed have very early knee OA
represented by an onset of clinical symptoms before a presence of
osteophytes or joint space narrowing can be seen radiographically. In
addition, the subjectivity introduced by the K-L grading system and the
lack of a clear definitive distinction between the meanings of K-L grades 1

and 2 may also explain this disparity in resuits.

To further explore the relationship between symptoms and
radiographic evidence of knee OA, correlation analyses were conducted to
determine if there was a significant association between measures of pain,
stiffness and functional capacity and mJSW in the medial tibiofemoral
compartment of the knee. As shown in Table 8, Pearson correlation
coefficients and associated 95% confidence intervals revealed that pain,
functional ability and total WOMAC scores were significantly related to
mJSW in osteoarthritic females. In males, however, only functional ability
and total WOMAC scores were significantly related. However, due to the
relatively small numbers of individuals in each of the groups, wide
confidence intervals were revealed. For instance, associated r* values

ranged from 2% to 55% for the correlation between pain and mJSW in
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problems in health than those with larger mJSW. However, the presence
of large confidence intervals once again makes it difficult to determine the
proportion of functional limitations that can be accounted for by variations
in mJSW. Regression analyses investigating the relationship between
mJSW and the other measures of overall general health and well-being
were not significantly related to mJSW in either males or females (p>0.05).
These results are what would normally be expected since a generic
health-related quality of life questionnaire is not designed to measure
change in all domains in specific diseases. Specific domains would be
expected to demonstrate change as in the physical function domain. The
measurement of domains that are considered directly relevant to OA

justified the development of the WOMAC questionnaire.
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Chapter 4: Bone Mineral Density Resuits

4.1 Quantification of Bone Mineral Density in the Lumbar Spine,
Proximal Femur, Distal Femur and Proximal Tibia Regions in Healthy
Volunteers

Of the 120 healthy individuals who underwent a knee X-ray, 94 also
underwent DXA scans of their lumbar spine, hip, distal femur and proximal
tibia. Those 26 individuals who did not participate in the DXA portion of
the study were those who had participated prior to including the BMD
measurements in the protocol. Fifty-seven of the 94 volunteers were
females while the remaining 37 were males. Descriptive results of the
lumbar spine and total hip bone density analyses are displayed in Table 9.
Graphically, the relationship between age and BMD in the spine is
displayed in Figure 21 while the relationship between age and total hip
BMD is shown in Figure 22. It appears that BMD does not change
significantly with age in healthy volunteers. It also appears that heaithy
men have denser bones than healthy women of similar ages. To test
these two observations, backwards linear regression analyses were
performed. Age and BMI were inserted into the analyses as independent
variables with the dependent variables being BMD in the L-spine and total
hip regions. For neither males nor females was age significantly related to
BMD (p>0.05). However, these same analyses supported the notion that

BMI is significantly related to BMD in the L-spine and total hip in healthy
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females (p<0.05). The B-coefficients for the L-spine and hip regions were
0.471 and 0.514, respectively, suggesting that those with a lower BMI
have less dense bones while those with a higher BMI have more dense
bones. This relationship was not observed in healthy males. When
gender was included with age and BMI as independent variables, it was
revealed that, indeed, BMD in the L-spine and total hip was significantly
higher in males than in females (p<0.05). It is plausible that BMD may

have been falsely elevated in older subjects due to degenerative changes.

Bone mineral density was also analysed in the distal femur and
proximal tibia as per the protocol previously described. Those regions
which were especially of interest were those in the subchondral region,
directly adjacent to the articular cartilage, F4 and T1 in Figures 8 and 9
respectively, and those which incorporated all 4 regions in each of the
distal femur and proximal tibia which will be referred to as “total distal
femur’ and “total proximal tibia” for the sake of simplicity. The mean,
standard deviation, range, minimum and maximum BMD values for
healthy males and females in these regions of interest are displayed in
Table 10. It should be noted that BMD values in the distal femur and
proximal tibia were unable to be analyzed in 2 fewer healthy males and 2
healthy females than in the regions of the L-spine and total hip.
Unfortunately, these scans were not saved and archived after they were

acquired and thus were deleted from the scanning computer. In addition,
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Bone mineral density in the distal femur and proximal tibia were
also analyzed in osteoarthritic males and females. One less distal femoral
and two less tibial scans were analyzed in osteoarthritic females because,
once again, the scans were not properly archived. Of those scans that
were acquired and analyzed, descriptive statistics are displayed in Table
12. Regression analyses were performed to identify whether gender or
presence of knee OA was significantly related to BMD in any of the
regions of interest listed in Table 13. Results revealed that there were no
significant differences in BMD in the distal femur or the proximal tibia
between those with knee OA and those without in either males or females
(p>0.05). There were significant differences, however, between BMD in
the distal femur and proximal tibia in osteoarthritic males compared to
females. Consistent with previously reported results, males, once again,
had significantly higher BMD than females when comparing the same
regions of interest (p<0.05) (60). B-coefficients for the 4 regions of

interest ranged from 0.291 to 0.506.

To investigate whether age and BM! were significantly related to
BMD in the 4 regions of the distal femur and the proximal tibia, backwards
linear regression analyses were conducted. Results of these analyses,
displayed in Table 14, were consistent with those in healthy individuals
and also those in osteoarthritic individuals in the regions of the L-spine

and hip. Both BMI and age were significantly related to proximal tibial and

57



K. Beattie - Ph.D. Thesis, Dept. of Medical Sciences, McMaster University

distal femoral BMD in females with OA with the exception of age being
significantly related to BMD in the subchondral region of the distal femur.
Generally speaking, however, the positive regression slope for BMI
suggests that denser bones are associated with those who are heavier
while the negative regression slope for age indicates BMD in the distal
femur and proximal tibia is less in those who are older than those who are
younger. Unfortunately, however, these same relationships were not
observed in males. Neither age nor BMI were found to significantly relate
to BMD in the distal femur or the proximal tibia, possibly because of the
small number of males (n=20) who underwent these scans and the
inadequately powered sample size. Once again, age group specific
analyses were not conducted because of the small number of

osteoarthritic individuals in many of the age groups.

Since age and increasing disease severity often parallel one
another, correlation analyses were performed to test whether the severity
of knee OA, as graded on the K-L scale, was related to BMD in the L-
spine, total hip, distal femur and proximal tibia. Results of these analyses
revealed that BMD in the subchondral regions of the distal femur (F4) and
proximal tibia (T1) were, indeed, significantly related to disease severity
with correlation coefficients of 0.352 and 0.284, respectively (p<0.05).
Graphical representations of the distribution of BMD to K-L grade are

shown in Figures 27 and 28. Bone density in the total distal femur, total

58



K. Beattie - Ph.D. Thesis, Dept. of Medical Sciences, McMaster University

proximal tibia and the L-spine and hip regions of the body were not found
to be significantly correlated with disease severity as graded by Kellgren-

Lawrence.
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Chapter 5: Magnetic Resonance Imaging Results

5.1 Inter-rater Reliability of Cartilage Volume and Thickness
Measurements Using the Cartilage Segmentation Algorithm

To test the inter-rater reliability of the cartilage measurements
acquired using the manual segmentation algorithm, images from 28 of the
138 knee images were analyzed a second time by an independent
technician in Salzburg, Austria. Acquired from 18 female and 10 male
participants, the mean (SD) age and BMI of the volunteers in this sample
were 66.5 (8.9) yrs and 29.1 (5.0) kg/m?, respectively. This sample was
comprised primarily of knee OA patients (82%) as defined by their K-L
gradings; 6 were K-L 2, 7 were K-L 3 and 10 were K-L 4. The remaining 5
patients (18%) were K-L grades 0 and 1 representing an absence of
radiographic OA. The selection of participants for the reliability test was
random, although the proportion of healthy and knee OA volunteers in the
sample was not. Due to the fact that images from OA patients are more
challenging to analyze because of the presence of osteophytes and
denuded areas of cartilage, the large percentage of OA individuals in the

sample was chosen to attempt to give a conservative estimate of reliability

for the study.

After being analyzed in Hamilton, raw images were sent to the
Paracelsus Medizinische Privatuniversitdt in Salzburg, Austria. Upon

receiving the DVD, one technician analyzed the medial tibial
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5.2 AQuantification of Medial Tibial Articular Cartilage Volume and
Thickness in Healthy Volunteers

Of the 94 healthy individuals who underwent a knee X-ray and DXA
scans, 86 of these, 50 females and 36 males, also agreed to have an MR
scan of their same knee. The mean (SD) age was 39 (13) years and the
mean BMI was 25 (5.2) kg/m? for the females. For the males, the mean
age (SD) and BMI were 37 (14) years and 25 (3.2) kg/m?, respectively.
MR images were analyzed using a software algorithm to quantify articular
cartilage volume and thickness in the medial tibia. An image of an
analyzed medial tibia is displayed in Figure 29. Data representing the
average medial tibial cartilage volume and thickness results, as well as the
range, minimum and maximum values, are presented in Table 16. Linear
regression analyses were performed to confirm the apparent difference in
volume and thickness between males and females. Indeed, males had
greater volume and thicker cartilage than females (p<0.05). To investigate
the relationship between age and cartilage volume and thickness, graphs
of these variables versus age were drawn and are represented in Figures
30 and 31. Linéar regression analyses were conducted to better
understand these relationships. In females, it was seen that both age and
BMI were significantly related to medial tibial cartilage volume with (-
coefficients of -0.407 and 0.296, respectively (p<0.05). In males,
however, neither variable was significantly related to articular cartilage

volume. The case was similar for medial tibial articular cartilage thickness
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that, in fact, there were no statistically significant differences between age
groups (p<0.05) suggesting that older individuals do not have significantly
less cartilage or significantly thinner cartilage than those in earlier
decades. However, when considering both age group and gender in the
ANOVA analyses, the interaction between these two variables showed
that, indeed, males had more cartilage volume and thicker cartilage than
women in the same decade of life (p<0.05). Once again, these results
support those observed in mJSW and BMD analyses of differences

between males and females.

5.3 Quantification of Medial Tibial Articular Cartilage Volume and
Thickness in Osteoarthritic Volunteers

MR images of the knees of 33 females and 22 males with OA were
acquired. Images from 1 female participant were not saved in adequate
form and were not able to be analyzed. In addition, 2 osteoarthritic males
who underwent knee X-rays did not participate in the MRI portion of the
study as one had undergone angioplasty and did not feel comfortable
entering the imaging area and the other was not able to be contacted to
return for the MRI portion of the study. Images from the remaining 52
osteoarthritic individuals were analyzed using the cartilage segmentation
program to quantify articular cartilage volume and thickness in the medial

tibial compartment, two examples of which are shown in Figures 34 and
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35. In addition to these variables, the percentage of subchondral bone
covered with articular cartilage and the percentage of subchondral bone
area denuded by cartilage were also quantified for this population.
Descriptive statistics of these variables in this population are displayed in
Table 17. Regression analyses were conducted to determine if there were
significant differences between the volume of cartilage normalized to bone
surface area and articular cartilage thickness between males and females.
In fact, no significant differences were detected (p>0.05) suggesting that
males affected by knee OA do not have significantly less cartilage or

thinner cartilage than females with knee OA.

In investigating the relationship between age and cartilage volume
and thickness, graphs of the relationships between these variables were
prepared and are shown in Figures 36 and 37.  Backwards linear
regression analyses were also performed to determine the magnitude and
the strength of the relationship between age and BMI and medial tibial
articular cartilage volume and thickness. In osteoarthritic females, both
age and BMI were found to be significantly related to cartilage volume
(normalized to bone surface area) with B-coefficients of -0.413 and -0.398,
respectively (p<0.05). These results suggest that aging and increasing
weight in proportion to height is associated with smaller cartilage volume.
In males, aging was also significantly related to decreasing cartilage

volume as suggested by a significant B-coefficient of -0.476 (p<0.05).
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have more dense bones than those who are smaller in stature and have
narrowed joint spaces. In males, a significant relationship between mJSW
and total hip BMD was identified (B-coefficient=0.295, p<0.05), although
mJSW was not found to be significantly related to lumbar spine BMD.
Upon repeating these analyses for females and males together as a single
population, resuits similar to those in females were found. Once again,
mJSW data were significantly related to BMD in both the L-spine and total
hip, although the slope of the line was steeper for the total hip as reflected
by a higher B-coefficient (0.250 at the L-spine and 0.408 at the hip). As
anticipated, when considering males and females together, values of the
B-coefficients decreased relative to those in females because of the non-
significant values in males. However, it is important to note the direction
of these relationships suggesting the presence of positive, significant
correlations between BMI and mJSW while spine and hip BMD remained

constant with age.

Relationships between mJSW and BMD at the distal femur and
proximal tibia were also investigated in males and females. Regions of
the distal femur and proximal tibia considered in the analyses were “total”
subchondral bone density, reflecting a mean density of the 4 regions of
interest as shown in Figures 8 and 9, and the subchondral regions labeled
as F4 and T1. Results of backward linear regression analyses revealed

that mJSW was not significantly related to BMD in the total distal femur or
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thickness were significantly related to mJSW with B-coefficients being
0.513 and 0.545 for females and 0.581 and 0.624 for males, respectively
(p<0.05). Considered together as a healthy population, the B-coefficients
reflecting the relationship between mJSW and mean cartilage thickness
over total bone and mJSW and cartilage volume were greater at 0.686
and 0.666, respectively (p<0.05). Calculations of confidence intervals
showed that there were no significant differences between any of the B-
coefficients representing the relationships between these variables
because of their overlap. Table 22 shows the relevant correlation

coefficients, their respective 95% confidence intervals and r? values.

Three observations appear evident from these results. As
expected, cartilage thickness is more strongly related to mJSW than is
cartilage volume for both males and females and together as a whole.
The second observation is that the relationship is stronger in males than in
females. However, when considered a “healthy” population (males and
females together), the strength of this relationship appears greatest as
reflected by the magnitude of the r values. For instance, the r values
suggest that 39% of the variation in mJSW in the medial tibia can be
explained by the variation in medial tibial cartilage thickness in males. In
females, only 30% of the variation in mJSW is explained by the variation in
cartilage thickness while in general, 47% is explained in both males and

females. A graph depicting the latter relationship is displayed in Figure
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males and females to demonstrate if such relationships existed in healthy
individuals. Results of these analyses showed that, in healthy women,
lumbar spine BMD was significantly related to cartilage volume and
thickness in the medial tibia with B-coefficients between 0.321 and 0.378,
respectively (p<0.05). In fact, the larger coefficient demonstrates that
cartilage thickness had a slightly stronger relationship with L-spine BMD
than did volume. Interestingly, L-spine BMD was not significantly related
to either cartilage volume or thickness in healthy males. In combining
males and females, once again, L-spine BMD was significantly related to
both variables with B-coefficients between 0.276 and 0.308 (p<0.05),
respectively, albeit with noticeably smaller coefficients than women alone.
Interpreting these results suggests that those with lower bone density in
the L-spine also have less cartilage and thinner cartilage in the medial
tibia compared to those who have more dense bones. Females, who
typically have lower bone densities than males also have a higher
incidence and prevalence of knee OA in the population. One might
propose that these results may suggest another possible explanation as to

why females are affected by OA to a much greater extent than males.

Regression analyses were also conducted to determine the
presence of significant relationships between medial tibial cartilage
volume and thickness and its surrounding bone in the distal femur and

proximal tibia. Intuitively, one might think that “healthy” bones surrounding
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a joint may be correlated with cartilage parameters because they are
physically in contact and have the ability to influence the cellular activity
occurring in one another. As with previous analyses, the mean BMD in
the regions of the femur and tibia as well as the subchondral regions (F4
and T1) were considered as independent variables with age and BMI
included as covariates. Significant relationships were identified between
total femoral BMD and total tibial BMD and cartilage volume and
thickness. While B-coefficients representing the strength and direction of
the regression lines ranged from 0.292 to 0.323 for the distal femur, those
for the proximal tibia were higher at 0.369 to 0.379 (p<0.05). These
results support the notion that cartilage in the medial tibia is more closely
related to the bone adjacent to it in the proximal tibia than the bone which
lies superior to it in the femur. Consistent with results from the lumbar
spine, those with higher BMD appear to have more cartilage overall, and
thicker cartilage. Relationships between only the subchondral regions of
BMD and cartilage parameters were not statistically significant. The
results of the investigation of the relationship between distal femoral and
proximal tibial BMD in males revealed no significant correlations,
consistent with the L-spine results. Bone mineral density in the
subchondral region of the distal femur and proximal tibia was not related
to medial tibial cartilage volume or thickness in either males or females.

Although this may appear to be inconsistent with intuition, the lack of
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whether the sample size is sufficient to detect such differences between

groups.

It is evident, by comparing the B-coefficients of osteoarthritic and
healthy females (0.594 to 0.545), there was not a significant difference
after accounting for differences in age and BMI. In addition, there was no
significant difference between the slope of the regression line for healthy
males (B-coefficient = 0.624) compared to healthy and osteoarthritic
females. In other words, the slopes of the regression lines representing
the relationship between medial tibial cartilage thickness and mJSW in
healthy and osteoarthritic females and healthy males generally lie within
ranges which overlap one another supporting the notion that they are not
significantly different. However, the 95% confidence interval for the -
coefficient for the relationship between medial tibial cartilage thickness
and mJSW in the medial compartment in osteoarthritic males (0.880) did
not overlap those of the other groups. Thus, it appears there is a
significantly stronger relationship between these variables in males with

OA than in males without OA and females with or without knee OA.

Correlation analyses were also run to reveal, in another way, the
results of the analyses of the relationships between mJSW and cartilage
volume and thickness. Shown in Table 23, positive significant correlations

were revealed in females and males. As in healthy individuals, mJSW
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In males with knee OA, BMD in the subchondral region of the femur (F4)
correlated significantly with both cartilage volume and thickness with -
coefficients of -0.713 and -0.814 (p<0.05). Perhaps the most important
information revealed by these analyses is the direction of the relationship
suggesting that higher BMD is associated with small cartilage volume and
thin cartilage. This is opposite to that of the relationship derived from
healthy females where high BMD in the total distal femur and proximal
tibia was related to large cartilage volume and thickness. These data
appear to support the notion that the relationship between BMD and
cartilage volume and thickness appears opposite in healthy and

osteoarthritic individuals.
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Chapter 7: Discussion

The technique used to evaluate mJSW in healthy and osteoarthritic
volunteers involves two parts; the fixed flexion X-ray positioning technique
and the automated algorithm employed to quantify mJSW in the medial
tibiofemoral compartment. In order to be able to use these techniques in
research and clinical practice, the reproducibility of the technique must be
assessed and shown to be satisfactory. Both short-term and long-term
reproducibility were evaluated in this study by subjecting study participants
to repeated X-rays. For each X-ray, the acquisition parameters including
knee flexion, foot rotation and X-ray beam angulation were standardized

and an automated algorithm to evaluate mJSW, requiring little user

intervention, was implemented.

Over the short-term, the computer generated medial mJSW
measurements yielded a RMSSD of 0.19 mm for all participants and a CV
of 4.41%, figures which were slightly better than those obtained when
user-intervention was involved (0.20 mm and 0.25 mm for the two
readers). In separating “normal” participants from those with knee OA, it
was determined that the reproducibility of healthy knees was better than
for arthritic ones with a RMSSD and CV of 0.15 mm and 3.31% compared
to 0.27 mm and 7.45%, respectively. Computer generated measurements

of mJSW reliability revealed ICCs between 0.97 and 0.98 over the short
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flexion X-rays. To date, it appears as though this study is the first of its
kind to report the long-term reproducibility of a technique used to acquire
mJSW measurements. Our long-term reproducibility was similar to our
short-term reproducibility and suggests that the fixed-flexion technique can
be used over the long-term to evaluate mJSW in healthy individuals. This
reproducibility is important in order to assess the smallest detectable
difference in mJSW between two time points. Ravaud et al. discussed the
means of determining statistically significant changes in mJSW over time
(81). In an individual, the upper and lower cut-off points are +1.96V20¢>
where 1.96 represents the 95% confidence interval (i.e. 95% confidence
that differences are associated with a true change in mJSW) and 20.?
represents the variance of the difference between mJSW measurements
at two time points (or +1.96*SD(difference in mJSW)). Interpreting this
would mean that change in mJSW lower than -1.96V2a;” (individual lower
cut-off or ICOL) would represent a statistically significant worsening, a
change greater than +1.96v20.2 (individual upper cut-off or ICOy) would
represent significant improvement (increasing mJSW) and a change
between these two values would represent stability over time (81).
Ravaud et al. used this methodology to estimate the minimally relevant
change in JSW in a sample of individuals with varying degrees of medial
knee OA. Radiographs were acquired using fluoroscopy and joint space
measurements were determined manually by two readers. The cut-off to

determine a significantly relevant change in an individual was determined

91
























K. Beattie - Ph.D. Thesis, Dept. of Medical Sciences, McMaster University

7 and Figure 15. However, the objective, quantifiable nature of mJSW
makes it possible to compare values in those with knee OA to those who
are “healthy”. From Table 7, it is apparent that osteoarthritic females who
are 40-49 years of age have a mean mJSW which is approximately 4.5
mm and those 50-59 years of age have a mean mJSW of 4.2 mm. These
mJSW values are slightly less than the “normal” range for healithy females
of 4.6-5.1 mm. Likewise, the mean value for osteoarthritic males = 40
years was < 4.5 mm, a value smaller than the “normal” range identified in
healthy males of 5.3 to 5.8 mm. These results show that individuals with
knee OA indeed have smaller medial mJSW values than healthy
individuals and that there may be a justification for establishing “cut-off”
points below which people over the age of 40 years may be identified as
having knee OA. For females, this value lies between 4.0 and 4.5 mm
while for males it lies between 4.8 and 5.3 mm. A study conducted by
Buckland-Wright et al. also reported mean mJSW values as they varied
with age group in a clinical osteoarthritic population that was radiographed
in a semiflexed fluoroscopic view and analyzed for mJSW using a
computer algorithm (78). Although these values were not separated by
sex, a decrease in mean mJSW was observed per decade. For instance,
those < 50 years old had a mean (95% confidence interval) mJSW of 4.2
(3.9-4.5) mm while those between 51-60 years of age had a mean mJSW
value of 3.9 (3.6-4.2) mm, those between 61-70 years of age had a mean

mJSW value of 3.6 (3.3-3.8) mm and those 2 70 years had a mean mJSW

99






K. Beattie - Ph.D. Thesis, Dept. of Medical Sciences, McMaster University

To investigate the relationship between mJSW and aging in
osteoarthritic patients, regression analyses were performed. Results
revealed that age is a significant predictor of mJSW as was shown by a 3
value of -0.431 for males and -0.479 for females. This suggests that
mJSW decreases with increasing age in patients with knee OA. In
females with OA, increasing BMI was also significantly related to
decreasing mJSW as shown by a B value of -0.349. Once again,
however, the issue of cross-sectional results arises. In order to definitively
determine that mJSW decreases with age, longitudinal data should be
collected. Such studies have been conducted and have reported rates of
joint space narrowing. However, results have varied extensively with
published rates of loss ranging from 0.03 to 0.60 mm/year (40;85). Such
discrepancies lead one to question the overall quality of the studies with
special attention paid to the population being studied and the methodology
that was employed to vyield the results. In addition, different study
durations and sample sizes make comparisons between studies difficult
as commented in a review by Mazzuca et al. (85). This review also
suggested that rates of joint space narrowing published in population-
based studies are slower (i.e. 0.06-0.10 mm/year) than those from clinical
samples (generally = 0.2 mm/year). Two more recently published studies
conducted over a two year period reported significant decreases of 0.24 +
0.50 mm (N=58) and 0.13 mm (Cl = 0.008-0.245 mm) (N=42) over the

study duration (86;87). A third study conducted over a one year period
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been great interest in exploring the relationship between radiographic
features of knee OA and the clinical symptoms experienced by those with

the disease.

Numerous studies have been conducted to investigate such
relationships. To date, the vast majority have evaluated the presence
and severity of radiographic features of OA, such as osteophytes and joint
space narrowing, using semi-quantitative scoring techniques such as the
K-L grading system. Symptomatic data has been collected primarily by
through the use of the WOMAC questionnaire and by asking very simple
questions specifically regarding pain. Unfortunately, results of these
studies have been mixed; some suggest these variables are related to
one another while others found no such associations (91-94). Reasons
for these discrepancies have been attributed to the differences in study
populations (i.e. population based vs. clinical vs. those awaiting elective
knee arthroplasty), sizes of study populations and methodology (outcome
measures of pain on WOMAC vs. “ever’ pain). However, until very
recently, these studies had only employed semi-quantitative scoring
systems to evaluate radiological features associated with knee OA and
had not used objective, quantifiable measures such as mJSW. To my
knowledge, the first and only study to explore the relationship between
mJSW and pain was published by Bruyere et al. in 2002 (95). A

randomized, placebo controlled clinical trial designed to test the effects of
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case in a study reported by Yamada et al (103). In healthy females, mean
BMD in the subchondral region of the femur and in the total distal femur
was 0.939 and 1.007 g/cm?, respectively, and in the subchondral region of
the tibia and in the total proximal tibia, was 0.897 and 0.943 g/cm?
respectively. Results of the tibial analyses revealed that mean values
were consistent with those in healthy females of similar ages yielded by
the study by Checovich et al. (50). In healthy males, BMD was similar
with mean values of 0.938 and 1.119 g/cm? in the subchondral region of
the femur and in the total distal femur and 0.958 and 1.044 g/cm? in the
subchondral region of the tibia and in the total proximal tibia, respectively.
Once again, these values were similar to those yielded from an additional
study where the mean (SD) tibial BMD of 0.956 (0.174) g/cm? in healthy
males and females was comparable to that found in this study (59). To
my knowledge, “normal” values of distal femoral BMD have never been
published. However, the relationship between tibial BMD and age derived
from this study is not consistent with that previously published. For
instance, the study conducted by Checovich et al. in 44 healthy women
revealed that BMD in the proximal tibia decreases significantly with age
(50). Mean (SD) values of proximal tibial BMD in women 20-49 years old
were consistent with those given in this thesis, although significant
decreases in BMD were seen to occur after the age of 60 years (50). It
should be noted, however, that only 10 females in the Checovich study

were =< 49 years of age with only one female between 40-49 years of age
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individuals. At the time of the initial protocol design for the analysis of
distal femoral and proximal tibial, the DXA machine that was used was the
Hologic 4500A, an older machine than the newer Hologic Delphi scanner
used in this thesis. The original protocol did not allow for compensation to
be made in angling the lines such that they were parallel to the tibial
plateau, and thus no adjustments were made here. In addition,
measurements of the femorotibial angle were not collected and, thus,
results did not account for this malalignment. Other studies such as those
by Hulet et al. and Wada et al. have performed such analyses and
determined that BMD is actually higher in the medial tibial compartment
than the lateral compartment (59;60;107). Also accompanying the
problem of the malalignment and varying amounts of bone in each
compartment of the most distal part of the femur and proximal part of the
tibia was the involvement of the fibula. The overlap between the lateral
tibia and the head of the fibula was inconsistent between participants and
this could also have led to variations in results as a larger area of overlap
would likely increase the value of BMD because of overlying bone on bone
compared to very little overlap. By changing the area of bone analyzed for

BMD it is possible that this area of overlap could be eliminated.

In osteoarthritic individuals, two additional problems arose which
are evident in Figures 45 and 46. The physical presentation of

osteophytes, specifically on the tibial spines and on the outer margins of
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and provide uncertainties as to whether the same methods should be
employed in other studies. Thus, the analysis of subchondral bone in
those with knee OA may be better studied using magnetic resonance
imaging technology. While this area of research is still in its very early
stages, it is possible that the advantages of pQCT and possibly also MRI
over DEXA may vyield information about the role of subchondral bone in
OA that cannot be identified using simpler technology. In fact, to date,
advances in MR imaging and post-image analyses have provided insights
into osteoarthritic changes that occur in articular cartilage that extend what
was initially learned using plain radiography. Assessments of articular
cartilage volume and thickness allow a number of fundamental and clinical
research issues to be addressed. Such issues include factors which affect
the incidence and progression of cartilage degeneratian, rates of change
in osteoarthritic individuals and the ability to evaluate responses to
therapeutic interventions. In this study, normal ranges of cartilage volume
and thickness were assessed in males and females of various ages and

compared with those obtained from osteoarthritic individuals.

Just as with mJSW measurements, inter-observer variability was
determined for measurements of cartilage volume and thickness in a sub-
group of study participants. Composed primarily of knee OA subjects, 28
images were analyzed by two independent readers and results were

compared. The intra-class correlation coefficient for medial tibial cartilage
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Coefficients of variation for medial tibial cartilage volume and maximal
cartilage thickness were 8.3% and 9.0% using the manual technique and
7.8% and 6.0% using the snake technique (66). For images acquired in
the sagittal plane, CVs for medial tibial cartilage volume and maximal
cartilage thickness were 11.4% and 11.7% using the manual technique
and 10.8% and 6.1% using the snake technique. Evidently, the manual
technique of cartilage analysis revealed greater variability in measurement
than the snake technique. Images acquired in the sagittal plane were also
seen to be less reproducible than those acquired in the coronal plane (66).
Both features, sagittal acquisition and manual segmentation, were
employed in this study. In addition, only 5 of 28 images included in this
reproducibility study were considered “healthy”. Since it is well known that
the analysis of osteoarthritic images is less reproducible than healthy
ones, the combination of these three factors may explain the high
variability in measurements in the current study. Unfortunately, inter-rater
reliability measures were higher in this study than in those previously
published leading one to question whether segmentation training was
sufficient. Segmentation training for one reader occurred during a one
month period where the majority of training focused on the segmentation
of “healthy” images which, by nature, are simpler to segment due to the
absence of cartilage defects. In addition, no training software was
available at the time and, thus, training was conducted primarily by an

experienced reader who was not fluent in English. Another potential
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and females. For instance, Cicuttini et al. reported that, independent of
BMI and bone size, both medial tibial cartilage volume and thickness were
greater in males than in females in a group of 166 healthy individuals aged
21-79 years (129). Similarly, in a study by Faber et al., healthy young
males were found to have significantly larger medial tibial cartilage volume
compared to females, but no such significant differences occurred
between medial tibial cartilage thickness (125). However, differences in
medial tibial cartilage volume between males and females were not
significant after results were normalized to body weight or body weight x
body height. Differences in cartilage thickness remained insignificant after
adjusting for weight and weight x height (125). The same was true in a
study conducted by Cicuttini et al. where initial differences in tibial
cartilage volume between males and females became non-significant after
adjusting for body and bone size in a group of radiographically healthy, yet
symptomatic males and females (N=28) (130). However, in a cross-
sectional study of 372 healthy males and females, significant differences
between medial tibial cartilage volume existed even after adjusting for
body height, weight and bone size (127). Discrepancies in results from
these studies likely exist because of differences in sample populations (i.e.
age, definition of “healthy”). The current study did not adjust for
differences in bone size, and by doing so, it is plausible that significant
differences in cartilage volume and thickness between sexes that were

observed may be eliminated to agree with previously published results.
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Two other studies which also examined the effect of age on
cartilage volume and thickness did so by comparing “younger” groups to
“older” groups. Using 45 years of age as the division between the two
groups of healthy individuals, significant differences were identified in
medial tibial cartilage thickness as shown by a mean thickness of 3.8 (0.7)
mm in the younger group compared to 3.6 (0.7) mm in the older group
(128). Significant differences in medial tibial cartilage volume were not
observed. These results are consistent with those published by
Hudelmaier et al. who compared medial tibial cartilage thickness in
younger (mean age approximately 25 years) with older (mean age 60-61
years) males and females (126). Once again, no significant differences
were identified between younger and older females and younger and older
males, suggesting that cartilage thickness does not decrease with age.
However, one should be cautious about the interpretation of these results
as both studies were cross sectional in nature and did not follow
individuals longitudinally. Two studies of healthy individuals which have
reported longitudinal changes in cartilage volume over time have shown
that cartilage volume does, indeed, decrease with aging. In healthy males
(N=28, mean age 52 years), the mean annual reduction in tibial cartilage
volume was found to be 2.8% (95% Cl = 0.2% to 5.5%) (132). In healthy
postmenopausal females, the average annual decrease in total tibial
cartilage volume was similar at 2.4% (3.2%) (124) while the annual

reduction in the medial tibial compartment, specifically, was found to be
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2.4% (3.6%). What is notable in these two studies is the age of inclusion
of subjects who are being investigated for cartilage loss. In both cases,
the mean age of participants was over 50 years. It is beyond this age that
small decreases in cartilage volume have been observed. To this point,
longitudinal studies of changes in cartilage parameters have not been
studied in those younger than mid-age. The current study suggests that
there is a linear decrease in medial tibial cartilage volume and thickness
with age in healthy females and this decrease appears to start earlier than
the 6" decade, although, once again, it should be noted that these data
are cross-sectional in nature. Despite this, the small decrease in cartilage
volume that has previously been observed appears consistent with the
results of the current study as shown by a small decline over the age
groups for females as depicted in Figure 32. It is important to note,
however, that no significant differences in medial tibial cartilage volume
were detected between age groups. Changes in cartilage thickness over
time have not yet been reported, although Figure 33 would suggest a
similar trend. Such declines were not observed in males in the current
study, although the small sample size and the relatively small number of

healthy males over 50 years of age may help to explain this inconsistency.
Although few studies have reported the influence of height, weight

and BMI on cartilage volume and thickness in healthy individuals, most

studies adjust for these measures when examining the effects of age on
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radiographs (133). In males, the average (SD) annual decrease in medial
tibial cartilage was 5.1% (6.5%) while in females the decrease was 4.5%
(6.5%). In spite of the fact that the current study was cross sectional in
nature, both studies revealed that there were no significant differences in
annual medial tibial cartilage loss between males and females. Thus, the
average annual rate of loss of medial tibial cartilage volume was 4.7% with
a 95% Cl of 3.6% to 5.9% (133). Interestingly, initial cartilage volume was
found to be a significant factor affecting cartilage loss and it was
suggested that those in the early stages of OA lose cartilage more rapidly
than those in the later stages of the disease (133). Similar results were
found in a study by Raynauld et al. who evaluated cartilage loss over two
years in 32 symptomatic osteoarthritic patients with similar demographics
to the group studied by WIluka et al. in terms of age, weight, disease
severity and clinical diagnosis (134). Over two years, a mean decrease of
7.6% (8.6%) was reported for the medial compartment of the knee,
although it was not clear whether the “medial compartment” included the
medial tibia or if it was just the loss in the medial femur. However, since it
has been suggested that femoral and tibial cartilage volumes are highly
correlated, it is likely that changes in femoral cartilage volume over time
would be consistent with those of the tibia (135). Thus, the results would
suggest a mean annual decrease in cartilage volume similar to that
published by Wluka. In addition to these results, Raynauld et al. analyzed

data further and found the presence of two distinct groups of individuals; a
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weak, yet positive significant relationship between BMD at the spine and

hip and mJSW in the knee.

In osteoarthritic males and females, however, BMD at the spine
and hip was not found to be significantly related to mJSW in the medial
tibiofemoral compartment. This notion was also included in a report by
Hannan et al. where BMD was not associated with joint space narrowing
(152).  While there have been very little data published on the
relationships between these variables in healthy individuals, those with
knee OA have been observed to have higher adjusted baseline BMD at
the lumbar spine and proximal femur compared to those without OA (i.e.
those with normal radiographs) (99;110;112-114). In addition, the
Framingham and Chingford studies have shown that high BMD appears to
be associated with incident knee OA while low BMD appears to be
associated with OA progression (97;98;153). Due to the fact there were
varying degrees of knee OA in the population studied for the thesis
reflecting cases of newer or “incident” cases of OA as well as those who
could be characterized as “progressors” (i.e. those who have had knee OA
for a long period of time), it is quite possible that there was a mixture of
higher and lower BMD values at the spine and hip leading to the absence
of significant relationships. Thus, a re-analysis of the data was performed
to investigate the relationship between K-L grades of knee OA, rather than

mJSW, and BMD at the hip and spine. The appearance of these graphs,
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correlation coefficients between healthy males and females and between

osteoarthritic males and females.

After considering the values of the correlation coefficients and their
associated confidence intervals, it is apparent that the confidence intervals
overlap. Thus, cartilage thickness is no more strongly related to mJSW
than is cartilage volume. Although correlation coefficients reflecting the
relationships between medial tibia cartilage and thickness and mJSW
were slightly larger in healthy males compared to females, in osteoarthritic
males compared to osteoarthritic females and in osteoarthritic individuals
compared to healthy ones, wide overlapping confidence intervals showed
that this was not actually the case. In fact, power calculations were
determined that the sample population was of inadequate size to
determine if, in fact, significant differences between groups existed.
Results showed that the sample was underpowered to be able to detect
differences between healthy males and females (8%), osteoarthritic males

and females (32%) and between osteoarthritic individuals and healthy

individuals (30%).

To date, the majority of studies which have investigated the
relationship between radiographic evidence of OA and evidence of OA as
shown on MR have done so using semiquantitative scales of joint space

narrowing, and cartilage volume and thickness. For instance, three
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meniscal extrusion or subluxation has also been proposed as a factor
which influences mJSW measurements and joint space narrowing (166-

168).

Gale et al. studied the relationship between joint space narrowing
and meniscal subluxation in a population of osteoarthritic and control
subjects with a mean age of approximately 66 years (166). The resuits of
this study showed that meniscal subluxation was significantly correlated
with medial minimum joint space width as shown by a correlation
coefficient of 0.55 (all subjects). The prevalence of meniscal subluxation
was found to be very high (>80%) in cases and controls with identified
joint space narrowing. Likewise, joint space narrowing was uncommon in
those without meniscal subluxation (166). The results of the study by
Adams et al. conducted in a group of 62 OA cases and controls were
similar to those of Gale et al.; those showing evidence of joint space
narrowing consistently had the highest grade of meniscal extrusion (167).
A longitudinal study described previously showed that extrusion of the
anterior horn of the meniscus was predictive of global and medial
compartment cartilage volume loss in patients with knee OA (169). For
example, in those with a severe medial anterior horn meniscal extrusion,

the mean medial cartilage volume loss was 15.4 % compared to those

without extrusion (4.5%) (169).
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The weaknesses associated with bone density acquisitions
discussed previously also play a part in the inconsistencies in the results
where, for example, significant relationships were identified in males, but
not females. By improving the method of analyzing BMD in the distal and

femur it is possible that results would be more accurate and reproducible.

What is evident from the discussion presented here is that
significant associations exist between measures of bone and cartilage
status in both healthy and osteoarthritic individuals, although the directions
of these associations are not necessarily the same for these two groups of
individuals. All three variables, mJSW, BMD and cartilage volume and
thickness, allow important measures of disease status to be objectively
evaluated and compared between different populations, such as between

healthy and osteoarthritic individuals.
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significant. However, males with OA were found to have significantly
higher BMD values in the distal femur and proximal tibia compared to
osteoarthritic females. Data analyses also revealed that BMD in the
subchondral regions of the distal femur and proximal tibia were also
significantly related to disease severity (as evaluated on the K-L scale) as
those with more severe disease had higher densities than those with
milder disease. Inconsistencies in bone density results that were
observed may be related to small sample sizes and inaccuracies in
measurement techniques. However, results that were revealed suggest

that further BMD analyses in the subchondral regions may be warranted

with improved methodology.

In spite of the weaknesses in DXA methodology, analyses of the
relationships between BMD and mJSW and cartilage volume and
thickness were performed. Interestingly, in healthy individuals, BMD
correlated positively with mJSW in the knee suggesting that those with
higher areal density also have larger mJSW. For instance, of the
subchondral regions, BMD in the proximal tibia was positively correlated
with mJSW in the medial tibiofemoral compartment in healthy males and
females. However, this relationship was reversed in those with knee OA
where BMD correlated negatively with mJSW. Those with larger BMD
measurements had increasingly narrowed mJSWs. This was the case in

the distal femur where BMD was negatively related to mJSW, although
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In spite of these limitations, these important results are revealed at
a time where the arrival of disease modifying osteoarthritic agents is
imminent and there is a significant need for reference values/ranges of
radiographic data. Not only will outcome measures of mJSW, BMD and
cartilage volume and thickness be used in inclusion and exclusion criteria
in clinical studies, but they will also be used to support or refute the notion
that pharmacological agents indeed have disease modifying properties.
With the number of people affected by this debilitating disease increasing
and life expectancy on the increase, the demand for agents with both
disease and symptoms modifying properties will increase in parallel. It is
only with advances in imaging and analysis techniques that these agents

will be able to be marketed as remedies which treat the patient and the

disease simultaneously.
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Figure 3: Radiographic positioning techniques. A: Semiflexed, B: Lyon
Schuss, C: MTP and D: Fixed Flexion X-ray positioning techniques. Note
in the Fixed Flexion technique, that the great toes, knees and thighs are
tightly pressed against the vertical table fixing the angulation of the tibia
and femur (28).

Figure 4: Analysis of a digitized radiograph using the automated software
algorithm. The algorithm delineates the medial (left) and lateral (right)
compartments of the knee, the femoral condyles and the tibial plateau.
The red lines indicated the mJSW in the medial and lateral compartments.
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Figure 5: Previously published techniques for quantifying BMD in areas of
the subchondral tibia. Note the variably selected regions of interest of
fixed sizes and heights (48;58-60). It is evident that the size, number and
location of the regions of interest differ in each study.
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Figure 8: Analysis of bone mineral density in the distal femur

Figure 9: Analysis of bone mineral density in the proximal tibia
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RMSSD = Square Root ¥ (x1;-x2))2 CV= __RMSSD x100%
2N > (x1;4x2;)
2N

Figure 11: Methods for calculating RMSSD and CV; x1;and x2; are the
two measurements for knee 7 (i=1 up to N), and Nis the total number of
duplicate measurements. (47)

Table 5: Reproducibility of mJSW by computer and independent readers

Computer Reader 1 Reader 2
mJSW mJSW mJSW
RMSSD | CV | RMSSD | CV | RMSSD | CV
(mm) | (%) [ (mm) | (%) | (mm) | (%)
Short-Term

ALL 0.19 | 441 020 [499| 025 |[5.69
Healthy (KL 0 or 1) 0.15 3.31 0.15 3.31 0.19 412
OA (KL 2 or 3) 027 |745| 029 [810| 035 (995
Long-Term 014 |286| 017 ]335 017 | 3.34

RMSSD = root-mean-square standard deviation, CV = coefficient of
variation

Table 6: mJSW data per sex and decade of life in healthy individuals
Age
Group Mean | SD | Range Min. Max.
(yrs) N | (mm) | (mm) | (mm) (mm) | (mm)
20-29 |22 | 5.06 .56 1.92 4.34 6.26
30-39 [ 15| 4.62 | .656 2.16 3.49 5.65
Females| 40-49 | 14 | 4.84 .69 2.71 3.81 6.52
50-59 |17 | 4.75 .93 3.77 3.57 7.34
60-69 | 5 | 4.61 44 1.13 3.99 5.11
20-29 | 18 | 5.55 .51 1.97 4.57 6.53
30-39 |12 | 5.76 71 1.94 4.70 6.64
Males 40-49 | 8 | 5.35 1.08 3.60 3.57 7.16
50-59 | 6 | 543 71 2.05 4.35 6.40
60-69 | 2 | 5.41 .56 1.88 4.47 6.35
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K-L Grade

Figure 16: The distribution of mJSW as it relates to K-L grade in
osteoarthritic individuals
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Figure 17: Age distribution of mJSW in osteoarthritic females and males
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Table 9: Bone mineral density values in healthy individuals

Mean SD Range Min. Max.
Region N _|(g/lcm’®) | (g/cm?) | (g/cm®) | (gfem’) | (g/cm?)
Females | L-Spine 57 | 1.040 | .098 411 .800 | 1.211
Total Hip 57 10969 | .124 776 557 | 1.333
Males L-Spine 37 | 1.071 | .157 .543 841 | 1.384
Total Hip 37 | 1.082 | .175 .696 J75 | 1.471

Lumbar spine BMD as it varies with age in healthy males and females
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Figure 21: Relationship between L-spine BMD and age in healthy
volunteers
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Figure 31: Relationship between thickness of cartilage and age in healthy
individuals
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Gender
B female
B male

Mean cartilage thickness over total subchondral bone
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Figure 33: Mean cartilage thickness per age group in healthy individuals
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Figure 36: Relationship between cartilage volume and age in
osteoarthritic individuals
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Figure 38: Relationship between medial tibial cartilage volume and
disease severity in osteoarthritic individuals
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