
Editorial

Introduction to OARSI FDA initiative OAC special edition

Since July 1999, the Food and Drug Administration (FDA) has
provided guidance for industry on “Clinical Development
Programs for Drugs, Devices, and Biological Products Intended
for the Treatment of Osteoarthritis (OA)”1. This draft guidance
document was intended to assist sponsors who were developing
drugs, devices or biological products for OA and included
a number of issues for sponsor consideration including the utility
of animal models and the measurement of improvement in OA.
The draft guidance discussed the types of label claims that could
be considered for OA products and provided guidance on the clin-
ical development programs to support these claims. It was recog-
nized that OA is a disease with a complex pathophysiology and
thus, multiple clinical outcomes for product claims could be
considered such as an improvement in signs and symptoms or
a delay in structural progression. Additionally, the 1999 draft
guidance also proposed, in principal, a claim for prevention of
OA. The FDA solicited comments to the draft document and until
2007 no further update was published. It should be noted that
under this draft guidance, no products have been approved in
the US for the indications of either delay in structural progression
or prevention of OA.

On August 14, 2007, a request for proposals (RFP) was posted by
the FDA in the Federal Register seeking an updated critical appraisal
on the issues related to clinical development programs for the
treatment and prevention of OA that would help inform their
internal discussions and subsequent finalization of the 1999 OA
draft guidance2.

In response to this solicitation, the Osteoarthritis Research
Society International (OARSI) submitted a proposal outlining
a specific approach to the management and coordination of a crit-
ical appraisal of the science related to the design of clinical devel-
opment programs for the treatment and prevention of OA. In
June 2008, OARSI received approval from the FDA to embark on
an 18-month review of the current literature resulting in a series
of recommendations for the FDA’s consideration as they embark
upon finalizing the 1999 OA draft guidance.

Under the direction of an executive committee and through
a series of individual committee meetings and teleconferences
as well as two open public meetings, eight working groups
comprised of individuals from academia, professional societies,
industry and governmental agencies [Appendix 1] addressed
specific questions outlined within the FDA’s original notice.
The result was a comprehensive report encompassing the
recommendations by each working group based on the current
state of knowledge on the pre-defined topics outlined with the
original notice as well as a series of on-going research recom-
mendations to further inform the evolving areas of structural

change and the role of biomarkers in the context of clinical
trials.

This special edition of Osteoarthritis and Cartilage provides an
insightful, evidence based exploration and discussion on impor-
tant issues related to current and future OA clinical program
development. While much has been learned since 1999, OA still
remains a disease characterized by a prolonged pre-radiographic
phase followed by evident structural joint changes, associated
with frequent pain and loss of function. The research discussed
herein recognizes how far we have come and charts the course
for future research into the development of new therapies and
devices for OA, as well as the potential for disease modifying
drugs.
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s u m m a r y

Objective: To respond to a pre-specified set of questions posed by the United States Food and Drug
Administration (FDA) on defining the disease state to inform the clinical development of drugs, biological
products, and medical devices for the prevention and treatment of osteoarthritis (OA).
Methods: An Osteoarthritis Research Society International (OARSI) Disease State working group was
established, comprised of representatives from academia and industry. The Working Group met in
person and by teleconference on several occasions from the Spring of 2008 through the Autumn of 2009
to develop consensus-based, evidence-informed responses to these questions. A report was presented at
a public forum in December 2009 and accepted by the OARSI Board of Directors in the Summer of 2010.
Results: An operational definition of OA was developed incorporating current understanding of the
condition. The structural changes that characterize OA at the joint level were distinguished from the
patients’ experience of OA as the ‘disease’ and ‘illness’, respectively. Recommendations were made
regarding the evaluation of both in future OA clinical trials. The current poor understanding of the
phenotypes that characterize OA was identified as an important area for future research.
Conclusions: The design and conduct of clinical trials for new OA treatments should address the
heterogeneity of the disease, treatment-associated structural changes in target joints and patient-
reported outcomes.

! 2011 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.

Introduction

In 2007, the United States Food and Drug Administration (FDA)
published a request for proposals to conduct a critical appraisal
providing information on various issues related to clinical devel-
opment programs for drugs, biological products, and medical
devices for the prevention and treatment of osteoarthritis (OA). The
Osteoarthritis Research Society International (OARSI) was selected
to prepare the response to these issues and, in 2008, constituted an
Executive Committee, Steering Committee and eight Working
Groups to address questions posed by the FDA1. One of these
Working Groups, “Defining Disease State” was asked to provide

recommendations based on current evidence on a pre-specified set
of issues:

! What is OA?
! How do we define OA for the purposes of treatment or
prevention?

! Are oligoarticular, monoarticular and polyarticular OA the
same disease?

! Is hand OA different than hip OA and knee OA?
! Where does degenerative disc disease (DDD) fit in?
! How many sites need to be studied for approval of: a systemic
(oral) therapy? How many for a local therapy?

! Should there be uniform inclusion and exclusion criteria for OA
clinical trials?

! What is the research agenda required to inform each of the
above questions?

This document summarizes the group’s recommendations to
the FDA.
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Methods

The Disease State Working Group was assembled by the project
Steering and Executive Committees to ensure adequate represen-
tations from academia and industry. The Working Group met in
person and by teleconference on several occasions from the Spring
of 2008 through the Autumn of 2009 to develop consensus-based,
evidence-informed responses to these questions. A report was
presented at a public forum in December 2009 and accepted by the
OARSI Board of Directors in the Summer of 2010.

Results

What is OA?

Defining OA has important implications for prevention, diag-
nosis, and treatment of this condition. Based on evidence to date,
there was consensus that OA is usually a progressive disease of
synovial joints that represents failed repair of joint damage that
results from stresses that may be initiated by an abnormality in any
of the synovial joint tissues, including articular cartilage, sub-
chondral bone2e4, ligaments, menisci (when present)5,6, peri-
articular muscles7, peripheral nerves, or synovium8,9. This
ultimately results in the breakdown of cartilage and bone10, leading
to symptoms of pain, stiffness and functional disability11. Abnormal
intra-articular stress and failure of repair may arise as a result of
biomechanical12, biochemical13 and/or genetic factors14. This
process may be localized to a single joint, a few joints, or general-
ized, and the factors that initiate OA likely vary depending on the
joint site. The complexity and variability of OA etiology suggests the
need for patient-specific, etiology-based treatment.

How do we define OA for the purposes of treatment or prevention?

While late-stage OA is often characterized by both demonstrable
structural damage and patient reports of joint pain, stiffness and
disability17. There is only a weak correlation between symptoms
and pathology, particularly in early stages of the disease18. Further,
FDA-approved treatments directed at reducing the symptoms of OA
have not been shown, to date, to prevent ongoing joint structural
damage. For this reason, the Working Group felt that future
development of treatments for OA should consider the effects of
the treatment on the structural changes at the joint level (the
disease OA) separately from the effects on patient-reported symp-
toms (the illness OA). Future pharmacotherapy for OA may there-
fore be considered to be ‘structure modifying’ (i.e., designed to
prevent the development of joint failure), symptom modifying, or
both.

Classification of patients based on the presence/absence of the
disease (structural changes demonstrated on imaging studies) and
the illness (patient-reported symptoms of OA) may be useful in trial
design and recruitment. For example, in the absence of longitudinal
observations of asymptomatic non-arthritic individuals who have
recognized risk factors for OA, it may be difficult to differentiate
pathology that increases intra-articular stress and thus the risk for
OA (e.g., abnormalities in bone shape, such as subtle acetabular
dysplasia) from pathologic changes of OA that are a consequence of
the damage caused by an increase in intra-articular stress (e.g.,
bony remodeling that may occur in response to abnormal stress or
meniscal degeneration)19. Studying subjects with neither structural
changes nor symptoms would be most appropriate for primary
prevention studies, those with only the ‘disease’ for interventions
designed to prevent symptomatic OA, and studies of those with
both the illness and disease for treatments designed to prevent

joint failure, defined, for example, as the need for total joint
replacement.

Considerations regarding the disease
The proposed definition of OA, above, incorporates the current

understanding of the role of intra-articular stress, whichmay result
from abnormal biomechanical forces, in the etiology of OA. In knee
OA, biomechanical changes, including varus/valgus angulation20

and rotational abnormalities after acute anterior cruciate liga-
ment injury21, contribute to OA progression andmay serve as useful
biomarkers of structural damage22. Due to the strong influence of
these biomechanical changes on OA progression, the type and the
degree of abnormality (e.g., varus/valgus deformity) should be
included in the definition of OA since theymay influence treatment
outcome.

However, while substantial progress has been made in this area,
knowledge gaps remain regarding the influence of corrections to
joint loading on structural changes in OA, including whether or not
relief of joint pain and improvement in function are outcomes of
the structural healing process. Promising work evaluating biome-
chanics of the knee and hip via functional gait analysis, stereo
fluoroscopy, and adduction moment analysis may ultimately
permit identification of risk factors or markers of joint abnormality
that contribute to the development of OA20,23e25. Adequately pow-
ered, randomized, controlled trials in patients with symptomatic
knee OA may help to determine whether amelioration of impulsive
loads and/or peak dynamic loading reduces joint pain and improves
function, and thus could serve as alternatives to pharmacologic
therapies.

As OA is characterized by synovial joint abnormalities that may
include structural and compositional changes to bone, cartilage,
meniscus, synovium, and other soft tissues of the joint3e5,26,27,
defining joint abnormality in OA by plain X-ray evaluation alone
does not provide a complete description of the disease; changes to
soft tissues in the joint cannot be visualized on plain film X-rays.
Indeed, the destruction and loss of cartilage characteristic of knee
OA is often inferred from narrowing of the tibio-femoral joint,
which reflects loss of tissue from the joint space28e30. However,
destruction and loss of cartilage and meniscus in the joint space is
characteristic of late-stage disease11. The Working Group agreed
that additional objective criteria, beyond plain radiographs, such as
use of other imaging techniques, including magnetic resonance
imaging (MRI), and molecular biomarkers e the focus of other FDA
OA working groups e are needed to characterize and define the
onset and early progression of OA19, when intervention may be
more likely to achieve joint preservation. It is hoped that the
definition of OA will continue to evolve to encompass these new
biomarkers, once identified and validated, and contribute to our
understanding of the pathobiology of OA in different patients.

Considerations regarding the illness
OA is characterized by joint pain, stiffness and functional limi-

tations resulting in reduced participation in valued activities, and
downstream effects on fatigue, mood, sleep and overall quality of
life31,32. Symptom onset may occur years after that for OA disease,
when structural deterioration is more difficult to treat. The symp-
toms of OA are largely evaluated using patient self-report measures,
scores on which may be influenced by a number of factors, e.g.,
measures of coping33, and by performance-based measures of
physical functioning. Consideration of the influence of these other
factors on treatment response is important in the evaluation of OA
treatments.

Traditionally, OA treatment studies have focused on pain
intensity and/or physical functioning as their primary outcomes of
interest. However, this approach fails to consider the full OA illness
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experience. Future trials should incorporate evaluation of the
presence and severity of additional common features of OA to
determine which aspect(s) of the illness (e.g., pain, sleep quality,
depressed mood) that a given intervention may improve, and those
for which it is unlikely to provide benefit. This approach may
ultimately permit treatment to be matched to the symptoms that
are most important to the patient.

Among those who seek help from a physician, joint pain is the
most common complaint34. Although OA-related pain has tradi-
tionally been assumed to be nociceptive in origin, resulting from
joint tissue destruction35, there is increasing evidence from both
animal and human studies that neuropathic type pain exists in
some individuals with OA, likely due to peripheral and/or central
pain sensitization35,36. Thus, OA patients may have pain that is
predominantly nociceptive, predominantly neuropathic, or of
mixed nociceptive/neuropathic etiology. Research is under way to
further elucidate pain mechanisms in OA, and to facilitate better
characterization of the nature of the pain in OA patients. Ultimately,
the goal will be to stratify OA patients in intervention trials on the
basis of the type of pain present, with the goal of better targeting
pain therapies to individual patients.

OA most commonly affects older adults, who often have co-
morbid medical conditions. Both age and co-morbidity may inde-
pendently influence, or be associated with, pain, fatigue, depressed
or anxious mood, muscle strength, fitness, and level of physical
activity. While it is often difficult to distinguish OA-related effects
from those of other conditions, clinical trials evaluating the efficacy
and safety of treatments for OA should consider these issues. The
heterogeneity of the pathophysiology of OA may further impact
variability in response to treatment outcomes in clinical trials of
OA; such heterogeneity may be reduced in the future by improved
phenotyping of OA that enables focused recruitment of subjects
with the same ‘phenotype’.

Are oligoarticular/monoarticular and polyarticular OA the same
disease? Is hand OA different from hip OA and from knee OA?

Existing data are insufficient to answer these questions. Which
OA joints and/or patterns of OA joint involvement are associated
with greater illness than others is not well understood. Further-
more, it remains unclear whether erosive hand OA is part of
a spectrum of nodal hand OA or a distinct entity. As noted above, OA
has no common etiology; it is likely that the risk factors for both
structural changes and symptoms of OA differ not only for different
joints, for example, because of differences in the local protective
mechanisms16, but even within a single joint (e.g., varus mala-
lignment leading to medial tibiofemoral changes and lateral
meniscal tear inciting lateral tibiofemoral disease). As a result,
therapeutic responses are likely to vary.

In this respect, there is a growing consensus that OA is not
a single disease of the joints, but rather a collection of diseases with
many causes and potential treatments15,37. The concept of “OA
phenotypes” has been advanced to address the variability of OA
with respect to pattern and site of joint involvement (knee, hand,
hip, spine) and characteristics (inflammation, mal-alignment,
cartilage erosion, osteophyte formation)38e41. There is an urgent
need for improved characterization of these OA phenotypes; until
such work is completed, trials in OA should evaluate a primary joint
site, but should ideally also collect data on the presence/absence of
structural changes and symptoms at other typical OA sites, e.g.,
using a joint homunculus. This would enable evaluation of the
effect of new interventions on incident OA as well as the number of
OA joints that undergo significant progression over the treatment
period.

Where does DDD fit in?

Spinal OA refers to the degeneration of the cartilage and
surrounding tissues in the synovial facet joints of the spine42. DDD
describes the deterioration of the intervertebral disc. While
advanced DDD can contribute to the onset of spinal OA, and while
the two conditions are often seen together43, DDD and spinal OA
are anatomically distinct. DDD treatments currently in develop-
ment are aimed at restoring disc height. However, it is unclear
whether the restoration of disc anatomy will result in significant
pain relief44.

Identifying the source of back pain in patients with facet joint
OA and DDD remains a challenge. As for peripheral joint OA, there is
a lack of concordance between symptoms and structural changes
on radiographs in spinal OA; many patients with advanced facet
joint OA and/or DDD have no symptoms, while others with only
mild structural changes present with extreme pain and disability42.
Further complicating matters, many factors other than OA or DDD
can contribute to back pain, including vertebral fracture, congenital
spinal deformity, and muscle strains and imbalances.

Back pain resulting fromDDD, facet joint OA, or other conditions
is often present in patients with OA involving other joints, partic-
ularly the knee43. The relationship between knee pain and back
pain is complex and not well understood. Both back and knee pain
can result in gait changes that can negatively impact each other. OA
is often polyarticular and may be present in facet joints and knees
in the same patient. Due to the complex and inconsistent rela-
tionships among DDD, facet joint OA, back pain, and extremity pain,
DDD should be considered separately. Relief of pain specifically
from DDD, as well as therapies directed towards disc restoration,
should be addressed in separate clinical trials. However, due to the
high frequency of concomitant back pain in individuals with lower
extremity OA, and the potential for back pain to influence OA
treatment effects, clinical trials should ascertain the presence of
back pain as a potential confounder, and possibly the effect of OA
therapies on back pain, when present, but only as secondary or
tertiary endpoints.

How many joints need to be studied for regulatory approval of an
oral therapy? For a local therapy?

An advantage of a systemic oral therapy is the potential to treat
multiple arthritic joints in the same patient. A potential disadvan-
tage to this approach is the difficulty in achieving sufficient
concentrations for efficacy in the target joints. Local therapies,
including intra-articular and topical therapies, can achieve high
concentrations in specific joints but may require multiple treat-
ments. In either case, because of the variability in causes and
characteristics of OA between joints, efficacy in one joint does not
assure efficacy in another. Thus, approval of local therapies should
be based on joint-specific efficacy. With systemic treatment,
however, more than one joint could be evaluated.

Should there be a uniform definition of inclusion and exclusion
criteria in OA clinical trials?

Inclusion and exclusion criteria should be joint-specific,
reflecting factors that are known to affect the incidence and
progression of OA in that joint. Inclusion and exclusion criteria for
clinical trials may also vary, based on the mechanism of action of
the drug or device being studied. It is recommended that inclusion/
exclusion criteria be similar for therapeutic interventions with the
same mechanism of action. To permit comparison between agents,
assessment for systemic toxicity should be as similar as possible for
all interventions.
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What is the research agenda required to inform each of the above
questions?

To standardize the evaluation of OA, research is needed to:

1. Define the phenotypes of OA. Such phenotypes should ideally
take into consideration the patterns and sites of joint involve-
ment, pathophysiology, clinical presentation (e.g., severity and
quality of pain), the presence of specific distinguishing
biomarkers, and potentially rate of progression/prognosis.
Information on genotypes linked to differences in OA onset and
progression may help to further refine the OA phenotypes and
improve study subject selection.

2. Gain consensus on a core set of measures to evaluate the
spectrum of the illness OA beyond pain intensity and physical
disability. Specifically, research is needed to develop and test
measures to evaluate changes in response to treatment in OA-
related fatigue, poor sleep, depressed and anxious mood, and
participation in valued activities.

Conclusions

Over the past decade, the paradigm has shifted away from
a ‘chondrocentric’ view of OA, with recognition that OA is
a complex disease with no common pathological pathway.
However, biomechanical joint stress has a substantial etiologic role.
Because risk factors for OA differ not only for different joints, but
even within a single joint, therapeutic responses may vary. More
recently, the concept of OA as a disease, manifest in the structural
changes occurring at the joint level, and an illness, reflecting the
patient’s experience living with OA, has evolved, with the recog-
nition that OA interventions may have discordant effects on OA
illness vs disease.

Therefore, both should be considered in development and
evaluation of new therapeutic interventions. Finally, the hetero-
geneity of OA as an entity, and the resulting inherent difficulty in
classifying patients into distinct subgroups or phenotypes, has
prevented the targeting of clinical trials of OA therapies to those OA
phenotypes most likely to benefit and may explain, in part, the
relatively modest effect sizes of most OA therapies to date45.
Improved understanding of the phenotypes of OA has the potential
to enhance the specificity of treatment selection and is sorely
needed.
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s u m m a r y

Introduction: Treatment response in randomized clinical trials (RCT) of osteoarthritis (OA) has been assessed
bymultiple primary and secondary outcomes, including pain, function, patient and clinician global measures
of status and response to treatment, and various composite and responder measures. Identifying outcome
measures with greater responsiveness to treatment is important to increase the assay sensitivity of RCTs.
Objective: To assess and compare the responsiveness of different outcome measures used in placebo-
controlled RCTs of OA.
Search strategy: The Resource for Evaluating Procedures and Outcomes of Randomized Trials database
includes placebo-controlled clinical trials of pharmacologic treatments (oral, topical, or transdermal) for
OA identified from a systematic literature search of RCTs published or publicly available before August 5,
2009, which was conducted using PubMed, the Cochrane collaboration, publicly-available websites, and
reference lists of retrieved publications.
Data collection and analysis: Data collected included: (1) pain assessed with single-item ratings and the
Western Ontario and McMaster Universities Osteoarthritis Index (WOMAC) pain subscale; (2) patient and
clinician global measures of status, improvement, and treatment response; (3) function assessed by the
WOMACfunction subscale; (4) stiffness assessedby theWOMACstiffness subscale; and (5) theWOMACand
LequesneAlgofunctional Indexcompositeoutcomes.Measuresweregroupedaccording to the total number
of response categories (i.e., <10 categories or !10 categories). The treatment effect (difference in mean
change frombaseline between theplacebo andactive therapyarms) and standardized effect size (SES)were
estimated for each measure in a meta-analysis using a random effects model.
Results: There were 125 RCTs with data to compute the treatment effect for at least one measure; the
majority evaluated non-steroidal anti-inflammatory drugs (NSAIDs), followed by opioids, glucosamine
and/or chondroitin, and acetaminophen. In general, the patient-reported pain outcome measures had
comparable responsiveness to treatment as shown by the estimates of treatment effects and SES.
Treatment effects and SESs were generally higher for patient-reported global measures compared with
clinician-rated global measures but generally similar for the WOMAC and Lequesne composite measures.
Conclusions: Comparing different outcome measures using meta-analysis and selecting those that have
the greatest ability to identify efficacious treatments may increase the efficiency of clinical trials of
treatments for OA. Improvements in the quality of the reporting of clinical trial results are needed to
facilitate meta-analyses to evaluate the responsiveness of outcome measures and to also address other
issues related to assay sensitivity.

! 2011 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.

* Address correspondence and reprint requests to: Robert H. Dworkin, Department of Anesthesiology, University of Rochester Medical Center, 601 Elmwood Ave., Box 604,
Rochester, NY 14642, USA. Tel: 1-585-275-8214; Fax: 1-585-276-0122.

E-mail address: robert_dworkin@urmc.rochester.edu (R.H. Dworkin).

1063-4584/$ e see front matter ! 2011 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.
doi:10.1016/j.joca.2011.02.020

Osteoarthritis and Cartilage 19 (2011) 483e492

http://dx.doi.org/10.1016/j.joca.2011.02.020
mailto:robert_dworkin@urmc.rochester.edu
http://dx.doi.org/10.1016/j.joca.2011.02.020
http://dx.doi.org/10.1016/j.joca.2011.02.020


Introduction

An appreciable percentage of patients with osteoarthritis (OA)
are refractory to existing analgesic treatments, and the patients
who do respond to these treatments often obtain only partial relief
of their pain1,2. Considerable effort is therefore being devoted to the
development of new treatments for OA and to conducting
randomized clinical trials (RCTs) to evaluate their efficacy and
safety. In designing these trials, it is critically important that
methodological factors are identified that might improve their
assay sensitivity, which has been defined as “the ability to distin-
guish an effective treatment from a less effective or ineffective
treatment”3. Assuming that the treatment studied is efficacious,
RCTs with greater assay sensitivity are less likely to have falsely
negative study results and can detect treatment effects with
smaller sample sizes. This not only hastens the time to study
completion and reduces costs, but also exposes fewer subjects to
the unknown risks of novel treatments.

An essential aspect of the assay sensitivity of a clinical trial
involves the responsiveness to treatment of its outcome measures.
The importance of assay sensitivity in identifying efficacious
treatments as efficiently as possible provides a compelling rationale
for identifying and then selecting measures that have the greatest
responsiveness (assuming other characteristics of the measures do
not offset this, for example, lack of clinical importance or
substantially increased patient burden).

Response to treatment in RCTs of patients with OA has been
measured by patient-reported assessments of pain, function, and
stiffness as well as by patient and clinician global evaluations of
disease status and response to treatment4e6. Various visual analog
scales (VAS) and numeric rating scales (NRS) as well as disease-
specific outcome measures, such as the Western Ontario and
McMaster Universities Osteoarthritis Index (WOMAC)7 and the
Lequesne Algofunctional Index8, have been widely used as primary
and secondary outcome measures in OA trials. To encourage stan-
dardization among the diverse measures that are available, the
Osteoarthritis Research Society International (OARSI) and Outcome
Measures in Rheumatology (OMERACT) have recommended core
outcome domains and measures for OA clinical trials9e12. For RCTs
of chronic pain conditions in general, the Initiative on Methods,
Measurement, and Pain Assessment in Clinical Trials (IMMPACT)
has recommended consideration of specific outcome domains13,
measures14, approaches to developing new measures15, and strat-
egies for evaluating the clinical importance of treatment
outcomes16,17.

IMMPACT has also created the Resource for Evaluating Proce-
dures and Outcomes of Randomized Trials (REPORT) to examine
relationships between clinical trial research methods and study
outcomes and thereby contribute to the development of an
evidence-based approach to analgesic clinical trial design18,19.
REPORT consists of comprehensive databases of RCTs of acute and
chronic pain conditions (e.g., neuropathic pain, fibromyalgia,
chronic low back pain, and acute post-operative pain), which are at
present limited to trials of pharmacologic treatments. In this article,
we evaluate and compare the responsiveness to treatment of
commonly used outcome measures in placebo-controlled RCTs of
pharmacologic treatments in the REPORT database of OA trials.

Materials and methods

Literature search

The REPORT database of OA clinical trials includes placebo-
controlled trials of pharmacologic treatments identified from

a systematic literature search of RCTs published or publicly avail-
able before August 5, 2009, which was conducted using PubMed,
Cochrane collaboration systematic reviews, publicly-available
websites, and references from published reports of trials that met
inclusion criteria, and other retrieved publications20. The search
terms included “osteoarthritis”, “degenerative joint disease”,
“coxarthrosis”, and “gonarthrosis,” with limits of “Randomized
Controlled Trial”, “Human”, and “English” applied. Only trials that
met the following criteria were included: (1) results reported in
publicly-available sources, including publications and websites
(e.g., www.clinicaltrialresults.org); (2) evaluated oral, topical, or
transdermal pharmacologic treatments; (3) had treatment dura-
tions of at least 7 days; (4) used a parallel group design; (5)
included patients with OA of the knee or hip; and (6) were placebo-
controlled and double blinded (except for one single blind trial).
Clinical trials reported only in abstract form were not included.

Information was extracted on standard forms and entered into
a spreadsheet. Variables collected from each trial that were used in
the present analyses included the following, when available: (1)
eligibility criteria, including joint(s) studied; (2) active treatments;
(3) baseline and endpoint mean values and either the respective
standard deviation (SD) or information fromwhich this SD could be
derived (e.g., standard error, confidence interval); (4) specific
outcome measures and scales used for all primary and secondary
endpoints related to pain, function, stiffness, and patient and
clinician global assessments of status, improvement, and treatment
response; and (5) responder outcomes based on pain reduction,
patient and clinician global or treatment response assessments, and
OMERACTeOARSI responder criteria5,11. The statistical significance
for the comparison of each active treatment groupwith the placebo
group was recorded for all primary and secondary endpoints.

Study outcomes

Data from primary and secondary endpoints using 0e10 NRS,
0e10 cm VAS, and other measures were transformed to a 0e100
scale21. Although NRSs and VASs may have somewhat different
psychometric properties, responses to these two types of measures
of pain intensity are highly correlated and there is no evidence that
their responsiveness to change and to treatment effects differs14.

The placebo group and treatment group mean changes from
baseline and standardized effect sizes (SESs) were determined as
follows:

1. Placebo group mean change from baseline, as reported or
computed as the difference in mean responses at the baseline
and final visits.

2. Active treatment group mean change from baseline, as repor-
ted or computed as the difference in mean responses at the
baseline and final visits.

3. Treatment effect: active treatment group mean change from
baseline e placebo group mean change from baseline.

4. Pooled SD:

ðNTreatment # 1Þ % ðSDTreatmentÞ2þðNPlacebo # 1Þ % ðSDPlaceboÞ
2

NTreatment þNPlacebo # 2

5. SES: treatment effect/pooled SD

When only final visit means were available (i.e., no mean
baseline or change from baseline values were present), expressed
as either actual mean values or mean values adjusted for baseline,
the treatment effect was calculated by subtracting the placebo
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group final mean value from the active treatment group final mean
value. The SES was calculated only for trials that reported the cor-
responding measure of variability (e.g., SD) of the change from
baseline22 or of the final values adjusted for baseline.

Analyses focused on RCTs of efficacious treatments, which were
considered those medications that are “recommended treatments”
for OA in prominent national and international guidelines23,24.
Given the difficulty of establishing which other treatments truly
lack efficacy, supplementary analyses are presented in Appendix I
for RCTs examining all treatments irrespective of whether they
are recommended or not. For trials with multiple arms examining
the same treatment (e.g., different dosages or titration schedules),
a mean value for each treatment was calculated by computing the
average response, weighted according to sample size, across all
arms of the same treatment within a trial so that each active
treatment contributed only one value per trial for each outcome
measure.

The outcome measures were included in the analyses of treat-
ment effects and SESs if there were at least five RCTs with sufficient
data25. Pain-related outcome measures included: (1) “pain”,
representing spontaneous pain, pain at rest, or otherwise undes-
ignated pain; (2) “active pain”, representing pain during a weight-
bearing activity, for example, when walking or standing, but not in
response to passive movement by an examiner or clinician; (3) the
WOMAC pain subscale7; and (4) item one of the WOMAC pain
subscale (pain walking on a flat surface)7. Patient and clinician
measures were based on global assessments (e.g., of OA status or
overall improvement) and on response to treatment of OA. Function
and stiffness endpoints were measured by the WOMAC function
and stiffness subscales7, and composite outcomes were represented
by the WOMAC total score7 and the Lequesne Algofunctional
Index8,26, a 10-item composite measure of pain, stiffness, walking
distance, and other aspects of function. All of these measures were
also evaluated according to the number of response categories for
ratings made by the patient or clinician during the trial, specifically
(1) scales with 10 response categories or more (e.g., NRS with
a 0e10 scale or VAS with a 0e100 mm scale); and (2) scales with
fewer than 10 response categories (e.g., Likert scale with a 0e3
verbal rating scale). Formeasures that consist of multiple individual
rating scales each having fewer than 10 response categories, the
number of response categories was considered the total number of
possible categories; for example, a measure composed of four 0e3
Likert scales with a maximum total score of 12 was considered
a scale with !10 response categories. Responder outcomes were
classified according to the instrument used to categorize
responders and non-responders, specifically, pain (i.e., !30%
reduction), patient and clinician global ratings and treatment
response assessments, and OMERACTeOARSI responder criteria5,11,
which are based on absolute and percentage improvements in pain,
function and patient global assessments.

Statistical analyses

Due to the expected heterogeneity among the different studies
(including eligibility criteria, intervention studied, evaluation
protocol, concomitant treatments, and other factors), overall esti-
mates of treatment effects and SESs for each outcome measure
were obtained from random effects models that treated study as
a random effect27,28. These overall estimates were computed as
weighted averages of the individual study estimates, with the
weights being inversely proportional to the estimated variances of
the individual study estimates27,28. Responder measures with
binary outcomes (i.e., responder vs non-responder, however
defined) were evaluated in the same manner, with the overall
percentage of responders estimated by the weighted average of the

study-specific estimated percentages, with the weights being
inversely proportional to the estimated variances of the individual
study estimates27,28.

The number of response categories used by outcome measures
could be associated with differences in either treatment effects or
SESs, for example, fewer response categories could be associated
with less responsiveness to change. To evaluate this possibility,
mixed effects models with number of scale categories as a fixed
effect (0¼ scales with <10 response categories, 1¼ scales with !10
response categories) and study as a random effect was used.
Because the effect of number of scale response categories was
significant for clinician global status for treatment effect and SES
and showed trends for the other measures that used both of these
two groups of number of response categories, treatment effects and
SESs were summarized overall as well as according to number of
scale categories when an outcome measure had adequate data for
both groups of number of response categories.

The estimates of treatment effect and SES for selected
measures were compared using a mixed effects model with
study as a random effect and the measure of interest as a fixed
effect. The measures selected for comparison were the most
commonly used outcome measures that were similar with
respect to the underlying construct being assessed (i.e., pain,
global status, overall composite outcome): (1) spontaneous pain
vs WOMAC pain; (2) patient vs clinician global assessment; and
(3) WOMAC total score vs Lequesne index. In the comparisons of
these selected measures, when there were studies that had
values for both of the measures, the measure with the greatest
number of values in each of the analyses was discarded from the
study to preserve independence. For the random effects models,
when a trial included two or more different active treatments,
only one active treatment arm per placebo group was retained in
order to preserve independence. A single active treatment arm
was randomly selected from trials with two or more different
active treatments and any other active treatment arms were
discarded.

For each outcomemeasure, the following data are presented: (1)
estimates from the random effects models overall and for each of
the two groups of measures differing in number of response cate-
gories, when data from five or more trials were available25; (2)
overall unweighted means across all arms to show treatment
effects and SESs for the greatest number of treatment arms,
including those for which no measure of variability was available.
The numbers of treatment arms available for the random effects
models are lower than the number of arms used in calculating the
unweighted means because only one active arm per trial was used
and the random effects model requires an estimate of variance that
was not always available. The sample sizes for estimates of the SESs
are often lower than for the treatment effects because SES was
computed only for studies that reported variance adjusted for
baseline values22. In comparing selected measures (e.g., sponta-
neous pain and WOMAC pain) for treatment effects and for SESs,
the sample size is further reduced because one measure was
dropped from studies that reported both measures in order to
preserve independence. In the following presentation and discus-
sion of the results, we focus on estimates from the random effects
models.

Results

A total of 1774 articles were retrieved from the PubMed search,
Cochrane collaboration reviews related to pharmacotherapy for OA,
and the clinicaltrialresults.org website, from which 167 blinded,
randomized, and placebo-controlled trials of oral, topical, and
transdermal therapies for OA of the knee and/or hip were
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identified. Of these 167 reports, 125 studies representing 184
different active treatment arms had sufficient data to compute the
treatment effect for at least one measure. The majority of these
RCTs examined only knee OA (66%), followed by the combination of
knee OA and hip OA (30%), and hip OA only (5%). The categories of
recommended treatments examined in these trials were predom-
inantly non-steroidal anti-inflammatory drugs (NSAIDs) followed
by opioid analgesics, glucosamine and/or chondroitin, and acet-
aminophen/paracetamol (Table I).

Pain

For the pain-related outcome measures presented in Table II,
estimated treatment effects ranged from 7.6 to 9.5 (all outcomes
converted to a 0e100 scale) and estimated SESs ranged from 0.21 to
0.45. Treatment effect estimates were generally comparable
between typically single-item NRS or VAS pain intensity measures
and the WOMAC five-item pain subscale. The SES for the WOMAC
pain subscale (0.45) was appreciably higher than the SES for the
measures of spontaneous pain (0.27), but this difference was not
statistically significant (p¼ 0.09; Table V) and was based on data
from 32 studies (13 for spontaneous pain, 19 for the WOMAC pain
scale).

Responder analyses based on a reduction in pain of !30% from
baseline to endpoint showed a treatment effect of 16.1 (i.e., the
difference in percentages of responders between the active treat-
ment and placebo arms) for scales with !10 categories (there were
inadequate data for scales with <10 categories). These responder
analyses were based on a variety of different pain outcome
measures, including spontaneous pain, pain with activity, WOMAC
pain subscale scores, and pain walking (item one of the WOMAC
pain subscale).

Patient and clinician global measures and response to treatment
measures

Most trials in the database used patient and clinician global
measures of disease activity to assess response, typically as
secondary endpoints. The range in estimates for patient and clini-
cian global measures was 5.6e13.2 for treatment effects and
0.20e0.68 for SESs (Table III). The estimates of treatment effect
and SES were significantly higher for patient global measures
compared with clinician global measures using scales with !10
categories, but the differences were not significant for scales with
<10 categories (Table V). For patient measures of response to
treatment, five trials provided the basis for estimates of treatment

Table I
Active treatment groups according to outcome measure and treatment type for trials with a non-missing value for treatment vs placebo difference or responder outcome

Measure Total number of
active treatment
groups

Non-steroidal
anti-inflammatory
drug, N (%)*

Acetaminophen
(paracetamol),
N (%)

Glucosamine/chondroitiny,
N (%)

Opioid analgesicz, N (%) Other,
N (%)

Pain 83 45 (54.2) 0 (0) 11 (13.3) 11 (13.3) 16 (19.3)
Pain (with activity) 30 24 (80.0) 1 (3.3) 2 (6.7) 1 (3.3) 2 (6.7)
WOMAC pain subscale 99 63 (63.6) 3 (3.0) 4 (4.0) 11 (11.1) 18 (18.2)
WOMAC pain walkingx 21 19 (90.5) 0 (0) 0 (0) 2 (9.5) 0 (0)
Patient global rating 66 53 (80.3) 1 (1.5) 3 (4.5) 4 (6.1) 5 (7.6)
Patient response to therapy 20 17 (85.0) 0 (0) 2 (10.0) 1 (5.0) 0 (0)
Clinician global rating 50 44 (88.0) 0 (0) 2 (4.0) 2 (4.0) 2 (4.0)
Clinician response to therapy 11 10 (90.9) 0 (0) 0 (0) 1 (9.1) 0 (0)
Lequesne algofunctional index 32 16 (50.0) 1 (3.1) 7 (21.9) 0 (0) 8 (25.0)
WOMAC total score 65 36 (55.4) 3 (4.6) 7 (10.8) 5 (7.7) 14 (21.5)
WOMAC function subscale 93 59 (63.4) 4 (4.3) 8 (8.6) 8 (8.6) 14 (15.1)
WOMAC stiffness subscale 82 51 (62.2) 2 (2.4) 7 (8.5) 8 (9.8) 14 (17.1)
!30 % pain reduction responder 14 4 (28.6) 1 (7.1) 2 (14.3) 4 (28.6) 3 (21.4)
Patient responder 61 44 (72.1) 1 (1.6) 7 (11.5) 4 (6.6) 5 (8.2)
Clinician responder 35 26 (74.3) 0 (0) 5 (14.3) 3 (8.6) 1 (2.9)
OMERACTeOARSI responder 18 12 (66.7) 2 (11.1) 4 (22.2) 0 (0) 0 (0)

* Values for numbers of active treatment groups and percentages, which may not sum to 100% due to rounding.
y Individually or in combination.
z Includes tramadol or tramadol in combination with acetaminophen.
x Item one of the WOMAC pain subscale.

Table II
Treatment vs placebo group differences and SESs for pain-related outcome measures for recommended treatments

Measure Pain Pain (with activity) WOMAC pain subscale WOMAC pain walking !30% pain reduction
(% patients)

N* Mean 95% CIy N Mean 95% CI N Mean 95% CI N Mean 95% CI N Mean 95% CI

Treatment vs placebo group difference
All scales, random effects modelz 29 9.4 7.2, 11.6 11 7.7 3.6, 11.8 36 8.4 6.3, 10.5 6 9.5 6.7, 12.3 6 16.1 4.4, 27.8
Scales !10 categories, random effects modelz 27 8.7 6.9, 10.5 10 7.6 3.1, 12.1 36 8.4 6.3, 10.5 6 16.1 4.4, 27.8
All scales, unweighted, all armsx 67 11.4 28 10.3 81 8.9 21 9.9 11 15.7

SES
All scales, random effects modelz 13 0.27 0.11, 0.43 7 0.22 0.08, 0.36 26 0.40 0.27, 0.53 6 0.39 0.25, 0.52
Scales !10 categories, random effects modelz 13 0.27 0.11, 0.43 6 0.21 0.05, 0.37 26 0.40 0.27, 0.53
All scales, unweighted, all armsx 19 0.29 8 0.25 44 0.43 9 0.45

* Number of active treatment arms (one value per treatment).
y CI¼ confidence interval.
z Estimate from random effects model with one randomly selected treatment included per trial.
x Confidence intervals are not provided because their calculation would assume the statistical independence of the results from all of the trials, which does not hold in this

case due to the inclusion of multiple treatment comparisons with the same placebo group in some of the trials.
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effect (17.1) and SES (0.68) for scales with <10 response cate-
gories. There were inadequate data to compute these estimates
for scales with !10 categories and the clinician measures of
response to treatment.

All of the patient and clinician responder outcomes were based
on scales with <10 categories. Treatment effects (i.e., the difference
in percentages of responders between the active treatment and
placebo arms) for patient (23.1) and clinician (24.5) responder
outcomes were very similar.

Function and composite measures

For the function, stiffness, and composite outcome measures,
the estimates of treatment effects (5.3e8.3) and SESs
(0.25e0.37) were relatively modest (Table IV), and the SESs for
the Lequesne index and WOMAC total score were similar

(Table V). There were 11 studies with a total of 18 different active
treatment arms that provided data for the OMERACTeOARSI
responder criteria. The estimated treatment effect (i.e., the
difference in percentages of responders between the active
treatment and placebo arms) was 12.7, which was somewhat
lower than the treatment effects for the responder analyses of
!30% pain reduction presented in Table II and the responder
outcomes based on patient and clinician measures presented in
Table III.

Discussion

We conducted a meta-analysis of the responsiveness of the
outcome measures that are used most frequently in RCTs of OA.
These measures include patient-reported assessments of pain,
physical function, stiffness, global status, treatment response, and

Table III
Treatment vs placebo group differences and SESs for patient- and clinician-rated outcome measures for recommended treatments

Measure Patient global Patient
treatment
response

Patient
responder
(% patients)

Clinician global Clinician
treatment
response

Clinician
responder
(% patients)

N* Mean 95% CIy N Mean 95% CI N Mean 95% CI N Mean 95% CI N Mean 95% CI N Mean 95% CI

Treatment vs placebo group difference
All scales, random

effects modelz
26 10.7 8.5, 12.9 5 17.1 13.2, 21.0 41 23.1 19.8, 26.4 18 8.6 6.6, 10.6 28 24.5 19.6, 29.4

Scales !10 categories,
random effects modelz

20 10.1 7.5, 12.7 7 5.6 3.4, 7.8

Scales < 10 categories,
random effects modelz

6 13.2 10.0, 16.4 5 17.1 13.2, 21.0 41 23.1 19.8, 26.4 11 10.9 8.8, 13.0 28 24.5 19.6, 29.4

All scales, unweighted,
all armsx

61 12.0 20 15.5 56 23.1 48 10.9 11 18.4 34 24.5

SES
All scales, random

effects modelz
19 0.38 0.27, 0.49 5 0.68 0.48, 0.88 15 0.34 0.24, 0.45

Scales !10 categories,
random effects modelz

15 0.38 0.24, 0.52 6 0.20 0.14, 0.26

Scales < 10 categories,
random effects modelz

5 0.68 0.48, 0.88 9 0.46 0.33, 0.59

All scales, unweighted,
all armsx

44 0.44 9 0.66 33 0.40 7 0.74

* Number of active treatment arms (one value per treatment).
y CI¼ confidence interval.
z Estimate from random effects model with one randomly selected treatment included per trial.
x Confidence intervals are not provided because their calculation would assume the statistical independence of the results from all of the trials, which does not hold in this

case due to the inclusion of multiple treatment comparisons with the same placebo group in some of the trials.

Table IV
Treatment vs placebo group differences and SESs for function, stiffness, and composite outcome measures for recommended treatments

Measure WOMAC function
subscale

Lequesne
algofunctional index

WOMAC stiffness
subscale

WOMAC total score OMERACTeOARSI
responder
(% patients)

N* Mean 95% CIy N Mean 95% CI N Mean 95% CI N Mean 95% CI N Mean 95% CI

Treatment vs placebo group difference
All scales, random effects modelz 36 6.8 5.5, 8.2 14 5.3 3.5, 7.1 33 7.4 5.7, 9.2 24 5.5 4.4, 6.6 11 12.7 7.8, 17.6
Scales !10 categories, random effects modelz 36 6.8 5.5, 8.2 14 5.3 3.5, 7.1 22 8.3 5.9, 10.7 24 5.5 4.4, 6.6
Scales < 10 categories, random effects modelz 11 5.9 4.1, 7.8
All scales, unweighted, all armsx 79 7.6 24 5.7 68 8.2 55 6.9 18 13.2

SES
All scales, random effects modelz 26 0.33 0.25, 0.41 6 0.34 0.20, 0.48 25 0.32 0.23, 0.41 15 0.30 0.24, 0.36
Scales !10 categories, random effects modelz 26 0.33 0.25, 0.41 6 0.34 0.20, 0.48 16 0.37 0.25, 0.49 15 0.30 0.24, 0.36
Scales < 10 categories, random effects modelz 9 0.25 0.17, 0.33
All scales, unweighted, all armsx 44 0.35 8 0.37 43 0.34 27 0.34

* Number of active treatment arms (one value per treatment).
y CI¼ confidence interval.
z Estimate from random effects model with one randomly selected treatment included per trial.
x Confidence intervals are not provided because their calculation would assume the statistical independence of the results from all of the trials, which does not hold in this

case due to the inclusion of multiple treatment comparisons with the same placebo group in some of the trials.
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composite outcome, clinician-rated global assessments, and
various responder outcomes. For patient-reported pain outcomes,
there were generally comparable treatment effect estimates for the
different measures, including single VAS or NRS ratings of overall
pain or pain with activity (e.g., pain walking) and the multi-item
WOMAC pain subscale. However, the mean SES for pain rated on
single scales with !10 response categories was considerably lower
than the mean SES for the WOMAC pain subscale (0.27 vs 0.45;
p¼ .09, 95% confidence interval (CI) for difference¼#0.03, 0.40).
Although this difference was not statistically significant and was
based on a total of only 32 trials, SES differences of this magnitude
would have important implications with respect to sample size,
with considerably fewer patients being required for adequate
statistical power if the WOMAC pain subscale were to be used
rather than a single pain rating. However, these results need to be
interpreted with caution because it is possible that confounding
factors d that is, systematic differences between trials using
a single pain rating and those using the WOMAC pain subscale d
may have influenced these results.

The conclusion that different patient-reportedoutcomemeasures
of pain severity may have generally comparable responsiveness to
treatment is consistent with the results of data analyses from single
clinical trials29,30; for example, the difference between improvement
in pain on the WOMAC pain subscale and on a VAS following knee
lavage was not significant29. In research comparing VAS and Likert
versions of theWOMAC31,32, and in other studies of OA pain assessed
using VAS and Likert scales33,34, generally comparable responsive-
ness to change of these different rating scales has been found.
Different pain measures and scales may not always be interchange-
able35, however, and there are circumstances in which one type of
assessmentmight bepreferred14. Althoughwe foundnon-significant
differences in favor of theWOMAC pain subscale, which will need to
be examined in future research, considered together with the results
of previous research, our analyses suggest that different measures of
pain in patients with OA may have generally comparable ability to
identify efficacious treatments.

The analyses of global outcome measures showed larger treat-
ment effects and a trend toward larger SESs for patient-reported vs
clinician-rated measures (but only for measures with!10 response

categories). This result may not be surprising. It is likely that global
assessments made by clinicians are based, in large part, on what
patients report to them, and improvement in pain, which is
a subjective experience, appears to account for a major portion of
the variation in patient global assessments of outcome and treat-
ment satisfaction36. These considerations5,13,14 and our data suggest
that patient global measures are likely to provide more valid and
responsive outcomes in analgesic RCTs than clinician global
measures in most circumstances.

Treatment effects and SESs were generally lower or comparable
for the function and composite measures compared with the pain,
global, and responder outcomes, which is consistent with the
results of other studies in patients with OA29,34,37. Treatment effects
for the OMERACTeOARSI responder criteria were somewhat lower
than for the other responder outcomes, which were typically based
on single-item pain or global ratings. Multidimensional measures
of outcome d such as the WOMAC, Lequesne index, and OMER-
ACTeOARSI responder criteria d may provide a more compre-
hensive assessment of the patient’s overall response to treatment,
but it is not clear why this might lead to lower responsiveness to
treatment effects than found with unidimensional measures. One
possibility is that existingmedications for pain in OA have analgesic
effects that are generally modest and do not reduce pain to low
enough levels for improvements in function to become apparent. In
addition, some of these treatments may not have meaningful
benefits on the additional outcome dimensions included in the
composite outcome measures. Of course, these observed differ-
ences also may be due to chance or confounding.

Our results are based on a meta-analysis of clinical trials that
were conducted using different research designs, treatments, and
outcomes, an approach that has also been used recently to evaluate
the “discriminating power” of outcomemeasures in clinical trials of
fibromyalgia38. A different approach to examining the assay
sensitivity of outcome measures involves evaluating treatment
effects and SESs in a single clinical trial in which each patient
completes all of the measures and patient-level data, rather than
the group means used in our analyses, provide the basis for
comparing measures29,39e41. However, the generalizability of such
results is potentially limited by specific features of the clinical trial,

Table V
Comparison of pain, global, and composite outcome measures for recommended treatments

Measure Pain WOMAC
pain
subscale

Patient
global

Clinician
global

WOMAC
total
score

Lequesne

N* Mean N Mean Difference
(95% CIy)

Pz N Mean N Mean Difference
(95% CI)

P N Mean N Mean Difference
(95% CI)

P

Treatment vs placebo group difference
All scales, random

effects modelx
29 9.6 26 9.4 0.2 (#3.2, 3.6) .90 11 11.8 18 8.7 3.1 (#0.5, 6.7) .09 22 5.7 14 5.2 0.6 (#1.5, 2.6) .40

Scales !10 categories,
random effects modelx

27 9.0 27 9.4 0.3 (#2.9, 3.6) .83 13 12.3 7 5.8 6.5 (2.0, 11.1) .01 22 5.7 14 5.2 0.6 (#1.5, 2.6) .40

Scales <10 categories,
random effects modelx

6 13.2 8 10.5 2.7 (#1.3, 6.7) .19

SES
All scales, random

effects modelx
13 0.27 19 0.45 0.19

(#0.03, 0.40)
.09 7 0.42 15 0.34 0.07

(#0.12, 0.26)
.55 14 0.31 6 0.34 0.03

(#0.11, 0.17)
.65

Scales !10 categories,
random effects modelx

13 0.27 19 0.45 0.19
(#0.03, 0.40)

.09 9 0.50 6 0.20 0.30
(0.07, 0.43)

.01 14 0.31 6 0.34 0.03
(#0.11, 0.17)

.65

Scales <10 categories,
random effects modelx

4 0.41 8 0.47 .06
(#0.15, 0.27)

.56

* Number of active treatment arms (one value per treatment).
y CI¼ confidence interval.
z P value for difference between measures.
x All values estimated from random effects model with one randomly selected treatment included per trial. When both measures were included in the same trial, the

measure with the highest N in each of the three analyses (all scales, scales with !10 categories, scales with <10 categories) was deleted from that trial.
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including patient demographic and clinical characteristics and
study methodology (e.g., trial duration42) as well as the specific
treatment examined. The present meta-analysis provides
a comparative evaluation of the responsiveness of outcome
measures across a broad range of patients, clinical trial character-
istics, and treatments.

It is important to emphasize that the heterogeneity of the
sample of trials we examined is also a limitation of our analyses.
The treatment effects and SESs for the different outcome
measures could reflect not only potential differences among the
measures in responsiveness to treatment but also differences
among trials in methods, treatment efficacy and safety, impu-
tation of missing data, study duration, and random varia-
tion19,43,44. For example, we did not adjust for whether trials
used a flare design, which has recently been shown to accen-
tuate the treatment effects of NSAIDs21, perhaps by enriching for
those patients who are most likely to respond to treatment;
differences in the use of this design across the outcome
measures we examined could have influenced our results. In
addition, the frequency with which the outcome measures we
examined were administered varied greatly among trials; for
example, some RCTs conducted pain ratings on a daily basis and
examined the means of such multiple ratings, whereas others
only captured pain weekly or monthly and examined single
ratings. Measures that use multiple assessments d on different
occasions or within a single measure, for example, the five items
of the WOMAC pain subscale d generally have greater reliability,
which might be associated with increased responsiveness to
treatment effects.

There are other important limitations of our analyses. We
considered glucosamine and chondroitin to be efficacious treat-
ments, although recent evidence suggests that they might not be45

(this conclusion, however, has been disputed46). In addition, it is
widely recognized that negative trials are less likely to be
published, and our analyses were limited to published and publicly-
available RCTs; estimates of treatment effects based on the
published literature are therefore likely to be higher than if all RCTs
could be examined47,48 and this could have influenced our results.
Our analyses were also limited to trials published or reported in
English, and it is therefore possible that the inclusion of RCT results
that are only available in other languages might have altered our
conclusions. Finally, our results must also be viewed with sample
size limitations in mind. Although the number of studies available
for computing estimates of treatment effects and SESs was limited
for some measures, all of the mean estimates we have presented
are based on the results of at least five trials25 and the treatment
effect estimates represent total numbers of patients ranging from
1,296 (clinician treatment response) to 13,486 (WOMAC function
subscale). Nevertheless, it is important to recognize that there were
a substantial number of trials in the database that did not report
information from which an appropriate measure of variability
could be determined for calculating treatment effect and SES esti-
mates. This made the sample sizes for our meta-analyses consid-
erably smaller than if there had been more complete reporting of
the results of the clinical trials in the database. Improvements in the
quality of the reporting of clinical trial results are needed to
facilitate meta-analyses such as those performed here.

The assay sensitivity of an outcome measure is a function of
the separation between measured improvement in the active
treatment group and in the placebo group. It is widely appreci-
ated that substantial improvements in pain occur in the placebo
groups of OA trials20,49, and “excessive” placebo group improve-
ment for an outcome measure could compromise its responsive-
ness. Benefit in placebo groups can be due to multiple factors
alone and in combination, including placebo effects, natural

history, regression to the mean, and various subject, study site,
and research design factors. In future research, it would be
worthwhile to examine whether different types of outcome
measures vary in the extent to which improvement is demon-
strated with placebo treatment. Identifying specific outcome
measures that are less responsive to placebo treatment than are
other measures (while showing comparable responsiveness as the
other measures to active treatments) has the potential to show
greater treatment effects and thereby improve the assay sensi-
tivity of analgesic trials19.

There is little question that our analyses will need to be
updated in several years. One important reason for this is that
new outcome measures and new approaches to evaluating
outcome in RCTs of pain in OA are being developed. For example,
recent research has examined electronic pain diaries of various
types50, including mobile phones51, and such methods may
increase the convenience of collecting more frequent, and
therefore, more reliable pain ratings (although there is little
evidence to date that these measures show greater responsive-
ness to treatment). There has also been increasing attention to
evaluating the clinical importance of outcome measures14,52,
including the identification of low or acceptable levels of
symptoms53,54. In addition, the importance of considering the
patient’s perspective has been emphasized15,55, and initial
attempts have been made to develop patient-centered outcome
measures that assess the specific treatment goals of individual
patients56e58. These efforts may lead to the identification of
outcome measures with greater reliability, validity, and respon-
siveness, which could increase the assay sensitivity of clinical
trials of treatments for OA.
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s u m m a r y

Objective: The symptomatic treatment of osteoarthritis (OA) remains to be improved, as many patients do
not respond well to current palliative therapies and/or suffer unacceptable adverse events. Given the
unmet need for innovative, effective and well-tolerated therapies, it is important to develop the means to
estimate the ongoing safety profile of novel therapeutic agents over short- and longer term use.
Design: Methods are presented to estimate the number of serious adverse events (SAEs) of interest
considered as “acceptable” per 1000 patient-years exposure and to estimate the numbers of patient-
years needed in a randomized controlled trial (RCT) to meet objectives. As exposure is increased, more
evidence is accrued that the overall risk is within study limits. It is equally important that requirements
for delineating the safety of promising new therapies not create barriers that would preclude their
development. Therefore, ongoing surveillance of occurrence of SAEs of interest during clinical devel-
opment is proposed, for example after every incremental 500 patient-years exposure are accrued.
Results: This paper and others in this special issue focus on identification of safety signals for symp-
tomatic treatments of OA. Much less information is available for agents aimed at slowing/preventing
structural progression but it is expected that a higher risk profile might be considered acceptable in the
context of more promising benefit.
Conclusion: This paper provides a proposal and supporting data for a comprehensive approach for
assessing ongoing safety during clinical development of both palliative and disease-modifying therapies
for OA.

! 2011 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.

Introduction

Osteoarthritis (OA) is a common and heterogeneous disease that
occurs worldwide, predominantly in older individuals60,37,52. The
pain, impairment in physical function, and disability associated
with OA vary greatly from mild and intermittent to severe and
continuous51,50,53, prompting patients to seek a wide variety of
treatments, ranging from intermittent use of analgesics to total
joint arthroplasties, with greatly varying associated risks61,34,32.

As cyclooxygenase-2 selective (COX-2) agents were developed
that decreased the risk of gastrointestinal (GI) bleeding1,45, it
became apparent that both non-selective nonsteroidal anti-
inflammatory drugs (nsNSAIDs) and selective COX-2s were asso-
ciated with increased risks for cardiovascular (CV) events43,47,49,25.
Results to date have led to the conclusion that treatment-associated
increases in CV risk vary according to patient characteristics,
underlying risk factors, specific NSAID/COX-2 administered, and
dose and duration of treatment13,2,56,55,31,25,26. Recognizing that
absolute rates of risk are small and the large number of factors
influencing NSAID/COX-2-associated increases in CV risk12,31

means that the incidence of treatment-associated CV events
require evaluation, not only in multinational randomized control
trials (RCTs), but also in large post-approval, randomized pragmatic
trials and longitudinal observational studies (LOS)4,28,56. RCTs,
cohort studies and case control series contribute information to the
evolving safety profile of a novel therapeutic, once approved, and
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each offer different types of information29,7,4,28. To the extent that
assessment of uncommon serious adverse events (SAEs) relies
upon voluntarily reported events in LOS, this may underestimate
adverse event (AE) frequency and/or be confounded by channeling
bias, other unidentified comorbidities and risk factors17,40. In the
case of liver toxicity associated with NSAIDs and in particular with
a recent COX-2 selective inhibitor, lumiracoxib, large numbers of
patients needed be studied to characterize this rare risk.

Uncommon and/or less easily predicted complications of OA
treatment (e.g., idiosyncratic skin rashes, including Stevens -
Johnson syndrome and/or Toxic Epidermal Necrolysis)48, those
reflective of comorbidities (e.g., hypertension (HTN), diabetes)6,
and/or polypharmacy frequently present in subjects with OA5,44

should also be considered. Recent data and RCTs indicate as many
as 40e50% of OA subjects have HTN; they are twice as likely to
develop a myocardial infarction (MI) and 70% more likely to suffer
a cerebrovascular accident (CVA). In addition there is an associated
increased risk of type II diabetes, with its own attendant CV risks.
Other common comorbidities in the OA population include chronic
obstructive pulmonary disease (COPD), peptic ulcer and other GI
diseases, increased risk of obesity and metabolic syndrome and
increased incidence of CV disease with increasing age, impairment
in renal function and osteoporosis11,58,59. Thus, it is important that
novel therapies under development include drugedrug interaction
studies in this patient population as well as information regarding
instability in blood pressure, blood glucose, and/or renal function
during RCTs e and that CV events be carefully surveilled.

A question posed by the U.S. Food and Drug Administration
(FDA) in 2007 regarding the Draft 1999 Guidance Document for
development of novel agents for treatment of OAwas “What should
the size and duration of exposure of the safety database be for
agents offering symptomatic relief?”18. This paper outlines
recommendations for ongoing evaluation of the safety of novel
agents for symptomatic treatment of OA. Other therapies, including
topical or intra-articular agents that do not result in significant
systemic drug exposure are not considered. In addition, pure
analgesics without anti-inflammatory effects are not addressed.
Simple analgesics, over-the-counter (OTC) acetaminophen and oral
opioid drugs, have significant well-recognized safety risks, and are
not included in this discussion46,42,41,10.

Recommendations provided address studies of novel agents and
it is acknowledged that the known safety profile for any new
therapy will almost certainly evolve after approval and subsequent
administration to thousands and millions of patients rather than
the limited numbers typically involved in a clinical development
program, also including those with comorbidities that would
otherwise preclude their participation in pre-approval RCTs. The
following discussion is also undertaken with the assumption that
any newmolecular entity in development for symptomatic relief of
OA should have no evidence of risks beyond those identified with
currently approved therapies since these agents are palliative in
nature and do not alter the natural history of the disease. An
acceptable safety profile for a disease-modifying agent may also be
very different than that for a symptomatic therapy and a certain
degree of greater risk may be acceptable for achievement of this

benefit57. The magnitude of benefit with a novel palliative therapy
for OA should be an important determinant of the number of
patients required to demonstrate an acceptable understanding of
its associated risk.

Current guidances

Safety databases vary according to size and populations studied,
whether pre- or post-approval, by recognized risks, and class of
therapeutic agent (Table I). Depending upon an a priori concern
regarding SAEs based upon nonclinical information or results from
early trials, larger studiesmay be required to better characterize the
safety profile of a new therapy. As it is difficult to predict the safety
profile of a novel agent and accurately determine the 95% confi-
dence intervals (CIs) around the incidence of uncommon to rare
SAEs, it is recommended that ongoing estimates of risks during
clinical development be performed to inform decisions regarding
the size of the database required for approval.

The previous 1999 FDA OA Draft Guidance Document did not
specifically address safety recommendations19 and International
Conference on Harmonization (ICH) recommendations published
in 199433 were generally applied for development of novel agents
that would be used both intermittently and regularly on a chronic
basis. The ICH guidelines recommend 1500 patients as the
minimumnumber of subjects to have received a new therapeutic at
any dose for any time period; 300e600 patients be treated for
6months and aminimum of 100 patients for at least one year at the
proposed dose.

With identification of relatively rare SAEs of variable incidence,
the evaluation of risk based upon exposure (e.g., number of events
per 100 patient-years) has become important. For example, clinical
development programs with 3-month RCTs in OA aimed at
assessing symptomatic relief typically have resulted in databases
with approximately 1000 patient-years of exposure. As noted
above, these limited databases may not permit identification of rare
but likely important SAEs. For example, early biologic inhibitors of
tumor necrosis factor (TNFa) for treatment of rheumatoid arthritis
(RA) were approved with limited databases, and post-marketing
surveillance was required to identify uncommon SAEs such as
opportunistic infections, lymphomas and malignances38,27. Post-
approval recognition of these SAEs motivated the requirement for
2500 patient-years of exposure for approval of subsequent new
disease-modifying anti-rheumatic drugs (DMARDs) for treatment
of RA22e24.

Similarly, FDA has recently issued two guidances for evaluation
of new agents for treatment of diabetes mellitus (DM), recom-
mending a minimum of 3000 patient-years of exposure20 and
based on recognition of increased CV risk in subjects with Type 2
DM, 5000 patient-years of exposure21.

Requirements for safety assessments are based upon point
estimates of relative risk and the 95% CIs estimated around that
risk. In the past relatively rare risks were better defined and 95% CIs
narrowed by performance of large post-marketing safety trials
conducted with the goal of increasing exposure byw5000 patient-
years and/or by studies which included subjects with more

Table I
Size of safety databases

Patient-years exposure
(approximate)

Osteoarthritis efficacy studies and ICH guidelines (estimated summation) 1000
DMARD approvals in RA (disease-modifying anti-rheumatic drugs: synthetics: 1998!; biologic agents: 2002!) 2500
DM CV risk guidance for approval (based upon RR 95% upper CI <1.8) 3000
DM CV risk guidance safety study (based upon RR 95% upper CI <1.3) 5000
OA CV outcome studies (TARGET, MEDAL, PRECISION studies) 10,000e30,000

V. Strand et al. / Osteoarthritis and Cartilage 19 (2011) 493e499494



underlying comorbidities than those enrolled in pre-approval RCTs.
Based on “signals” identified during clinical development, such
post-approval studies are requested on a more frequent basis. The
recent guidance from the FDA regarding CV risk assessment for new
therapies in Type 2 DM provides insight into why such recom-
mendations have been issued.

The current guidance to assess pre-approval CV risk of therapies
for Type II DMproposes that the upper limit of the 95% two-sided CI
of the risk ratio relative to control must be <1.8 and the absolute
risk ratio <1.5, representing a nominally significant increase. A risk
ratio <1.3 may not require a post-marketing safety trial and those
intermediate between 1.3 and <1.8 will require a clearly demon-
strated positive benefit/risk ratio to support approval. Some
scenarios of numbers of patient-years of exposure accrued that are
unlikely to meet risk criteria are illustrated in Fig. 1, based on
identification of major adverse cardiac events (MACEs) of CV death,
fatal or non-fatal MI or CVA. Increasing numbers of patient-years of
follow-up are required to be included in RCTs to identify SAEs with
sufficient power (say 80%), especially if the predetermined inci-
dence of SAEs of interest is rare and if the aim is to exclude risk
ratios <1.8 with the incidence of interest equal to 2%, Fig. 1 shows
the power is approximately 78% with 3000 treated and 2000
control patient-years of follow-up; if the incidence is 1%, then the
power is approximately 83% with 7000 treated and 4000 control
patient-years of follow-up. Clearly this poses a challenge as CV
event rates in RCTs are generally "1% and do not approach 2%
except in particularly high-risk populations. Similarly, event rates
are lower in subjects with newly diagnosed or earlier disease, with
fewer comorbidities; recognizing also that high-risk patients are
generally excluded from RCTs early in clinical development.

In Appendix 1 a formula is presented to statistically estimate the
number of patient-years of follow-up needed in RCTs to meet these
objectives. For example, if approximately 14,800 treated patients-
years and 7400 control patient-years have been accrued with an
SAE rate of 0.5%, then the power to exclude a rate ratio of 1.8 is 80%.
Effective implementation of a guidance requiring absolute risk be
determined as <1.3e1.5 will be challenging, likely increasing clin-
ical development times by 1e3 years and a minimum of $150e300
million in costs. Clearly these cost implications will limit the
incentives for identifying and proving new therapies.

Symptomatic treatment of OA

Symptomatic agents for the treatment of OA are administered
to large numbers of patients in a primary care setting15. Typically

they are systemically active and may interact pharmacokinetically
and/or pharmacodynamically with other therapies/drug classes
and non-pharmaceutical agents (e.g., herbal remedies)8,14. Thus,
the safety of oral treatments for OA must be carefully charac-
terized in multiple settings with chronic intermittent and daily
use.

Risk assessments for newly approved agents in a given thera-
peutic class continue to change over time following introduction of
the first products into the clinic to identification of SAEs with new
members of the class still in clinical development. The probability
of identifying rare SAEs, typically identified via the Adverse Event
Reporting System, increases with long-term exposure of larger
numbers of patients with more diverse demographic and clinical
characteristics than those enrolled in RCTs4.

Based upon the above discussion, the following is proposed for
assessment of novel therapies for OA. Minimum requirements by
ICH guidelines require a database of 2500e3000 patients followed
for one year if the SAE incidence rate is 0.1% (Table II).

A database of 2500e3000 patient-years will detect at least one
SAE with high certainty if the incidence rate is of 0.1%. A standard
phase 3 program, which meets current FDA requirements, has
approximately 50%!75% power to exclude a hazard ratio of #1.8 in
terms of CV events, assuming a 1%e2% rate in the study population
(Fig. 1). Assuming that the observed event rate in such a phase 3
program is approximately 1%, additional clinical work will be
necessary to better define the overall risk. To increase power,
options could include either increasing exposure and number of
patients in the pivotal trials or conducting a separate safety study
(initiated prior to submission but likely not completed before
approval). At present, a CV outcomes trial would likely require
>20,000e30,000 patients treated for at least 3 years, akin to that
planned in OA by the PRECISION (Prospective Randomized Evalu-
ation of Celecoxib Integrated Safety versus Ibuprofen or Naproxen)
study3.

Predicated on the above guidance for the diabetic population, it
is possible to extrapolate this requirement to patients with OA, who
are usually older but with similar comorbidities and overall 10-year
risk for development of coronary heart disease36,16,39. It is possible
to develop a statistical estimate of the number of SAEs of interest
considered as “acceptable” per a chosen number of patient-years
exposure. As an example, for an SAE rate of 1/1000 patient-years,
one can calculate that after 3065 patient-years of exposure, there
should be nomore than 6 SAEs, or the estimated lower limit of a the
95% CI of the true SAE rate exceeds 1/1000 patient-years. (see
Appendix 1)

Fig. 1. Patient Exposure Recommendations from DM. Guidance Unlikely to Meet CV Risk Criteria. Power to exclude a Hazard Ratio or Risk Ratio of #1.8 or #1.3 based on SAEs of
MACEs based on 3000 e 7000 patient-years exposure of the new therapy vs 2000 e 4000 of an active control with incidence of adverse events between 0.25 to 2%.
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This acceptable SAE rate can be calculated repeatedly as patient-
years are accumulated throughout the clinical development
program. Hence, one could propose that once an SAE of interest was
identified, the number accrued as each RCT is completed could be
calculated. As exposure is increased the 95% CIs around the risk
would narrow, and either lend more or less confidence to the
estimate that the overall risk remains within the predefined
acceptable rate, for example <1/1000. These assumptions permit
establishment of CI’s for actual SAE rates, to decide if they violate
the predefined “acceptable rate”. For the example, after 1000
patient-years of follow-up one expects 10 such SAEs, but as many as
15 SAEs could occur before establishing with 95% certainty that the
true rate exceeds the predefined rate. Once 3000 patient-years
have been accrued, as many as 39 SAEs could occur before estab-
lishing with 95% certainty that the true rate exceeds the predefined
rate. The example in Appendix 1 illustrates how a proposal could be
pre-specified that after every incremental 500 patient-years
exposure are accrued, the number of observed SAEs of interest
would be compared to the allowable limit to determine if the SAE
rate is in danger of violating the “acceptable” rate. This requires an
ongoing surveillance of the occurrence of SAEs of interest in the
clinical development program, but may preclude the need for large
expensive post-marketing surveillance studies.

Statistically, this same metric can be applied to patient pop-
ulations in post-marketing surveillance. Practically, this requires an
agreement regarding an estimate of patient-years and confidence
that all SAEs are reported and adjudicated. More realistically, this
metric for RCTs can be applied to LOS to monitor SAEs of interest
after more patient-years of follow-up are accrued, as in current
registries for RA and other health provider databases. Critical
considerations include the definition of SAEs of interest, such as
MACEs as well as the definition of an “acceptable” SAE rate per 100

patient-years exposure and the power available to rule out exces-
sive rate ratios. As an example, Table III presents CV risk estimates
based on RCTs, cohort studies and case control series with selected
NSAIDs.

Post-marketing commitments for RCTs and/or observational
studies should be focused upon patient populations likely to be at
higher risk for uncommon AEs and, therefore, not frequently
studied in sufficient numbers prior to approval to estimate such
risk. There should be a commitment to collect safety information
after approval to narrow the “window” of CI estimates around
actual risks (known or unknown) to <1:10,000e1:30,000. To ach-
ieve this, RCTs and other means (e.g., claims databases) should be
used. The present recommendations also take the position that an
outcomes study prior to registration should not be required if the
SAE rate of interest remains low and within the acceptable pre-
defined limits.

Remaining questions

There are a number of questions that remain to be addressed
regarding the safety of OA treatment. The most important of these
include:

$ Do the comorbidities in OA require considerations similar to
those in diabetic populations?

$ What approach to safety analysis do we employ for non-
systemically absorbed, topical and/or intra-articular-
administered products?

$ How should we assess safety for potentially structure-
modifying and/or “preventive” agents?

$ How do we strike a “reasonable balance” between potential
risk and promising benefit?

$ What would be the impact on sample size calculations of
identified genetic polymorphisms potentially affecting both
safety and efficacy?

$ In this regards, what role might population pharmacokinetics
play?

$ If we can enrich enrolled patient populations for extreme
examples of the above (e.g., extensive and poor metabolizers
and/or patients expressing higher vs lower levels of target
receptor), how might we reduce sample sizes?

Expensive large scale RCTs may not answer the appropriate
questions, due to types of patients accrued and well-recognized
confounders such as dropouts and appropriate comparator agents,
as well as the duration needed to generate sufficient data. It is
hoped that this proposal offers a flexible approach to assess the
safety of a promising novel therapy in OA that is also pragmatic.
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Table III
CV risk estimates from various databases for selected NSAIDs

Drug Database CV risk or hazard rate (95% CI)

Celecoxib RCTs 1.10 (0.70e1.60)
1.30 (0.60e2.60)
2.30 (0.90e5.50)

Cohort studies 1.32 (0.69e2.16)
Case control series 1.01 (0.90e1.13)

Naproxen RCTs 1.57 (0.87e2.61)
Cohort studies 0.94 (0.85e1.04)
Case control series 0.96 (0.84e1.10)

Ibuprofen RCTs 1.18 (0.93e1.19)
Cohort studies 1.12 (0.90e1.38)
Case control series 1.06 (0.95e1.18)

Diclofenac RCTs 1.05 (0.93e1.19)
Cohort studies 1.36 (0.51e3.65)
Case control series 1.36 (1.21e1.54)

Strand Lancet 2007 [McGettigan et al. summarized with permission and Solomon,
et al. updated for Lancet 2007 publication]

Table II
ICH estimates for study duration, exposure, and characterization of AE incidence
rates (ICH, 1994)

Duration Time Exposure
(patients)

Incidence Rate
characterized

Short-term "3 months 1500 w1%
Mid term 6 months 300e600 0.5e5%
Long-term 1 year 100 3%
Not ICH characterized #1 year 2500e3000 0.1%

ICH guidelines (E1, 1994) are considered “minimums” to characterize the safety of
a new agent, but:
$ Don’t reveal rare (<1/1000) or long-ter AEs nor,
$ AEs in at risk or special populations (for example those with HTN, on low-dose
aspirin or other concomitant medications)
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Appendix 1. Statistical methodology

Let ti denote the person-years of observation of the i-th patient
in a cohort of N patients followed within the interval of time [0, T],
and M ¼

Pn
1 ti denote the number of patient-years of observation

of the entire cohort. During the follow-up period each patient
either does or does not have the serious adverse event (SAE) of
interest.

Let di ¼ 1 if the i-thpatienthasa serious adverseeventanddi ¼ 0
if the patient does not have a serious adverse event.

Let K represent the random variable for the number of SAEs and
let k ¼

PN
1 di; that is, k¼ number of events observed in the interval

[0, T].
Assume that K is distributed as a Poisson random variable with

mean and variance equal to the theoretical rate (l) that we wish to
estimate, multiplied by M. Thus

Probability ðK ¼ kÞ ¼ e!lMðlMÞk1
k!

(1)

The mean (“expected value”) and variance of K are both equal
lM. The rate estimator is given by K/M, which is estimated by k/M.

The variable K/M is approximately normally distributed and
a confidence interval for the rate is more accurately estimated by
natural logarithmic transformation. The lower and upper one-
tailed bounds of the 95% CI of ln (K/M) are estimated by

lnðk=MÞ ! 1:645=
ffiffiffi
k

p

lnðk=MÞ þ 1:645=
ffiffiffi
k

p (2)

Should two-sided intervals be required, then replace 1.645 by
1.96 in the equation (2) expressions.

Number of SAEs allowed for a given number of patient-years of
follow-up

By taking the exponential of the above interval one obtains the
lower bound of the 95% CI for the rate itself,

k
M
e!1:645=

ffiffi
k

p
(3)

Let L¼minimum total number of patient-years of follow-up that
the study subjects could have accrued by time T, at which time k
SAEs have occurred, to establish with 95% confidence that the true
rate does not exceed “Y/1000” patient follow-up years. The choice
of “Y” is pre-specified; for example, if Y¼ 1, then the rate is 1/1000
years of follow-up, or 0.1% per year of follow-up. Formula (3) above
is the one used to derive numerical results. This is done in two steps
as follows:

(i) Set
k
L
e!1:645=

ffiffi
k

p
¼ Y=1000

(ii) For a fixed number of SAEs (k), solve equation (i) for L

Example 1: If Y¼ 1 and k¼ 6,

L ¼ ke!1:645=
ffiffi
k

p

Y=1000
¼ 6

1=1000
e!1:645=

ffiffiffi
6

p
¼ 6ð0:5109Þð1000Þ=1

¼ 3065:4 years:

This would be rounded up to L¼ 3066 years. In words, if there
are least 3066 years of patient follow-up at which time at most 6
patients have been identified as having had the SAE, then the
Investigator can be assured (with 95% confidence) that the
evidence at that time does not support a conclusion that the true
SAE rate exceeds 1/1000 patient-years of follow-up. However, if
either 6 SAEs have occurred before 3066 patient-years have been
accrued or if 7 SAEs have occurred in the first 3066 years of follow-
up, then there is 95% confidence that the true rate exceeds 1/1000
patient-years of follow-up.

Example 2: How a proposal could be pre-specified during drug
development that after every incremental 500 patient-years of
exposure are accrued, the number of observed SAEs of interest
would be compared to the allowable limit, to determine if, with 95%
confidence, the SAE rate is in danger of violating a pre-registration
“acceptable” rate. The SAE rate of interest chosen for this example
equals 1% (10/1000 patient-years of follow-up).

Calculating the number of patient-years of observation for
a controlled clinical trial comparing SAEs with a rate ratio

Assume the two groups to be compared are a treatment group
followed for MT patient-years and a control group followed for MC
patient-years in the ratio r¼MC/MT and the number of SAEs after
MT (orMC) patient-years of follow-up is Poisson distributed; that is,
with mean and variance equal to the theoretical rate lT (or lC)
multiplied by MT (or MC), as represented by equation (1) above.
Assume kT and kC are the observed numbers of SAEs observed in the
treatment group and control group, respectively. The aim is to
demonstrate that the true ratio, R¼ lT/lC is not greater than a pre-
specified amount, RU say.

Number of allowed SAEs 8 15 21 27 33 39 44 50
Number of patient-years 500 1000 1500 2000 2500 3000 3500 4000
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Formally, the null and alternative hypotheses are HO : lT=lC #
RU and H1 : lT=lC < RU . The estimates of lT and lC are denoted by
l̂T ¼ kT=MT and l̂C ¼ kC=MC . The null hypothesis is rejected in
favor of the alternative hypothesis if l̂T ! l̂C RU is “small enough.”

If the alternative hypothesis is true, assume lT¼ lC¼ l, so that
R¼ 1. In what follows we present formulas forMT andMC assuming
the hypotheses are tested at the a-level of statistical significance
with power¼ (1-b). Using themethods presented byMiettinen and
Nurminen (Reference: Miettinen O and NurminenM. “Comparative
analysis of two rates.” Statistics in Medicine 1985;4:213e226) and
by Laster and Johnson (Reference: Laster LL and Johnson MF.
“Non-inferiority trials: the ‘at least as good as’ criterion.” Statistics
in Medicine 2003;22:187e200), denote the null and alternative

variances of l̂T ! l̂C RU by V0 and V1, respectively.

V1 ¼ lð 1
MT

þ R2
U

MC
Þ and V0 ¼ lT

MT
þ lC

MC
R2U where lT and lC are

maximum likelihood estimators of lT and lC under the null
hypothesis restriction lT=lC ¼ RU . The restricted maximum like-
lihood estimators are lC ¼ lð1þ rÞ=ðRU þ rÞ and lT ¼ lCRU . Then

MT ¼

"
Za

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
lT þ lC

#
R2U=r

$r
þ Zb

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
l
h
1þ

#
R2U=r

$ir %2

l2ð1! RUÞ2
(4)

and

MC ¼ rMT (5)

where Zu is the upper u-th percentile of the Standard Normal
distribution.

Example 1. A trial has accrued 5000 patient-years of follow-up in
the treatment group (MT¼ 5000) and 3000patients-years of follow-
up in the control group (MC¼ 3000). The predetermined SAE rate of
interest is 1%, expected to be equal in both groups (l¼ 0.01). Choose
1.8 as the upper limit of the rate ratio (RU¼ 1.8) that is of interest to
exclude at the 5% 2-tailed significance level (Za¼ 1.96). Then r¼MC/
MT¼ 0.6, lC ¼ 0.0067 and lT ¼ 0.012. Solving equation (4) for Zb
gives Zb¼ 0.54. Referring to the cumulative Standard Normal
distribution, power¼ 70.5%. This is in close agreement with the
power presented for this approximate scenario in Fig. 1.

Example 2. The aim is to design a post-registration study with
80%power (Zb ¼ 0.84) at the5%2-tailed significance level (Za¼ 1.96)
to rule out a rate ratio of 1.8 or larger (RU¼ 1.8) where the pre-
determined SAE rate of interest is 0.5%, expected to be equal in both
groups (l¼ 0.005). Assume twice as many patients will be treated
than controls, so r¼ 0.5. Then lC ¼ 0.0033 and lT ¼ 0.0059. From
equations (4) and (5), MT¼ 14,775 patient-years and MC¼ 7388
patient-years. As presented in Fig. 1, if approximately 7000 treated
patients-years and 4000 control patient-years have been accrued
with the predetermined SAE rate of interest equal to 0.5%, then the
power to exclude the rate ratio of 1.8 is approximately 56%.
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s u m m a r y

The design and execution of prevention trials for OA have methodological issues that are distinct from
trials designed to impact prevalent disease. Disease definitions and their precise and sensitive
measurement, identification of high-risk populations, the nature of the intervention (pharmaceutical,
nutraceutical, behavioral) and its potential pleiotropic impacts on other organ systems are critical to
consider. Because prevention trials may be prolonged, close attention to concomitant life changes and co-
morbidities, adherence and participant retention in the trial is of primary importance, as is recognition of
the potential for “preventive misconception” and “behavioral disinhibition” to affect the ability of the
trial to show an effect of the intervention under study. None of these potential pitfalls precludes
a successful and scientifically rigorous process and outcome. As technology improves the means to
measure and predict the OA process and its clinical consequences, it will be increasingly possible to
screen individuals for high-risk phenotypes, combining clinical factors with information from imaging,
genetic, metabolic and other biomarkers and to impact this high-risk condition to avoid or delay OA both
structurally and symptomatically.

! 2011 Published by Elsevier Ltd on behalf of Osteoarthritis Research Society International.

Osteoarthritis (OA) is the most common specific arthritis
condition, affecting 27 million people in the United States in 20051.
Knee and hip OA are generally considered to have the greatest
impact due to effects on ambulation2. OA of these joints accounted
for 97% of the total knee replacements and 8% of the total hip

replacements for arthritis in 20043. OA, however, is frequently
a generalized condition, involvingmultiple joint sites, including the
hand, knee, hip, great toe, and spine, all of which can be associated
with significant symptoms and disability4e6.

In 2007, the Osteoarthritis Research Society International (OARSI)
was awarded a contract from the Federal Drug Administration (FDA)
to review issues related to the design and conduct of clinical trials for
OA, particularly pertaining to agents purporting to effect disease
modification (See Introduction to Issue). Several categories of
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inquiries, and Working Groups to examine them, were established,
including Imaging, Biomarkers, Definition of Disease State, Safety,
and Prevention and Risk Reduction. This paper will discuss the
outcome of deliberations by the Working Group for Prevention and
Risk Reduction. This Working Group was composed of individuals
from academia and the pharmaceutical industry. The remit of this
group was to examine potential outcome measures, the desirable
duration of, and population for, an OA prevention trial, and the safety
database and acceptable risk that would be required for prevention.
Lastly, a research agenda to inform these issues was requested.
Through a series of face-to-face meetings, telephone conferences,
and electronic mail exchanges over almost 2 years, the members of
the Working Group discussed these relevant questions, reviewed
literature as required to inform answers, and presented the final
product to a public forum attended by representatives from the FDA,
the OARSI, and the National Institutes of Health (NIH), and academic
and industry/private foundation communities.

Generally, clinical trials in OA have addressed three major types
of outcomes: (1) symptoms of pain, function, and stiffness; (2)
structural disease progression; and (3) replacement of affected
joints. The clinical trials in OA to relieve symptoms of pain or
stiffness and to improve function may involve pharmaceutical
or nutraceutical agents7, devices (i.e., braces, shoe orthotics), or
behavioral interventions, such as weight-reduction, exercise, or
increased physical activity8e12. The less common disease-modi-
fying trials aim to demonstrate slowing of the rate of structural
progression, (frequently measured by change in joint space nar-
rowing on radiographs of the knee or hip13e15) and have employed
pharmaceuticals or neutraceutical with, for example, putative
anti-oxidant properties, the ability to inhibit cartilage degradative
enzymes, impact bone turnover, modulate inflammation, or
enhance or induce cartilage repair and/or lubrication16,17. The goal
of these trials is to prevent structural progression of established
disease, or to prevent disability or the need for total joint replace-
ment, an indicator of total joint failure, in those with established
disease, ie tertiary prevention. A third major type of OA trial
involves evaluation of actions intended to assure the safety, effi-
ciency, and efficacy of joint replacement.

This report will address the primary and secondary prevention
and risk reduction of structural and symptomatic indicators of OA.
These types of trials face specific hurdles because the onset of OA
can be insidious and progression slow, with consequently, the need
for trials of long duration, or the use of proxy measures with
imperfect sensitivity and specificity for development of OA clinical
outcomes, to allow the trial to be feasible. This report will discuss
definitions, eligible populations and high-risk groups to whom
initial prevention efforts might be directed for proof of concept, and
possible outcome/surrogate outcome measures for primary and
secondary prevention and risk reduction (Fig. 1). Then, an example

of a prevention and a risk reduction trial for knee OA, directed at the
high-risk group of those who are overweight or obese, and young
athletes at risk of knee injury, respectively, will be proposed. These
example trial designs are directed at knee OA with the under-
standing that OA in other joint sites (i.e., hands and hip) may have
different prevalences, different risk factor profiles, different natural
history of development and unique measures to define the disease
state. Therefore, the approaches in these examples may not be
generalizable to OA affecting joints other than the knee. In these
examples, the recommended duration of a trial and appropriate
database for safety will be outlined. Finally, ethical issues
surrounding the conduct of clinical trials for OA prevention will be
introduced.

Definitions of prevention and risk reduction

For the purposes of this report, prevention refers to those agents
or actions that curtail or delay the onset or new occurrence of
clinically diagnosed OA at the joint site of interest, in someone
initially without evidence satisfying the clinical definition of the
condition. Components of this definition may include structural
evidence, e.g., on radiographs, and characteristic signs and symp-
toms, e.g., bony enlargement, crepitus, and/or pain. This report will
not address tertiary prevention, or treatment, to modify the
progression of established disease or achieve the maximum
accommodation of living with established disease. Risk reduction
refers to decreasing specific and modifiable risk factors associated
with the development of OA, in an attempt to decrease the likeli-
hood of developing OA or to delay its onset. For example, since
obesity and overweight are strong risk factors for knee OA, aweight
loss intervention could be evaluated to determine its ability to
reduce the risk of developing knee OA in the obese. Similarly, since
joint trauma, with its frequently resultant altered biomechanics, is
a strong risk factor for the development of OA, an intervention to
alter abnormal biomechanics in those with joint injury could also
be considered in a preventive context for OA. Further, an inter-
vention to prevent joint injury in the first place would be an
example of risk reduction. It must also be acknowledged that an
intervention may be both a preventive measure and a risk reduc-
tion measure, i.e., a weight loss intervention would fit both cate-
gories though the outcomes would differ (incident OA vs loss of
weight).

Because the presentation of OA is frequently generalized, i.e.,
occurs in more than one joint in more than one joint group, an
intervention could be applied in someone with OA in one joint site,
in order to prevent the development of OA in another joint site
unaffected at the start of the trial. For example, those with hand OA
could be the subject of a prevention trial to prevent the develop-
ment of OA in the knees or hips6. This situation blurs the distinction
between incidence of new disease and progression of established
disease, and may need to be considered on a case-by-case basis,
with statistical methodology applied to allow for the non-inde-
pendence of multiple joints within the same person. This also
suggests that collection of information about joints beyond the
target joint should be considered at the beginning and throughout
the trial, both for the purpose of recognizing important secondary
effects of the intervention and for identifying potential safety
signals of the intervention.

Study populations

In a prevention trial, the optimal study population to demon-
strate efficacy most efficiently would be at high risk for future OA,
but free of full evidence satisfying an accepted and operational
disease definition. However, the initial testing of an intervention onFig. 1. Structural abn’l¼ structural abnormality.
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a high-risk population is not without drawbacks, as this may limit
generalizability, necessitating further testing on others with
varying degrees of risk. Or, the efficacy of agents which might be
effective in those of lower risk, but prove ineffective in the “high-
risk” population, would remain undiscovered. Ultimately, the study
population selection cannot be dictated and is dependent upon the
definition of disease that is employed and overall goals of the trial.

A prevention trial study population can be selected to represent
the three major domains of disease definition related to OA: (1)
structural compromise, (2) pain and other symptoms, and (3)
impaired function. Additionally, physiological/immunological/
genetic locally or systemicallymeasuredbiomarkers, such as synovial
fluid aggrecan, serumC-reactive protein (CRP) or cartilage oligomeric
matrix protein (COMP), urinary type II collagen telopeptides (uCTX-
II), or combinations of biomarkers, might be incorporated to either
define an at-risk population or to exclude individuals from selection
into a prevention trial18. Further, population selection can be predi-
cated on addressing each of these domains singularly or in combi-
nation19. For discussion of the current state of qualification of
biomarkers for OA, the reader is referred to the article in this issue on
Biomarkers.

Eligible study populations for trials to prevent
structurally-defined OA

If the eligible population for a prevention trial is to be free of
structurally-defined OA, one option for defining a “disease-free”
population includes enrollment of persons with Kell-
greneLawrence (KeL) radiographic grades 0 or 1. Decision-
making based on the selection of a population with a KeL score of
KeL¼ 0 vs KeL¼ 1, which is designated as “doubtful OA” must
acknowledge that there is an embedded probability that indi-
viduals with a KeL¼ 1 have early OA20, or the underlying
conditions leading to OA, but have not yet been identified
definitively radiographically. This probability should be factored
into estimating the sample size and developing data analytic
strategies. Similar concepts apply if the study population lacks
knee OA, defined as the absence of a definite osteophyte.
Currently, there are very limited data organized to inform these
design issues; this is the rationale for this report including a call
to identify and organize data to support making evidence-based
design choices.

An example of the type of data needed comes from the 15-year
study of the natural history of knee OA development (the Michigan
Bone Health and Metabolism Study) encompassing 660 women
who were aged 24e44 at the 1992 study inception. The women
were recruited from a population-based sample to increase the
likelihood of generalizability of the findings. Radiographs, taken
every 3 years, were scored by two radiologists using KeL defini-
tions for OA knee severity.

The probability of moving from one KeL score to the same or
a different KeL score in a 3-year period was estimated using
Markov transition modeling. Estimating the probabilities of tran-
sitioning from a KeL score of 1 (proposed here as an example for
a prevention trial) to other KeL scores reveals the impact of age and
body mass index (BMI) and provides evidence to define inclusion
and exclusion criteria in the prevention trial.

At age 50, the probability that a KeL¼ 1 score would remain at
a KeL¼ 1 score 3 years later was 54e59% when BMIs ranged from
25 kg/m2 to 35 kg/m2 [Fig. 2(A)]. The probability of transitioning
from KeL¼ 1 score to KeL¼ 2 score in a 3-year period ranged from
8% in non-obese women to 15% in women with a BMI" 35 kg/m2
[Fig. 2(B)]. The probability of transitioning from a KeL¼ 1 score to
a KeL¼ 3 score in a 3-year period is less than 2% (data not shown
graphically). This evidence-based approach increases the likelihood

of having efficiently designed trials of prevention practices to
forestall the development of knee OA.

Efforts are underway to define structural changes of knee OA by
techniques other than the standing knee radiograph. For instance,
static magnetic resonance imaging (MRI) to define OA based on
morphologic changes in cartilage, bone or other soft tissues21 or
functional magnetic resonance imaging (fMRI) or other types of MRI
measures (such as delayed gadolinium-enhanced MRI of cartilage
[dGEMRIC], T2-mapping, T1rho, sodium imaging, etc) to define OA
based on compositional changes in cartilage, bone or other soft
tissues22,23 may become modalities of choice. Currently, there is no
agreed upon definition of OA based on these technologies. However,
the field is rapidly evolving, i.e., the OARSI FDA Initiative Imaging
WorkingGroup is currently developing criteria for the early diagnosis
of kneeOAusingMRI, and thesedevelopmentsmust beanticipated in
developing future trials (See article on Imaging in this issue).

Eligible study populations for trials to prevent symptoms of OA

If the eligible population lacks characteristic defining symptoms,
especially pain or stiffness, the limits of allowable symptomsmust be
carefully defined, includinghowpain is to beassessed, its severityand
duration, and the allowable frequency for transient pain, and poten-
tially whether or not pain in joints apart from the target joints are

Fig. 2. Three-year transition probabilities of KeL score of 1 (doubtful OA) staying at a
KeL¼ 1 or progressing to a KeL¼ 2 to OA as a function of age (years) and BMI (kg/m2):
designing a prevention trial of knee OA. (A) Transition probability of KeL¼ 1 score
staying at KeL¼ 1; (B) Transition probability of KeL¼ 1 score to a KeL¼ 2 score,
indicative of OA.
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considered informative. The use of usual and rescue medications,
such as analgesics or non-steroidal anti-inflammatory drugs
(NSAIDs), also needs to be factored into themethodologic strategy to
assess symptoms of OA24. Depending upon the mode of action of the
agent under study, it may be necessary to disallow some usual or
rescue medications to decipher the effect of the intervention unam-
biguously. For example, if the mechanism of action of the agent to be
used effects pain relief through disruption of bone turnover, it might
be necessary to exclude the use of drugs that affect bone turnover,
such as bisphosphonates. If a drug is related to narcotics, it might be
necessary to exclude the use of narcotics as rescuemedication. Again,
these issues, critical to the design of prevention trials, cannot be
dictated and must be decided in the context of the trial under
consideration.

Eligible study populations for trials to prevent functional decline
from OA

If the eligible study population is to be free of functional perfor-
mance impediments, investigators will need to determine whether
inclusion criteria are based on self-report instruments or perfor-
mance-based assessments. There are numerous questionnaire-based
instruments to characterize functional status (See article on Func-
tional status measures in this issue). For the selection of a study
population, it is particularly important to choose an instrument or
combination of instruments that have a known specificity (the
knownprobability of truly being free of functional compromise), and
that specificity should be relevant to the population fromwhich the
prevention trial population will be recruited. The use of perfor-
mance-based assessment in prevention trial recruitment is limited
by the relative absence of normative data in persons younger than
age 65, thereby precluding the ability to estimate the probability of
any specific assessment value’s actually representing the disease-
free state for a prevention trial. Further, there aremany determinants
of function which may or may not be directly relevant to OA. Alter-
natively, these measures may be considered to be estimates of an
“at-risk” state and therefore eligible for study in a prevention trial; it
is important that the predictive capacity of these performance
measures over a period of time for increased compromise be known.

Use of biomarkers to define eligible study populations for prevention
trials in OA

If the eligible study population will be selected based on
physiological or immunological biomarker measures, there are at
least two expectations. First, there must be adequate information
to discern when a specific value of the biomarker(s) truly repre-
sents a “disease-free” state and, second, information about the
rapidity of the biomarker change (if treated as a continuous vari-
able) or conversion (if treated as a discrete variable) in relation to
the development of disease, must be known and available. Addi-
tionally, the biomarker must have been previously validated
against a clinically relevant endpoint for its use as a surrogate
measure25. Even if the biomarker is used only as a criterion for
inclusion or exclusion for participation in a prevention trial, it must
have sufficient evidence of predictive relevance to warrant its
application. Further discussion of this topic is found in the article
on Biomarkers.

High-risk groups to target for prevention and risk reduction

For primary prevention and risk reduction, careful character-
ization of the relevant risk factor of interest is as critical as being
able to define the absence of OA. It is important to be able to (1)
define and measure the risk factor unambiguously, and (2) know

the relative contribution of the risk factor to OA disease develop-
ment, the average duration to disease manifestation among those
with and without the risk factor, and the prevalence of the risk
factor in the population. Clinical risk factors for OAmay be joint-site
specific, i.e., rupture of the anterior cruciate ligament (ACL) as a risk
factor for the development of knee OA. Other risk factors may exert
systemic effects on risk of OA in multiple joints. The latter situation
includes factors such as age, female gender, overweight and obesity,
endocrine disorders, and family history or genetically-defined
population subgroups. Although not all of these are modifiable,
they may influence participant selection criteria in certain trials.

As our measurement tools become increasingly sensitive and
precise, it may be possible to classify the risk status of individuals
and groups based on characteristics such as cartilage lesions on
MRI, levels of biomarkers associated with OA development, or
possession of a specific genotype.

Sample trial design for prevention of knee OA in overweight
and obese

- The following is presented for illustrative purposes only, and
should NOT be considered a prescriptive mandate for the
design of a prevention trial. Further, as definitions of at risk
populations change and measurements of the disease process
and outcomes advance, it is expected that design features of
such a trial would necessarily evolve as well. It is critical to
enrich the probability of including individuals who may
develop knee OA in a shorter and feasible time frame that
acknowledges that clinical trials of long duration are not only
costly, but are difficult to implement (i.e., to conduct an
interventionwithout drift or maintain a study group compliant
with the protocol, etc.). Including persons with an increased
likelihood of developing disease will improve the ability to
determine the intervention’s effectiveness in preventing
disease, but may limit generalizability.

Proposed study population

The study population for a primary or secondary prevention trial
should be structured to the proposed intervention. A reasonable
“high-risk” study population for a prevention trial could consist of
ambulatory, community-dwelling men and women aged 50e65
years with: (1) no more than a “questionable” osteophyte (KeL¼ 1)
in the medial or lateral tibiofemoral compartment (2) knee varus or
valgus malalignment (angle" 2# and$ 10#); (3) BMI" 30 kg/m2

and$ 45 kg/m2; (4) sedentary lifestyle, i.e., no participation within
the past 6 months in an exercise program that incorporated more
than 30min/week of formal exercise; and, (5) the absence of inter-
view-determined knee pain or limited function for a month-long
time period. Scores on either questionnaire-based or performance-
based functional assessment will reflect values considered in the
“normal” range for men and women in the 50e65 year age range. A
detailed record ofmedication use should be collected at baseline and
for each specific follow-up testing interval.

Rationale for criteria

- Use of KeL¼ 1 rather than KeL¼ 0, 1 should increase the
likelihood that individuals will develop OA20.

- A 30< BMI< 45 kg/m2 is likely to include a population that is
obesebut able to participate in adesignated intervention, and for
which normative measures are interpretable. The range of BMI
should be evaluated for population groups of shorter stature,
such as first generation Asian enrollees to BMI of 25e35 kg/m2.
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- Potential study participants with a BMI> 45 kg/m2 should be
considered for exclusion because of the difficulty in using
computerized tomography and MRI equipment to characterize
hard and soft tissue structures. Additionally, in this group, there
is a lower exercise compliance rate associated with high BMIs26.

- Including only those with moderate malalignment (varus or
valgus knee angle" 2 and$ 10#) will potentially allow more
rapid development of disease, because medial and lateral knee
OA progression is strongly associated with moderate malalign-
ment, and this may or may not be independent of body size27.
However, this is not absolute, since data supporting the role of
malalignment in the development of new knee OA is
controversial28,29.

Possible interventions

Interventions could be pharmacologic or non-pharmacologic.
Importantly, an intervention in a primary or secondary prevention
trial has unique elements in that (1) implementation is likely, but
not definitely, to require a protracted administration period; (2)
the administration cannot generate risk of accentuating other
potential on-going disease processes; and (3) a careful weighing of
the costs and benefits must occur. For example, bariatric surgery
might be considered a candidate intervention for a primary
prevention trial for OA, but its use imposes unique consideration
for other heath costs and risks of morbidity and mortality. One
way to address this issue could be to append an ancillary study for
prevention of knee OA to an on-going trial of bariatric surgery for
other outcomes. An active drug (unknown at this point) could be
directed toward decreasing inflammation and/or pain or
improving weight management. A functional intervention might
include measures to modify alignment and/or build strength. A
behavioral intervention could be directed toward increasing
physical activity, changing the type of physical activity, or modi-
fying dietary practices.

It is also possible that a preventive intervention might not have
to be administered over prolonged periods of time. Such a situation
might obtain in the setting of acute joint injury, in which hypo-
thetical Agent X might be injected into the injured joint weekly for
4 weeks. Assessment of such a regimen could improve the feasi-
bility and tolerability of delivering the intervention itself, but would
not eliminate the need for prolonged assessments to ascertain
whether the agent inhibited the onset of OA and whether it is safe.

Primary outcomes

If the trial hypothesis is that an intervention in a prevention trial
among obese adults with no or doubtful evidence of radiographic
knee OA (KeL¼ 0,1) will be associatedwith a delayed onset of knee
OA compared to the placebo group, this delay could be reflected in
two co-primary outcomes: less symptom report and minimal
structural change in relation to the untreated group. Candidate
measures to detect these areas include changes in: (1) KeL score or
minimal joint space and (2) questionnaire-based pain assessment.
Other potentially relevant outcome measures could include newer
technologies once they have been validated, such as MRI with or
without T2-mapping to assess morphological changes in joint
structures or articular cartilage degradation and/or bone marrow
lesions. As imaging and molecular techniques advance to the stage
where they could be surrogates of downstream clinical outcomes, it
may be that an intervention might be able to show a primary effect
on structure of the OA process, regardless of its immediate effect on
symptoms. While examples of prevention in other medical condi-
tions abound, e.g., interventions directed toward lowering serum
cholesterol or altering lipid profiles to prevent future

cardiovascular events30,31, or altering bone mineral density to
prevent osteoporotic fractures32, it is unlikely that requirements for
a proposed intervention to affect relevant clinical outcomes would
be waived entirely.

Secondary outcomes

Secondary outcomes could include some or all of the following
largely predicated on the nature of the proposed intervention:
(1) clinical measures of function, pain andmobility; (2) mechanistic
measures of the OA disease pathways such as knee alignment, knee
external adductor moment, knee joint compressive and shear
forces, and; (3) biomarker measures of pro-inflammatory mole-
cules (e.g., interleukin-6 (IL-6), Tumor Necrosis Factor-a, CRP) and
joint metabolism (e.g., uCTX-II, COMP); (4) lower extremity
strength and power; (5) limb proprioception; and (6) abdominal
and thigh fat depots measured by CT; (7) adverse effects associated
with the intervention; and (8) quality of life.

In addition to OA outcome measures, investigators need to
select or develop appropriate measures of intervention-related
processes and adherence to the intervention.

Study time line

Depending upon the factors discussed above, a primary
prevention trial is likely to require a 10-year follow-up with data
collected from participants at 1 or 2-year intervals. The interval
distance should be based on time required to detect meaningful
differences in the measures of interest and motivate subjects to
maintain optimal participation in the trial. For example, MRI, knee
X-ray, gait, and strength might be measured biannually (years 2, 4,
6, 8, and 10), while biomarker levels might be assessed every 3e6
months. Proposed trials of shorter duration, with proper justifica-
tion of clinically relevant outcomes and safety monitoring, would
likely improve feasibility.

Sample trial design for prevention of knee OA by preventing
knee injury

Many of the issues above also apply to trials of injury prevention,
but the latter have a number of unique, key design features worthy
of separate discussion and illustrated by a trial of an educational/
exercise intervention vs an attention control to prevent knee injury
in high school female basketball players. This is an example of a risk
reduction trial to prevent injury that might later lead to knee OA.

Selecting a sample/population

Injury prevention trialsmust identify populations at considerable
risk of the relevant injury. Low risk populations are inefficient to
study because event rates are minimal, requiring very large samples
or longer trial duration, which may lead to contamination across
study arms and considerable attrition of study participants. Sports
teams,military trainees and other such groups exposed to high levels
of demanding physical activity are appropriate at-risk populations.

Unit of randomization

Such prevention studies often require cluster-randomized
designs, in which the unit of randomization is the group, not the
individual subject. These may include sports teams, schools, sports
leagues, or even towns. For the trial of female basketball players, the
cluster group is the high school team. The rationale for randomizing
at the group level is to reduce contamination, or diffusion of the
intervention to the control group. For example, if two basketball
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players on the same team are randomized to separate arms, the
player randomized to receive exercises may show the exercises to
the player in the control group. Cluster randomization reduces this
risk. Furthermore, cluster randomization permits the group to be
incorporated into the intervention. When an entire school is
randomized to an educational intervention arm, the investigators
can display injury prevention educational posters in the school and
not worry about contamination. Cluster-randomized designs are
typically costly in terms of sample size because each observation is
not independent. The more similar the outcomes are among
members of the group, and the larger the cluster group, the greater
the sample size needed to overcome the non-independence.

Intervention protocol

Interventions in injury prevention trials must be delivered in
a standardized fashion at all intervention sites. This requires
training, reliability assessment, site visits, and logistical work to
ensure that the intervention is administered similarly across
diverse settings. In this example, a basketball injury prevention
program allocated at the school level needs to be delivered iden-
tically despite differences in the gyms, practice schedules and
coaches’ styles in different schools.

Outcome assessment

Assessments must be done in a standardized fashion at regular
intervals using well-defined, reproducible outcome definitions. In
many trials the outcome is injury, but investigatorsmust clarify what
constitutes an injury (a sore knee for an hour? a day? with swelling,
defined by whom? had to leave practice or game? had to miss next
game? radiographic or imaging findings, e.g., ligamentous injury,
meniscal injury, fracture?). This assessment should ideally be made
by an observer blinded to random intervention assignment.

Statistical analysis

The analysis of cluster-randomized intervention trials must use
techniques (such as generalized estimating equations) that account
for clustered observations33 or risk artificially lowering variance
estimates and over-stating the statistical significance.

Methodological considerations for prevention trials

Study design

As these examples illustrate, the double blinded, randomized,
placebo or active comparator study design is the gold standard, but its
appropriateness is dependent upon the agent and the availability of
known effective interventions for primary preventions. Many likely
interventions may be difficult or impossible to blind completely.
Further, many potential primary prevention interventions, such as
the injury prevention trial, may be more effectively delivered using
cluster randomization, where the community is the unit of analysis,
rather than the individual33. In this case, contamination related to
community behavioral or other change can influence results and
must be rigorously addressed34. Therefore, selection of study design
for the trialwill bedependent upon intervention, thedegree towhich
individual implementation is feasible, and the capacity to include an
effective placebo.

Adherence

It is a particular problem for long-term interventions, particu-
larly if participants do not readily perceive benefit from continued

participation or experience other barriers. Both the active inter-
vention and placebo groups will require supplemental behavioral
components to maintain adherence, and the inclusion of an
adherence specialist on the study team may be wise.

There are also organic factors that may influence adherence. It
may be appropriate to assess for depression symptoms and design
interventions and intervention monitoring to address their impact
in terms of both individual behaviors as well as interactions of
depression therapy with the intervention for OA. Female enrollees
are likely to be in the midst of the menopause transition and the
degree of symptoms and stage of the transition are likely to influ-
ence both behaviors and potentially structural tissue responses.
This suggests that adherence management needs to be prepared to
deal with concomitant symptomatic conditions and potential
interventions associated with those symptoms. The proposed age
range is likely to reflect other competing illness processes that may
affect adherence, as well as directly impact intervention effective-
ness and potential for side-effects.

Recruitment

It is the life-blood of any clinical trial; however, recruiting for
a primary prevention trial imposes requirements that are not
always evident in treatment trials. Recruitment could be enhanced
by using complementary strategies coupled with a system that
provides feedback on each strategy’s effectiveness and cost35. Mass
mailings and media (newspaper, television, internet) may be
effective in some settings. Depending upon the age of the primary
prevention target population, having strong ties with local aging
service networks and access to senior centers, churches, drug
stores, shopping malls, and other sites where older adults gather
could be important but may be ineffective for the population
50e65 years. Most health science centers maintain a large database
of adults who have signed consent to be contacted about partici-
pating in future clinical trials; however, it is important to identify
why these adults are associated with such registries and if their
registration is associated with diseases that may impinge on the
intervention or decrease the likelihood that they are going to be
free of OA.

Experience has proven that on-goingmonitoring of the recruitment
process is necessary to achieve study goals and to review recruitment
activities, plan new activities, and monitor the number of contacts24.
Close attention should be given to the gender and minority
frequencies of those who qualify for, and enroll in, the study.

Safety database for trials of prevention of OA

Because a prevention trial for OA could involve an intervention
with active agents administered to otherwise healthy individuals, or
to individuals with co-morbid conditions, for extended periods of
time, the safety database must be extensive and involve information
frommultiple organ systems. The extent of this safety database may
depend upon the intervention. For example, systemically-adminis-
tered interventions may have pleiotropic effects, e.g., statins or
bisphosphonates36e39, reinforcing the need to monitor multiple
organ systems for toxicity. A more localized intervention, such as an
unloading brace, might not require the same degree of vigilance for
safety in remote organ systems. Observations must also be long in
duration, particularly for agents that might impact the immune
system and be associated with infections or subsequent develop-
ment of cancer. Finally, when trials are of considerable duration, such
as in these cases of OA prevention, careful monitoring of evolving
technology that might impact the long-term assessment of outcome
must also occur. See article on Safety as part of this issue.
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Ethical issues for prevention trials

As recently reviewed40, rheumatology clinical trials may involve
some issues that pose specific ethical concerns. This may particu-
larly be the case in prevention trials for OA. First, since currently no
clearly effective agents exist, novel agents to be used in primary
prevention must first include substantial testing on healthy
volunteers or people with early disease to establish viability.
Prevention trials necessarily involve people who may not have the
disease in question, who may not ever get the disease, or who
might experience a relatively benign course even with no inter-
vention. Further, for a condition such as OA, which develops over
years, any effective agent for prevention would likely need to be
administered for a prolonged time, possibly beginning at an early
age. The potential for multi-system toxicity must be monitored,
especially in younger individuals who may be of reproductive age
when the agent is started.

Some preventive interventions may be directed at the pop-
ulation level, rather than provide benefit to a specific individual.
An example of this would be a vaccine study. In this instance,
studying a treatment in a person with disease can be profoundly
different than studying an intervention in healthy people. Studies
in other diseases have shown that study participants may have
misconceptions about the potential effectiveness of a preventive
intervention and/or may have inflated estimates of the likelihood
that they will be randomized to get the active agent, and may have
exaggerated impressions of the likelihood that the intervention
will be personally effective for them. Simon and colleagues have
called this the “preventive misconception,” defined as “the over-
estimate in probability or level of personal protection that is
afforded by being enrolled in a trial of a preventive interven-
tion”41. This can be particularly problematic when accompanied
by “behavioral disinhibition” or the adoption of behaviors that
may pose a risk to the participant or others. This has been
observed in persons participating in a HIV vaccine trial, in which
individuals had an increase in risky behaviors41. In the case of OA,
various scenarios could be imagined, in which behavioral disin-
hibition could occur. One could imagine that someone with
a strong family history of OA, or even someone who possessed
a very high-risk genotype, might be less vigilant about main-
taining a normal weight because of a false expectation that the
preventive agent he/she received in a trial will be effective and
protect him/her from his/her increased risk of OA. These issues
emphasize the critical importance of the informed consent
process in OA trials, particularly those for prevention.

Recommendations for future research

First and foremost is the requirement that research continue to
work to refine definitions of OA, utilizing genetic, biochemical, and
imaging biomarkers and psychometrically valid questionnaires and
performancemeasures,with the goal of diminishing ambiguity in the
currently used metrics and increasing their clinical relevance.
Collection of extensive biological specimens, e.g., serum, plasma,
DNA, RNA, urine, should be a part of all of these on-going and future
studies.

Observational studies with both short and long-term follow-up
can be particularly helpful in this regard, to define molecular, struc-
tural and symptomatic correlates of disease and to identify risk
factors predictive of the development of disease and its clinical
impact. Attention to gender and minority inclusion, with the requi-
site consideration of distinct issues regarding their propensity to
participate in prevention trials, should be a part of this research
agenda. Observational studies can be particularly helpful in the
following activities:

% Evaluation of existing datasets with particularly long follow-up
times (10, 20 ormore years) in order to identify risk factors that
may be exposed long in advance of disease onset.

% Extended follow-up as adults of cohorts established during
childhood, adolescence, and early adulthood, for the develop-
ment of OA.

% Extended, detailed follow-up of inception cohorts of thosewith
acute joint injury, with detailed information regarding the
events and treatmentmodalities applied in the acute setting, as
well as other potential risk factors.

% Evaluation of existing datasets with detailed genetic, biomarker,
and imaging data to expand our information about various OA
phenotypes along the continuum from molecular to pre-radio-
graphic OA, to radiographic to symptomatic OA.

% Addition of short follow-up times (i.e., months), to studies of
existing cohorts to obtain sensitive, dynamic imaging and other
biomarker data to aid prediction of the development of struc-
tural and clinical disease.

% Evaluation of distinct ethnic/racial sub-populations to ascer-
tain accurate assessment of the burden of disease in these
groups, differences in risk factor profiles, and genetic, imaging,
and biomarker sub-types in order to tailor trials to relevant
groups, (i.e., differences in BMI that might be used to screen
Asians or African Americans into prevention trials for the
overweight/obese).

% Methodological studies of distinct threats to validity of
prevention trials and their execution, related to cultural differ-
ences in attitudes toward trial participation and risk factor
reduction; techniques to maximize adherence and retention;
and ways to measure and overcome biases such as preventive
misconception and behavioral disinhibition. As one example,
the use of technology, such as hand-held devices and the
Internet, for participant recruitment, retention and data collec-
tion, is becoming more widespread and will continue to evolve.
The study of the impact of such methods upon prevention trials
in general will likely inform future prevention trials for OA.

An additional future direction may be a multi-center clinical
trial of a non-pharmacologic intervention, alone and in combi-
nation with a pharmacologic co-therapy, that can alter mecha-
nisms in the pathological pathway (e.g., decrease knee joint
loading and reduce inflammation) to OA and thus lower its inci-
dence. The 2009 NIAMS Roundtable presented a roadmap for how
prevention trials should be organized. For large multi-center
trials, NIAMS will identify the most qualified investigators who
will be required to first establish the need for a larger trial with
results from a planning grant or similar study. This will allow
applicants to demonstrate their abilities to design and manage
clinical trials before launching a full-scale project. The large-scale
project should be comprehensive, incorporating clinical (e.g.,
pain, function), mechanistic (e.g., inflammation and knee joint
loading), and structural (e.g., quantitative cartilage morphology
with qMRI, semi-quantitative whole joint scoring) outcomes.
Demonstrating the ability to identify and target people who are at
high-risk of OA will be crucial as this will lay the foundation for
primary prevention efforts.

Secondary prevention is equally important. Knee trauma, such as
ACL or meniscus injury, is a strong predictor of subsequent knee OA.
Considering the young age at which many of these injuries occur,
knee joint replacement at a relatively young age is a distinct possi-
bility, possibly followedby a second replacement after 10e15 years. A
secondary prevention trial with outcomes related to the risk of knee
replacement would have important public health implications. Knee
and hip strengthening in young adults with knee trauma to reduce
the risk of knee replacement would be an example of a secondary
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prevention trial. A synopsis of the NIAMS roundtable can be found at
the location listed below.

% (http://www.niams.nih.gov/news_and_events/Meetings_and_
Events/Roundtables/2009/ortho_OA.asp).
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s u m m a r y

Osteoarthritis (OA) is the most common type of arthritis and a major cause of chronic musculoskeletal
pain and functional disability. While both pharmacologic and non-pharmacologic modalities are rec-
ommended in the management of OA, when patients with hip or knee OA do not obtain adequate pain
relief and/or functional improvement, joint replacement surgery or other surgical interventions should
be considered. Total joint arthroplasties are reliable and cost-effective treatments for patients with
significant OA of the hip and knee. Evidence from cohort and observational studies has confirmed
substantial improvements in pain relief with cumulative revision rates at 10 years following total hip
(THA) and total knee arthroplasties (TKA) at 7% and 10%, respectively. Joint replacements have been used
in most every synovial joint, although results for joints other than hip and knee replacement have not
been as successful. The evolution of new device designs and surgical techniques highlights the need to
better understand the risk to benefit ratio for different joint replacements and to identify the appropriate
methodology for evaluating the efficacy and optimal outcomes of these new devices, designed to treat
OA joints.

! 2011 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.

Introduction

1n 1999, the Food and Drug Administration (FDA) drafted
a guidance document for industry on clinical development
programs for drugs, devices, and biological products intended for
the treatment of Osteoarthritis (OA)1. Since thenmuch progress has
been made in the development of devices and drugs for the
treatment of OA leading the FDA to request additional information
to assist in their ongoing work to finalize the draft guidance.

Beginning in 2007, the Osteoarthritis Research Society Interna-
tional (OARSI) convened a number of working groups represented
by leading researchers, academicians and clinicians to lead a critical

appraisal of the scientific advances made over the past decade
related to OA. The Working Group on Devices considered a number
of key issues, including the appropriate study design and outcome
measurements that should be considered in clinical development
programs for new devices designed to treat OA joints.

The Medical Device Amendments of 1976 defined devices as an
entity intended for diagnosis, cure mitigation or prevention of
a disease or condition or an entity intended to affect the function or
structure of the body that does not achieve its primary intended use
through chemical action or metabolism.

Overview

Total hip (THA) and total knee arthroplasty (TKA) have both
shown effectiveness in relieving arthritis associated pain,
improving physical function, and enhancing health-related quality
of life2,3. Favorable outcomes following THA and TKA are well

* Address correspondence and reprint requests to: V.M. Goldberg, University
Hospitals Case Medical Center, Department of Orthopaedics, 11100 Euclid Avenue,
Cleveland, OH 44106, USA.
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establishedwithin the literature based not only on the effectiveness
of the surgical and technical aspects of arthroplasty, but also on
patient centered outcomes, including patient satisfaction4.

Evidence from cohort and observational studies has confirmed
substantial improvements and durability of the devices with
cumulative revision rates at 10 years following THA and TKA at 7%
and 10%, respectively5. Joint replacements have been used in almost
every synovial joint; however, results for other joints have not been
as successful as those observed after hip and knee replacement.

Newer device designs and surgical techniques are rapidly
evolving. For example, spinal OA presents a significant healthcare
problem in the USA resulting in severe disability and enormous
societal costs. New products for spinal pathologies are being
developed, including cervical and lumbar disc replacement, lumbar
dynamic internal fixation stabilization, facet replacement, and
interspinous distraction devices. To date, these new products have
met with variable outcomes in clinical use6,7.

Hyaluronans (HA) represent another area of research. While HA
have been used intra-articularly as an approach to the treatment of
the pain associated with knee OA, recent preclinical studies sug-
gested that HAmay also have a diseasemodifying effect on articular
cartilage8. However, no clinical studies have confirmed this
potential mechanism of action9e11.

Implantable biological devices, such as cell-based treatments for
repair of articular cartilage, have also recently been introducedwith
variable results12.

FDA: regulatory pathway for device approval

Many of the devices recently introduced to the marketplace fol-
lowed the FDA 510(k) guidance. A 510(k) is a premarket submission
made to the FDA demonstrating that the device to be marketed is as
safe and effective (i.e., substantially equivalent) and is similar to
a currently marketed device (a predicate device). Much of the
necessary information required for approval of the proposed device
is based on the previous assessment of the predicate device.
Companies must compare their proposed device to one or more
similar marketed devices and provide support of their “substantial
equivalency” claim. Once a new device is determined by the FDA to
be substantially equivalent, it can be marketed in the USA. The
parameters bywhich a device is considered to be equivalent include:

! Having the same intended use as the predicate device; and
Having the same technological characteristics as the predicate;
or

! Having the same intended use as the predicate; and
Having different technological characteristics and the infor-
mation submitted to the FDA:
e Does not raise new questions of safety and effectiveness;

and
e Demonstrates that the device is at least as safe and effect as

the currently marketed device.

If a device is not considered substantially equivalent, a company
may be required to submit a premarket approval application (PMA).
The PMA requires far more scientific and regulatory documentation
to the FDA demonstrating the safety and effectiveness of the device
than is necessary for a 510(k). Occasionally, the FDA will require
a short-term clinical trial as part of a 510(k) clearance; however,
randomized controlled trials, registries, and retrospective reviews
performed to further assess the efficacy of the device are typically
required post approval13e15.

In 1999, Dr Henrik Malchau presented a conceptual approach to
device approval that spans both the 510(k) and PMA process,
without the intention of fitting the framework into the current

regulatory process. This approach included a phased innovation
process of preclinical study followed by rigorous quantitative
metrics to assess the true effectiveness of the device16,17. Preclinical
metrics would be established through existing standards produced
by the American Society for Testing and Materials (ASTM) or the
International Organization for Standardization (ISO), as well as
other guidelines developed specifically for each device. Examples of
rigorous clinical metrics that he suggested would include validated
physician and patient directed clinical assessment tools and
quantitative measures to assess the functional abilities of the
patient. Thesemight include kinematic studies, unique quantitative
measures such as Radiostereometric Analysis (RSA) methodologies,
or simple tools such as muscle testing and the sit-to-stand and 6-
min walk tests.

Regardless of the care with which safety and effectiveness of
a new device are determined through preclinical studies or pre-
approval clinical trials, the ultimate assessment of its performance
emerges through post-market surveillance. The Swedish Hip and
Knee Registries, for example, have provided data for the successful
assessment of the survival of devices used by a broad spectrum of
surgeons in sufficient numbers of patients leading to more cost-
effective approaches for the use of devices18e20. A limitation of
many registries, however, is that they use revision surgery as the
primary and often only outcome measure, with little or no infor-
mation on patient-reported outcomes. Nonetheless, the use of
registries provides a valuable tool in establishing performance and
could be adapted to the study of unique implantable biological
devices and products that combine biologics, drugs, and devices.

In anticipation of the increased demand for total joint arthro-
plasties and the continued advancements in the development of
other devices, biologics, and new surgical techniques for the
treatment of OA, it is important to consider how the efficacy,
benefit to risk ratio, and clinical outcomes of these new products
will be assessed.

Measuring the efficacy of devices

Devices, especially orthopaedic devices, do not fit into the same
definition of efficacy defined by the FDA for pharmacological
treatments. The time course for showing efficacy in a device such as
a total joint replacement is usually much longer than pharmaco-
logic treatments, since devices are intended to demonstrate pain
relief and return of function over a period of years. Efficacy early in
the time course may reflect the variables associated with the
surgical procedure and not the performance of the device itself. The
compromise for assessing the efficacy of joint replacement has
been to select a suitable time frame combined with acceptable
outcomes that reflect efficacy. For joint arthroplasty, for example,
orthopaedic surgeons and the editorial boards of respected peer-
reviewed orthopaedic journals have accepted 2 years as the
minimum acceptable time period for assessing efficacy. Acceptable
measures of efficacy are less agreed upon, though most joint
arthroplasty surgeons rely on hip or knee scores that encompass
both pain and function. However, specific instruments to measure
efficacy of devices that have been validated and reflect outcomes
include the Western Ontario McMaster University Osteoarthritis
Index (WOMAC) , the Knee Society Clinical Rating System and
the Oxford-1 Item Questionnaire for the knee. The hip outcome
measures that are validated include the Harris Hip Score and the
Hospital for Special Surgery Hip Rating. These latter scoring
systems, however, do not take into consideration changes in the
patient’s medical condition and age so that a Short-Form Health
Survey (SF-36) is useful to assess the health-related quality of life
aspects of outcome21.
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This general approach has been accepted by the FDA and device
manufacturers and should remain. However, the effectiveness of
the implant should be differentiated from that of the surgical
procedure. Additional research should focus on what specific
endpoints can be assessed to determine failure modes. Currently
a device with a relatively low failure rate, as identified by data
collected from a large number of surgeons/surgical procedures, is
considered efficacious. It is unlikely, however, that a common time
point such as 2 years is appropriate for all devices used in the
treatment of OA. Certain failure modes for joint replacements, such
as osteolysis, are know to emerge only after many years of service,
while new devices that incorporate biologics or drugs may
demonstrate effectiveness over time courses much shorter than 2
years.

HA-based viscosupplements are currently indicated for the
treatment of pain related to knee OA that is unresponsive to simple
analgesics. These products require clinical safety and efficacy data
as part of their PMA application to obtain FDA approval. Because
they are intended to treat pain, viscosupplements have effective-
ness endpoints that are similar to that expected for pharmacolog-
ical OA pain treatments. However, viscosupplements and biologic
devices differ from some of the other pharmacological therapies in
that the treatments are confined to the joint in question and the
expected effect is sustained pain relief for 3 months or longer in the
treated joint.

For purposes of drug approval, the current FDA draft guidance
for HA viscosupplements should allow for measurements specific
to the treated joint. For example, in patients with OA in more than
one knee joint or one hip joint, the patient-reported outcome of
pain, function, and stiffness should be for the treated joint alone.
Several approaches could be implemented to address this issue
during clinical development programs for the treatment of OA pain
with a medical device, including enrolling patients with a single
joint disease (which may be daunting since bilateral disease is far
more common), treating all affected joints, analyzing patients
separately based on whether all symptomatic OA was treated or
not, and using subscales that may be more specific for the treated
joint, such as the WOMAC A-1 pain on walking22.

Determining the relative risk to benefit of new devices

It is important for devicemanufacturers towork closely with the
FDA and the clinical community to adopt special controls aimed at
minimizing risk while providing an avenue for maximizing benefit.
Establishing with the FDAwhat additional data (preclinical, clinical,
and post-market) are needed to show substantial equivalence or
claimed improvements with both the surgery and the device and
gaining consensus on the appropriate control groups are important
steps. Minimal standards should be obtained from the existing
ASTM and ISO standards. While a claimed improvement by a new
device over an existing device (e.g., improved wear performance,
kinematics, or fixation) could be tested with existing standards,
situations will arise for which an appropriate, validated test is
unavailable. Therefore, tests that have been developed within the
scientific community and published in the peer-reviewed literature
could be considered. Changing over to a relative risk vs benefit
would enhance the present 510K pathway that in many circum-
stances is used by device manufacturers to circumvent the more
difficult Class III pathway.

Clearly, risk is associated with every device and every proce-
dure. For a new Class II device, the risks should be minimized by
comparing with a predicate device plus utilizing additional tests to
demonstrate the safety and efficacy of any new claims. However,
risk is not constant for a given device for every patient. For example,
the risk of loosening and wear is higher with heavier and more

active patients21. Yet it is unrealistic or even impossible to design
every device to function indefinitely without problems in the
“worst case scenario”. In this circumstance, the patientephysician
relationship is central in importance.

HA-based supplements, since they are indicated for pain relief,
require a patient-reported outcome. To adequately assess the
safety and effectiveness of HA-based supplements, the patient and
other reporters need to be blinded to treatment selection. An
appropriate control would need to incorporate an intra-articular
or sham injection and be perceived by the patient as being the
same as an intra-articular injection of the study device. Visco-
supplement trials have included the following treatments and
controls in an effort to blind the patients to treatment: intra-
articular injections of phosphate buffered saline, an already
approved viscosupplement, or glucocorticoid, or a sham injection.
Depending on the trial design (e.g., non-inferiority to an active
available pain relief product or superiority to a non-active treat-
ment or an active treatment) any of these control options are
acceptable. However, improvement compared to some other
therapy requires not only statistical superiority (or non-inferiority
as the case may be) but also clinically meaningful improvements
in the outcome. Since clinical relevance is open to debate, but
must be established prior to initiating the regulatory pathway for
new products, early consultation and regular communicationwith
the appropriate review division at the FDA is desirable. If non-
inferiority to an active comparator is to be pursued, then estab-
lishing an acceptable margin of non-inferiority is critical: the
smaller the margin, the larger the trial. The approach is applicable
to other injectables and biological device, e.g., BMP-2.

Optimal outcome parameters for evaluation

Pain relief, restoration of function (range of motion (ROM),
6 min walk), other functional observed and measured performance
outcomes as previously discussed, assessment of radiographs and/
or other images, complications and complication rates, revision and
revision rates are all validated and optimal approaches to defining
outcomes22,23. Each of these measures is important and valuable to
provide a comprehensive quantitative assessment of the device
outcome from the physicians’ perspective. However, patient-
reported self-assessment outcomes are critical in that they give
a specific measure of performance in relation to patient expecta-
tions, independent of evaluation by medical staff. Independent
living, work status, and return to recreational sports and related
activities may also be indicators for restoration of function. A
number of instruments have been validated to define outcome
measures from either physician-derived or patient-reported
measures. These include the Harris Hip Score, the new Knee Society
Scoring System, and the WOMAC. The quality of life measures that
are important in determining the effectiveness of medical treat-
ments, including biological devices, include the SF-36 (medical
outcome study short form) and the quality of life evaluation and
health assessment questionnaire (HAQ).

Optimal global assessment tools for evaluating the outcome of
HA-based viscosupplements on pain and function in a single target
joint include but are not limited to the visual analog scale (VAS) for
pain, the WOMAC scale, and patient directed study instruments
such as the SF-36 outcome form, the Lequesne Functional Index,
and the OARSI-Outcome measures in rheumatology clinical trials
(OMERACT) responder rate24,25. Until now the most prevalent
primary endpoint has been a VAS pain measurement in the treated
joint and patient-reported outcome tools in the WOMAC and PTTA
instruments. Outcome measures of biological devices may require
specific structural outcome measures such as magnetic resonance
imaging (MRI) biomarkers for cartilage quality as defined in the
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biomarker section to assess their efficacy. All of the above measures
incorporate validated and verifiable outcome tools and can be used
to measure a benefit of biological devices for the treatment of OA.

Are outcome parameters substantially different with respect
to different joints?

The intended goals for surgical treatment of OA across all joints
include pain relief, restoration of function, independent living and
return to productive employment, and a low re-operation rate
within 10 years of the incident procedure. However, specific
parameters and criteria exist for success directly related to each
joint. These parameters are best reflected in the numerous vali-
dated assessment tools both from the physician and the patient
point of view that have been developed by the specialty societies
addressing each anatomical area. For example, the glenohumeral
joint is addressed by a number of specific shoulder assessment
tools including the Western Ontario OA Scale for the shoulder. The
American Academy of Orthopaedic Surgeons (AAOS) subscale for
the ankle is another example of a joint specific assessment tool26.

The general goals for treatment with HA-based viscosupple-
ments are also the same across all joints: pain relief and functional
improvement. However, as with devices, specific measurement
tools have been designed for load bearing vs non-load bearing
joints. These tools as described above should be considered on
a case-by-case basis for specific joints.

Assessment of short-term vs long-term benefits

Orthopaedic devices used for joint replacement have a goal of
long-term success, that is the permanent replacement of the joint
bearing surfaces. Short-term benefits are important in regard to
complications that accompany the surgical implantation; from
a regulatory standpoint, these include complicationsdirectly related
to surgical instrumentation or to the device itself. However, the
ultimate goal of long-term benefit must be considered. In this
respect, orthopaedic devices differ frommost othermedical devices.
A 2-year time period with suitable evaluation methods will define
problems such as premature loosening, instability, or inadequate
motion. Additional evaluation might be required for Class II devices
with special claims.

Biological devices are similar to HA-based viscosupplements in
that short-term benefits are critical. These products should be
studied over a 3e6 month period, and repeat injections should be
performed to assess the safety of repeated injections. Post-
marketing surveillance is critical, as these products have not shown
pain relief in all patients. A specific responder analysis should be
carefully monitored to determine the outcomes of success or
failure. Their measured benefit should not only be in terms of
statistical improvement to a comparator but should also be clini-
cally relevant.

Assessment of complications and other adverse events and
their prevention

The complications of orthopaedic devices are well documented
and numerous studies have provided data on their incidence,
causes and preventive measures27,28. The prevention of device-
related complications begins with rigorous preclinical testing. The
importance of well-designed clinical programs cannot be over
emphasized. There are, however, complications that are associated
not with the device, but introduced by inadequate instrumentation,
by surgical factors such as incorrect ligament balancing, poor
cement technique, mal-rotations of components, or even by the
patient themselves. Complications must be clearly attributed to

the device as opposed to related to surgical or patient issues. If
possible the preclinical testing should include studies which expose
the sensitivity of devices to such occurrences. Specific device
adverse events would include premature wear, breakage and early
loosening.

HA-based supplements also have a history of adverse events.
The adverse events are typically divided into those related to the
injection procedure itself and those related to the HA material
injected into the intra-articular joint space. The same is true with
biological devices. Although significant clinical data exist on the
knee, less clinical data are available for other joints and new safety
issues or signals may exist for these joints. Typical complications
occurring in the knee include injection site pain, erythema, effu-
sion, stiffness, or potential allergic reaction to the material.
However, the severity of these adverse events is usually mild to
moderate, and the reported problems resolve spontaneously. No
long-term complications have been reported. Continued post-
market surveillance with standardized criteria should continue.

Clinical indications

The clinical indications for joint replacement are well docu-
mented and include limitation of function of any given joint either
due to pain or malfunction to justify the risk of surgical interven-
tion and introduction of a foreign body with the intent of relief of
pain and restoration of function of the joint29,30.

The clinical indications for the use of HA-based viscosupple-
ments include treatment of patients with pain from OA of the knee
who have failed to respond to conservative non-pharmacological
therapy and simple analgesics31. Presently no viscosupplements are
approved for non-knee joint involvement in the United States,
though a number of clinical trials are being conductedwith the goal
of extending these treatment modalities to other joints. No well-
documented indications exist for biological treatments (devices),
used for cartilage repair and considerable work must be completed
by the FDA in developing guidance documents for the regulation of
these products. Collaboration with the scientific community is
required.

Balancing the cost associated with devices against
conservative therapy

This is a timely, though difficult area to address. Essential to
understanding this relationship should be a quality of life estimate
so that both economic costs and patient derived satisfaction are
considered. There is a strong subjective element, which relates to
the patientephysician relationship. A central question is whether
a patient is prepared to continue with conservative treatment for
an extended time period, functioning sub optimally and experi-
encing pain, because they believe that a total joint or a biological
device has a limited lifetime with a measurable risk for an early
revision; or does the patient prefer early treatment with restoration
of function and relief of pain, but with the risk of a failure of the
device requiring revision in the future. No well-validated studies
address the issue of defining the true risks and benefits of these
procedures in the long term and how they affect cost. Careful
consideration of the issues of quality of life and its concomitant
economic costs must be considered for any evidence-based deci-
sion making process.

HA-based viscosupplements and biological intra-articular
treatment may be indicated for pain relief in patients where simple
analgesics have failed. Data indicate that HA-based viscosupple-
ments may provide long-term pain relief with only one treatment
and could be cost effective. However, further studies should be
done specifically to address the issue of cost-effectiveness of intra-

V.M. Goldberg et al. / Osteoarthritis and Cartilage 19 (2011) 509e514512



articular biological treatments compared to traditional conserva-
tive therapy.

Moving forward

To further our understanding of orthopaedic devices, their
safety and efficacy, relative benefits and risk, and long-term
outcomes, the following recommendations have emerged from
literature reviews, clinical experience, and group consensus:

! Meta-analyses of clinical results with current technologies
should be undertaken with emphasis on demonstrating safety
and efficacy by identifying types of complications, their preva-
lence, their timing, and their relationship (if any) to the device.
Meta-analysis should also be undertaken for revisions. Current
national and Medicare registries do not contain enough infor-
mation to make these recommended efficacy determinations.

! A meta-analysis of current outcome measures (patient- and
surgeon-derived questionnaires, objective measures like the
6 minwalk, etc.) should be performed and a consensus reached
on the most appropriate outcome measures to be utilized.
Multi-center prospective studies using non-developer partici-
pants are needed. This effort might be of importance in revising
existing national registries outside the USA and in establishing
a US registry as a means of including outcome measures
beyond revision surgery as the endpoint of a joint replacement.

! Research is necessary to establish the efficacy of existing and
proposed standards within the context of regulatory science.
Existing standards should be challenged on the basis of
objective scientific and cost data to establish whether the
standards have demonstrated device performance in a clini-
cally meaningful way. Efforts by FDA to accept voluntary
standards as part of the special controls used in the regulatory
process should be encouraged through collaborative efforts
among FDA, device manufacturers, and the scientific and
clinical communities.

! A national device registry should be established with well-
defined goals. This registry would as example characterize
practice patterns, identify failures, establish benchmarks,
develop guidelines and assess utilization issues20.

! Consensus building needs to take place in the surgical and
scientific community to clearly define the primary modes of
device failure. This would allow the FDA to establish more
meaningful guidance to device manufacturers than might
currently exist and create a framework for continual evaluation
of the current consensus as new information becomes available.

For HA-based viscosupplements, a significant number of clinical
trials have been conducted on multiple injection viscosupplements
used in the knee. These trial results have varied dramatically, as have
the trial designs. It is important to collect improved randomized,
controlled, double-blind patient-reported outcomes on these
products to establish a class effect. A constant comparator such as
a saline injection should be incorporated into the clinical trials.

Viscosupplement development should be focused on reducing
the number of injections required for treatment, increasing intra-
articular residence time through cross-linking, and providing
effective treatments of other synovial joints beyond the knee such
as the hip, shoulder, ankle, temporomandibular joint, carpometa-
carpal joint, and the facet joints of the spine.

Potential research topics might include:

! Definition of a responder on a patient-reported outcome for
a viscosupplement treatment from 3 to 6 months, stating
limitation of current OARSI-OMERACT responder rate criteria.

! Consideration on whether or not repeated measures or
a landmark analysis is more appropriate for 3 and 6 months
viscosupplement trials.

! Definition of an appropriate placebo comparator (e.g., saline
control, sham injection, or phosphate balance solution (PBS)
control with lidocaine).

! Increased understanding of appropriate injection volumes for
different joints and appropriate endpoints measures for
different joints.

! Increased understanding of the importance of residence time
for viscosupplements and mechanism of action of synovial
fluid replacement with HA-based viscosupplement material.

Conclusions

It is hoped that the work undertaken by the members of the
OARSI devices working group will be helpful in enhancing the FDA
process of assessing newdevices. An ordered sequential approach to
the introduction of any “device” is critical. Additionally, a National
Registry is important but should have well-defined research
objectives, a valid protocol design, clear inclusion and exclusion
criteria, a comprehensive collection of variables necessary to answer
the registry objectives, mechanisms implemented to track patients
and to insure a high level of data integrity, and finally a blinding of
data collection personnel and a method to rectify methodological
problems. Finally, appropriate dissemination and data sharing
procedures must be put in place to benefit the consumers, which
includes patients, surgeons, and device manufacturers. The feed-
back process should result in an enhanced quality of care and cost-
and comparative-effectiveness of any new treatment.
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s u m m a r y

Objective: Osteoarthritis (OA) is a chronic and slowly progressive disease for which biomarkers may be
able to provide a more rapid indication of therapeutic responses to therapy than is currently available;
this could accelerate and facilitate OA drug discovery and development programs. The goal of this
document is to provide a summary and guide to the application of in vitro (biochemical and other
soluble) biomarkers in the development of drugs for OA and to outline and stimulate a research agenda
that will further this goal.
Methods: The Biomarkers Working Group representing experts in the field of OA biomarker research from
both academia and industry developed this consensus document between 2007 and 2009 at the behest
of the Osteoarthritis Research Society International Federal Drug Administration initiative (OARSI FDA
initiative).
Results: This document summarizes definitions and classification systems for biomarkers, the current
outcome measures used in OA clinical trials, applications and potential utility of biomarkers for devel-
opment of OA therapeutics, the current state of qualification of OA-related biomarkers, pathways for
biomarker qualification, critical needs to advance the use of biomarkers for drug development, recom-
mendations regarding practices and clinical trials, and a research agenda to advance the science of
OA-related biomarkers.
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Conclusions: Although many OA-related biomarkers are currently available they exist in various states of
qualification and validation. The biomarkers that are likely to have the earliest beneficial impact on
clinical trials fall into two general categories, those that will allow targeting of subjects most likely to
either respond and/or progress (prognostic value) within a reasonable and manageable time frame for
a clinical study (for instance within 1e2 years for an OA trial), and those that provide early feedback for
preclinical decision-making and for trial organizers that a drug is having the desired biochemical effect.
As in vitro biomarkers are increasingly investigated in the context of specific drug treatments, advances
in the field can be expected that will lead to rapid expansion of the list of available biomarkers with
increasing understanding of the molecular processes that they represent.

! 2011 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.

Introduction

It is said that a disease starts when detected by the best marker
available to define it. To date, this usually requires the presence of
a clinical symptom, which often occurs well into the progression of
an illness or disease. However, there is significant evidence that
there are often early, pre-symptomatic biomarkers of illness and
disease, which if detected, may allow for earlier treatment. Therein
lies the power and importance of applying biomarkers to osteoar-
thritis (OA), a disease often characterized by a prolonged asymp-
tomatic molecular phase, a pre-radiographic phase, and
a recalcitrant later radiographic phase with evident structural joint
changes, frequent pain, and loss of function (Fig. 1). Biomarkers
have the potential to provide an early warning of the initiation of
matrix breakdown that could prompt earlier treatment to prevent
the cartilage and bone destruction that leads to disability. Thus,
there currently exists a great need and opportunity for biomarkers
to provide a method for earlier diagnosis of OA, and to inform the
prognosis, monitoring and therapeutic strategies for OA. Wagner
has predicted that the next few years will see a rapid increase in the
number of drugs approved with biomarker data in their labels, and
older drugs that will have biomarker data added to their labels1. OA
may be chief among them due to the current lack of a gold standard
that comprehensively captures the disease in all of its manifesta-
tions. In addition, OA is a chronic and slowly progressive disease for
which biomarkersmay be able to provide amore rapid indication of
therapeutic response to disease structure modifiers than is avail-
able through currently established means; this could streamline
and optimize the discovery and development programs of new
therapeutic agents. The mandate of the Osteoarthritis Research
Society International Federal Drug Administration (OARSI FDA)
Biomarkers Working Group was 2-fold. First to create a critical
appraisal of fundamentals of the science related to biomarkers of
OA, particularly as they relate to the development of drugs intended
for the treatment of OA. Second, to address specific queries posed
by the FDA related to OA biomarkers, namely: What biomarkers
now exist? What is their utility? What evidence is available to
support surrogacy for clinical outcomes? What is the face validity?
What is the practicality? What is the research agenda required to
inform each of the above questions? Thus this document is inten-
ded to address this 2-fold purpose in the hopes of helping to
advance the development of drugs for OA.

Scope of the document

A previous broad ranging biomarker white paper was commis-
sioned and prepared for the launch of the National Institutes of
Health Osteoarthritis Public/Private Research Initiative and was
published on line in 2000 (and now found at the OARSI website
http://www.oarsi.org/index2.cfm?section¼OARSI_Initiatives&
content¼Biomarkers) The present document has a much more
specific focus. It also covers the great increase in biomarker
research activity in the present decade and utilizes definitions and
nomenclature that are harmonized with and expand upon those
proposed to date in FDA draft guidance documents. This current
paper covers biochemical/molecular and genomic (RNA-gene
expression, DNA-genetic polymorphisms) biomarkers of OA but
excludes imaging biomarkers and clinical risk factors such as
obesity, malalignment, and gender because other working groups
are covering these topics in companion documents. We include
a brief summary of issues related to the current methods of OA
diagnosis, treatment and response criteria for therapeutic trials,
and the challenges posed by the current ‘gold standard’ radio-
graphic trial criteria, in order to provide a framework in which to
conceptualize the role to be played by biomarkers in the develop-
ment of drugs for OA. The concept of OA as a continuum includes
early stages that may be amenable to treatment if appropriate
biomarkers are defined, which in turn could complement current
treatment paradigms for established radiographic OA; prevention
versus treatment of established disease has traditionally been
referred to as primary and secondary prevention, respectively.

Potential uses and challenges for each type of biomarker based
on the BIPEDS classification scheme (described below) in the drug
development process are discussed. Summary tables illustrating
study power for treatment effects based on varying effect sizes are
provided utilizing a theoretical biomarker as well as known soluble
biochemical OA biomarkers, and their current level of qualification
based on published clinical trials.

A summary of the pathways required for biomarker qualification
is included that lists the regulatory agencies involved with
biomarker development, as well as recommendations for
biomarker endpoints in trials. Clinical and scientific issues are also
raised that would benefit from more research. Appendices are
provided containing recommendations for sample collection, pro-
cessing and storage, as well as a glossary of biomarker terms.

Definition of biomarkers

A biomarker is a characteristic that is objectively measured and
evaluated as an indicator of normal biologic processes, pathogenic
processes, or pharmacologic responses to a therapeutic interven-
tion2. This is in contrast to a clinical endpoint that is a marker or
variable that measures how a patient feels, functions or survives. A
biomarker becomes a surrogate endpoint when it is appropriately
qualified to substitute for a clinical endpoint. The technicalFig. 1. Continuum of OA stages as paradigms for structure modifying OA trials.
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revolution in molecular biology has led to the expansion of the
notion of what constitutes a potential biomarker to include, not
only proteins and protein fragments, but also metabolites, carbo-
hydrate biomarkers, genomic biomarkers (RNA and DNA)3, cellular
biomarkers (could be captured for instance as the cell pellet from
body fluids), and imaging biomarkers. Based on their characteris-
tics, we can divide biomarkers into two major groups: the so-called
soluble or “wet biomarkers”, usually measured in a selected body
fluid such as blood, serum, plasma, urine, or synovial fluid (SF) and
usually representing modulation of an endogenous substance in
these fluids; and the so-called “dry biomarkers” usually consisting
of visual analog scales (VASs), questionnaires, performed tasks, or
imaging. These two types of biomarkers can also be referred to as in
vitro biomarkers (derived from in vitro diagnostics) vs in vivo
biomarkers respectively. Although many of the concepts presented
here are applicable to all of these types of biomarkers, imaging
biomarkers are dealt with more specifically in a companion docu-
ment so we focus herein on the non-imaging, in vitro, soluble
biomarkers.

Processes of biomarker qualification and validation

Qualification is a process applied to a particular biomarker to
support its use as a surrogate endpoint in drug discovery, devel-
opment or post-approval and, where appropriate, in regulatory
decision-making2. In contrast, validation of a biomarker is much
broader and can relate to verification of analytical performance
characteristics (such as precision, accuracy, stability, etc) as well as
clinical correlation of a biomarker with a biological process or
clinical outcome. Current practice however is to supplant the term
validation with qualification when the focus is on the portent
(meaning) as opposed to the performance (analytical aspects) of
the biomarker. A major difference between validation and qualifi-
cation resides in the fact that the latter only has meaning in
a context. For example, qualification of a biomarker may take into
consideration the particular level of progression of the disease and
its severity, thereby leading to the qualification for some states of
the disease, but not for others. A systematic process has been in
development for accurate and comprehensive qualification of
biomarkers for use in drug development4. To date, draft guidelines
exist on qualification of genomic biomarkers2, produced by the
International Conference on Harmonisation (ICH), whose goal has
been to create a harmonized structure for qualifying the
biomarkers that will lead to consistent applications and discussions
among regulatory authorities and sponsors. Qualification
endpoints in OA could include structural outcomes [identified with
magnetic resonance imaging (MRI), or X-ray etc], and/or clinical
outcomes (pain, function etc); biochemical and/or genomic
biomarkers are linked to modifications in these outcomes through
the process of biomarker qualification.

Classification systems for biomarkers

BIPEDS
In this document we refer to and use two main classification

systems for biomarkers with modifications as described here. The
first, a system called BIPED, classifies the major types of
biomarkers5 into five categories corresponding to Burden of
Disease, Investigational, Prognostic, Efficacy of Intervention, and
Diagnostic biomarkers. We have added a Safety category to the
BIPED system, and hereafter, throughout this document, refer to the
BIPEDS classification system. This change facilitates the goal of this
document to provide a guide to the comprehensive application of
biomarkers to the study and treatment of OA. Biomarkers of safety
can be considered biomarkers able to reflect tissue and/or organ

toxicity of an agent or intervention and are analogous to
biomarkers of toxicity in the process of evaluation and validation by
the Critical Path Initiative for diverse organ systems (see home page
http://www.fda.gov/ScienceResearch/SpecialTopics/
CriticalPathInitiative/default.htm).

Qualification levels for biomarkers
The second useful classification system referred to here divides

biomarkers into four categories according to their current level of
qualification described further in Pathways for Biomarker Qualifica-
tion-Levels of qualificationof biomarkers fordrugdevelopmentuse 1:

Exploration level biomarkers are research and development
tools accompanied by in vitro and/or preclinical evidence for which
there is no consistent information linking the biomarker to clinical
outcomes in humans (these are used for hypothesis generation);

Demonstration level biomarkers are associated with clinical
outcomes but have not been reproducibly demonstrated in clinical
studies (this category corresponds to “probable valid biomarkers”
in nomenclature suggested in draft guidance from the FDA6 and are
useful for decision-making by providing evidence to support the
primary clinical evidence);

Characterization level biomarkers are reproducibly linked to
clinical outcomes in more than one prospective clinical study in
humans (this category corresponds to “known valid biomarkers” in
nomenclature suggested in guidance by the FDA6 and are useful for
decision-making, dose finding, and secondary and tertiary claims);
and

Surrogacy level biomarkers can substitute for a clinical endpoint
(this category corresponds to “surrogate end point” and requires
agreement with regulatory authorities as an FDA registrable
endpoint).

Summary

As noted in a recent FDA guidance document7, the use of
biomarkers in drug discovery, development and post-approval has
the potential to facilitate development of safer and more effective
medicines; in fact, one of the main objectives of a biomarker for
drug development is to allow the construction of the dose-expo-
sureeresponse curve in patients for both the therapeutic and
toxicity effects. This will facilitate dose selection in order to reach
the best benefit-risk ratio of an approved medicine. In the OA field,
the potential also exists for biomarkers to enhance the probability
of obtaining early indications of success during clinical drug
development for OA. The selection of a new biomarker test depends
critically upon the ability of the test to link themechanism of action
of a new agent with a therapeutic response. The therapeutic
response usually addresses an unmet medical need, and in the case
of OA, there are currently no qualified biomarkers that can be
considered as surrogate clinical endpoints. Thus it is a two-edged
sword: the ultimate degree of biomarker uptake and use is inti-
mately tied to the ability to act on the biomarker information
provided, which in turn is dependent on the ability of biomarkers to
enhance the success of clinical trials to achieve the actionable result
needed for biomarkers to be adopted for clinical use.

It isworth noting here that thefield of drug development for OA is
currently analogous to osteoporosis 30 years ago8, namely a disease
in search of a robust gold standard outcome measure to inform
clinical trials. The 1979 FDA Osteoporosis Guidelines acknowledged
that evaluating the clinical effectiveness of osteoporosis drugs posed
special challenges because of the “difficulties in assessing the state of
skeletal bone quantitatively in vivo, the relatively small changes that
are usually encountered and the duration of studies necessary to
show significant effects”8,9. By 1984, the FDAOsteoporosis Guidelines
upgraded dual-energy photon absorptiometry from investigational
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to a valid and reliablemethod formeasuring trabecular bonemass of
the spine and this was critical to the subsequent approach to the
development and regulation of osteoporosis drugs8,9. OA is at
a similar crossroads to which biomarkers may contribute substan-
tively at this time. Given the urgent need for OA therapies, it is hoped
that the concepts advanced in this document will facilitate and
stimulate the inclusion of biomarkers as secondary endpoints in all
future OA trials, and lay the groundwork for the evolution to the use
of biomarkers, in some cases, as primary endpoints.

OA diagnosis, treatment and trials

Diagnosis

The American College of Rheumatology (ACR) has developed
a set of clinical and radiological criteria for the diagnosis of hip,
knee and hand OA10e12. The ACR diagnostic criteria are based on the
association of many clinical, or clinical and radiological criteria, and
are commonly used for patient inclusion in clinical trials. These ACR
criteria are very specific and thus are useful for differentiating
patients with OA from those with inflammatory joint diseases.
Their sensitivity is less impressive, illustrating their limited ability
to discriminate patients with early OA from healthy controls. The
most commonly used radiographic grading system is that of
Kellgren and Lawrence (KL)13, based on the presence of osteo-
phytes, joint space narrowing (JSN), subchondral bone sclerosis and
cyst formation. This scoring system divides OA into five grades
(0e4) mainly based on the presence and number of osteophytes.
A score of 2 or more has traditionally been considered to be
a definitive radiographic diagnosis of OA and has been widely used
in clinical trials as an inclusion criterion. However, evidence
suggests that KL grade 1 is bona fide OA and distinct from KL grade
0 based on subsequent risk of progression14. Based on the concept
of the disease continuum that includes a molecular stage and a pre-
radiographic stage of OA as presented in Fig. 1 and supported by the
literature15,16, even with inclusion of KL grade 1 as bona fide OA,
radiographic criteriawill identify only late-stage OA. Because the KL
scoring system relies predominantly on osteophytes to determine
OA severity, the atrophic form of OA, which consists mainly of JSN,
is underestimated. The KL grading system is also known for its poor
correspondence of radiographic severity with hip or knee pain.
MRI, ultrasound or biochemical markers are not yet included in any
set of diagnostic criteria for OA.

Treatment

A cure for OA remains elusive and the management of OA is
largely palliative, focusing on the alleviation of symptoms. Current
recommendations by the European League Against Rheumatism
(EULAR), the ACR, and the OARSI for the management of OA include
a combination of non-pharmacological interventions and phar-
macological treatments. One of the main obstructions to the effi-
cient development of new structure modifying therapies for OA is
the low sensitivity of change in plain radiographic endpoints that
necessitates long-term trials involving a large number of patients to
show a significant difference between placebo and active-drug
treated groups. Biomarkers are promising sensitive tools, but they
have to demonstrate specificity for OA pathology and ideally,
provide earlier information than JSN measurement by X-ray. The
current paucity of (1) biomarker data from human OA clinical trials
(summarized in Table II), and (2) data on the role of biochemical
markers for monitoring the treatment of OA, can chiefly be ascribed
to the absence of therapies with structure modifying activity.
Without a structure modifying agent and a practically useful gold
standard for monitoring structural change, it is challenging to

qualify a biomarker to be “fit for purpose” for monitoring structural
modification. Nevertheless, preclinical studies of disease-modi-
fying OA drugs (DMOADs) using biomarkers offer significant
promise in terms of early indications of responses to treatment that
may translate into the clinic. Experiences with biomarkers in the
context of biologic therapies in rheumatoid arthritis offer promise
for OA in that short-term changes in serum levels of biomarkers
following initiation of therapy may predict long-term clinical and
radiographic outcomes17. These kinds of data need to be generated
in OA trials18,19.

Another issue regarding treatment monitoring using biochem-
ical markers is the heterogeneity of OA subsets. Results may differ
considerably between subsets with differences in pathobiology. OA
may be localized in one joint or generalized, hypertrophic with
osteophytes and subchondral bone sclerosis or atrophic, slowly or
rapidly progressing or showing no progression. Finally, a therapy
may act on OA through a variety of mechanisms and pathways. This
suggests that a biomarker may need to be specific for the particular
molecular target of the therapy in question. For instance, neo-
epitopes generated by collagenase activity could be sensitive to
collagenase inhibitors but not to drugs acting on proteoglycan
turnover. Even if a biomarker reflects the effects of a particular
therapy, it may not reflect all the mechanisms of action of the drug,
thus underestimating the therapeutic efficacy or missing the
toxicity of the particular therapy. This means that the sensitivity of
change in a biomarker in a clinical trial may be dependent on the
characteristics of the population and the mechanisms of action of
the therapy. For these reasons, it would be advantageous to develop
a panel of biomarkers and use a wide variety of biomarkers during
the preclinical and clinical drug development processes.

Therapeutic trials

OA clinical trials are commonly focused on the investigation of
symptoms or structure modification. In general, trial participants
fulfill the validated OA criteria of the ACR. In addition, trials of
symptom-modifying agents include patients whose disease is likely
to respond to treatment, for example those with at least moderate
intensity of symptoms (VAS "50 mm), and those with a flare of
symptoms upon withdrawal of their standard therapy (flare trials).
These trials are generally limited to 3 or 6-month follow-up.

Trials of structure-modifying agents include patients without
end-stage disease and often those with a perceived high risk for
structural progression, for example, middle age, overweight
women, although these traditional selection criteria are generally
poor for identifying risk of knee OA progression20,21. Structure-
modifying trials generally span 1e3 years. A series of disappointing
late-stage terminations of clinical trials investigating new potential
DMOADs has led to the call for a new development paradigm for
DMOADs, with a stronger focus on the biology of the joint and the
redesign of clinical trials to include new and more sensitive
biomarkers22.

One very important issue that is usually ignored in recruiting
patients for clinical trials is the phasic nature of OA in some patients
resulting in much variability in rates of disease progression. Some
patients with knee OA observed over prolonged periods (5 years)
may experience periods of progressive structural damage and then
relative inactivity23. Often non-progressors have been found to
predominate in OA clinical trials for disease modification making
the detection of therapeutic efficacy very difficult if not impossible.
Importantly, there are a few studies that demonstrate the potential
ability to identify progressors using biomarkers thereby enabling
enrichment of trial populations with disease progressors as
opposed to non-progressors, and providing a significant advantage
over existing practice18,19,24,25. In future, recruitment for clinical
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trials should take advantage of such biomarker-directed opportu-
nities to enrich for progressors.

The Outcome Measures in Rheumatoid Arthritis Clinical Trials
(OMERACT)eOARSI consensus has recommended a core set of
clinical outcome measures that should be included in clinical trials
in OA. No OMERACTeOARSI guidelines have yet been developed for
the use of non-imaging in vitro biomarkers in clinical trials. The core
set of clinical items includes pain, physical function, patient global
assessment, and for studies of at least 1-year duration, joint
imaging26. It was subsequently found that successful trial designs
must include both absolute and relative change, as well as
measures of pain and function as primary domains27. Each of these
types of clinical outcome measures (pain, physical function, patient
or physician global responses), as well as imaging outcomes, can
serve as clinical trial endpoints and endpoints for biomarker
qualification.

The success of biomarker qualification on a structural modifying
endpoint depends critically on the performance and specificity of
the endpoint. Although the methodological limitations are well
recognized28, to date, assessment of the inter-bone distance and
loss of joint space on a plain radiograph of the hip or knee is the
only validated measure of OA progression recommended for use in
randomized clinical trials in OA. Unfortunately, the limitations of
the traditional clinical trial outcome, JSN, are considerable and have
hampered the qualification of biomarkers as well as the registration
of DMOADs. To date, no therapeutic agent has met this definition,
and it remains unclear how best to identify structural outcomes,
whether by radiographs, MRI, biomarkers, or direct visualization
using arthroscopy or a combination of these approaches.

General limitations of JSN that hamper the qualification of
biomarkers include the following:

# It is an indirect measure of the alterations in articular cartilage;
# It fails to measure a dynamic process;
# Assessment of knee OA is confounded by the presence of
meniscal lesions and meniscal extrusion29;

# Changes in the knee over time are small, and typically occur in
only a subset (progressor) of patients (mean estimated annual
JSN rate 0.13$ 0.15 mm/year for knee OA)30;

# It is poorly reproducible when measured from conventional
weight-bearing radiographs of the hip or especially, of the knee
in full extension;

# Apparent JSN can occur in the absence of structural changes
due to varying degrees of knee flexion;

# Bone marrow and synovial abnormalities may go undetected;
# X-ray features appear only after deterioration of surrounding
hard and soft tissues;

# It is poorly correlated with joint function and pain.

A variety of methodological approaches have been proposed to
improve the reproducibility of the assessment of the joint space
width in randomized controlled trials (RCTs) including semi-flexed
views31, and fluoroscopically assisted protocols; it remains unclear
which approaches are preferable, or whether other imaging tech-
niques are preferable andmore promising. Among the new imaging
techniques, MRI is the most promising and a more sensitive
imaging modality for use in the immediate future. MRI allows
assessment of cartilage biochemical and biomechanical integrity. It
permits quantification of cartilage volume and changes in cartilage
contour and can be tailored to assess pathological changes in
associated joint structures, and tissues including bone, synovium
(inflammation), ligament, menisci and muscle as well as effusions.
Correlations between serum biomarkers andMRI data have already
been reported for knee OA32. Moreover, a combination of MRI and
soluble biomarkers have recently been used to improve the ability

to identify patients at highest risk of knee OA progression over
either modality used independently33. MRI has not yet been rec-
ommended as a primary endpoint in structural modifying RCTs in
OA. A review of its potential, and recommendations regarding the
use of MRI for OA clinical trials, is the subject of a companion OARSI
FDA white paper.

Although the consensus reached at OMERACT 3 advocated
continued study of biological markers of bone and cartilage
degradation and repair, none was recommended for inclusion in
clinical trials. Nonetheless, in view of the duration required for
phase III structure-modifying trials, identification of a surrogate
biomarker for use in earlier phase II trials could considerably
improve the safety, cost, and efficiency of clinical development
programs. Osteoporosis trials provide a good example in which
molecular biomarkers are increasingly used as adjunct
measures of effect before initiation of multi-year long phase III
trials34.

Biomarker applications in development of therapeutics
for OA

Qualified biomarkers of OA have the potential to greatly expand
the knowledge gained from preclinical and clinical trials of disease
modifying agents. The BIPEDS system classifies potential OA
biomarkers into six categories and encompasses the array of
biomarkers that could be used for enhancing clinical trials. The
most immediate hurdle facing researchers wishing to test a poten-
tial DMOAD in humans is the lack of early information in a clinical
trial. In order to test a DMOAD, a trial must presently have a lengthy
follow-up, enroll many subjects and rely upon an insensitive
method of assessment of disease progression. The level of financial
investment is daunting, resulting in a negative impact on research
and development. In this section, we consider how each category of
the BIPEDS classification scheme could be used to improve clinical
trial design and outcome. We also address the challenges in
developing and qualifying such biomarkers for clinical use.

Burden of disease

Burden of disease biomarkers indicate the extent or severity of
disease and could be considered tools for the staging of the disease.
They reflect the state of the disease at the time of assessment, but
do not necessarily predict a likelihood of progression or change in
disease burden. A burden of disease biomarker is typically qualified
by comparison to a clinically defined gold standard assessment
method. A burden of disease biomarker assessed locally, such as
from analysis of SF, would be expected to reflect the disease status
in a single joint, while assessment in blood or urine would more
likely indicate the extent of the disease in all joints as well as
normal physiology. Some molecular biomarkers, such as
biomarkers of cartilage turnover, can provide information on the
nature and extent of the current active process, but will not indicate
the level of tissue damage already accrued or its precise location.

Uses

# To provide a global measure of disease burden from all joints
and skeletal and soft tissue components thereof;

# Potentially to discriminate between mono- and poly-articular
OA;

# To identify patients with high burden of active disease for
inclusion into clinical trials of DMOADs expected to improve
later stage disease;

# To help identify patients with low burden of active disease but
with no or limited tissue alterations or structural alterations for
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inclusion in clinical trials of DMOADs expected to prevent
progression of early OA;

# To balance treatment arms in a DMOAD trial for metabolic
activity or stage of disease that would not otherwise be obvious
from usual randomization criteria;

# To identify where in the body the burden of disease lies and
aid in patient stratification, made possible when joint-specific
biomarkers or patterns of biomarker expression are
discovered.

Challenges

# Requires comparison to gold standard for qualification, but
there is no clear gold standard;

# A biomarker may be more sensitive than imaging, picking up
a signal of early OA in asymptomatic joints with no obvious
imaging changes;

# Uncertainty about what level of burden of disease is the
optimal target for a DMOAD as early pathology may differ from
more advanced pathology;

# There may be molecular subsets of disease e a biomarker
might accurately reflect the burden of disease in one patient
but not another;

# The level of a biomarker may change with the disease
progression, such that some will be particularly elevated in
early phases and others in late phase;

# Due to the complex nature of the joint organ comprised of
different tissue types, a true burden of disease measurement
might require multiple biomarkers.

Investigative

Investigative biomarkers are those that may not yet have
enough evidence accumulated to be assigned to a particular BIPEDS
category but nevertheless show sufficient promise to be incorpo-
rated in drug research at early stages to determine utility for
subsequent use. In general, investigative biomarkers should be
included, along with better-qualified biomarkers, in preclinical
studies and clinical trials to advance our understanding of the
disease and drug and to provide opportunities for biomarker
development and qualification.

Uses

# To explore novel biomarkers that could be informative in future
preclinical and clinical trials;

# To contribute to biomarker data packages that support quali-
fication of a biomarker or biomarker set for a particular
outcome;

# To further understand the pathobiology of OA;
# To further understand the mechanism of action of
a DMOAD.

Challenges

# Assays for investigative biomarkers might not bewell validated
and the data produced might not be robust;

# Conversely, investigative assays could produce highly repro-
ducible, robust data that turn out to lack specificity for the
molecular or tissue target;

# Clinical trials are not currently designed for testing of investi-
gative biomarkers, making it difficult to achieve statistical
power for biomarker evaluation;

# Biomarkers studied in preclinical disease models might not
translate to human OA.

Prognostic

A prognostic biomarker indicates whether a patient’s disease is
likely to progress and may also indicate how quickly the progres-
sion will occur. A prognostic biomarker may also provide an early
response to treatment that is prognostic of subsequent, much later,
clinical responses. Similarly, a prognostic biomarker could indicate
who is at risk for developing symptomatic OA. There is a need for
such markers since current clinical trials designed without the aid
of biomarkers, often contain a minority of progressors (mean
annual risk 6%, range 1e20% based on KL grade)30. Predictive
biomarkers, used to identify a subset of patients likely to respond to
a particular drug, constitute a particularly useful subset of prog-
nostic biomarkers. For instance, a threshold PGE2 level in SF might
correlate with the ability of a COX-2 antagonist to be effective in
that joint. Prognostic biomarkers include the largest variety of
biomarker types, including variant biochemical biomarkers and
invariant genetic biomarkers, although the latter may at some point
in the future be considered risk factors as opposed to biomarkers.

Uses

# To select subjects likely toprogress rapidly (‘high-risk’patients by
biomarker measurement) to reduce the length of time required
to see an effect of a DMOAD in a clinical trial thereby shortening
the trial and to improve the chances of observing efficacy;

# To select subjects likely to progress rapidly (‘high-risk’ patients
by biomarker measurement) for purposes of stratification;

# To increase the power of a trial to detect a significant drug
effect with a limited number of subjects;

# To select subjects likely to progress rapidly (‘high-risk’ patients
by biomarker measurement) who would benefit most from
therapy with structure modifying agents;

# To select subjects for primary prevention trials (screen for at
risk for developing OA to demonstrate reduction of incidence);

# To select patients likely to respond to a given drug for inclusion
in a clinical trial. For instance, patients with high levels of
a matrix metalloproteinase (MMP)-13 specific collagen
cleavage product could be selected for inclusion in a trial of an
MMP-13 inhibitor;

# As a companion diagnostic, to select likely responders for
treatment with a marketed product;

# To provide predictive evidence that disease processes have
been beneficially impacted by serving as an early indicator of
a later trial outcome or response to therapy; this category of
markers would therefore form a specific subset of efficacy
of intervention markers described below.

Challenges

# The prognostic effect of a biochemical biomarker must be
distinguished from prognostic clinical (weight, injury) or
genetic variables that may influence biomarker levels;

# Qualification of a prognostic biomarker would require a large,
long and financially daunting prospective trial although this
challenge may be overcome with the use of legacy samples
from the many excellent existing OA epidemiology studies.

Efficacy of intervention

Biomarkers of efficacy of intervention can range from target
engagement and pharmacodynamic assays (which assess whether
the compound is hitting the desired target and is having the desired
downstream biochemical effects) to strict surrogate endpoints that

V.B. Kraus et al. / Osteoarthritis and Cartilage 19 (2011) 515e542520



indicate the drug is having an impact on the clinical manifestations
of the disease. Slowly progressive diseases, such as OA, pose a range
of drug development challenges, particularly in phase II dose-
finding studies35. Target engagement and pharmacodynamic
biomarkers are likely to have the earliest impact on drug devel-
opment of all the BIPEDS biomarkers by influencing decisions on
dose selection and advancement of drugs to later phase trials.
While a surrogate biomarker would be highly desirable, the path to
generation and qualification for a ‘characterization level’ biomarker
is likely to be shorter and provide benefit to programs in the near
term at decision points in early preclinical studies and clinical trials.
In contrast, qualification of a biomarker as a surrogate biomarker
will be a painstaking but highly valuable effort (see the section on
Pathways for Biomarker Qualification).

Uses

# To demonstrate that a drug is having the desired immediate
downstream biochemical effect;

# To understand the pharmacodynamics of a drug intervention
and the relationship between pharmacodynamics and
pharmacokinetics;

# To provide a basis for the selection of lead candidates for
clinical trials;

# To contribute to the understanding of the pharmacology of
candidates;

# To characterize subtypes of disease for which a therapeutic
intervention is most appropriate;

# To choose a dose and dose schedule via ex vivo and in vivo
studies;

# To support an efficacy endpoint;
# To support go/no go decisions in advance of preclinical and
clinical studies and trials;

# To serve as a surrogate biomarker for delay of structural
worsening, reduction of pain, or improvement in function.

Challenges

# For drugs administered intra-articularly to treat a single joint, it
may be difficult to monitor efficacy of intervention using
systemic biomarker assessments (blood or urine), particularly
if other joints are involved in OA;

# Qualification as a surrogate biomarker is difficult in the absence
of a gold standard;

# In order for a pharmacodynamic or target engagement
biomarker to be informative, it must be specific for the
mechanism of action of drug being assessed;

# A biomarker might provide an accurate assessment of target
engagement, but might not be related to clinical response.

Diagnostic

A diagnostic biomarker usually indicates whether an individual
has the disease or a specific subtype of the disease, but may not
reflect disease severity. It also has the potential to identify people at
risk for OA based on genetic or other considerations. A biochemical
biomarker could be more sensitive than an imaging marker, by
detecting the process leading to OA before it is detectable by
radiography or other imaging modalities.

Uses

# To select subjects with molecular pre-radiographic OA for
primary prevention trials;

# To identify patients with different disease subtypes;

# To identify individuals unlikely to have OA as controls in
caseecontrol studies.

Challenges

# The processes in OA vary with time and may vary in nature,
although common pathobiology is identifiable. A single diag-
nostic biomarker may therefore not be informative in all
patients;

# Qualification of a diagnostic biomarker requires a gold stan-
dard. A biochemical assay could potentially be more sensitive
than an imaging gold standard. The qualification would then
depend on long term cohorts where the diagnosis can be
verified in follow-up;

# Given the insidious onset and slow progression of OA struc-
tural changes, it may take many years, patients, trials, and
dollars to achieve correlation between a biochemical
biomarker and disease. The National Institutes of Health/
National Institute of Arthritis and Musculoskeletal and Skin
Diseases/National Institute on Aging (NIH/NIAMS/NIA) Public/
Private Osteoarthritis Initiative is an example of an effort that
could contribute to this end of assessing the correlation
between biomarkers and OA.

Safety

There exist important opportunities to use biomarkers to detect
pathological changes and cytotoxicity. Safety biomarkers could be
used in preclinical and clinical applications to monitor the health of
the joint tissues, thewhole joint organ, or the skeleton in general. For
instance, biomarkers reflecting the synthesis of the main proteins of
the joint might provide an index of the “joint-protective” effect of
a potential treatment. There are currently no studies exploring
specifically this aspect of joint tissue related biomarkers. Potential
complications obviously exist with regard to discriminating toxic or
pathological effects from beneficial effects in the case of skeletal
biomarkers. In the absence of contrary evidence, increased cartilage
degradation or decreased synthesis of cartilage based on biomarker
data would be considered as potential “red flags” in any treatment
regimen. A special circumstance is represented by repair, exemplified
by collagen fibrillogenesis, where molecules catalyzing and
enhancing this process, may instead prevent fibril formation and
hamper repair when produced in relative excess36,37.

In contrast, there are emerging examples of toxicity monitoring
in OA trials with biomarkers of other organ systems. A notable
recent example is provided by the pilot trial of Brune 200938

wherein N-terminal pro-B-type natriuretic peptide concentra-
tions were shown to predict the risk of cardiovascular adverse
events fromNSAIDs and glucocorticoid rescuemedications in a trial
of an MMP inhibitor for OA. We anticipate that this will be
a growing area that will enhance the goal of personalized medicine
and patient safety. Clearly, a broad spectrum of biomarkers will be
necessary for a full safety assessment. The safety biomarkers should
also be chosen to demonstrate any effects on other similar struc-
tural anatomical elements, e.g., tracheal cartilage, intervertebral
disc, and rib, to name a few.

Uses

# To support other more generalized organ system safety indi-
cators in preclinical and clinical trials;

# Tomonitor for local and systemic adverse effects both early and
advanced;

# To set therapeutic dosages that do not impact on physiology.
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Challenges

# Understanding what ‘safe’ ranges are for joint tissue
biomarkers;

# Safety biomarkers will need to be qualified against accepted
clinical standards, including pain assessments, functional
testing, and imaging;

# The safety threshold for each biomarker might be different
across individuals.

Summary

With the BIPEDS scheme, the biomarkers that are likely to have
the earliest beneficial impact on clinical trials fall into two general
categories. The first are those that will allow us to target trials to
subjects that are likely to either respond and/or progress within
a short time frame. For instance, a patient population with high
levels of an MMP-13 cleavage product, but without end-stage
cartilage loss, would be ideal for a trial with an MMP-13 inhibitor.
The second category of biomarkers includes those that provide early
feedback for preclinical decision-making and for trial organizers
that a drug is having the desired biochemical effect. This category of
biomarkers is particularly desirable in chronic diseases, such as OA,
where clinical outcomesmay take years to present39. In some cases,
the biomarker might be sufficiently qualified that the researchers
have confidence in using it to justify advancement to phase 2 trials
and to determine a dosing schedule. These two categories reduce
the burden and risk of early stage trials by delivering essential early
information, making OA a more manageable and therefore a more
attractive target for drug developers.

Qualification of known OA biomarkers

Biomarker validation vs qualification

The validation and qualification of a biomarker are two essential
processes involved with assessing the level of confidence in
a specific biomarker. For scientists who develop new biomarkers,
validation means assessing all technical aspects of a specific assay
to address the following question: “Under what conditions can we
trust this assay and what it tells us?” Conversely, qualification
consists of assessing the clinical value of a specific assay and
answers the question: “Is this marker useful for learning more
about the disease pathobiology or the efficacy of the treatment
tested?” Currently there are no biomarkers that have been formally
qualified and cleared by the FDA for OA-related outcomes.

Validation
Standard laboratory-based biomarker assays are typically

quantitative in nature. Analytical validation of a specific quantita-
tive assay is usually established by five tests: intra- and inter-assay
variation, dilution recovery, determination of the detection and
quantification limits and spiking recovery, although this latter test
is often not performed, especially when standards are synthetic
peptides. In addition, the stability of the biomarker (with storage
and freezeethaws) and key reagents should be established to
determine the parameters and stringency of storage necessary to
assure reliability of measurements. The exact assay validation
process will depend on the intended use of the assay, with assays
for surrogate markers undergoing more rigorous validation than
assays for exploratory endpoints. Not all biomarker assays are
“definitive” quantitative measurements. Some biomarker assays
generate “relative” results, due to the nature of the reference
materials or sample matrix39. One example would be genomic data
generated from microarray analysis of RNA. For these sorts of

relative quantitative assays it is appropriate to place greater
emphasis on relative and temporal changes in biomarker concen-
trations rather than the absolute concentrations. Another example
would be an Enzyme Linked Immunosorbent Assay (ELISA) that
uses a crude extract as standard and for which biomarker results
are reported in arbitrary units. For these sorts of assays, the avail-
ability and sharing of a common international standard for
normalization is highly desirable.

In contrast to quantitative biomarkers, qualitative biomarkers
are discrete (discontinuous) and reported in either ordinal or
nominal formats. An example of a qualitative assay would be
a method to detect the presence of a single nucleotide poly-
morphism or gene mutation in a sample of DNA39. Assay validation
for a qualitative assay is more limited than for a quantitative assay
since concepts such as precision and dilutional recovery are not
relevant39. Just as important as pre-study method validation is in-
study validation (run acceptance), appropriate control samples and
run/sample acceptance criteria should be incorporated into the
analytical method for each assay to ensure quality data.

The specificity of the antibody(ies) used in the immunoassay is
a very important factor, although this has not been carefully inves-
tigated for most biomarkers. Indeed, recognition and cross-reactivity
experiments are usually performed using synthetic peptides or in
vitro generated degradation fragments, which are probably of
a different structure than the native immunoreactive forms detected
in biological fluids. To date, published results of the structure of the
immunoreactive form have only been partly determined for one OA-
related biomarker, TIINE, which involves type II collagen cleavage by
collagenase40. This information can be difficult to generate because
the concentrations of the analytes found in serum and/or urine are
usually very low and their determination requires complex analysis.
This aspect of the biomarker validation process is however of critical
importance for correct interpretation of biomarker results41.

Other critical information is that which concerns the tissue and
site(s) of origin of the biomarker. Incorrect assumptions regarding
tissues of origin have led to misinterpretation of biomarker data.
Mistakes of this kind may in part account for lack of correlation
between clinical and biomarker outcomes.

The Standards for Reporting of Diagnostic Accuracy (STARD)
statement42 has provided a checklist of specific information about
biomarker measurement, and the subjects tested, that should be
provided in any study validating a biomarker regardless of its
intended use. These include the following specific requirements
(summarized by Felson et al.43): to blind those measuring the
biomarker as to disease status (in a study of prognosis, this would
mean blinding to progression status); to define the rationale for and
selection of cutoffs differentiating ‘normal’ from ‘abnormal’
biomarker levels; and importantly, to note the source of subjects in
a study, reporting whether they were selected because of their
biomarker status or unique clinical findings.

Qualification
Previously, the process of linking a surrogate endpoint to

a clinical endpoint has been referred to as validation or evaluation2.
However the use of the term validation has now been confined to
the assessment of the performance characteristics of a biomarker
assay, while linking a biomarker to a clinical endpoint is referred to
as qualification44. The use of biomarkers as surrogate endpoints in
a clinical trial requires the qualification of the biomarker for specific
clinical endpoints (such as pain, loss of mobility, or need for a total
joint replacement) in a specific populationwith a particular disease
state and/or in the context of a specific class of therapeutic inter-
vention (adapted from Ref.2). Loss of mobility and total joint
replacement occur only after a very long time in most patients
(Fig. 2), and vary by nation and region due to differences in patient
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expectations and health-care policies. Consequently, to reduce the
time needed to qualify a biomarker, studies use structural
endpoints derived from X-ray and more recently from MRI.

For drug development, ‘efficacy of intervention’ (‘E’ of BIPEDS)
biomarkers are sought. In theory, the optimal efficacy of interven-
tion biomarker would be a perfect clinical outcome surrogate. In
the case of the perfect surrogate:

# The effect of the intervention on the surrogate predicts the
effect on the clinical outcome;

# The surrogate is in the only causal pathway of the disease
process;

# The intervention’s entire effect on the true clinical outcome is
mediated through its effect on the surrogate;

# The surrogate fully captures the treatment effect.

In reality, it is likely that few if any biomarkers will ultimately
achieve surrogate status let alone perfect surrogate status. Several
different methods have been proposed for quantifying the strength
of the surrogate45. This method provides a quantitative score for
a biomarker. Wagner et al. categorize the strength of a surrogate
based on four levels1: Exploratory, Demonstration, Characterization
and Surrogate biomarkers (summarized in Pathways for Biomarker
Qualification-Levels of qualification of biomarkers for drug devel-
opment use). This mark of the strengths of surrogacy is used in this
document.

As the Wagner classification implies, robust linkage of
a biomarker with a clinical endpoint is not essential in early clinical
development when the goal is confirmation of pharmacologic
activity or optimization of dose regimens2. As stated by the
Biomarkers Definitions Working Group in 2001: “Reliance on
a biomarker early in the drug development process, for instance for
candidate selection, entails the hazard that failure of a biomarker
may lead to the elimination of potentially effective agents. On the
other hand, substantial evidence that a biomarker will predict
clinical benefit or risk is needed when use of the biomarker as
a surrogate endpoint is proposed as the basis for regulatory
approval. In this case, erroneous decisions based on invalid surro-
gate endpoints may have broad public health consequences”2.

Qualification endpoints for OA biomarkers

As described above, there are many possible qualifying
endpoints for an OA-related biomarker including signs (inflam-
mation) and symptoms (pain), structure or functional outcomes in
OA. A biomarker could be qualified for different stages of OA such
molecular, pre-radiographic, or radiographic stages of OA. In
theory, a biomarker could be qualified for an outcome in a specific
joint if the biological findings supported such specificity. We are
only beginning to appreciate cartilage matrix biochemistry in this
level of detail as exemplified by the differences in matrix
biochemistry and response to injury of ankle vs knee cartilage46. In
practice, the qualification process is an empiric and gradual one,

correlating changes in a biomarker with change in state of a joint(s).
To date the process of biomarker qualification has tended to relate
a biomarker to a specific tissue component of the whole joint organ
such as bone, cartilage or synovial tissue.

Sources of biomarker variability

Biochemical markers in blood and urine provide information on
systemic skeletal tissue turnover47 and are not necessarily specific
for the alterations occurring in the signal joint48. For example, it has
been shown that degenerative disease of the knees, hips, hands and
lumbar discs contributed independently and additively to urinary
CTX-II levels illustrating the total body contribution to systemic
levels48,49. The potential contribution of intervertebral discs is of
particular relevance because disc degeneration is common in aging.
Systemic biomarker levels cannot be assumed to reflect total body
OA burden based on radiographic damage or cartilage volume
estimated by quantitative MRI because these factors alone do not
fully account for the differential contribution of soluble biomarkers
from different joints50. Serum and urinary levels of most markers
also vary with gender, age, menopausal status, ethnicity, and OA
risk factors such as body mass index. Specific examples include the
effects of gender, ethnicity and age on COMP51,52 and the effect of
BMI on CPII53.

Biomarker levels can also be influenced by other skeletal alter-
ations, such as osteoporosis or by concomitant medications. It is
likely that differential processing by the liver or kidneys occurs
before systemic biomarkers reach a steady state in body fluids, and
this metabolism may not occur reproducibly in all patients,
particularly in the presence of systemic disease54,55. Measurements
in urine require correction by creatinine to adjust for variability
related to hydration and renal status. One of the main factors
affecting pre-analytical variability is diurnal change. Themagnitude
of diurnal-related changes in the concentration of seven markers
(serumHA, COMP, KS-5D4, TGFß1, CPII, and urinary CTX-II and C2C)
has been shown to be greater than the analytical inter- and intra-
assay related variability, indicating that the diurnal-related varia-
tionwas predominantly a result of biological variability rather than
assay variability56,57. For the biomarkers found to be significantly
associated with radiographic severity (serum COMP, KS-5D4, C2C,
C1, 2C, and urinary CTX-II), the biomarker concentrations at the T2
or T3 time points showed the most consistent correlation with
radiographic knee OA when the sampling was performed during
the afternoon (T2) and the early evening (T3). A study on serum
PIIANP and serum HELIX-II concluded that concentrations of these
two markers increased significantly from T0 (before arising from
bed) to T1 (1 h after arising)58. It was also shown that serum CTX-I
and serum HA markers levels are markedly influenced by food
intake which also does increase intra-subject variability59. These
and other data (prior biomarkers white paper http://www.oarsi.
org/index2.cfm?section¼OARSI_Initiatives&content¼Biomarkers)
provide a rationale for standardization of sample collection
procedures for OA clinical trials.

Fig. 2. Conceptual framework for biomarker qualification.
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Limited research has been done to analyze the effects of diet and
dietary supplements onbiomarker levels. As described above, serum
hyaluronan showed significant variation related to food consump-
tion in healthy volunteers60 and circadian variation of CTX-I was
found to be reduced by fasting61, suggesting that fasting can have
a significant effect on the circadian variation of markers of bone
resorption. Gordon et al. 200857 showed that urinary CTX-II was not
affected by food consumption or physical activity and may offer an
advantage in the context of clinical trials incorporating morning
body fluid sampling. Clearly, pre-analytical factors contribute to
intra- and inter-assay variability of biochemical markers levels and
consequently need to be investigated and controlled as tightly as
possible. Taken together, these studies point to the need for stan-
dardization of sample collection within a trial to minimize non-
treatment related variation. Recommended methods of sample
acquisition, handling and storage are provided in Appendix A.

Summary of OA biomarkers

Biochemical markers of bone and cartilage turnover are pres-
ently the most advanced with respect to matrix remodeling35.
Several excellent recent reviews provide a summary of biomarkers
in general and several summarize the data to support classification
into one or more of the particular BIPEDS categories35,62e68. In this
section, we focus on “soluble biomarkers” studied to date in human
OA clinical trials, and not genetic/genomic or imaging biomarkers
or biomarkers studied in the absence of an intervention. Although
a few soluble biomarkers are quantified by mass spectroscopy
approaches, most are currently assessed by immunoassay. Tables Ia
and b provide a look at the sample sizes required for biomarker
studies. Table II presents data for all known peer-reviewed publi-
cations to date of pharmacologic OA trials with either structural or
clinical trial outcomes that included published biomarker analyses,
and an indication of the success or failure of the trial for the
primary and biomarker outcomes. The reported assay coefficients
of variation (CVs) are provided when they were reported, which
may be helpful for assessing needed sample sizes for future studies.
In addition, the reported concentrations [and standard deviations
(SDs) when available] before and after treatment are listed to begin
to provide a benchmark for comparison across studies, albeit
limited at the present time. Table III provides a summary of the
known tissue sources and current BIPED classification for many of
the most common and best-qualified OA-related biomarkers.

Statistical issues and sample size estimates for biomarker studies
Table Ia provides a look at the sample sizes required if the

between-subject variability (SD) increases from 1.5 to 2.0 or the
power desired changes from 90% to 80% given the same treatment

differences. Biomarkers are often not normally distributed due to
the potential for a high incidence of values below the limit of
quantification. To normalize the distribution the values are usually
log-transformed and Table Ib provides some sample size estimates
when the biomarker is expressed as ratio or percent differences and
analyzed on the log scale. In the papers summarized in Table II
(below) and others (reviewed by van Spil et al.62), many
biomarkers, such as those measured by radiography, e.g., JSN, were
explored for their ability to predict the progression of OA or to
change concurrently with OA. However, results were generally not
consistent across the studies for multiple reasons: large variability
of the assays, unpredictable variability of the biomarkers, under-
powering of the study, or slow progression of OA were the most
often cited reasons for non-significant or inconsistent findings.

The under-powering of the studies was generally due to the fact
that the biomarkers were regarded as exploratory endpoints or the
basis for subgroup analyses, hence, were not powered sufficiently
at the planning stage. Some studies were designed as pilot studies,
which relied on detecting statistical significance instead of mean-
ingful difference as a measure of the importance of the biomarker.
These types of studies serve the purpose of hypothesis generation;
however, as experiences with the biomarkers accumulate, an
organized effort is necessary to define the following elements so
that standards can be established for future studies against which
to benchmark:

1. Identify clinically meaningful differences between two active
treatments or between an active treatment and placebo with
respect to validated clinical endpoints.

2. Definemeaningful correlation between the biomarkers and the
clinical endpoints, i.e., how large the magnitude of the corre-
lation has to be.

3. Define the meaningful difference between two active treat-
ments or between an active treatment and placebowith respect
to the biomarker once it is demonstrated to correlate with the
clinical endpoints.

Consideration of these three elements is important to ensure
sufficient numbers of subjects in the study, and hence, sufficient
power to detect the underlying meaningful difference based on
biomarkers. They also prevent statistical significance being reached
only because of the large sample sizewhilemeaningful difference is
not observed. A critical component for the success of these aims
will be the establishment of clinical meaningful endpoints related

Table Ia
Sample sizes to achieve 80% and 90% power to detect assumed differences between
two parallel groups

Number of
patients/group
required
for 90% power*

Number of
patients/group
required for
80% power*

Underlying
treatment
difference to
detect

SD
(between-
subject)

Effect size
(difference/SD)

15 12 1.84 1.5 1.23
30 23 1.28 1.5 0.85
60 45 0.90 1.5 0.60
100 76 0.69 1.5 0.46

15 12 2.45 2.0 1.23
30 23 1.70 2.0 0.85
60 46 1.19 2.0 0.60
100 76 0.92 2.0 0.46

* Based on 2-sample t-test (2-sided, alpha¼ 0.05) for difference between groups
with null hypothesis that treatment difference¼ 0.

Table Ib
Sample sizes to achieve 80% and 90% power to detect assumed underlying ratio of
treatment effect between two parallel groups

Number of
patients/group
required for
90% power*

Number of
patients/group
required for
80% power*

Underlying mean
ratio between
groups to detect

CV (SD/Mean) in
original scale

114 85 0.65 1.3
165 124 0.70 1.3
253 189 0.75 1.3
418 313 0.80 1.3

80 60 0.65 1.0
116 87 0.70 1.0
177 133 0.75 1.0
294 220 0.80 1.0

47 35 0.65 0.7
67 51 0.70 0.7
103 77 0.75 0.7
170 127 0.80 0.7

* Based on 2-sample t-test (2-sided, alpha¼ 0.05) for ratio of treatment effect
between groups with null hypothesis that ratio¼ 1, and common CV.
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Table II
Summary of biomarker data generated in OA clinical trials to date

Trial e intervention
(duration)

Study ref Patient numbers Sample type CV% (biomarker
units)

Treatment Placebo Comments Assay/cut-points

Pre Post Pre Post

Ibuprofen 2400
mg qd for
knee pain %
4e6 w (E)

Gineyts
200470

Human 156/45 NF morning urine uCTX-II (E) <10% (ng/mmol Cr) 225$ 2.16 229$ 2.06 226$ 1.88 265$ 2.06 Patients with high
levels were
responsive to
therapy

C-ELISA Cartilaps e
Christgau 200171

uGlc-Gal-
PYD (⌀E)

<11% (nmol/mmol Cr) 6.0$ 1.5 6.2$ 1.5 5.7$ 1.4 6.3$ 1.4 HPLC Gineyts 200172

Glucosamine
sulphate
1500 mg/d
% 3 y (E)

Christgau
200418

Human 106/106
[n¼ 61 above
1 SD cut-off]

NF second morning
void urine

uCTX-II/Cr
(E)

8.4% (ng/mmol) All: 216.5$ 9 at
baseline

All: Loss of joint
space (0.06 mm)
over 3 years

All: 219.5$ 9
at baseline

Loss of joint
space (0.31
mm) over
3 years

C-ELISA Cartilaps
with mAb F46 per
Christgau 200171;
High turnover group
defined as baseline
"261.3 (i.e., "1 SD
above mean of
169.1$ 92.3 in
reference population)

High turnover
group mean
413$ 28

High turnover
group mean 336$ 26
[Gain of joint space
(0.083 mm; P¼ 0.07)
over 3 years; Global
WOMAC decreased
24.5%]

High turnover
group mean
375$ 33

High turnover
group mean
411$ 252
[Loss of joint
space (0.44
mm) over
3 years; Global
WOMAC
decreased 4.5%]

Promising approach;
larger sample
size (>61) of high
turnover patients
likely needed for
statistical
significance

For high turnover
group: change in
uCTX-II from
baseline to 12 m
correlated with
average joint space
width loss over
3 years (r¼ 0.43;
P< 0.05)

For high turnover
group: change in
uCTX-II from
baseline to 12 m
correlated with
average joint space
width loss over
3 years (r¼ 0.27;
P< 0.03)

Salmon calcitonin
(oral) 0.5e1.0
mg/d % 48d
for knee OA
patients
with positive
knee bone
scans (E)

Manicourt
200673

Human 27/14 F serum & second
morning void
between 9 and 11
AM [all median
values reported
show baseline
and day 84 values]

uCTX-II/Cr (E) <6% (ng/mM) 395 290 368 370 ELISA Cartilaps e
Nordic Bioscience
(Herlev, Denmark)

sHA (E) <6% (mg/ml) 61 48 60 69 ELISA method of
Manicourt 1999

sC2C (E) <6% (ng/ml 30 23 27 30 ELISA-IBEX
(Montreal, CA)

uNTX-I/Cr (⌀E) <4% (BCE mM/
mM Cr)

48 43 57 56 ELISA-OSTEX Intl
(Seattle, WA)

sOC (⌀E) <9% (ng/ml) 12 16 18 16 ELISA BioSource,
(Nivelles, Belgium)

sMMP-1 (⌀E) <8% (ng/ml) 8 9 8 9 ELISA-GE Healthcare
(Little Chalfont, UK)

sMMP-3 (E) <5% (ng/ml) 20 19 19 24 ELISA-GE Healthcare
(Little Chalfont, UK)

sMMP-8 (⌀E) <5% 5 5 4 4 ELISA-GE Healthcare
(Little Chalfont, UK)

sMMP-13 (E) <5% (pg/ml) 100 64 52 76 ELISA-GE Healthcare
(Little Chalfont, UK)

sTIMP-1 (⌀E) <5% 173 184 151 149 ELISA-GE Healthcare
(Little Chalfont, UK)

TIMP-2 (⌀E) <5% 11 11 18 14 ELISA-GE Healthcare
(Little Chalfont, UK)

BRISK study:
Risedronate
5 mg/d or
15 mg/d %
12 m (⌀E for
JSN, E for
WOMAC)

Spector
200574

Human F early morning
urine and serum

uCTX-II (ng/mmol Cr) (E) 340.1 (24.0) &22.8$ 5.35%
(15 mg)

312.5 (19.9) $14.5$ 5.4%
(15 mg)

ELISA Cartilaps e
Nordic Bioscience
(Herlev, Denmark)

uNTX-1 (nmol/mmol Cr) (E) 38.6 (2.2) &32.9$ 4.92%
(15 mg)

40.3 (2.8) $17.2$ 4.9%
(15 mg)

ELISA Osteomark-
OrthoClinical
Diagnostics (High
Wycombe, Bucks, UK)

sAlk Phos
(bone specific)

NR NR &29.1$ 2.6%
(15 mg)

NR &2.7$ 2.5%
(15 mg)

ELISA Ostase-
Beckman-Coulter
(San Diego, USA)

(continued on next page)
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Table II (continued )

Trial e intervention
(duration)

Study ref Patient numbers Sample type CV% (biomarker
units)

Treatment Placebo Comments Assay/cut-points

Pre Post Pre Post

KOSTAR study:
Risedronate
5 mg/d, 15
mg/d, or
35e50 mg/w
% 24 m (⌀E)

Bingham
200675

Human 1861/622
(from two cohorts)

F second morning
void

uCTX-II/Cr (E) <10% (ng/
nmole Cr)

297.16e360.70$
14.87e12.06

(&) 17.9e19.6%
(decrease at
24 m)

296.47e376.72$
17.09e13.72

($) 10.1e
26.3% (increase
at 24 m)

Treatment effect on
biomarkers but not
X-ray progression

ELISA Cartilaps e Nordic
Bioscience (Herlev,
Denmark)

uNTX-I/Cr (E) <10% (nmol
BCE/nmole Cr)

38.80e49.91$
1.07e2.10

(&) 39.2e41.7%
(decrease
at 24 m)

37.48e49.43$
1.96e1.36

($) 3.0e7.3%
(increase
at 24 m)

Osteomark-Ortho
Clinical Diagnostics
(Rochester, NY)

Garnero
200819

Human 1885
(subset of
two cohorts)

F early morning
urine

uCTX-II/Cr <10% (ng/
mmol Cr)

(&) 39.9$ 3.0
(treatment effect
of biomarker
shown for all doses
by a mean decrease
from baseline to 6 m,
P< 0.05 compared
to baseline and
placebo [baseline
CTX-II and change
from baseline to 6 m
associated with
radiographic
progression at 24 m
as absolute change
or for progression
defined as JSN
"0.6 mm)

Early biomarker
endpoint to predict
long-term progressor/
non-progressor status

ELISA Cartilaps e
Nordic Bioscience
(Herlev, Denmark);
high turnover defined
as >150 ng/mmol Cr

uNTX-I/Cr <10% (nmol/
mmol Cr)

(values reported
graphically)

ELISA Osteomark-
OrthoClinical Diagnostics
(Rochester, NY)

Chondroitin
sulfate 500 mg
bid % 24 w (E)

Mazieres
200776

Human 139/140 F serum between
7:30 and 10 AM
& second morning
void urine

uCTX-II/Cr (⌀E) <15% (ng/
mmol Cr)

389$ 247 406$ 302 375$ 238 376$ 214 ELISA Cartilaps e
Nordic Bioscience
(Herlev, Denmark)

sHA (⌀E) <9% (ng/ml) 86$ 71 100$ 86 79$ 61 89$ 78 ELISA HA-Corgenix,
(CA, USA)

sCTX-I (⌀E) <10% (ng/ml) 0.44$ 0.27 0.44$ 0.23 0.39$ 0.22 0.40$ 0.22 Automated analyzer
Elecsys 2010-Roche
(Mannheim, Germany)

Acute activity
(⌀E)

Andersson
200677

Human 29/29 NF serum twice
with 1 h apart
(after activity
and after rest)

sCOMP (E) NR (U/L) 11.03 ($) 1.3 [median
change score
after 1-h activity]

11.29 (&) 0.6 [median
change score
after 1-h rest]

S-ELISA COMP-Anamar
(Uppsala, Sweden)

ADAPT: Exercise
and/or diet %
18 m (E)

Chua 200878 Human 138/53
(193 studied)

F between 7
and 9 AM

sCOMP (⌀E)
(baseline values
reported
graphically)

NR (U/L) 10.80$ 0.49 (at 6 m
diet & exercise)

11.81$ 0.46 (at
18 m diet &
exercise)

11.75$ 0.45
(at 6 m)

11.72$ 0.42
(at 18 m)

S-ELISA COMP-Anamar
(Uppsala, Sweden)

sHA (⌀E)
(baseline values
reported
graphically)

NR (ng/ml) 42.28$ 3.79 (at 6 m
diet & exercise)

45.33$ 3.63 (at
18 m diet &
exercise)

40.46$ 3.58
(at 6 m)

47.67$ 3.35
(at 18 m)

Immunosorbent assay
Li 198979

sKS (⌀E)
(baseline values
reported
graphically)

NR (ng/ml) 310.22$ 7.62 (at 6 m
diet & exercise)

310.93$ 7.32
(at 18 m diet
& exercise)

308.67$ 7.17
(at 6 m)

286.66$ 6.71
(at 18 m)

ELISA with mAb 5-
D-4 per Method of
Thonar 198580

sTGF-ß1 (⌀E)
(baseline values
reported
graphically)

NR (ng/ml) 38.89$ 1.14 (at 6 m
diet & exercise)

39.06$ 1.07
(at 18 m diet
& exercise)

40.93$ 1.04
(at 6 m)

39.41$ 0.98
(at 18 m)

ELISA-Quantikine R&D
(Minn, USA)

Glucosamine
sulfate
discontinuation
% 6 m (OE)

Cibere
200581

Human 63-65/63-65 NF urine or
serum

sC2C (⌀E) 5.5% (pmol/ml) Mean change:
&3.5$ 28.5

Mean change:
3.7$ 23.6

ELISA-IBEX per Method
of Poole 200482

uC2C/Cr (⌀E) NR (pmol/mmol Cr) Mean change:
&6.9$ 54.1

Mean change:
&0.6$ 11.8

sC1,2C (⌀E) NR (pmol/ml) Mean change:
8.5$ 64.2

Mean change:
9.5$ 80.0

ELISA-IBEX with pAb
per Method of
Billinghurst 1997
using pAb83

uC1,2C/Cr (⌀E) NR (pmol/mmol Cr Mean change:
&20.2$ 144.9

Mean change:
0.4$ 17.1
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MMP inhibitor,
variable dosage
% 3 w prior to
knee replacement
(⌀E)

Leff et al.
200384

Human 22/11 F articular cartilage
at arthroplasty

cCPII (⌀E) NR (ng/mg DNA) 2.35 (1.07e8.34)
[median and range
for max dose]

1.42 (0.33e3.86)
[median and
range]

Method of Nelson
199885

cC1, 2C (⌀E) NR (pmol/mg DNA) 29.8 (9.3e134)
[median and range
for max dose]

25.7 (5.1e45.7)
[median and
range]

ELISA Billinghurst
199783

cCol2-3/4 m (⌀E) NR-5% per RP
(nmol/mg DNA)

0.21 (0.09e0.64)
[median and range
for max dose]

0.17 (0.06e1.25)
[median and
range]

ELISA Hollander
199486

cCS-846 (E) NR (mg/mg DNA) 0.78 (0.18e5.62)
[median and range
for max dose]

0.35 (0.24e2.86)
[median and
range]

ELISA Rizkalla
199287

cKS (⌀E) NR (mg/mg DNA) 66.0 (28.7e258)
[median and range
for max dose]

90.7 (24.1e177)
[median and
range]

ELISA Rizkalla
199287

Doxycycline % 30 m
(E increased)

Lohmander
200588

Human 60/60 subset
of main study [21/39
progressors; 30/30
non-progressors]

NF plasma and
second morning
void urine

pMMP-3 (E) 19.4% ng/ml Contrary to placebo
group e every SD
increase in mean
MMP-3 was associated
with lower rate of JSN
(&0.11 mm)

Baseline upper
tertile (11.86e
41.00) more
likely to progress
than lower tertile
(<6.43); for
every SD (4.6
ng/ml) increase
in mean MMP-3 e

JSN increased
0.18 mm
(P¼ 0.001);
increase over
time in MMP-3
associated with
concurrent JSN

ELISA Method of
Walakovits 199289

Mazzuca
200690

uCTX-II (⌀E) 27.7% (ng/mg Cr) No association between
uCTX-II and JSN
progression; Mean
values 63.5e66.8;
change from baseline
to 30 m (mean$ SEM):
doxycycline group¼
1.14$ 1.93; placebo
group 0.53$ 1.75;
progressors &0.03$
1.88; non-progressors
1.69$ 1.78

Study designed for 80%
power to detect 35%
difference between
highest and lowest
tertiles of baseline
uCTX-II in frequency
of JSN progression

ELISA with mAb 2B4
and plates coated
with matrilysin
digested type II
collagen (different
antibody from
Cartilaps assay)

Mazzuca
200691

sC2C, sCPII,
sCS846, sC1,
2C (⌀E)

9.7%, 6.4%, 11.5%,
10% respectively
(all ng/ml)

1SD change in CS846
associated with
concurrent JSN; no
biomarker was
significant predictor
of JSN progression

ELISAs-IBEX
(Montreal, CA)

Le Graverand
200669

uTIINE/Cr (E) Up to 12.3% (ng/
mM Cr)

1SD (64e68 ng/mM Cr)
increase in baseline
uTIINE associated with
lower rate of JSN
(not significant in
either group)

Two dimensional
LC-MS/MS

Otterness
200792

Human 51/69 (subset) uTIINE/uCr
(⌀E e increased
with treatment)

8% inter-assay,
30$ 17% within
patient (ng/mmole)

109$ 68 144$ 81
ng/mmole

125$ 62
(overall
baseline
mean)

115$ 49 Two dimensional
LC-MS/MS; increase
due to treatment due
possibly to decreased
fragment metabolism
or change in clearance

(continued on next page)
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Table II (continued )

Trial e intervention
(duration)

Study ref Patient numbers Sample type CV% (biomarker
units)

Treatment Placebo Comments Assay/cut-points

Pre Post Pre Post

Chondroitin
sulfate %
1 y (E)

Uebelhart
199893

Human 21/19 (21/20
for sOC but 23/23
overall)

NF serum & second
morning void urine

sKS (E) NR (ng/ml) 449$ 119 420$ 100 386$ 133 403$ 142 C-ELISA with mAb
1/20/5-D-4 Method
of Thonar 198480

uPYD/Cr (E) NR (nmol/L/mmol 56$ 25 53$ 19 59$ 40 70$ 30 RP-HPLC Uebelhart
199094

uDPD/Cr (E) NR (nmol/L/mmol) 7.7$ 3.0 7.7$ 2.3 8.5$ 5.4 11.7$ 8.1 RP-HPLC Uebelhart
199094

sOC (E) NR (ng/ml) 16$ 7 16$ 6 21 $13 26 $29 RIA, ELSA-OSTEO
CisBiointernational,
Gif/Yvette, France

Intra-articular
hyaluronan %
5 weekly
injections

Hasegawa
200895

Human 28
(all treated)

SF time not
specified

sfKS (E) NR (nmol/ml) 61.2$ 35.8 52.8$ 25.3 ND e no vehicle control HPLC Method of
Yamada 200096

sfC6S (E) NR (nmol/ml) 19.1$ 6.7 17.8$ 6.1 ND e no vehicle control HPLC Method of
Yoshida 198997 &
Shinmei 199298

sfC4S (E) NR (mg/ml) 6.1$ 3.7 5.2$ 2.9 ND e no vehicle control

sfTenascin-C (⌀E) NR (ng/ml) 37.4$ 59.1 39.0$ 58.1 ND e no vehicle control ELISA e IBA
(Gunma, Japan)

Supplemental
soy protein
40 g/d %
3 m (E)

Arjmandi
200499

Human 44/44 F serum YKL-40 (E in men) 6.8% (ng/ml) All: 89.9$ 7.6;
men: 91.0$
10.3; women:
93.4$ 11.4

Change
(decrease) in
YKL-40 from
baseline to 3
months only
significant in
men (compared
to placebo)

All: 67.8$ 6.3 men:
71.3$ 10.2; women:
64.6$ 7.8

Increased in
all groups

Clinical and biomarker
effects in men, not
women

S-ELISA-Metra
Biosystems
(Mountain
View, CA)

IGF-1 (E in men) 7.6% (ng/ml) All: 113.3$ 8.2;
men: 125.0$
10.7; women:
97.6$ 12.9

Change (increase)
in IGF-1 from
baseline to 3
months only
significant overall
and in men, not
women (compared
to placebo)

All: 135.6$ 10.6;
men: 158.7$ 14.8;
women: 107.9$ 9.3

Increased in
all groups

Clinical and biomarker
effects in men, not
women

Radioimmunoassay-
Diagnostic Systems
Labs Inc (Webster, TX)

F¼ fasting; NF¼ non-fasting; h¼ hour; d¼ day; bid¼ twice daily; w¼week; m¼month; y¼ year; pAb¼ polyclonal antibody; LC-MS/MS¼ liquid chromatography followed by low then high energy mass spectroscopy;
RP¼ reversed-phase; HPLC¼ high pressure liquid chromatography; s¼ serum; p¼ plasma; u¼ urine; c¼ cartilage; NR¼ not reported; S-ELISA¼ sandwich-ELISA; C-ELISA¼ competitive (inhibition)-ELISA.
(E) means showed evidence for change with intervention and (⌀E) means no evidence of statistical difference of biomarker with intervention (did not meet efficacy of intervention criteria); when the trial produced disease
modification an (E) is listed in the first column.
CTX-II¼ carboxy-telopeptide of type II collagen; COMP¼ cartilage oligomeric matrix protein; HA¼ hyaluronan; C2C¼ collagenase-generated neoepitope of type II collagen; C1, 2C¼ collagenase-generated neoepitope of types I
and II collagens; TIINE (mAbs 9A4/5109) ¼ type II collagen neoepitope; CPII/PIICP¼ type II collagen carboxy-propeptide; Col2-3/4m¼ type II collagen denaturation epitope; KS¼ keratan sulfate; CS-846¼ aggrecan chondroitin
sulfate 846 epitope; NTX-I¼N-telopeptide of type I collagen; CTX-I¼ carboxy-telopeptide of type I collagen; PYD¼ pyridinoline; DPD¼ deoxy-pyridinoline; OC¼ osteocalcin; Glc-Gal-PYD¼ glucosyl-galactosyl-pyridinoline; C4S and
C6S¼ chondroitin-4 and -6
sulfate; Tenascin-C; YKL-40¼ human cartilage glycoprotein 39; IGF-1¼ insulin growth factor-1; MMP¼metalloproteinases: -1 (collagenase-1), -3 (stromelysin), -8 (neutrophil collagenase), -13 (collagenase-3); TIMP¼ tissue
inhibitor of metalloproteinase: -1 or -2; TGF-ß1¼ transforming growth factor-ß1; Alk Phos¼ alkaline phosphatase.
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to imaging and symptom-related outcomes which serve as the
qualifying endpoints for biomarker studies.

Le Graverand, et al. 200669 had also suggested the possibility
that no single biomarker is sensitive enough to serve as a surrogate
for radiographic outcomes in OA, but the combination of multiple
biomarkers, representing different aspects of articular cartilage
biochemistry, may significantly improve the detection and predic-
tion of radiographic changes of knee OA. A natural extension of the
three elements stated above, therefore, is to identify groups of
biomarkers that are correlated with each other and that, in
combination, have good predictive value for the progression of OA
or change concurrently with radiographic outcomes.

Summary of biomarker data generated in OA clinical trials
A few details are worth noting regarding the use of biomarkers

in published clinical trails. In 137 individuals with knee OA, no
significant difference was seen between patients in the placebo or
glucosamine sulfate treated groups with respect to the ratio of
markers of collagen type II breakdown (lnC1, 2C/C2C) in serum or in
urine81. This study used flare/no flare status as the clinical endpoint.
In a study of 201 patients with inflammatory knee OA, a decrease in
the levels of urinary Glc-Gal-PYD was observed following treat-
ment with the nonsteroidal anti-inflammatory drug ibuprofen but

not with placebo70. Finally, a group of 35 patients with OA were
randomly selected to receive a potent inhibitor of MMP-3 (BAY 12-
9566) or placebo. Levels of the aggrecan 846 epitope were higher in
the treated group compared to the control group implying that
aggrecan synthesis improved84. This study used an original
protocol, measuring markers directly in the cartilage samples
obtained at the time of surgery 3 weeks after the start of treatment.
The advantage of such an approach is direct analysis of cartilage,
short duration of treatment, and small numbers of patients.

Most past studies have used structural and/or clinical endpoints
to investigate the usefulness of a biomarker. A 30-month study of
a subset (60 progressors and 60 non-progressors) of the patients in
a clinical trial assessed by radiography (progression limit: JSN
"0.33 mm) showed a reduction of JSN in the doxycycline treatment
group but a paradoxical increase in uTIINE with treatment92. In
a study testing the effects of risedronate on 1885 patients suffering
from knee OA, CTX-II levels decreased with risedronate in patients
with knee OA although there were no differences in the traditional
JSN radiologic outcome or in symptoms in response to the treat-
ment. There was however a dose-related preservation and
improvement in tibial subchondral bone architecture100 with
treatment. The utilization of more sensitive imaging methods such
as MRI, in future clinical trials, may clarify and resolve such

Table III
Recommended panel of informative commercially available OA-related biomarkers qualified for various OA outcomes*

Biomarker Processy (preliminary) Tissues of origin (see
discussion below Table)

BIPEDS
classificationsy

Surrogacy based on human
clinical trials (preliminary)

ELISA assay type

Urinary CTX-II Type II collagen degradation,
osteophyte burden of
disease

Mineralized and non-
mineralized cartilage,
growth plate cartilage,
bone

Knee: BPED
Hip: BPD

Characterization: changed significantly
in three pharmacologic trials that met
primary clinical endpoints18,70,73

Competitive-inhibition for
human urinary samples
and sandwich for animal
serum samples

Serum COMP Cartilage degeneration Cartilage > tendon,
meniscus, synovium,
osteoblasts, arterial wall

Knee: BPD
Hip: BPD

Exploration: not used to date in
published pharmacologic trial

Competitive-inhibition &
sandwich

Serum HA Osteophyte burden of
disease and synovitis

Cartilage, meniscus,
synovium and
ubiquitous in body

Knee: BPED
Hip: P

Demonstration: changed significantly
in one pharmacologic trial that met
primary clinical endpoints73

Sandwich protein binding
assay

Serum and urine
C1, 2C

Types I and II collagen
degradation

Cartilage, bone,
synovium, etc.

Knee: D(u)
Hip: none

Exploration: non-significant change
in one pharmacologic trial that met
primary clinical endpoint73,91

Competitive-inhibition

Serum and urine
C2C

Type II collagen
degradation

Cartilage Knee: E(s), D(u)
Hip: B(s)

Demonstration: changed significantly
in one pharmacologic trial meeting
primary clinical endpoints73

Competitive-inhibition

Serum and urine
Coll2-1 and
Coll2-1NO2

Type II collagen
degradation

Cartilage Knee: D(s), B(u),
P(u)
Hip: D(s)

Exploration: not used to date in
published pharmacologic trial

Competitive-inhibition

Serum CPII or
PIICP

Type II collagen
synthesis

Cartilage Knee: D(s)
Hip: B(s)

Exploration: non-significant change
in one pharmacologic trial that met
primary clinical endpoint91

Competitive-inhibition

PIIANP Type II collagen
synthesis

Cartilage Knee: BPD
Hip: none

Exploration: not used to date in
published pharmacologic trial

Competitive-inhibition

Urine/serum
NTX-1

Bone resorption Bone turnover Knee: P(u), E(u)
Hip: P(s)

Demonstration: changed significantly
in one pharmacologic trial that met
primary clinical (WOMAC) endpoint74

Competitive-inhibition

Urine/serum
CTX-1

Bone resorption Bone turnover Knee: B(u),
D(s/u), P(u)
Hip: none

Exploration: not used to date in
published pharmacologic trial

Competitive-inhibition

Serum CS846 Cartilage aggrecan
synthesis/turnover

Cartilage Knee: P
Hip: none

Exploration: non-significant change
in one pharmacologic trial that met
primary clinical endpoint91 but
changed associated with
concurrent JSN

Competitive-inhibition

Serum MMP-3 Protease stromelysin
involved with joint
tissue degradation and
inflammation

Synovium,
cartilage

Knee: E
Hip: none

Characterization: changed significantly
in two pharmacologic trials that met
primary clinical endpoints73,88

Sandwich for total MMP-3
assay

PIIANP¼ type IIA procollagen amino propeptide; see footer Table II for additional abbreviations.
* This list does not include many emerging biomarkers that may prove useful in the future nor cytokines and chemokines that are also worthy of consideration.
y These are general recognized processes for which these biomarkers are known. This is very preliminary information at this time and should not be considered definitive

but rather in evolution. This information is derived from van Spil62; Cibere 200915; Conrozier 2008101; Kraus 201050. References in Table as follows:18,70,73,74,88,90.
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apparent inconsistencies, providing a way forward for biomarkers
qualification. In another study, CTX-II levels reached at 6 months
were associated with radiological progression at 24 months19,
defined a priori as a JSN of "0.6 mm from baseline which corre-
sponds to three times the SD of the X-ray measurement method for
joint space19. Three clinical trials in OA18,19,88 have used baseline
levels, or early change of a biomarker (CTX-II, MMP-3), to predict
subsequent progression of radiological damage. These studies
demonstrate the advantages of selecting a high matrix turnover/
progressor patient population for trial inclusion.

Other studies evaluated biomarkers with patient centered (self-
reported) clinical endpoints. A study with 53 patients receiving oral
calcitonin daily for 84 days showed that CTX-II, C2C, and MMP-13
levels were decreased in the group of patients receiving 1 mg/day
of calcitonin. The efficacy of the treatment was evaluated by
Lequesne’s index73. A small Japanese study with 28 patients with
knee OA evaluated the effects of repeated injections of hyaluronan
and showed a significant reduction of C6S, C4S and KS relative to
baseline. However, a vehicle treated control group was not evalu-
ated and it would be important to rule out changes in biomarkers
due to SF aspiration alone. The effect of this treatment was evalu-
ated by change in knee pain assessed by a VAS95.

Level of qualification of OA-related biomarkers
The following, Tables III and IV, summarizeOA-relatedbiomarkers

used to date in human clinical trials described in Table II and/or
commercially available. Specifically, Table III lists commercially
available biomarkers currently recommended as a panel for study in
past and future clinical trials (discussed in Conclusions and Recom-
mendations-Recommendations to advance the science of
biomarkers), and Table IV lists other OA-related biomarkers qualified
for various OA outcomes. The BIPEDS classification assignments are
based on studies in which the biomarker showed a statistically
significant difference for a clinical or structural outcome as summa-
rized primarily by van Spil62 but also by Cibere 200915; Conrozier
2008101; andKraus201050. The Surrogate classification is restricted to
results based on current published human clinical trials only. These
designations could be further refined bya consideration of preclinical

results and unpublished results if a repository of this knowledge
existed as called for in the recommendations of this document.

Although type II collagen is an attractive candidate marker of
cartilage degradation, it can be difficult to precisely identify the
principle tissue sources of a biomarker and the sourcewithin a tissue
such as articular cartilage which is composed of both calcified
(adjacent to subchondral bone) and non-calcified regions. A case in
point is represented by the biomarker CTX-II, the most widely tested
OA-related biomarker to date. The CTX-II assay exists in two forms:
a sandwich ELISA used for animal serum samples that likely recog-
nizes a dimeric form of the EKGPDP epitope; and a competitive ELISA
used for human and animal urine samples that likely recognizes
monomeric and dimeric forms of the EKGPDP collagen II telopep-
tide67. Unlike the collagen epitope urinary TIINE40, the exact nature of
the immunoreactive cleavageproducts inurinehasnot been reported
for CTX-II. EKGPDP is released fromdenatured human type II collagen
upon enzymatic digestion with matrilysin, and MMPs-3, -8,
and -13102, and in another study from cartilage sections by enzymatic
digestions with MMPs-1, -3, -7, -9, and -13 and cathepsin B103. CTX-II
immunoreactive epitope can also be released in vitro from non-
mineralized bovine articular cartilage treated with oncostatin M and
TNFalpha and its release can be blocked by estrogen104. In young
animals and skeletally immaturehumans, a significant amountof this
epitope originates fromgrowth plate cartilage105e107. In adult human
osteoarthritic cartilage CTX-II immunostaining is in uncalcified
fibrillated cartilage as well as calcified articular cartilage108.

Further complicating the interpretation of collagen type II
fragment origins, are the many sites where type II collagen is found
in skeletally mature adults, including: articular cartilage, fibro-
cartilage (intervertebral disc, menisci), respiratory tract cartilage,
rib cartilage, insertion sites of tendons and ligaments into bone, and
to a small extent, in the ear and eye63. However, as pointed out by
Lohmander and Eyre, type II collagen makes up only w1% of all
collagen in the body but the normal turnover is low suggesting that
pathological turnover from a single joint might be expected to raise
the systemic level of fragments significantly63.

Finally, CTX-II urine levels are very low in individuals with
pycnodysostosis compared with age-matched controls63.

Table IV
Other OA-related biomarkers qualified for various OA outcomes

Biomarker Process (preliminary) Tissues of origin (see
discussion below Table)

BIPEDS
classifications

Surrogacy based on human
clinical trials (preliminary)

ELISA assay type

Serum KS Cartilage catabolism,
aggrecan

Cartilage Knee: BPED
Hip: none

Demonstration: changed significantly in
one pharmacologic trial meeting primary
clinical endpoints93

Competitive-inhibition
(not commercially available)

Serum YKL-40 Catabolic; macrophages,
cartilage, synovium, cells
of epithelial origin

Macrophages, cartilage,
synovium, cells of
epithelial origin

Knee: BE
Hip: D

Demonstration: changed significantly in
one pharmacologic trial meeting
primary clinical endpoints99

(Not commercially available)

Urinary TIINE Cartilage catabolism
type II collagen

Cartilage Knee: BP
Hip: none

Exploration: paradoxical response69 (Not commercially available)

Serum OC Anabolic bone turnover Bone Knee: BPED
Hip: none

Demonstration: changed significantly in
one pharmacologic trial meeting primary
clinical endpoints93

ELISA

Urinary
Glc-Gal-PYD

Catabolic synovium Synovium Knee: BD
Hip: none

Exploration: insignificant change in one
pharmacologic trial meeting primary
clinical endpoints70

HPLC

Urinary PYD Catabolic bone turnover Bone Knee: BED
Hip: none

Demonstration: changed significantly in
one pharmacologic trial meeting primary
clinical endpoints93

HPLC

Urinary DPD Catabolic bone turnover Bone Knee: BED
Hip: none

Demonstration: changed significantly
in one pharmacologic trial meeting
primary clinical endpoints93

HPLC

MMP-13 Protease Synovium, cartilage Knee: E
Hip: none

Demonstration: changed significantly
in one pharmacologic trial meeting
primary clinical endpoints73

Sandwich for total
MMP-13 assay

Table II abbreviations: uTIINE (mAbs 9A4/5109)¼ urinary type II collagen collagenase-generated neoepitope; MMP¼matrix metalloproteinases:-13 (collagenase-3).
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Pycnodysostosis is a lysosomal storage disease of the bone caused
by mutation of the gene encoding the enzyme cathepsin K,
a cysteine protease expressed by osteoclasts and a major protease
involved in bone resorption. In pycnodysostosis (OMIM #265800),
osteoclasts function normally in demineralizing bone, but do not
adequately degrade the organic matrix. This finding has suggested
that a major source of CTX-II is the breakdown and remodeling of
mineralized cartilage collagen by osteoclasts63,104. In fact, by
immunohistochemistry, the EKGPDP epitope is localized in calcified
articular cartilage, at the interface between the calcified cartilage
and bone, and to some extent at the surface of non-mineralized
cartilage lesions, as well as subchondral bone (in a rat model of
OA)104,108 Osteophyte formation and remodeling may thus also be
a significant source of CTX-II since, like the growth plate, this also
involves endochondral ossification and is a fundamental feature of
joint degeneration in OA. Urinary CTX-II has in fact been shown to
correlate with total body burden of osteophyte50.

In summary, and as illustrated here for the most reported OA
biomarker CTX-II, the complexities in structure, the paucity of
evidence on tissue origins, and the incompletely understood cata-
bolic, clearance, and regulatory pathways currently make it difficult
to be certain of the principal sites of origin of OA-related
biomarkers. This serves to illustrate how critically important it is to
understand asmuch as we can about each of these biomarkers from
in vivo and in vitro analyses in order to be able to more precisely and
correctly interpret biomarker data in preclinical and clinical drug
development and assessment.

Summary related to use of biomarkers in clinical trials
There have been few published clinical trials reporting

biomarker results. The lack of medications with established chon-
droprotective activity has limited the availability of clinical trial
samples in which to test the utility of biomarkers.

In many cases, especially involving preclinical and clinical trials,
biomarker results may not be reported or are not reported in
a systematic and standardized manner. So it is difficult to utilize
published data from trials to power future trials or to draw
conclusions by comparing across studies. Recommendations
regarding standardization and access to body fluids can be found at
the end of this document.

Of those clinical trials reporting biomarker results, relatively few
biomarkers have been tested, often using different methodologies,
and very few trials and studies have tested multiple biomarkers in
the same samples. Only recently have a variety of biomarkers
started to be examined head to head in the same studies15.

Many promising OA-related biomarkers have never or rarely
been tested in clinical trial samples. Existing clinical trials have not
used standardized methods of sample collection and assay
methods differ among studies for many of the biomarkers tested.

Pathways for biomarker qualification

The increased use of biomarkers is viewed as a critical compo-
nent in improving the traditional inefficiency of the OA drug
development process. Biomarkers can be used in a variety of ways
from drug target development in preclinical studies to surrogate
endpoints for regulatory approval. How biomarkers are used also
defines the level of qualification required.

As described in the Introduction-Definition of biomarkers,
a biomarker may be defined as “a characteristic that is objectively
measured and evaluated as an indicator of normal biological
processes, pathogenic processes, or pharmacologic responses to
a therapeutic intervention”2. The definition has two key compo-
nents; the measurement of the biomarker and its evaluation as an
indicator of some biological process(es). Consequently, any

discussion of biomarker qualification must include both charac-
terization of the source of the biomarker, the analytical capabilities
of the test used to quantify the biomarker, as well as the evaluation
(i.e., qualification) of the association between the biomarker and
the pathobiological state and/or clinical outcome.

In general, companies are struggling with defining and devel-
oping a process for what in vitro (soluble) biomarker data to include
in regulatory submissions39. Results intended to influence the
course of the clinical development process would be considered
part of the safety and efficacy evaluation and would need to be part
of the regulatory submission39. Biomarker data that do not have
such a regulatory impact would not need to be part of the regula-
tory submission. This section describes some of the considerations
related to the biomarker qualification process and pathway.

Assessment of analytical capabilities of a biomarker test

Analytical validation of a biomarker follows a different pathway
from that of validation of a drug. Validation of analytical methods
related to the drug itself is a well-defined process. Regulatory
agencies require that critical parameters of tests performed to
assess the material conform with current Good Manufacturing
Practice109. The ICH has published detailed guidelines on the vali-
dation of analytical procedures included as part of a registration
application110. In the case of a drug or biologic development
process, analytical methods are considered acceptably validated if
the assays perform in a manner that demonstrates that the drug
substance or drug product has the appropriate identity, strength,
quality, and purity. There is an expectation by regulatory authori-
ties that the analytical capabilities of critical test methods will be
enhanced during the drug development process and that the
methods are fully validated at the time of the market application.

The contrasting process of biomarker validation was described
in the Qualification of Known Biomarkers-Validation, and entails
assessment of the accuracy, precision, specificity [what process is it
measuring and in which tissue(s)], detection limit, quantification
limit, linearity and range. In 1988, Congress passed the Clinical
Laboratory Improvement Amendments (CLIA) establishing quality
standards for all laboratory testing to ensure the accuracy, reli-
ability and timeliness of patient test results regardless of where the
test is performed.

Biomarker qualification e association of a biomarker and a clinical
outcome

As mentioned earlier, qualification and validation have different
meanings; biomarker qualification consists of the process of asso-
ciating a biomarker with a clinical outcome or biological parameter.
Biomarker qualification processes are in a state of evolution but
a recent document outlines the current pilot pathway and regula-
tory agencies involved44.

Levels of qualification of biomarkers for drug development use
Biomarkers for drug development use can be divided into four

categories according to the degree or level that the biomarker can
be shown to be associated with the pathobiological state or clinical
outcome. An exploration level biomarker has some evidence of an
in vitro or preclinical association that may predict a clinical
outcome. This type of biomarker is often an outcome of scientific
research describing a pathway that may impact a clinical state. The
consistency of the data or correlation is low and would be used
primarily to support hypothesis generation.

A demonstration level biomarker has higher level of evidence of
a correlation between the biomarker and the clinical outcome. This
correlative data derive from limited clinical studies. This category is
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equivalent to the “probable valid” biomarker defined in the guid-
ance on the submission of pharmacogenomic data to FDA6 and the
process map proposal for validating genomic biomarkers by
Goodsaid and Frueh111. Often the association of the biomarker and
the clinical outcome is the result of a post-hoc analysis. While the
data showing the association between the biomarker and the
biological state may be promising, it is limited until further inde-
pendent verification can be performed.

Characterization level biomarkers are reproducibly linked to
clinical outcomes in more than one prospective clinical study in
humans and have been independently verified. This category
corresponds to the “known valid” biomarkers in nomenclature
suggested in the FDA pharmacogenomic guidance and process map
proposal of Goodsaid and Frueh referenced earlier. These
biomarkers have been shown to be associated with clinical
outcomes as prospectively defined endpoints and are appropriate
for making a range of decisions regarding the therapeutic being
studied. The biomarkers can be used to identify responders vs non-
responders, individuals that may be at risk for toxicity, or assist in
defining the appropriate dose for an individual.

The final category of biomarker qualification is when the
biomarker can be used as a surrogate for a clinical outcome, and
thus can be used as the basis of a regulatory decision. Surrogate
level biomarkers should be considered a subset of characterization
level biomarkers. The use of a surrogate endpoint as the basis for
approval of a new drug requires prior agreement with the regula-
tory agency, and is also restricted to drugs that are intended to treat
serious and life-threatening illnesses112.

Biomarker qualification can occur both during development of
a therapeutic113 and independent of a therapeutic. As described in
Biomarker Applications in Development of Therapeutics for Oste-
oarthritis, there are many uses for biomarkers that are independent
of a therapeutic; in addition they may assess characteristics related
to safety or toxicity, such as biomarkers that are correlated with
stress or damage to critical organs.

Biomarker qualification independent of a therapeutic
Biomarkers that correlate with disease progression that are

developed independent of a therapeutic may be perfect tools for
identification of promising new therapeutics. This type of
biomarker would be considered an exploration level biomarker.
Clinical studies would be required to develop the necessary data to
show if it can be categorized as a demonstration or characterization
level biomarker. Agencies involved include CLIA, the FDA and the
Center for Devices and Radiological Health (CDRH).

For the qualification of biomarkers independent of a therapeutic,
a process map for the validation/qualification of genomic biomarkers
of drug safety has been proposed111. The proposed process could
encompass biomarkers other than safety, such as biomarkers of
disease progression. As the authors state, the process can be consid-
ered intuitive as it follows well-established processes. Following the
identification of a potential safety or disease progression biomarker
and the development of an appropriate analytical method, a qualifi-
cation protocol can be proposed and discussed with the regulatory
agency. Once approved, the qualification protocol could be executed
and the report submitted for review. If the data support the correla-
tion between the biomarker and the safety signal or disease
progression, then the biomarker could be considered qualified. The
level of qualification could be dependent uponwhether the protocol
included independent or cross validation of the biomarker.

Biomarker qualification in conjunction with a therapeutic
Biomarkers have been used in drug development for some time,

and this practice is expected to expand with the trend toward
personalized medicine. Because qualification of a biomarker in

conjunction with development of a therapeutic is usually done
within a single company, independent verification is rarely feasible.
However, the process for qualification would be comparable to the
process described earlier. Lesko and Atkinson describe in detail
a strategy for biomarker qualification, and note that the criteria used
in the qualification of any biomarker are dependent upon the
regulatory role a biomarker is expected to play114. In 2005, the FDA
published a concept paper on drug-diagnostic co-development115.
This draft document addresses issues related to the development of
a test that would bemandatory in the therapeutic use of a drug. Due
to the critical role the test would assume, the FDA recommends that
the co-development pathway should be determined early in devel-
opment and that the sponsor should consult with the appropriate
drug/biologic/device reviewing centers. The approval of a drug that
utilized the analysis of a biomarker as integral in the use of the drug
would require the parallel review and approval of the diagnostic.
Agencies involved including CLIA, the FDA, and CDRH.

Examples of biomarkers used for regulatory approval of
a therapeutic

There are no examples of biomarkers used for OA drug regis-
tration. However, examples are emerging in other fields of the
successful application of biomarkers in the development of drugs.
To date, the primary biomarkers qualified for use with a drug are
genomic. In fact, pharmacogenomic information is contained in
about 10% of labels for drugs approved by the FDA. The FDA has
published a list of valid genomic biomarkers in the context of these
FDA-approved drugs113. This list, containing approximately 30
drugs, provides the regulatory context in which the biomarker was
approved. Currently, only a few drugs recommend or require an
assessment of the biomarker in the context of prescribing the drug
or arriving at a therapeutic decision.

In summary, the pathway for qualification of a biomarker is
defined by how the biomarker will be used, the questions that are
addressed, and how closely the biomarker is associated with
a clinical outcome. The qualification process can be viewed some-
what as a continuum, with a relatively low bar required of an
exploration level biomarker and the highest level required of
a surrogate level biomarker.

Conclusions and recommendations

General overview

This guidance document is being prepared at a time of rapid
biomarker evolution in this and other fields when studies are
revealing many promising and important contributions that could
be made by biomarkers to the development of new treatments for
OA. The advantages and potential opportunities offered by the use
of biomarkers can be traced from preclinical work involving labo-
ratory-based studies, through work with animal models of OA
extending into clinical trials and eventually into the treatment of
patients. The use and assessment of the value of these biomarkers is
seen as very much a work in progress, building on the lessons
learned to date and on the ongoing advances in the clinical and
imaging biomarker outcomes that form the basis for the qualifying
endpoints for non-imaging biomarkers. At the present time
biomarker usage will not provide primary outcomemeasures in OA
clinical trials; this in large part stems from the lack of an appro-
priate gold standard, which allows robust biomarker qualification
with regard to symptomatic and structural outcomes. Because OA is
a whole organ disease with different tissues and biological
processes involved, a combination of a panel of biochemical
markers will probably be more powerful for the investigation of
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joint damage than assessment of a single biomarker15,25. The
potential for the effective clinical use of biomarkers may therefore
be more readily realized as biomarkers start to be included in OA
clinical trials, used in combination rather than individually, and
used in combination with imaging such as MRI35. It may, in the not
so distant future, become possible to use selected individual
markers or combinations thereof to inform decisions in clinical
trials and patient diagnosis, treatment and monitoring.

Summary of issues related to the application of biomarkers in the
development of drugs for OA

Preclinical studies
Biomarkers have already proven their relevance in preclinical

studies of arthritis onset, progression, treatment and outcomes.
This work includes studies of OA development in mice, rats, guinea
pigs, rabbits, horses and dogs, both induced and naturally occur-
ring. Studies with surgically induced joint instability can produce
significant biomarker changes in peripheral blood and urine within
2e8 weeks of onset that parallel histologically demonstrated
cartilage degeneration. Therapeutic interventions during this
period are reflected by biomarker changes in these models.
Preclinical studies can be used to link changes in specific biomarker
parameters (i.e., magnitude of change with intervention and time
to measure change in biomarker from first dose) to histological
benefit and therefore inform regarding the use of these biomarkers
in clinical studies. Routine use of biomarkers for dose selection will
require establishing a link to structural and clinical outcomes.
Preclinical model studies of cartilage collagen biomarkers of
degradation and synthesis and COMP have proven to be of special
value. Such studies should provide valuable insights in human
clinical investigations. If biomarkers reflecting structural and/or
symptomatic changes can be identified in preclinical studies these
can then be considered for use in a clinical trial.

Clinical studies

# There are currently no recognized and approved “disease
modifying” therapeutic agents, therefore there is no valid
means bywhich to test the ability of biomarkers to changewith
therapy.

# Biomarkersmay serve as titration tools, facilitating dose setting
in early clinical studies.

# Although systemic biomarkers (serum and urine) potentially
reflect generalized OA (analogous to a global outcome
measure) and local (intra-articular) biomarkers reflect local OA,
in general, therapeutic studies are focused on one joint, often
knee or hip; data are not routinely collected on symptoms or
structure in other joints that may also be affected as part of
generalized OA and that may impact systemic biomarkers.

# Rescue medication and placebo effects confound trial results but
biomarkers provide objective outcomes with the potential to
overcome some of the inherent limitations of subjective
outcomes.

# Therapeutic trials include patients whose disease is likely to
respond to treatment based on symptomatic and imaging
criteria, but not biological criteria reflecting tissue metabolic
activities; whereas biomarkers and biomarker profiles have the
potential to identify molecular and/or metabolic subsets of
disease activity and progression that may reflect different
responses to a particular intervention.

# Biomarkers provide the only current potential means of iden-
tifying the early molecular stages of OA as defined in Fig. 1.
These early changes, having been identified by a biomarker,
may be most susceptible to disease modification, and also

measurable by that same biomarker, based on experiences
with biologic therapy in inflammatory arthritis17.

# A major reason for failure of OA clinical trials to date has been
lack of study power due to insufficient numbers of progressors
with regard to imaging outcome.

# Biomarkers should offer both sensitive detection of patients
with active disease for inclusion in trials and monitoring of
effects on tissues.

# Biomarkers provide potential means of increasing trial power
with a specified sample size through enrichment of
a predominantly disease progressing patient population.

# Biomarkers provide potential to decrease the length of a trial or
facilitate early decision-making regarding the therapeutic
value of a treatment if early biomarker changes are predictive
of later clinical or structural outcomes; this has been exem-
plified to date by several biomarkers including CTX-II18,19,
MMP-388, and considering the combination of collagen
degradation and synthesis24,25.

# Although correlations of biomarkers to symptoms will be
informative, very short symptomatic trials may be too short to
reflect cartilage or bone biomarker level modifications.

# We lack information on the impact of therapy on biomarkers in
generalized OA.

# One shortcoming of most biomarker studies is the failure to
account for total body burden of disease.

# Proof of concept studies with serum COMP have shown that
systemic concentrations in the serum report on burden of
(systemic) disease while intra-articular concentrations report
on local disease features47.

# Little to date is known about markers specific for a particular
joint site.

# The use of systemic biomarkers to report on local disease at
a specific joint site tends to be confounded by high background
from turnover in other cartilage tissues including the spine48.

# There is a validated measure to evaluate spine OA structural
changes116 that could serve as an endpoint on which to qualify
a biomarker for spine OA as exemplified by one past study48.

# There is no definitive “gold standard” for assessing structural
changes in all joint tissues with imaging techniques thus
hampering the ability to qualify a biomarker for structural
endpoints; sampling of fluid from a given joint will circumvent
this problem in a trial.

# Statistically significant biomarker differences may not correlate
with clinically meaningful differences in symptomatic or
imaging endpoints.

# The interpretation of the biomarker values in urine and blood
must take into account the possible confounders such as age,
gender, body mass index, ethnicity, diurnal changes, food
intake, physical activity and post-menopausal status.

# These confounders require that the biological fluids be
collected at well defined times, with standardized procedures,
accounting for all known confounders.

# Levels of biomarkers measured in blood and urine provide
information on systemic skeletal tissue turnover and are not
necessarily specific for the alterations occurring in a single
affected joint.

# The clearance of the biomarkermay also be affected to different
extents by physical activity, time of day, and liver and kidney
function. At the joint level, biochemical marker clearance may
also vary with synovial inflammation.

# The use of multiple biomarkers that represent various
components of the complex OA disease pathway, such as tissue
synthesis, destruction and inflammation, may yield interme-
diate endpoints that offer a more comprehensive assessment of
treatment effects such as impact on catabolism and anabolism.

V.B. Kraus et al. / Osteoarthritis and Cartilage 19 (2011) 515e542 533



# Because clinical decisions can depend on the quality of
biomarker data, appropriate analytical validation of biomarker
assays is essential to ensure high-quality data to maximize the
value of such decisions39.

# Many promising OA-related biomarkers have never been tested
in appropriate clinical trial samples, often because of lack of
access to samples by those developing assays, so it is premature
to finalize the choice of the optimal biomarker(s) for OA trials.

# No single biomarker will be representative of all aspects of the
biological changes in the complex organ represented by the
joint.

# To encourage the application of biochemical and genomic
biomarkers in drug development, a consensus on how to
interpret results from these measurements is needed for
regulatory submissions.

Difficulties encountered
Historically, much work on biomarkers has suffered from

a number of limitations and obstacles. First among these include
difficulties encountered in translating new biomarker assays
developed in the laboratory into preclinical animal models and
human clinical trials. Often scientists working independently with
animal models and in clinics have had difficulties accessing
appropriate collaborative opportunities for biomarker application
and assessment. Researchers and companies developing biomarker
assays continue to have serious problems evaluating assays due to
inability to gain access to clinical samples, especially those from
clinical trials. Also many assays do not cross-react between human
and other species requiring the development of multiple assays.
Second, although early events of the OA-process should be optimal
for intervention, clinical studies focused on early disease have been
very limited (the Cibere et al. 2009 study being a notable
example15). Diagnosis of OA is typically made late in the disease
process and no DMOADs are currently available for treatment,
patients are often missed during the early phases of OA. A third
obstacle hampering the application of biomarkers has been the lack
of understanding of how the processes leading to tissue destruction
also lead to symptoms and other clinical parameters and whether
there are molecular indicators that correlate with these parame-
ters. Another unknown is whether or how the processes vary over
the progression of the disease. Soluble biomarkers are potentially
as complex and varied as the biology they model but have the
challenge of being qualified based on relatively generic symptom-
atic and structural outcomes. These obstacles form the basis of
a research agenda for the study of OA biomarkers informed by the
recommendations below. Fourth, investigators tend to study
a single biomarker or a limited set of biomarkers at the exclusion of
others. This trend is beginning to change with increased under-
standing of the need to evaluate many different biomarkers
together within a given study. Information can be learned from
these biomarkers both individually and in combination as well as in
combination with imaging markers.

Critical needs

# To develop better structural endpoints for biomarker
qualification;

# To develop biomarkers for various stages of disease;
# To develop biomarkers reporting on specific joint sites and to
elucidate the specific joint site contributions to the systemic
concentrations of existing biomarkers;

# To determine the clearance of biomarkers from the joint, from
the lymphatics, and from the blood as well as the renal pro-
cessing and elimination via the urine and the effect on their
correlation with disease progression;

# To assess if there is a circadian rhythm in the level of
a biomarker in a particular matrix to better design the sample
collection schedule and the interpretation of the results;

# To assess if there are covariates that affect the concentration of
a biomarker in the selected matrix such as age, gender, BMI,
concomitant diseases/medications, or joint site involvement;

# To study a wide-variety of patient types with varied clinical
characteristics and joint-site involvement;

# To develop biomarkers fit-to-purpose;
# To establish an ongoing critical assessment of the value of
existing biomarkers in clinical trials;

# To establish minimal clinically important differences in
biomarkers once the minimal clinical important differences are
defined for the qualifying endpoints for biomarkers, namely in
symptomatic and structural endpoints;

# To be able to gain easier access to body fluids from past, present
and future clinical trials to enable more comprehensive and
critical head to head evaluations of existing and new
biomarkers for use in clinical trials;

# To develop multiplex assays incorporating existing promising
biomarkers to provide efficient, cost-effective assays informing
on multiple domains of joint biology and response to therapy
while minimizing demands for sample;

# To increase the available knowledge of biomarker responses in
clinical trials for biomarker qualification and clearance by FDA
through public release by companies, of information related to
use of biomarkers in their preclinical and clinical trials.

Recommendations to advance the science of biomarkers

The availability of an expanding number of biomarkers provides
increasing opportunities to combine biomarkers to study disease-
subsets and to correlate these to clinical parameters and disease
outcome. We recommend measurement of a broad set of
biomarkers in available and future sample sets, and analysis of
biomarkers singly and in combination, to provide a more compre-
hensive assessment of ongoing disease and efficacy of treatment.
We recommend that a panel of biomarkers be used to examine the
same samples and preferably in multiple past and future clinical
trials. The most appropriate biomarkers would be those related to
the proposed mechanism of drug action. The following commer-
cially available biomarkers, some often studied and others less
frequently, are nevertheless recommended for inclusion to provide
comparative data and biological insights fromwhich to continue to
assess the utility and relevance of an array of established OA-related
biomarkers: urinary CTX-II, serum COMP, serum hyaluronan, serum
and urine C1, 2C, serum and urine C2C, serum and urine Coll2-1 and
Coll2-1NO2, serum CPII, Serum PIIANP, urine/serum NTX-1, urine/
serum CTX-1, serum CS846, and serum MMP-3. This panel is
considered an initial starting point for a process in evolution. As
knowledge is gained and additional OA-qualified biomarkers
become either commercially or readily available to the OA
communityof investigators, it is anticipated that thiswill be revised.

# Recommendations should be developed for biomarker data
presentation in publications from research studies and clinical
trials. For clinical trials, this should include, at a minimum,
reporting of the mean and SDs (in all groups before and after
treatment) of biomarker concentrations and inter- and intra-
assay variation.

# Minimal meaningful differences for biomarkers need to be
defined and established and this can be done even in the
absence of a treatment study in a longitudinal trial. A critical
component for the success of this aimwill be the establishment
of clinically meaningful endpoints related to imaging and
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symptom-related outcomes which serve as the qualifying
endpoints for biomarker studies.

# For clinical trials, consideration should be given to listing inten-
ded biomarker analyses at ClinicalTrials.gov in addition to
primaryclinical endpoints; alternatively, a separatewebsite could
be considered to serve the purpose of tracking and reporting this
information, results (both positive and negative apropos of next
recommendation), and stimulating advances in the field.

# Biomarker data, both positive and negative, ideally should be
released in a timely manner into the public domain, preferably
by peer-reviewed publication. This will ensure the optimal
development and use of important biomarker tools as exem-
plified in this guidance document. It will also serve to maintain
the momentum generated by a recent increase in collaborative
research on biomarkers of OA, ensuring that this continues as
a concerted effort to serve the broader stakeholder community
to solve common problems. This information could and should
be summarized and included in a public database that is
managed and regularly updated on a monthly basis.

# Resources should be made available to encourage, through
a carefully controlled peer review process, access to body fluids
from cohorts such as those harvested from studies of OA onset,
progression andOAclinical trials.Many such cohorts are presently
available for study (see proceedings of OARSI Biomarker Work-
shop,Bethesda,MD,2009) (seehttp://www.oarsi.org/index2.cfm?
section¼Meetings_Events&content¼OABiomarker). In addition,
an effort also needs to be made to obtain cohorts depicting early
events, including sample sets for investigation of risk groups after
joint trauma, and past and future clinical trial sample sets.

# We note that in existing clinical trials, there has been no
standardized method of sample collection. We call for
a consensus regarding collection methods and recommend
practices in Appendix A.

# We recommend body fluid collection and sample banking in
future human (in particular all future prospective OA clinical
trials) and animal studies to include serum and plasma, RNA
and DNA isolated fromwhole blood, urine, and where possible,
SF. SF is included since it represents the most proximal fluid to
the joint and can provide the most direct insight into joint
metabolism in the case of biochemical and molecular
biomarkers. Peripheral white blood cells exhibit changes in
gene expression in OA that are detectable by microarray and
polymerase chain reaction (PCR) analyses117,118. The process of
cell isolation may be associated with artifactual gene expres-
sion changes so the collection of whole blood (via PaxGene or
Tempus tubes), in lieu of cell isolation, may be preferable for
studies of gene expression. Just as the FDA has encouraged
voluntary submission of pharmacogenomic data in an effort to
increase the knowledge base for therapeutic candidates
(see http://www.fda.gov/oc/initiatives/criticalpath/Lesko/Lesko.
html)39, and in view of encouraging successful biomarker
developments of this kind in other fields (described in Examples
of Biomarkers Used for Regulatory Approval of a Therapeutic),
we recommend collection of whole blood for future genomic
analyses of gene expression in OA clinical trials.

# Since patterns of fragments may vary in different body fluids
due to processing in the kidney, we recommend that both urine
and serum samples be collected and analyzed when biomarker
assays are available for use with both these body fluids.

# Protocols enrolling patients with knee or hip OA (the so-called
signal joints) have made measuring and interpreting treatment
effects easier, and thedevelopmentof specificOAmeasurements
has paralleled, and in some ways guided, this signal joint
approach. However, exclusive focus on the signal joint will miss
what is happening at other OA sites that could affect systemic

biomarker concentrations. For this reason it is recommended
that clinical trials for OA that include systemic (serum, urine)
biomarkers, collect information about other joints in addition to
the target joint, such as by using a patient global assessment, or
taking specific non-signal-joint measurements. Future devel-
opments may demonstrate that the status of particular joints
can be distinguished even in the setting of generalized OA.

# Immunoassays based on monoclonal antibodies are preferred
(or similar highly specific reactive agents such as those
produced by phage libraries). The ability to accurately and
quantitatively measure the concentration of epitopes in body
fluids is a primary requisite for all assays. Competition immu-
noassays using a single antibody are often subject to higher
assay variability than sandwich assays in which intra- and
inter-assay variability can be minimized by use of, ideally, two
monoclonal antibodies with different epitope specificities.
Sandwich assays however may be problematic with small
fragments when these do not span two epitopes. The reliance
on polyclonal antisera makes it difficult to ensure continuing
assay standardization when new antisera must be raised to
replace depleted supplies. The incorporation of an appropriate
standard is also an essential requirement for all immunoassays.

# In cases where multiple assays are available for the same
analyte, these assays should be compared against each other as
different information may be generated according to epitope
recognition.

# Although technically challenging, for all existing and future
assays, validation of assay specificity should include epitope
identification of protein epitopes consisting of sequence veri-
fication of the epitope(s) being measured by their isolation and
characterization from the sample under investigation using the
antibodies that constitute the assay in combination with
methods such as mass spectrometry. An example is provided
by Nemirovskiy et al.40 who examined the peptides in urine
generated by collagenase cleavage of type II collagen and
bound by the uTIINE antibody.

# For an improved understanding of a biomarker, the principle
tissue source(s) of a given biomarker should be identified as
accurately as possible, so that the origin(s) of the epitope(s) is/
are clearly understood. These requirements are essential for
a clear understanding of what the assay results represent and
for the interpretation of data when biochemical and molecular
biomarkers are used in preclinical or clinical studies.

# Assays developed in independent laboratories should be made
available either commercially or through collaborative
agreements.

# For the most effective assessment of existing and new
biomarkers, strong collaborations involving both the academic
and commercial sectors are essential so that accessibility to
body fluids and different biomarker assays in past, present and
future clinical trials is ensured. It is possible to envision a time
when an expert advisory group could manage this and that one
or more central reference laboratories perform assays in
a standardized manner in both biomarker assessment/valida-
tion and in preclinical and clinical trials.

# Data on epitope stability with storage, and freezing and
thawing, should be standardized and available in the public
domain.
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Appendix A. Sample acquisition and handling

Introduction to sample handing and considerations relevant
to all samples: the measurement of biomarkers in biological
samples has the potential to provide information on diagnosis,
evaluation of risk, assessment of prognosis, monitoring treatment,
prediction of response to treatment and as a surrogate response
marker119. Biomarkers can be evaluated in a wide array of fluids or
tissues depending on the pathology to be monitored. In this
Appendix, we focus on the collection and storage of blood, urine,
and SF for the assessment of onset and disease activity in OA. For all
samples intended for biomarker analysis, the sample quality is
dependent on two major factors: the pre-analytical parameters
(methods used for sample collection, handling, processing) and the
storage conditions (duration of storage, storage temperature,
number of thaws)119. The time from body fluid sampling to storage
should be reduced to a minimum to avoid degradation. There is
a consensus that a temperature below &70'C is required for long-
term stability of protein epitopes, although good prospective data
on stability in frozen samples are missing for most assays or have

not been published. Likewise, it is ideal to perform biomarker
analyses as soon after sampling as possible. However, to avoid assay
batch effects, it is best, when possible, to run all samples from
a particular study at one time and to examine samples from the
same patient on the same plate. For a clinical trial, the storage time
prior to analyses may be kept to a minimum but this is less readily
implemented for routine use. Epitope stability for each assay
should be clearly established with respect to duration of storage
and effects of freezing and thawing to ensure validity of the
measurements. Samples for immunoassays should be aliquoted on
isolation into volumes suitable for at least a single immunoassay in
triplicate. A volume of 175 ml is generally recommended to be
sufficient to accommodate most assays run in triplicate. With
technical improvements in assay design in future, much smaller
volumes should be able to be accommodated. The time of day of
sample collection should be standardized and noted (recommend
AM or PM at least 2 h after rising and/or any meals for blood and
second morning void for urines). The body fluid collection for
human and animal studies should include serum, plasma (to avoid
the proteolysis that may be activated in blood coagulation), urine,
and where possible, SF samples. Although collection of SF presents
some unique challenges in both patients and animal studies, this
sample represents the most proximal fluid to the joint and can
provide the most direct insight into joint metabolism in the case of
biochemical and molecular biomarkers. Whole blood should be
collected in appropriate tubes to permit biomarker studies of gene
expression and genetic polymorphisms. Robust standardized
protocols for sample collection, handling, and storage should be
developed and adhered to for high quality biomarker analyses.

Blood collection, handling, and recommendations: blood
should be collected and stored separately as serum, plasma, and
whole blood. Some assays work better in serum and some only in
plasma so the acquisition of both provides for maximal possible
assays, as exemplified by assays for theMMPs120. The specific needs
of the assay should be carefully checked in advance. For instance,
consideration must be given to the potential for altered protein
conformations and immunoreactivity in an assay upon chelation of
divalent cations. Patients can be fasted overnight prior to blood
collection but this is often found not necessary. Plasma should be
collected into a commercial collection tube with anticoagulant
added [commonly ethylenediaminetetraacetic acid (EDTA), citrate,
or heparin] followed by centrifugation. The effect of different anti-
coagulants on the analyte should be examined119 as the require-
ments differ for different assays. For instance, EDTA and citrate
plasma are unsuitable for MMP activity assays as these anticoagu-
lants chelate calcium required for MMP activity. For serum, blood
should be collected in a red top tube without additives. Serum
separator (SST) tubes are particularly easy to use and minimize
contaminationof serumbyclot; they have been successfully used for
several years by some researchers (VBK). Upon blood collection, the
plasma or serum tube is immediately gently inverted 3e5 times, and
allowed to clot at room temperature for at least 30 min (maximum
60 min to avoid subsequent fibrinolysis), followed by centrifugation
at approximately 1300g (w3500 rpm) for 10 min to separate the
plasma from the buffy coat and red blood cells (anticoagulant tube),
or to separate the serum from the clot (tube without additives). The
supernatant from both plasma and serumcollection tubes should be
aliquoted into small fresh cryotubes (recommended 100 or 175 ml
aliquots according to the assay noting the volume to monitor for
potential subsequent dessication of sample) and frozen
below &70'C. Depending on the intended use of the sample, mixed
protease inhibitors canbe added tobloodsample collections to avoid
degradation of specific analytes of interest. The material composi-
tion of the tube can affect measurement of analytes so it is recom-
mended to use identical tubes for all samples within a study.
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For total RNA and genomic DNA isolation fromwhole blood:
the PaxGene blood collection tube (Becton Dickinson) can be used
to obtain RNA and DNA from whole blood. RNA extraction can be
performed using Qiagen’s PaxGene 96 blood RNA kit. RNA ampli-
fication can be achieved using Ambion Illumina AMIL1791 Total
Prep RNA amplification kit. DNA isolation can also be achieved from
these tubes as described121. An alternative but similar system is
provided by Tempus tubes (Applied Biosystems). A successful
example of blood-derived gene expression analysis in OA is
provided by Marshall 2005117 although in vitro manipulation of
cells is ideally to be avoided in favor of direct RNA isolation with
PAXGene or Tempus tubes.

Urine collection, handing and recommendations: a second
morning void urine specimen is recommended as the standard for
biomarker assays. Prior to aliquoting (1 ml aliquots recommended
for urine), samples should be centrifuged at approximately 1300g
for 10 min to remove any debris. As with blood samples, collection
of urine samples should use a standardized tube and aliquoted
supernatants should be stored, as for serum and plasma, in cry-
otubes below &70'C until measurements are made. Biomarker
levels in urine are subject to dilutional variances due to varying
hydration level and urine flow rate (volume produced/time) or total
volume. This requires adjustment for differences in flow rate or
volume to allow comparison of samples collected from different
patients or from the same patient over time and is most commonly
achieved through normalization of urine biomarker values with
urinary creatinine, although urinary creatinine is influenced by age,
diet, exercise, muscle mass, medications, tubular secretion and
glomerular filtration rate122.

SF collection, handling, and recommendations: SFs can be
aspirated directly in many cases, but if necessary, a small volume
(10 ml) of sterile saline can be injected into the knee followed by
aspiration of all obtainable fluid47. Using this technique, only one
needle insertion is required for human studies. For animal studies
(usually performed under anesthesia except in rabbits), it is rec-
ommended that the needle bewithdrawn after saline injection, and
the knee flexed and extended 10 times to ensure mixing; this
procedure can also potentially increase the yield of fluid aspirated.
To obtain a total white blood cell count in the sample, 25 ml of SF
can be mixed with 25 ml of trypan blue and the cell count per-
formed with a hemocytometer. SF samples should be cleared by
centrifugation (approximately 1300g for 10 min) and the remaining
supernatant fluid aliquoted (100 ml) and stored in cryotubes
at &80'C for future assays. In cases where 10 ml lavage samples
were obtained, a nearly simultaneous serum sample should also be
obtained in order to determine the dilutional factor of the SF for
subsequent correction of biomarker concentrations for this dilu-
tional effect. The dilution factor can be determined as described by
Kraus et al.123 based onmeasuring urea concentrations in the SF and
serum. SF up to 2.5-fold diluted shows a similar mass spectroscopic
profile as SF aspirated directly (V. Kraus unpublished data); beyond
this level of dilution there may be some specimen heterogeneity
introduced by lack of mixing.

In the case of small animals, such as mice, a published method-
ology is available for obtaining SF at the time of sacrifice124. This
utilizes an alginate product with high absorbancy that wicks the
fluid from the joint. Themethod has to be tested for each biomarker
or analyte of interest to insure that the alginate or the buffer
components do not interfere with the assay but to date has been
shown to be compatible with SF COMP124 and IL-1 (VBK unpub-
lished). For rabbits, Poole et al. 1978125 have used a 1e2 ml saline
injection, containing the tissue culture dye neutral red, into the stifle
(knee) joint. Dilution and hence original SF volume is determined by
spectrophotometric examination of dye concentration. Intra-artic-
ular injectionvolumes, determinedby the relative size of the animal,

should be used for other species in relation to the rabbit. However,
this weakly cationic dye penetrates cell membranes by non-ionic
diffusion and binds intracellularly to sites of the lysosomal
matrix126; thesedyepropertiesmayconfound thedeterminations of
dilution factor by this method. In the past, Evans blue and indoc-
yanine green dyes were shown to be inappropriate for monitoring
dilutional effects of lavage because of their absorption and metab-
olism by intra-articular cells and precipitation upon exposure to
SF123. Another useful approach for small animals (rats, guinea pigs,
rabbits) at sacrifice is to blot the surfaces of the opened joint with
a pre-weighed filter paper and then immediately record the weight
with the SF blotted. This will provide a measure of the amount of
non-diluted fluid. Biomarkers can be readily eluted from the paper
as described and validated previously124. Thismethodworkswell in
the guinea pig127,128. Biomarker ratios can also be calculated in joint
fluids where dilutions cannot be determined. These are indepen-
dent of dilution and provide useful data (RP unpublished).

Appendix B. Definitions of biomarker terms

Exploratory biomarker: research and development tools
accompanied by in vitro and/or preclinical evidence, but there is no
consistent information linking the biomarker to clinical outcomes
in humans. Used for hypothesis generation. First level of surrogacy
based on Wagner et al.1

Demonstration biomarker: associated with adequate preclin-
ical sensitivity and specificity and linked with clinical outcomes,
but has not been reproducibly demonstrated in clinical studies. This
category corresponds to “probable valid biomarkers” in nomen-
clature suggested in draft guidance from FDA. Used in decision-
making; provides supporting evidence for primary clinical
evidence. Second level of surrogacy based on Wagner et al.1

Characterization biomarker: associated with adequate
preclinical sensitivity and specificity and reproducibly linked to
clinical outcomes in more than one prospective clinical study in
humans. This category corresponds to “known valid biomarkers” in
nomenclature suggested in guidance by FDA. Used in decision-
making, and dose finding, for secondary/tertiary claims. Third level
of surrogacy based on Wagner et al.1

Surrogate biomarker: a holistic evaluation of the available data
demonstrates that the biomarker can substitute for a clinical
endpoint. The designation of “surrogate end point” requires
agreement with regulatory authorities. Used for drug registration.
Fourth level of surrogacy based on Wagner et al.1

Valid biomarker: has been defined in the “Guidance for
Industry: Pharmacogenomic Data Submissions”. Therein, a valid
biomarker is described as a “biomarker that is measured in an
analytical test system with well established performance charac-
teristics and for which there is an established scientific framework
or body of evidence that elucidates the physiologic, toxicologic,
pharmacologic, or clinical significance of the test results.” The
classification of biomarkers is context specific. (http://www.fda.
gov/Drugs/ScienceResearch/ResearchAreas/Pharmacogenetics/
ucm083378.htm).

Analytic validity: test’s ability to accurately and reliably detect
the epitope of interest.

Format: commercial availability, single or multiplex, type of
assay (ELISA or mass spectroscopy, etc).

Qualification endpoints: symptoms; structure: radiographic
OA, pre-radiographic OA; molecular OA.

The following are summarized from the ICH of Pharmaceuticals
for Human Use110.

Accuracy: expresses the closeness of agreement between the
value that is accepted either as a conventional true value or an
accepted reference value and the value found.
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Detection limit: is the lowest amount of analyte in a sample
that can be detected but not necessarily quantified as an exact
value.

Linearity: is the ability of an analytical procedure (within
a given range) to obtain test results which are directly proportional
to the concentration (amount) of analyte in the sample.

Precision: expresses the closeness of agreement (degree of
scatter) between a series of measurements obtained from multiple
sampling of the same homogeneous sample under the prescribed
conditions. Precision may be considered at three levels: repeat-
ability, intermediate precision and reproducibility.

Repeatability: expresses the precision under the same oper-
ating conditions over a short interval of time and is also termed
intra-assay precision.
Intermediate precision: expresses within-laboratories varia-
tions: different days, different analysts, different equipment, etc.
Reproducibility: expresses the precision between laboratories
(collaborative studies, usually applied to standardization of
methodology).

Quantitation limit: is the lowest amount of analyte in a sample
that can be quantitatively determined with suitable precision and
accuracy.

Range: the interval between the upper and lower concentration
(amounts) of analyte in the sample (including these concentra-
tions) for which it has been demonstrated that the analytical
procedure has a suitable level of precision, accuracy and linearity.

Robustness: a measure of its capacity to remain unaffected by
small, but deliberate variations in method parameters and provides
an indication of its reliability during normal usage.

Specificity: the ability to assess unequivocally the analyte in the
presence of components that may be expected to be present.
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s u m m a r y

Aim: To perform a systematic review of the literature on the concurrent validity, predictive validity and
responsiveness of radiographic metric measurement of femoro-acetabular joint space width (JSW) in hip
osteoarthritis (OA).
Methods: Eligibility criteria: studies reporting any data on (1) JSW on X-rays in hip OA patients and (2)
concurrent validity (correlations with clinical symptoms), predictive validity (correlations with future
symptomatic state, joint space loss or joint replacement), and/or responsiveness (JSW change over time
evaluated using the standardized response mean (SRM)). Search strategy: Medline PUBMED and Embase
databases. Statistical analysis: Random-effects models were constructed to obtain pooled SRMs.
Results: Of 448 articles, 79 met the abstract inclusion criteria and were read for further screening. Of
these, 15 reported measures of validity and 11 reported measures of responsiveness. Concurrent validity:
Five studies suggested an association between JSW and symptoms in the general population. Two
evaluated the correlations between JSW and symptoms in hip OA patients, with conflicting results. Five
demonstrated that JSW is predictive of future hip joint replacement. Responsiveness was moderate
(SRM¼ 0.66; 95% confidential interval (95%CI): 0.41, 0.91), but tended to be lower in randomized clinical
trials than in cohort studies (0.35 vs 0.83), using an intention to treat rather than a completer analysis
(0.30 vs 0.80), and using manual rather than computer-based measurement (0.47 vs 1.12).
Conclusion: There is evidence of a weak association between JSW and symptoms, of predictive validity for
subsequent joint replacement, and of moderate responsiveness of metric measurement of JSW.

! 2011 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.

Osteoarthritis (OA) is a major cause of disability worldwide. For
many years, there has been a major interest among the scientific
community, pharmaceutical companies, and regulatory agencies in
the development of drugs that might influence the natural history
of OA by preventing, retarding, or reversing cartilage breakdown.
These disease-modifying OA drugs (DMOADs) need to be evaluated
in trials using outcomes measures that reflect the natural history of
OA. Radiographic variables, particularly metric measurement of
minimal joint space width (JSW), are considered the most

appropriate structural outcome measure1. However, the clinical
relevance of this outcome remains doubtful, since there is a debate
onwhether an associationwith clinical symptoms exists. Moreover,
the responsiveness is questionable since the progression of disease
is frequently slow and variable from one patient to another.

Recently, international working groups were created under the
auspices of the Food and Drug Administration (FDA) and the
Osteoarthritis Research Society International (OARSI) in order to
revisit and discuss the outcomes used in OA trials; one of these
groups examined the assessment of structural change (ASC). The
members of this group agreed that the first stage of their work was
to assess the current knowledge on the properties of the instru-
ments used to evaluate structural variables in OA. To assess
a potential outcome measure, it is necessary to assess its psycho-
metric properties, as defined by the Outcome Measures in
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Rheumatology Clinical Trials (OMERACT) filter2. The OMERACT
filter checks that a potential outcome measure is truthful, reliable,
and sensitive to change over time and between different severity
stages. This report presents a systematic analysis of the literature
performed on the concurrent validity, predictive validity and
responsiveness of radiographic metric measurement of hip JSW in
hip OA.

Methods

The draft strategy for the literature review was written in
December 2008, sent to all members of the ASC working group,
underwent iterative revision, and a final version of the protocol was
approved in February 2009. The protocol is available and can be
obtained from the corresponding author of the present article.

Eligibility criteria

Studies were eligible for analysis when reporting data on hip OA
patients (regardless of the definition employed) and including

1 metric measurement of the hip joint JSW on X-rays, irre-
spective of the measurement technique (manually or
computer-based method, evaluation of minimal, mean joint
space, or joint area), the study design (cross-sectional or
longitudinal), the presence of an intervention or not, or the
presence of controls

2 concurrent validity of JSW (correlations with clinical symp-
toms, in particular pain and function) and/or predictive validity
(correlation with future symptoms, joint space loss, or joint
replacement), and/or responsiveness (JSW change over time)
using either the reported standardized response mean (SRM)
or where data allowing calculation of the SRM was available.

Search strategy

A systematic search of the literature was performed in March
2009 and updated in July 2009, using theMedline PUBMED and the
Embase databases. The following search terms were used: ((Oste-
oarthritis[MeSH]) and (hip)) AND (X-ray OR radiography OR diag-
nostic imaging OR radiology OR disease progression) AND (joint
space OR JSW OR disease progression). We limited the search to
research conducted in humans and published in English, French,
German or Spanish languages.

A quality control of the search terms was performed in January
2009: 30 relevant articles were selected at random from one
investigator’s personal library. All were found to include the search
terms. In addition, a manual search of the references of all screened
full-text articles was performed. The abstracts of all potential
relevant citations referenced were also screened.

Screening and extraction

All abstracts were read by one reviewer (JFM). Full-text articles
were obtained if likely to be relevant or where relevance could not
be determined from the abstract.

Criteria for exclusion were: studies reporting results on OA
joints other than hip, or combined results on hip and other joint OA
which did not present hip results separately, no radiographic
evaluation or radiographic data not reported, radiographic assess-
ment not evaluated by metric measurement of JSW (thus excluding
studies in which joint space was evaluated using an atlas),
secondary OA, and case reports. Reviews, editorials, comments, and
systematic literature reviews were not included.

A full-text review of the articles was performed by one reviewer
(DCML) using a predetermined data abstraction form approved by
the ASC group. The data extracted included the year of publication,
name of the first author, study design, X-ray acquisition and
measurement technique, evaluated population or patients, demo-
graphics, baseline and when available follow-up clinical status
(pain, function), baseline and when available follow-up JSWmetric
measurement, change in JSW (mean and standard deviation), SRM,
cross-sectional and longitudinal relationship between JSW metric
measurement and clinical status, relationship between JSW and
further joint space loss and/or total joint replacement.

After data extraction, a second reviewer (JFM) read all the arti-
cles to ensure quality control of data extraction.

Statistical analysis

Responsiveness was assessed by the SRM, defined as the mean
change in minimum JSW divided by the standard deviation of
change. Articles reporting the SRM or its components were
included in the analysis. For randomized clinical trials (RCTs), only
the placebo arm was entered to ensure a measure of the natural

Publications excluded on the 

basis of the abstract: N=369 

Key words: 
(Osteoarthritis [Mesh] AND (hip)) AND 
(X-ray OR radiography OR diagnostic 
imaging OR radiology OR disease 
progression) AND (joint space OR joint 
space width OR disease progression) 

Medline= 426                                    
Embase= 20 
Hand search = 2                

448 publications 

79 publications 

Publications excluded after 

obtaining the full text: N=54 

- Data unavailable for both validity 
and sensitivity to change = 10 
- Data on responsiveness but not 
hip OA patients = 10 
- JSW not reported or evaluated 
using an atlas = 18 
- Duplicate = 8 
- Review or editorial or not original 
data = 7 
- Data on responsiveness available 
but not in a control group = 1 

24 publications: 

- 13 for validity 
- 9 for sensitivity to change 
- 2 for both 

Fig. 1. Flow-chart of the screening process for articles included in the systematic
review.
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history of disease progression. Pooled estimates of the SRM were
performed using random-effects models. We calculated the overall
pooled SRM along with the pooled SRM by study design (cohort vs
RCT), analysis type (intention to treat (ITT) vs completers), and
measurement method (computer vs manual).

Results

We identified 448 articles. Seventy-nine (18%) articles met the
initial inclusion criteria and were read for further screening. Of
these,15 (19%) articles reported validity results and 11 (14%) articles
reported responsiveness results (Fig. 1).

Concurrent validity

Cross-sectional relationship between JSW and symptoms
Five studies evaluated the correlation between JSW and symp-

toms in the general population (Table I). In a population-based
study (3595 participants), the presence of hip pain, of moderate
and severe disability and, to a lesser extent, stiffness, were associ-
ated with minimal JSW3. In another population-based study (3208
participants), a minimal JSW" 2 mm was significantly associated
with self-reported pain in or around the hip joint during the
previous 12 months4. In 735 participants from the Johnston County

Osteoarthritis Project, who had JSW measured at the first follow-
up, categorized minimal JSWwas not related to pain, but a minimal
JSW< 2.5 mm was associated with functional impairment5. In
a sample of 195 patients presenting with new episodes of pain,
there was a negative correlation between JSW and duration of hip
pain6. In a sample of 220 patients consulting for hip pain, pain
duration# 3 months was associated with a minimal
JSW" 2.5 mm7. In 759 men aged 60e75 years, the prevalence of
hip pain was associated with a reduced minimal JSW8.

There were very few data on the relationship between JSW and
symptoms in hip OA patients (Table II). In a sample of 41 hip OA
patients, the functional impairment correlated with minimal and
sum JSW, in the operated and the contralateral hips9. Beside the
participants from the Johnston County Osteoarthritis Project, Ref. 5
also provided data from patients included in a 3-year RCT. The
baseline clinical parameters explained only 0.4% of the variability of
the baseline minimal JSW (P¼ 0.44).10 In the same sample, cate-
gorical JSW was not related to pain nor functional impairment5.

Longitudinal relationship between JSW and symptoms (Table II)
We did not find any studies that evaluated the relationship

between change in symptoms and change in JSW. Two studies eval-
uated the relationship between baseline symptoms and subsequent
joint space loss. In 458 patients included in a 3-year RCT, baseline

Table I
Concurrent validity: correlations between symptoms and hip joint space metric measurement (JSW) in the general population and in patients with hip pain

First author
(reference)

Design Number of
subjects/
patients

Mean age:
yrs (SD)
and % males

Type of JSW Results

Reijman3 Community-based
cohort, cross-sectional

3595 subjects
aged #55
years

66.0$ 6.9 years,
41.8%

Minimal JSW 7.5% participants
with minimal JSW" 2.5 mm,
3.0% with minimal JSW" 2.0 mm,
1.4% with minimal JSW" 1.5 mm

Hip pain associated with minimal JSW" 2.5 mm
(OR¼ 2.4, 95%CI¼ 1.7e3.4), "2.0 mm
(OR¼ 4.5, 95%CI¼ 2.9e7.0) and "1.5 mm
(OR¼ 6.6, 95%CI¼ 3.6e12.2)
Moderate disability associated with minimal
JSW" 2.5 mm (OR¼ 2.7, 95%CI¼ 2.0e3.7),
"2.0 mm (OR¼ 3.7, 95%CI¼ 2.4e5.9) and
"1.5 mm (OR¼ 5.3, 95%CI¼ 2.9e9.8)
Severe disability associated with minimal
JSW" 2.5 mm (OR¼ 3.0, 95%CI¼ 2.0e4.4),
"2.0 mm (OR¼ 4.1, 95%CI¼ 2.5e7.0) and
"1.5 mm (OR¼ 6.1, 95%CI¼ 3.1e12.1)

Jacobsen4 Community-based,
cross-sectional

3208 Men: 62.5 (NA)
Women: 65.0
(NA), 37.8%

Minimal JSW, 6.0% men and 5.7%
women with minimal JSW
" 2.0 mm

MJSW# 2 mm significantly associated to
self-reported hip pain (OR¼ 3.5, 95%CI¼ 2.1e5.7
in men; 1.7, 95%CI¼ 1.1e2.5 in females), groin
pain (OR¼ 2.3, 95%CI¼ 1.3e4.1 in men; 2.0,
95%CI¼ 1.3e3.2 in females), and thigh pain
(OR¼ 1.9, 95%CI¼ 1.1e3.3 in men; 1.5,
95%CI¼ 1.0e2.3 in females) during the previous
12 months

Gossec5 Subjects from a
community-based
cohort, cross-sectional

735 67.2 (9.5), 34.3% Categorical minimal JSW JSW not related to pain, JSW< 2.5 mm associated
with functional impairment, categorized in
quartiles (OR¼ 1.67, 95%CI¼ 1.0e2.78 compared
to JSW> 3 mm)

Birell6 Cross-sectional, patients
with new episode of hip
pain in primary care

195 Median age¼ 63,
33.3%

Dichotomized minimal JSW,
cut off: "2.5 mm or 1.5 mm

Pain duration associated with JSW
Pain duration< 3 months, 28% with JSW" 2.5
and 7% with JSW" 1.5 mm; Pain duration¼ 3e12
months, 25% with JSW" 2.5 and 13% with JSW
" 1.5 mm; Pain duration> 12 months, 43% with
JSW" 2.5 mm and 26% with JSW" 1.5 mm,
P¼ 0.02

Bierma-
Zienstra7

Descriptive,
cross-sectional

220 66 (9.6), 27% Dichotomized minimal JSW,
"2.5 mm and "1.5 mm

JSW" 2.5 mm correlated with pain duration
# 3 months (OR¼ 2.34, 95%CI¼ 1.26e4.32) and
with morning stiffness (OR¼ 2.0, 95%
CI¼ 1.15e3.62)
JSW" 1.5 mm correlated with morning stiffness
(OR¼ 2.6, 95%CI¼ 1.12e6.06)

Croft8 Cross-sectional, men who
underwent intravenous
urogram

759 Age between 60
and 75 years

Minimal JSW Pain in 20.4% of hips, 28.3% of hips with JSW
" 2.5 mm, and in 56% of hips with JSW" 1.5 mm

OR: Odds Ratio.
95%CI: 95% Confidential Interval.
mm: millimetre.
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Lequesne’s index> 10 was an independent predictor of subsequent
1-year change in minimal JSW# 0.6 mm10. In a study of 745 women
aged over 65with radiographic hip OA (936 hips), the joint space loss
during follow-up was increased in subjects with baseline hip pain11.

Predictive validity

Prediction of future joint space loss (Table III)
In a retrospective study of 69 patients with hip OA who had

undergone total hip replacement (THR), the mean of mean JSW at
entry was not related to subsequent annual joint space loss (mean
follow-up¼ 81.2$ 59.9 months)12. In 458 patients included in
a 3-year RCT, a baseline minimal JSW< 2.0 mm was an indepen-
dent predictor of 12 month radiological progression10.

Prediction of future joint space loss or future joint replacement
In a prospective cohort (mean follow-up¼ 6.6$ 0.5 years),

a baseline minimal JSW" 2.5 mm was a predictor of a joint space
loss# 1.0 mm or a THR on a multivariate analysis performed on all
included subjects, but was not on an analysis restricted to the 411
patients with hip pain at baseline13.

Prediction of total hip joint replacement (Table IV)
A relationship between baseline JSW and later hip replacement

was observed in five studies (two of them evaluating the same

sample). In a population-based study, a minimal JSW" 2.5 mmwas
associatedwith subsequent THR (mean follow-up¼ 6.6$ 0.5 years)3.
In a cohortof195patientswithanewepisodeofhippain, thebaseline
minimal JSW was predictive of being put on a waiting list for joint
replacement (median duration follow-up¼ 36months)14. In a cohort
of 224 subjects aged> 50 yearswith hip pain followed-up for amean
2.7$ 0.25 years then 5.8$ 0.3 years, a baseline joint space< 2.5 mm
was predictive of future joint replacement on unadjusted analysis15.
In 506 patients included in a 3-year RCT, a baseline minimal
JSW< 2 mm and the first year change in minimal JSW were associ-
atedwith THRduring the 2-year follow-up16. Patients included in the
same RCT were followed-up for an additional 2 years. A decrease of
minimal JSW of at least 0.2 mm during the first year predicted joint
replacement during the 4 following years and a decrease of minimal
JSW of at least 0.4 mm during the first two years predicted joint
replacement during the 3 following years17.

Responsiveness

Data on minimal JSW were extracted from 11 articles (seven
cohorts, four RCTs)11,12,18e26. Structural assessment analysis was
performed as an ITT analysis in three RCTs, and as a completer
analysis in the last RCT and in the cohorts. The assessment of
minimal JSW was performed using a manual technique in four
studies, and a computer-based technique in seven. The mean

Table II
Concurrent validity: cross-sectional and longitudinal correlations between symptoms and JSW metric measurement in hip OA patients

Reference Design Number of
patients

Age, years, mean
(SD) and % males

Type of JSW Results

Amaro9 Descriptive, cross-sectional
Hip OA patients prior to
joint replacement

41 68.4 (9.4), 41% JSW continuous: minimal and
sum (lateralþ superiorþ axial)
JSW

Lequesne’s index correlated with minimal JSW, r¼&0.57,
P< 0.05 for operated hip and r¼&0.70, P< 0.05 for
non-operated hip
Lequesne’s index correlated with sum JSW, r¼&0.63,
P< 0.05 for operated hip and r¼&0.71, P< 0.05 for
non-operated hip

Dougados10 RCT, cross-sectional and
1-year follow-up

458 63.0 (7.0), 40.4% JSW continuous: dichotomized
change in minimal JSW
(#0.6 mm or not)

Baseline clinical parameters explained only 0.4% of the
variability of the baseline JSW (P¼ 0.44)
Baseline Lequesne’s index> 10 related to 12 months
changes in JSW# 0.6 mm (OR¼ 2.66, 95%CI¼ 1.46e4.83,
P< 0.0001)

Gossec5 Same RCT as above,
cross-sectional

507 63.0 (7.0), 40.4% Categorical minimal JSW,
cut-offs of 1.5, 2.5, and
3.0 mm

JSW not related to pain or functional impairment

Lane11 Cohort of women with
fractures, aged over
65 years
8-year follow-up

745 71.8 (5.2), 0% Change in minimal JSW,
continuous and dichotomized
(> or "0.5 mm)

Mean decrease in JSW¼ 0.5$ 0.63 and 0.35$ 0.55 mm in
hips with and without baseline pain, respectively
(P¼ 0.034)
Decrease# 0.5 mm: 53.7% and 30.7% of hips with and
without baseline pain, respectively OR¼ 1.9,
95%CI¼ 1.4e2.6, P< 0.001)

OR: Odds Ratio.
95%CI: 95% Confidential Interval.
mm: millimetre.

Table III
Predictive validity: correlations between JSW metric measurement and future joint space loss in hip OA patients

Reference Design and follow-up Number of
patients

Age, years, mean (SD)
and % males

Type of JSW Results

Conrozier12 Retrospective study from a case registry of
patients who had undergone THR for OA,
mean radiological follow-up of 81.2$ 59.9
months

61 patients,
69 hips

Men: 62.0 (10.4)
Women: 61.8 (10.4),
44.2%

JSW continuous:
mean JSW

The mean JSW at entry was not related
to further annual joint space loss

Dougados10 3-year RCT 458 63 (7), 40.4% JSW continuous Baseline JSW< 2.0 mm was an independent
predictor of a further 0e1 year radiological
progression, defined as a 1-year JSW loss
of at least 0.6 mm (OR¼ 2.11, 95%
CI¼ 1.30e3.44)

OR: Odds Ratio.
95%CI: 95% Confidential Interval.
mm: millimetre.
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sample size was 164. Results are shown in Table V. The overall SRM
was 0.66 (95% confidential interval (95%CI)¼ 0.41e0.91). The
responsiveness tended to be higher in cohorts (SRM¼ 0.83; 95%CI:
0.49, 1.16) than in RCTs (SRM¼ 0.35; 95%CI: 0.12, 0.57). Respon-
siveness was also higher in analyses of completers (SRM¼ 0.80;
95%CI: 0.50, 1.10) compared to ITT analyses (SRM¼ 0.30; 95%CI:
0.06, 0.55). Responsiveness varied by method of measurement,
with greater responsiveness seen in studies using computer-based
measurement (SRM¼ 1.12; 95%CI: 0.64, 1.59) compared to manual
measurement (SRM¼ 0.47; 95%CI: 0.31, 0.62).

The data on mean JSW and joint space area were too sparse to
allow any pooled analysis. Some studies suggested responsiveness
to be comparable to that observed for minimal JSW12,18,20,27.

Discussion

The present study focused on metric measurement of JSW
since it is currently the most frequently used method evaluating
structural changes on X-rays in clinical trials21,22,25,26 and has

been demonstrated to be more responsive than other methods,
such as the Kellgren and Lawrence or the OARSI grading systems5.
The main limitation is the heterogeneity of the included studies in
their design, inclusion and exclusion criteria, sample size,
outcomes.

The results suggest that, in the general population as well as in
the subjects with hip pain, there is an association betweenminimal
JSW and the presence of hip symptoms. Surprisingly, the relation-
ship between JSW and symptoms has rarely been evaluated in hip
OA patients. In this review, the results of cross-sectional correla-
tions were too sparse and heterogeneous to allow any conclusion,
while longitudinal studies suggested that baseline joint symptoms
are moderately correlated to subsequent joint space loss.

Several factors must be taken into account when interpreting
these results. First, joint pain is influenced by numerous factors,
including patient-related factors. A recent study showed that the
relationship between pain and joint space (non-metric measure-
ment) is increased when the patients are their own controls, at
least for the knee28. It would be interesting to conduct such a study,
using JSW metric measurement, in hip OA patients. Second, OA is
symptomatically a disease with fluctuating symptoms, which
makes it difficult to interpret the correlations between structural
data and symptomatic data obtained at only one point in time.
Again, additional studies evaluating the relationship between JSW
and symptoms obtained at several points of time would be of
interest. Third, most studies did not adjust for analgesic and non-
steroidal anti-inflammatory drug consumption when evaluating
the association between JSW and symptoms. This might alter the
associations, at least with respect to pain.

Taken together, the results of this analysis suggest that there is
some evidence of a weak association between JSW and symptoms
in hip OA. However, additional studies are needed to clarify the
association.

Results on predictive validity suggest that absolute levels of JSW
might be predictive of later joint space loss, though these data are

Table IV
Predictive validity: correlation between hip joint space metric measurement (JSW) and future THR

Reference Design and follow-up Number of
subjects/patients

Age, years, mean
(SD) and % males

Type of JSW Results

Reijman3 Community-based cohort,
mean follow-up¼ 6.6$ 0.5 years

3561 67.1 (7.98) Mean JSW Baseline JSW" 2.5 mm predicts future THR
OR right hip¼ 18.6, 95%CI¼ 10.7e32.3
OR left hip¼ 22.6, 95%CI¼ 11.8e43.0

Birrell14 Cohort of patients with a new
episode of hip pain recruited by
GPs, median duration
follow-up¼ 36 months

195 63 (11), 32% Minimal JSW JSW predictive of future THR
In a 0e6 composite score for prediction
of THR, the weight of JSW is 2 (joint
space> 2.5¼ 0, JSW 1.5e2.5¼ 1,
joint space< 1.5¼ 2)

Lievense15 Patients aged >50 years with
hip pain, followed-up for a
mean 2.7$ 0.25 years then
5.8$ 0.3 years

193 (mean follow-up
2.7 years) and
163 subjects (mean
follow-up¼ 5.8 years)

65.6 (9.6), 26.9% Minimal JSW Baseline JSW< 2.5 mm predictor of future
THR on univariate (OR for future 3 years
THR¼ 6.6, P< 0.01; OR for future 6 years
THR¼ 7.1, P< 0.01), but not on multivariate
analysis

Dougados16 3-year RCT 506 Minimal JSW: 1-year
change in JSW
categorized in four
grades (no change,
worsening< 25%,
worsening between
25% and 50%,
worsening> 50%)

Baseline JSW< 2 mm associated with a
THR during the 3 following years (relative
risk¼ 1.85, 95%CI¼ 1.18e2.90)
First year change in JSW associated with
THR during the 2 following years, relative
risk of being operated¼ 2.89; P< 0.01
(grade 1 vs 2); 2.09, P¼ 0.07 (grade 2 vs 3);
and 5.3, P< 0.0001 (grade 3 vs 4)

Maillefert17 3-year RCTþ 2 years of
additional follow-up after
end of the trial

422 (first analysis) and
384 (second analysis)

63.0 (6.8), 41.7%
(first analysis)
and 43.7%
(second analysis)

Minimal JSW A 1-year decrease in JSW# 0.2 mm or 15%
predicted THR during the next 4 years
(sensibility and specificity of 75% and 68%;
74% and 78%, respectively)
Similar results for 0e2 years changes in JSW

OR: Odds Ratio.
95%CI: 95% Confidential Interval.
mm: millimetre.

Table V
Summary of hip responsiveness from radiographs using random-effects pooling of
the SRM of the minimum JSW

Analysis Number of
studies

Mean sample
size

SRM 95% Confidence
Interval

Overall 11 164 0.66 0.41, 0.91

Study design
RCT 4 111 0.35 0.12, 0.57
Cohort 7 194 0.83 0.49, 1.16

Analysis
Completers 8 176 0.80 0.50, 1.10
ITT 3 132 0.30 0.06, 0.55

Measurement technique
Computer 4 40 1.12 0.64, 1.59
Manual 7 234 0.47 0.31, 0.62
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heterogeneous; there is more data to suggest that loss of JSW is
predictive of subsequent THR. One can question the relevance of
joint replacement as an end-point to evaluate the validity of JSW.
While arthroplasty is usually performed in patients with advanced
symptomatic and structural disease, surgeons have reported that
they are weakly or moderately influenced by X-rays when deciding
whether joint replacement is indicated or not29,30. It has also been
shown that in clinical practice, JSW is a major predictive factor of
the decision to perform hip replacement31. Thus, JSW and joint
replacement might not be truly independent. However, the reasons
why JSW influences the surgeons’ decision remain unclear. If these
reasons are differential diagnosis (some surgeons might consider
that pain and functional impairment are certainly due to OA in
patients with severe joint space narrowing, but might be due, at
least in part, to another disease in those with mild joint space
narrowing), optional treatments (the surgeons might consider that
an additional or complementary medical treatment is less likely to
be efficient in patients with severe joint narrowing), and/or
disease’s potential evolution (surgeons might consider that
a spontaneous clinical improvement is less likely to be observed in
patients with severe joint loss), joint replacement might be
considered as a valid outcome.

The present results suggest good evidence for a moderate
responsiveness of JSW in hip OA. It must be pointed out however
that the responsiveness tended to be lower in RCTs than in cohort
studies, and lower using an ITT rather than a completer analysis
(which might explain the higher responsiveness in cohort studies).
Potential DMOADs are evaluated using RCTs and an ITT analysis, so
the responsiveness of JSW in such studies should be considered as
mild, rather than moderate.
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s u m m a r y

Objective: The goal of this systematic review was to report the responsiveness to change and reliability of
conventional radiographic joint space width (JSW) measurement.
Method: We searched the PubMed and Embase databases using the following search criteria: [osteoar-
thritis (OA) (MeSH)] AND (knee) AND (X-ray OR radiography OR diagnostic imaging OR radiology OR
disease progression) AND (joint space OR JSW or disease progression). We assessed responsiveness by
calculating the standardized response mean (SRM). We assessed reliability using intra- and inter-reader
intra-class correlation (ICC) and coefficient of variation (CV). Random-effects models were used to pool
results from multiple studies. Results were stratified by study duration, design, techniques of obtaining
radiographs, and measurement method.
Results: We identified 998 articles using the search terms. Of these, 32 articles (43 estimates) reported
data on responsiveness of JSW measurement and 24 (50 estimates) articles reported data on measures of
reliability. The overall pooled SRM was 0.33 [95% confidence interval (CI): 0.26, 0.41]. Responsiveness of
change in JSW measurement was improved substantially in studies of greater than 2 years duration
(0.57). Further stratifying this result in studies of greater than 2 years duration, radiographs obtained
with the knee in a flexed position yielded an SRM of 0.71. Pooled intra-reader ICC was estimated at 0.97
(95% CI: 0.92, 1.00) and the intra-reader CV estimated at 3.0 (95% CI: 2.0, 4.0). Pooled inter-reader ICC was
estimated at 0.93 (95% CI: 0.86, 0.99) and the inter-reader CV estimated at 3.4% (95% CI: 1.3%, 5.5%).
Conclusions: Measurement of JSW obtained from radiographs in persons with knee is reliable. These data
will be useful to clinicians who are planning RCTs where the change in minimum JSW is the outcome of
interest.

! 2011 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.

Introduction

Knee osteoarthritis (OA) is a painful and disabling disease for
many with 12% of adults 60 years of age or older having

symptomatic knee OA1. As the population ages, the prevalence of
knee OA continues to rise. Currently, available pharmacologic
regimens for knee OA focus on alleviating pain, but do not slow the
structural progression of disease2. Disease modifying OA drugs
(DMOADS) are in the early developmental stages, and thus it is
important to quantify the expected rate of structural progression to
facilitate trial planning.

Minimum joint space width (JSW) is commonly used to assess
knee OA progression3. It has been shown to be sensitive to
change4,5 and change in the minimum JSW has been the primary
outcome for previous DMOAD trials4e7. An analytic literature
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synthesis by Emrani et al. in 2008 showed an interaction between
study design and radiographic technique was associated with
annual change in minimum JSW. The greatest annual change was
seen in observational studies that used a semi-flexed technique
without fluoroscopy, while the smallest annual change was see in
randomized controlled trials (RCTs) with the same technique5.

The objective of this paper was to update results of Emrani et al.
by adding themost recent studies and report responsiveness of JSW
in terms of standardized response mean (SRM). The SRM is defined
as the mean change divided by the standard deviation (SD) of
change and can be interpreted as the number of SDs of change,
which will be useful for planning future DMOAD trials. We also
report pooled estimates of reliability, which include inter- and
intra-reader intra-class correlations (ICCs) and coefficients of
variation (CVs).

Method

Eligibility criteria

Studies were eligible for our analyses if they satisfied all four
requirements of the PICO (Patients Interventions Controls
Outcomes). To be included in the review, the study population had
to include patients with knee OA followed over time with radio-
graph-based measures of JSW. We included studies that reported
responsiveness (mean change/SD of change or SRM) or reliability
measures (inter- or intra-reader ICC or CV). If the study was a RCT
then we used data from the control group. This was done to ensure
quantification of the natural history of responsiveness of radio-
graphs in those with knee OA. Studies were not limited by publi-
cation date (latest search: April 2009) and we included studies that
were published in English, French, Spanish, and German.

Information sources and search

We searched the PubMed and Embase databases using the
following search criteria: (osteoarthritis [MeSH]) AND (knee) AND
(X-ray OR radiography OR diagnostic imaging OR radiology OR
disease progression) AND (joint space OR JSW or disease
progression).

Study selection

All abstracts were read by one reviewer. The reviewer obtained
full-length articles of all abstracts that were considered as probably
relevant or of unknown relevance. These articles were subse-
quently reviewed and data extracted into a data abstraction form.
Abstracts of all potentially relevant references in the full-text
review were obtained if probably relevant or of unknown
relevance.

Studies were excluded if they did not report change inminimum
JSW in the knee or if they did not provide a measure of reliability in
measuring minimum JSW.

Data items

We abstracted the following study characteristics from each
article: study design, radiographic technique, use of fluoroscopy,
method of measurement, follow-up time, whether readers were
blinded to the order of the radiographic studies, and sample size.
Study design was classified as RCT or observational and radio-
graphic technique was categorized as extended view or flexed
(includes semi-flexed). Method of measuring minimum JSW was
performed manually or using a computer. Follow-up time was
categorized as 1-year or less, 1e2 years, or greater than 2 years.

Summary measures

The principal summary measure for our review is the SRM. In
articles that reported the SRM directly, we abstracted the reported
value. In articles that only reported mean change and SD of change,
we calculated the SRM from the two reported measures. Inter- and
intra-reader reliability measures (ICC, CV) were also abstracted
from the articles.

Synthesis of results

Random-effects models were built to obtain pooled estimates
for the SRM and reliability measures across studies adjusting for
variability across the studies. Heterogeneity in the estimates was
assessed using I-squared, which assesses the percentage of varia-
tion across studies that was due to between study variation.

Analyses were performed for all studies that reported these
measures and by study characteristics, including study design,
radiographic approach, radiographic technique, use of fluoroscopy,
method of measurement, and follow-up time. Ninety-five percent
CIs were derived for all estimates.

Results

Study selection

We identified 866 articles using our electronic search and
another 132 were identified manually for a total of 998 articles.
Two-hundred eighty-five articles met the initial abstract screening
inclusion criteria and the full-text article was obtained and read for
further screening. Of these, 32 articles reported responsiveness
results (43 estimates) and 24 articles reported reliability results. Of
the 24 articles reporting reliability results, the inter-reader ICC was
reported eight times, the intra-reader ICC 17 times, the inter-reader
CV six times, and the intra-reader CV 19 times (Fig. 1).

Study characteristics

Of the 43 estimates on responsiveness, 21 (49%) estimates were
obtained from studies with follow-up of 1 year or less, 10 (23%)
estimates were derived from studies with follow-up of 1e2 years,
and 12 (28%) came from studies with greater than 2 years of follow-
up. The mean sample size was 100 (SD¼ 86). Sixteen estimates
(37%) were obtained from studies that used a radiographic
approach with the knee fully extended and 27 (63%) from studies

866 articles identified in 
PubMed and EMBASE 

132 articles identified 
manually 

998 articles identified in total 

285 articles screened 

32 articles reporting 
responsiveness results 

24 articles reporting  
reliability results 

Fig. 1. Flow chart of the screening process for articles included in the systematic
review.
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that had the knee in flexion. Fluoroscopy was used for 23 (53%) of
the estimates and computerized methods of measuring the
minimum JSW was used for 24 of the estimates (56%). Nineteen
(44%) of the estimates came from RCTs. Of the 43 estimates, only 21
(49%) disclosed whether the readers were blinded to the sequence
of the radiographs. Of these 21 estimates, 19 (90%) came from
studies that used blinded readers. Study characteristics for all 32
studies are shown in Table I.

Of the eight estimates evaluating the inter-reader ICC, four (50%)
used a fully extended radiographic approach, four (50%) used
fluoroscopy, and seven (88%) measured the joint space manually.
The mean sample size in these studies was 110 (SD¼ 110).

Of the 17 estimates evaluating the intra-reader ICC, six (35%)
used a fully extended radiographic approach, eight (47%) used
fluoroscopy, and nine (53%) measured the joint spacemanually. The
mean sample size in these studies was 80 (SD¼ 88).

Of the six estimates evaluating the inter-reader CV, three (50%)
used a fully extended radiographic approach, six (100%) used
fluoroscopy, and six (100%) measured the joint space manually. The
mean sample size in these studies was 120 (SD¼ 99).

Of the 19 estimates evaluating the intra-reader CV, six (32%)
used a fully extended radiographic approach, 14 (74%) used

fluoroscopy, and 11 (58%) measured the joint space manually. The
mean sample size was 43 (SD¼ 38). Study characteristics for all 24
studies are shown in Table II.

Synthesis of responsiveness results

The I-squared value for the 43 estimates was 0.82 [95% confi-
dence interval (CI): 0.76, 0.86] indicating substantial between study
variation. The I-squared values are shown in Table III.

The random-effects analysis yielded an overall pooled SRM for
the 43 estimates of 0.33 (95% CI: 0.26, 0.41). The pooled SRM was
similar when the analysis was stratified by radiographic approach,
the use of fluoroscopy, measurement method, and study type.
Follow-up timewas related to the magnitude of the SRM. Estimates
derived from studies with 1 year or less and 1e2 years of follow-up
had similar responsiveness (0.24 and 0.25 respectively), while
estimates coming from studies with greater than 2 years follow-up
had an SRM of 0.57 (95% CI: 0.39, 0.75). Similar effects of follow-up
time are shown when use of fluoroscopy, measurement method,
and study type were stratified by follow-up time. However, when
radiographic approach was stratified by follow-up time, estimates
derived from studies that used a flexion-based radiographic

Table I
Study Characteristics of the manuscripts reviewed for responsiveness

Author, year (Ref.) Study type Sample
size

Follow-up
months

Radiographic approach Method of
measurement

Delta (SD)

Ayral et al. 19968 Cohort 41 12 Extension without fluoroscopy Manual 0.40 (1.00)
Ravaud et al. 19969 Cohort 55 12 Extension without fluoroscopy Manual 0.42 (1.11)
Listrat et al. 199710 RCT 17 12 Extension without fluoroscopy Manual 0.70 (1.20)
Pavelka et al. 20004 RCT 139 60 Extension with fluoroscopy Manual 0.42 (0.94)
Mazzuca et al. 20016 Cohort 402 31.60 Extension without fluoroscopy Manual 0.37 (1.25)
Reginster et al. 20017 RCT 106 36 Extension with fluoroscopy Computerized 0.40 (0.92)
Gandy et al. 200211 Cohort 11 37 Extension without fluoroscopy Manual 0.21 (0.37)
Miyazaki et al. 200212 Cohort 74 72 Flexion without fluoroscopy Manual 1.40 (1.20)
Boegard et al. 200313 Cohort 50 25 Flexion with fluoroscopy Manual 0.06 (0.45)
Mazzuca et al. 200314 Cohort 52 14 Flexion with fluoroscopy Computerized 0.09 (0.31)

52 14 Flexion without fluoroscopy Manual "0.09 (0.66)
Pessis et al. 200315 Cohort 20 12 Flexion with fluoroscopy Manual 0.00 (0.60)

20 12 Extension with fluoroscopy Manual 0.10 (0.90)
Sugiyama et al. 200316 Cohort 110 48 Flexion with fluoroscopy Computerized 0.53 (0.43)
Vignon et al. 200317 Cohort 58 24 Extension with fluoroscopy Computerized 0.17 (0.75)

58 24 Flexion with fluoroscopy Computerized 0.24 (0.50)
Pavelka et al. 200418 RCT 89 24 Extension with fluoroscopy Manual 0.40 (0.79)
Pham et al. 200419 RCT 79 12 Extension without fluoroscopy Manual 0.21 (0.59)

69 12 Extension without fluoroscopy Manual 0.12 (0.32)
Pham et al. 200420 RCT 277 12 Extension without fluoroscopy Manual 0.09 (0.55)
Uebelhart et al. 200421 RCT 76 12 Extension without fluoroscopy Computerized 0.32 (1.11)
Brandt et al. 200522 RCT 180 30 Flexion with fluoroscopy Manual 0.45 (0.70)
Conrozier et al. 200523 Cohort 96 12 Flexion with fluoroscopy Computerized 0.19 (0.48)
Michel et al. 200524 RCT 150 24 Flexion without fluoroscopy Computerized 0.07 (0.56)
Spector et al. 200525 RCT 98 12 Flexion with fluoroscopy Computerized 0.12 (0.42)
Bingham et al. 200626 RCT 269 24 Flexion with fluoroscopy Computerized 0.13 (1.08)

280 24 Flexion with fluoroscopy Computerized 0.09 (1.31)
Cline et al. 200627 RCT 112 9.84 Flexion without fluoroscopy Computerized 0.00 (0.53)

85 11.76 Flexion with fluoroscopy Computerized 0.12 (0.42)
99 8.16 Flexion without fluoroscopy Computerized "0.07 (0.63)

Mikesky et al. 200628 RCT 60 30 Flexion with fluoroscopy Manual 0.54 (0.70)
Botha-Scheepers et al. 200729 Cohort 122 24 Flexion without fluoroscopy Computerized 0.21 (0.52)
Krzeski et al. 200730 RCT 71 12 Extension with fluoroscopy N/A 0.14 (0.53)
Nevitt et al. 200731 Cohort 53 37 Flexion without fluoroscopy Computerized 0.43 (0.66)
Sharif et al. 200732 Cohort 115 60 Extension without fluoroscopy Manual 0.18 (0.93)
Le Graverand et al. 200833 Cohort 62 12 Flexion with fluoroscopy Computerized 0.22 (0.41)

62 12 Flexion without fluoroscopy Computerized "0.01 (0.46)
Mazzuca et al. 200834 Cohort 27 12 Flexion without fluoroscopy Computerized 0.25 (0.54)

27 12 Flexion without fluoroscopy Computerized 0.02 (0.40)
47 12 Flexion with fluoroscopy Computerized 0.16 (0.37)
47 12 Flexion with fluoroscopy Computerized "0.01 (0.51)

Gensburger et al. 200935 Cohort 81 48 Flexion with fluoroscopy Computerized 0.32 (0.76)
Kahan et al. 200936 RCT 313 12 Flexion with fluoroscopy Computerized 0.31 (0.71)

Delta: change in minimum JSW from baseline to follow-up (measured in millimeters).
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approach and had greater than 2 years of follow-up time had
a higher SRM of 0.71 (95% CI: 0.44, 0.98).

Synthesis of reliability results

Results of random-effects pooling of the reliability estimates
showed good inter- and intra-reader reliability for measuring the
minimum JSW. The eight estimates of inter-reader ICC produced an
estimate of 0.93 (95% CI: 0.86, 0.99), while the 17 estimates of intra-
reader ICC produced an estimate of 0.97 (95% CI: 0.92, 1.00).
Additional results stratified by study characteristics are shown in
Table IV. Six estimates for the inter-reader CV produced an estimate
of 3.4% (95% CI: 1.3%, 5.5%) and 19 estimates for the intra-reader CV

produced an estimate of 3.0% (95% CI: 2.0%, 4.0%). Additional results
stratified by study characteristics are shown in Table V.

Discussion

We performed an analytic systematic review of the responsive-
ness and reliability of knee radiographs when measuring the
minimum JSW. We analyzed responsiveness using the SRM. This
measure can be interpreted as the number of SDs of change. The
overall SRM was 0.33 (95% CI: 0.26, 0.41). Follow-up time was the
main studycharacteristic thatwas related to responsiveness. Studies
with follow-up times greater than 2 years showed greater respon-
siveness (SRM¼ 0.57; 95% CI: 0.39, 0.75). It is critical to note that

Table II
Study characteristics of the manuscripts reviewed for reliability

Author, year (Ref.) Sample size Radiographic approach Method of measurement Reliability estimator Observer Value

Buckland-Wright et al. 199537 5 Flexion with fluoroscopy Computer CV Intra 3.8%
5 Flexion with fluoroscopy Computer CV Intra 1.2%
7 Flexion with fluoroscopy Manual CV Intra 3.6%
7 Flexion with fluoroscopy Manual CV Intra 0.6%

Ravaud et al. 19969 55 Extension without fluoroscopy Manual ICC Intra 0.95
55 Extension without fluoroscopy Manual ICC Inter 0.85

Pavelka et al. 20004 10 Extension with fluoroscopy Manual CV Intra 2.0%
10 Extension with fluoroscopy Manual ICC Intra 0.99

280 Extension with fluoroscopy Manual CV Inter 6.6%
280 Extension with fluoroscopy Manual ICC Inter 0.97

Mazzuca et al. 20016 20 Extension without fluoroscopy Manual CV Intra 4.4%

Myazaki et al. 200212 10 Flexion without fluoroscopy Manual ICC Intra 0.92

Pavelka et al. 200238 40 Extension with fluoroscopy Manual CV Intra 1.9%
202 Extension with fluoroscopy Manual CV Inter 2.6%

Boegard et al. 200313 51 Flexion with fluoroscopy Manual CV Intra 2.3%
51 Flexion with fluoroscopy Manual CV Intra 1.0%
51 Flexion with fluoroscopy Manual CV Inter 2.7%
51 Flexion with fluoroscopy Manual CV Inter 1.1%

Mazzuca et al. 200314 71 Flexion without fluoroscopy Manual CV Intra 5.8%
Sugiyama et al. 200316 10 Flexion with fluoroscopy Computer CV Intra 1.5%
Vignon et al. 200317 20 Extension with fluoroscopy Computer ICC Intra 0.98

36 Flexion with fluoroscopy Computer ICC Intra 0.98

Mazzuca et al. 200439 30 Flexion with fluoroscopy Manual ICC Intra 0.996
30 Flexion with fluoroscopy Manual ICC Inter 0.956

Pavelka et al. 200418 89 Extension with fluoroscopy Manual CV Intra 3.6%
89 Extension with fluoroscopy Manual CV Inter 6.5%

Pham et al. 200419 156 Extension without fluoroscopy Manual ICC Intra 0.993

Pham et al. 200420 292 Extension without fluoroscopy Manual ICC Intra 0.996
292 Extension without fluoroscopy Manual ICC Inter 0.912

Sharif et al. 200440 20 Extension without fluoroscopy Manual CV Intra 11.3%

Cicuttini et al. 200541 123 Extension without fluoroscopy Computer CV Intra 4.8%

Conrozier et al. 200523 106 Flexion with fluoroscopy Computer CV Intra 1.15%
106 Flexion with fluoroscopy Computer ICC Intra 0.99

Michel et al. 200524 284 Flexion without fluoroscopy Computer ICC Intra 0.98

Szebenyi et al. 200642 60 Extension without fluoroscopy Manual ICC Intra 0.895
60 Extension without fluoroscopy Manual ICC Inter 0.868

Nevitt et al. 200731 80 Flexion without fluoroscopy Manual ICC Intra 0.90
80 Flexion without fluoroscopy Manual ICC Inter 0.98
25 Flexion without fluoroscopy Computer ICC Intra 0.96
25 Flexion without fluoroscopy Computer CV Intra 2.9%

Le Graverand et al. 200833 36 Flexion with fluoroscopy Computer ICC Intra 0.99
36 Flexion with fluoroscopy Computer ICC Intra 0.99
18 Flexion without fluoroscopy Computer ICC Intra 0.99

Mazzuca et al. 200834 39 Flexion with fluoroscopy Computer CV Intra 0.80

Gensburger et al. 200935 42 Flexion with fluoroscopy Manual ICC Intra 0.89
42 Flexion with fluoroscopy Manual CV Intra 2.9%
44 Flexion with fluoroscopy Manual ICC Inter 0.80
44 Flexion with fluoroscopy Manual CV Inter 0.8%

Kahan et al. 200936 100 Flexion with fluoroscopy Computer CV Intra 1.2%
100 Flexion with fluoroscopy Computer ICC Intra 0.99

W.M. Reichmann et al. / Osteoarthritis and Cartilage 19 (2011) 550e556 553



studies with a follow-up of 1 year or shorter showed a responsive-
ness of 0.24. This limitation of the radiographic technique means
that to adequately power a study to demonstrate change over this
short interval will require much larger sample sizes. Studies that
used aflexed viewandhad greater than 2 years of follow-up showed
the greatest responsiveness (SRM¼ 0.71; 95% CI: 0.44, 0.98). Based
upon this literature there does appear to be some advantage to
standardizedpositioning andfluoroscopywith slight improvements
in responsiveness. Despite what one may have expected there does
not appear to be any advantage in computerized measurement of
JSW over manual measures. In studies with greater than 2 years of
follow-up, the responsiveness was higher for those that used
computerized methods (0.68) compared to those that used manual
methods (0.51). However, the 95% CIs substantially overlap due to
substantial variability in these estimates (Table III).

The reliability of measuring minimum JSW provided to be
excellent with pooled ICCs ranging from 0.91 to 0.99 and pooled
CVs ranging from 1.5 to 5.8. Radiographic method, use of fluoros-
copy, and measurement method did not affect reliability albeit the
majority of the estimates come from different studies with no
direct study comparison.

Our findings complement the work of Emrani et al. who pub-
lished a systematic review in 2008 on the change in minimum JSW.
While they found effects of radiographic approach and study type,
they also analyzed the crude change in minimum JSW rather than
the SRM. They also found that increased follow-up time was
inversely associated with change in minimum JSW, while we found
that increasing the follow-up time increased the responsiveness of
radiographs to change. This difference may be due to differences in
definition of primary outcomes and additional assumption of
linearity of change that Emrani et al. used in their analysis5.

A major strength of this study is that it is the first literature
synthesis to summarize responsiveness in terms of the SRM. These
data will be useful to clinicians who are planning studies where the
change in theminimum JSW is the outcome of interest. The results of
this analysis suggest that studies using JSW as primary outcome
measurebasedonradiographs shouldplan tohavea follow-upperiod
that is greater than 2 years and have the knee in a flexed position
when performing the radiographs to ensure the greatest possible
responsiveness.While thepooledSRMwashigher for studies thatdid
not blind the reader to the sequence of the radiographs (0.55), it is
unlikely that blinding of the readers of the radiographs substantially
influenced our results since only two estimates came from studies
that did not blind their readers. Also, the pooled SRM for estimates
coming from studies that did blind the readers was similar to those
that did not report this information (0.30 vs 0.35 respectively).

Also, this is the first known literature synthesis that pools reli-
ability data on measuring minimum JSW. In general, these
measurements can be considered to be reliable as the intra- and
inter-reader ICCs were large and the CVs were low.

Table III
Results of random-effects pooling for studies that reported estimates of respon-
siveness by different study characteristics

Number
of
estimates

I-squared
(95% CI)

SRM (95% CI)

Overall 43 0.82 (0.76, 0.86) 0.33 (0.26, 0.41)
Knee flexion
Extended 16 0.19 (0.00, 0.55) 0.32 (0.26, 0.37)
Flexed 27 0.88 (0.84, 0.91) 0.34 (0.22, 0.45)

Fluoroscopy
Fluoro 23 0.83 (0.76,0.88) 0.38 (0.27, 0.48)
No fluoro 20 0.79 (0.69 0.86) 0.28 (0.17, 0.39)

Measurement method
Manual 18 0.80 (0.70, 0.87) 0.38 (0.26, 0.50)
Computerized 24 0.84 (0.77, 0.89) 0.31 (0.20, 0.41)

Study type
RCT 19 0.82 (0.73, 0.88) 0.30 (0.20, 0.40)
Cohort 24 0.82 (0.74, 0.87) 0.36 (0.24, 0.49)

Follow-up time
1-year or less 21 0.56 (0.27, 0.73) 0.24 (0.15, 0.32)
1e2 years 10 0.80 (0.63, 0.89) 0.25 (0.13, 0.37)
Greater than 2 years 12 0.88 (0.81, 0.93) 0.57 (0.39, 0.75)

Reader blinded to order of radiographs
Yes 19 0.76 (0.63, 0.85) 0.30 (0.19, 0.40)
No 2 0.59 (0.00, 0.90) 0.55 (0.33, 0.76)
Unknown 22 0.85 (0.78, 0.89) 0.35 (0.23, 0.46)

Knee flexion by follow-up time
Extended/1-year or less 9 0.00 (0.00, 0.63) 0.26 (0.19, 0.34)
Extended/1e2 years 2 0.61 (0.00, 0.91) 0.38 (0.10, 0.65)
Extended/greater than
2 years

5 0.32 (0.00, 0.74) 0.34 (0.24, 0.44)

Flexed/1-year or less 12 0.68 (0.42, 0.83) 0.19 (0.06, 0.32)
Flexed/1e2 years 8 0.82 (0.65, 0.90) 0.22 (0.08, 0.36)
Flexed/greater than 2 years 7 0.88 (0.78, 0.94) 0.71 (0.44, 0.98)

Fluoroscopy by follow-up time
Fluoro/1-year or less 9 0.33 (0.00, 0.69) 0.29 (0.18, 0.39)
Fluoro/1e2 years 7 0.81 (0.62, 0.91) 0.29 (0.14, 0.44)
Fluoro/greater than 2 years 7 0.87 (0.75, 0.93) 0.58 (0.36, 0.80)
No fluoro/1-year or less 12 0.61 (0.28, 0.79) 0.21 (0.10, 0.32)
No fluoro/1e2 years 3 0.82 (0.45, 0.94) 0.15 ("0.13, 0.42)
No fluoro/greater than
2 years

5 0.89 (0.78, 0.95) 0.56 (0.24, 0.87)

Measurement method by follow-up time
Manual/1-year or less 8 0.20 (0.00, 0.63) 0.28 (0.17, 0.38)
Manual/1e2 years 2 0.92 (0.73, 0.98) 0.19 ("0.44, 0.82)
Manual/greater than 2 years 8 0.87 (0.77, 0.93) 0.51 (0.31, 0.71)
Computerized/1-year or less 12 0.68 (0.42, 0.83) 0.21 (0.08, 0.33)
Computerized/1e2 years 8 0.78 (0.56, 0.89) 0.26 (0.13, 0.38)
Computerized/greater
than 2 years

4 0.90 (0.77, 0.96) 0.68 (0.31, 1.06)

Study type by follow-up time
RCT/1-year or less 10 0.60 (0.19, 0.80) 0.21 (0.11, 0.32)
RCT/1e2 years 5 0.87 (0.72, 0.94) 0.24 (0.07, 0.41)
RCT/greater than 2 years 4 0.51 (0.00, 0.84) 0.56 (0.41, 0.70)
Cohort/1-year or less 11 0.51 (0.03, 0.75) 0.26 (0.13, 0.40)
Cohort/1e2 years 5 0.69 (0.20, 0.88) 0.26 (0.06, 0.46)
Cohort/greater than 2 years 8 0.92 (0.86, 0.95) 0.57 (0.30, 0.85)

Table IV
Results of random-effects pooling for studies that reported estimates of intra-ICC by
different study characteristics

Number of
estimates

Inter-reader ICC
(95% CI)

Number of
estimates

Intra-reader
ICC (95% CI)

Overall 8 0.93 (0.86, 0.99) 17 0.97 (0.92, 1.00)
Knee flexion
Extended 4 0.93 (0.85, 1.00) 6 0.98 (0.90, 1.00)
Flexed 4 0.94 (0.79, 1.00) 11 0.97 (0.90, 1.00)

Fluoroscopy
Fluoro 4 0.95 (0.85, 1.00) 8 0.98 (0.88, 1.00)
No fluoro 4 0.91 (0.82, 1.00) 9 0.97 (0.91, 1.00)

Measurement method
Manual 7 0.93 (0.86, 0.99) 9 0.97 (0.89, 1.00)
Computerized 1 0.99 (N/A) 8 0.98 (0.90, 1.00)

Table V
Results of random-effects pooling for studies that reported estimates of CV by
different study characteristics

Number of
estimates

Inter-reader
CV (95% CI)

Number of
estimates

Intra-reader
CV (95% CI)

Overall 6 3.4% (1.3, 5.5) 19 3.0% (2.0, 4.0)
Knee flexion
Extended 3 5.2% (2.5, 8.0) 6 4.7% (2.7, 6.7)
Flexed 3 1.5% (0.3, 2.7) 13 2.2% (1.3, 3.2)

Fluoroscopy
Fluoro 6 3.4% (1.3, 5.5) 14 2.0% (1.4, 2.5)
No fluoro 0 N/A 5 5.8% (3.8, 7.9)

Measurement method
Manual 6 3.4% (1.3, 5.5) 11 3.6% (2.1, 5.1)
Computerized 0 N/A 8 2.2% (0.8, 3.5)
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A major limitation of our review is that we did not report our
results by risk factors for knee OA progression (body mass index,
knee alignment, age, concurrent OA in other joints, synovitis, etc.)
since they were not uniformly reported. The fact that we were not
able to account for these factors may have contributed to the
heterogeneity in the SRMs. It is important for future studies that
report results on quantitative changes of knee OA progression to
report these risk factors. Also, we did not collect data on the
number of readers and the time interval between reads for our
reliability data. It would be interesting to examine how these
factors affected our estimates of reliability.

We found that radiographs provide moderate responsiveness
and good reliability measures for measuring the minimum JSW in
persons with knee OA. These data will be useful to clinicians who
wish to plan future RCTs in which change in minimum JSW is their
primary outcome.
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s u m m a r y

Objective: To summarize literature on the concurrent and predictive validity of MRI-based measures of
osteoarthritis (OA) structural change.
Methods: An online literature search was conducted of the OVID, EMBASE, CINAHL, PsychInfo and
Cochrane databases of articles published up to the time of the search, April 2009. 1338 abstracts obtained
with this search were preliminarily screened for relevance by two reviewers. Of these, 243 were selected
for data extraction for this analysis on validity as well as separate reviews on discriminate validity and
diagnostic performance. Of these 142 manuscripts included data pertinent to concurrent validity and 61
manuscripts for the predictive validity review. For this analysis we extracted data on criterion
(concurrent and predictive) validity from both longitudinal and cross-sectional studies for all synovial
joint tissues as it relates to MRI measurement in OA.
Results: Concurrent validity of MRI in OA has been examined compared to symptoms, radiography,
histology/pathology, arthroscopy, CT, and alignment. The relation of bone marrow lesions, synovitis and
effusion to pain was moderate to strong. There was a weak or no relation of cartilage morphology or
meniscal tears to pain. The relation of cartilage morphology to radiographic OA and radiographic joint
space was inconsistent. There was a higher frequency of meniscal tears, synovitis and other features in
persons with radiographic OA. The relation of cartilage to other constructs including histology and
arthroscopy was stronger. Predictive validity of MRI in OA has been examined for ability to predict total
knee replacement (TKR), change in symptoms, radiographic progression as well as MRI progression.
Quantitative cartilage volume change and presence of cartilage defects or bone marrow lesions are
potential predictors of TKR.
Conclusion: MRI has inherent strengths and unique advantages in its ability to visualize multiple indi-
vidual tissue pathologies relating to pain and also predict clinical outcome. The complex disease of OA
which involves an array of tissue abnormalities is best imaged using this imaging tool.

! 2011 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.

Introduction

Magnetic Resonance Imaging (MRI) is being developed as
amethod to assess jointmorphology in osteoarthritis (OA), with the

goal of providing a sensitive non-invasive tool for the study of
healthy and diseased states, and a means of assessing the effec-
tiveness of interventions for osteoarthritis. Traditionally structural
assessment of OA has relied upon the plain radiograph which has
capacity to image the joint space and osteophytes1. MRI has many
advantages in visualizing the joint, and recent efforts are yielding
a variety of approaches that offer the potential for monitoring this
prevalent synovial joint disease2. Because OA is a disease of the
whole synovial joint, not just the cartilage, measurements of
structure need to be seen broadly and capture important anatomic
features, including osteophytes, effusions, meniscal tears,
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subchondral bone architectural changes or ligamentous instability,
in addition to cartilage loss2. There is an abundant literature
describing the concurrent validity of MRI as it relates to comparable
constructs such as histology and radiography but little if any effort
has been made to systematically summarize this literature.

Similarly the merits of any OA structural assessment will
undoubtedly be assessed for their clinical relevance. There are
multiple determinants of pain and functional limitation in OA and
there may be many more unknown3. Many studies have examined
whether the loss of structural integrity is in some way the physical
correlate of these symptoms. Traditionally most epidemiologic
studies have relied upon plain radiography to define disease. The
major limitation of this method is that measures of symptoms
correlate poorly with x-ray features. Less than 50% of people with
evidence of OA on plain radiographs have symptoms related to
these findings4. Uncertainty as to whether measurements of MRI
structure alone will adequately reflect what structure connotes, or
whether other metrics of structure should also be considered, need
to be systematically evaluated. The relationships between structure
and pain and/or function and between structure and future
outcomes (e.g., arthroplasty) are critical in determining the clinical
relevance of MRI.

In psychometrics, validity refers to the degree to which a study
accurately reflects or assesses the specific concept that the
researcher is attempting to measure. There are many types of val-
idity of which one, criterion validity, is used to demonstrate the
accuracy of a measure or procedure by comparing it with another
measure or procedure which has been demonstrated to be valid.
There is a contention in theOAfield about the validity of a number of
biomarkers and clinical endpoints and their inclusion here is in an
effort to be comprehensive and does not diminish the credible
concerns about the lack of well validated clinical endpoints5. If the
test data and criterion data are collected at the same time, this is
referred to as concurrent validity evidence. If the test data is
collected first in order to predict criterion data collected at a later
point in time, then this is referred to as predictive validity evidence.
The purpose of this systematic reviewwas to summarize theOAMRI
literature with regards to both concurrent and predictive validity.

Material and methods

Systematic literature search details

An online literature search was conducted using the OVID
MEDLINE (1945e), EMBASE (1980e) and Cochrane databases
(1998e) to identify the articles published up to April 2009, with the
search entries “MRI”, and “osteoarthritis”, “osteoarthritides”,
“osteoarthrosis”, “osteoarthroses”, “degenerative arthritis”, “de-
generative arthritides”, or “osteoarthritis deformans”. The abstracts
of the 1330 citations received with this search were then prelimi-
narily screened for relevance by two reviewers (KH and DJH). For
this preliminary search, all articles which used MRI, in some form,
on patients with osteoarthritis of the knee, hip, or hand were
included. Although review articles were not included (see
Inclusion/exclusion criteria), citations found in any review articles
which were not already included in our preliminary search were
screened for possible inclusion in this study. This added 7 more
relevant studies to our search. One further article was added, before
publication, by one of authors of this meta-analysis bringing the
preliminary total to 1338.

Inclusion/exclusion criteria

Only studies published in English were included. Studies pre-
senting non-original data were excluded, such as reviews,

editorials, opinion papers, or letters to the editor. Studies with
questionable clinical relevance and those using non-human
subjects or specimens were excluded. Studies inwhich rheumatoid,
inflammatory, or other forms of arthritis were included in the OA
datasets were excluded, as well as general joint-pertinent MRI
studies not focused on OA. Studies with no extractable, numerical
datawere excluded. Only those articles which had somemeasure of
diagnostic performance were included. Any duplicates which came
up in the preliminary search were excluded. Of the preliminary
1338 abstracts, 243 were selected for data extraction (Fig. 1).

Data abstraction

Two reviewers (KH and LM) independently abstracted the
following data: (1) patient demographics; (2) MRI make,
sequences and techniques used, tissue types viewed; (3) study
type and funding source; (4) details on rigor of study design to
construct the Downs methodological quality score6; (5) MRI reli-
ability/reproducibility data; (6) MRI diagnostic measures and
performance; (7) gold standard measures against which the MRI
measure was evaluated; (8) treatment and MRI measures (when
appropriate).

The Downs methodological quality score6 collects a profile of
scores for both randomized trials and observational studies in
terms of quality of reporting, internal validity (bias and con-
founding), power, external validity so that the overall study quality
score reflects all of these elements. Answers were scored 0 (No) or 1
(Yes), except for one item in the Reporting subscale, which scored
0e2 and the single item on power, which was scored 0e5. The
possible range is from 0 to 27 where 0 represents poor quality and
27 optimal quality.

We used a data abstraction tool constructed in EpiData (Entry
version 2.0 Odense, Denmark) and more than one reviewer
undertook the data abstraction. The data collection forms were
designed to target the objectives of the review, and were piloted
prior to conducting the study.

The outcomes for psychometric properties on MRI were exam-
ined using the OMERACT filter7,8. The specific focus of this review is
upon the truth domain: is the measure truthful, does it measure
what it intends tomeasure?More specifically wewere interested in
criterion validity; for both the concurrent [Does it agree (by inde-
pendent and blind comparison) with a measure that reflects the
same concept] and predictive [Does it predict (by independent and
blind comparison) a future ‘gold standard’] validity of MRI in OA. If

1330 articles identified in 
OVID, PubMed and EMBASE 

8 articles identified manually 

1338 articles identified in total 

243 articles screened 

142 articles reporting 
concurrent validity results 

61 articles reporting predictive 
validity results 

Fig. 1. Flow chart of the screening process for articles included in the systematic
review.
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the test data and criterion data are collected at the same time, this
is referred to as concurrent validity evidence. If the test data is
collected first in order to predict criterion data collected at a later
point in time, then this is referred to as predictive validity evidence.

It is critical to delineate what we mean by the various terms
used, as current usage is often incorrect, and this ambiguity may
stem from an incorrect understanding of appropriate definitions.
Whilst there are several definitions that have been proposed9e13,
the brief synthesis of some working definitions is as follows:

1. biological marker (biomarker)d a characteristic that is objec-
tively measured and evaluated as an indicator of normal bio-
logical processes, pathogenic processes or pharmacologic
responses to a therapeutic agent.

2. clinical endpointda clinically meaningful measure of how
a patient feels, functions, or survives.

For the purposes of this analysis, MRI (the biomarker) is directly
compared both to clinical endpoints (symptoms, total knee
replacement (TKR)) as well as other biomarkers (including radi-
ography, CT, histology, arthroscopy, alignment). The presentation of
the data in the results reflects presentation of clinical endpoints
before comparison with other biomarkers.

There is some overlap in the manuscripts for which data is
extracted for these two types of validity. The large majority of
studies for concurrent validity were cross-sectional studies
although some longitudinal studies reported cross-sectional results
and thus are included in the concurrent validity data. There is no
attempt made to create summary estimates as the validity effect
measures [i.e., odds ratio (OR), Beta coefficient, r, P-value of
difference] used in this literature are very heterogeneous.

Results

Concurrent validity (Table I)

The analysis included data from 142 manuscripts. The mean
Downs criteria score for these manuscripts was 8.3 (range 3e17).
What follows below are important excerpts from this data per-
taining to different aspects of concurrent validity. The data is
further summarized in Table II to discretely identify the associa-
tions examined and those where a significant association was
found.

Relation to symptoms
21 studies examined the concurrent relation of MRI findings in

OA to symptoms. Of these, 62% demonstrated a statistically signif-
icant association, defined as P< 0.05. Bone marrow lesions were
found in 272 of 351 (77.5%) persons with painful knees compared
with 15 of 50 (30%) persons with no knee pain (P< 0.001). Large
lesions were present almost exclusively in persons with knee pain
(35.9% vs 2%; P< 0.001). After adjustment for severity of radio-
graphic disease, effusion, age, and sex, lesions and large lesions
remained associated with the occurrence of knee pain [odds ratio,
3.31 (95% confidence interval (CI), 1.54e7.41)]. Using the same
analytical approach, large lesions were also strongly associated
with the presence of pain [odds ratio, 5.78 (CI, 1.04e111.11)]. Among
persons with knee pain, bone marrow lesions were not associated
with pain severity14.

! After adjusting for the severity of radiographic OA, there was
a difference between those with and without knee pain in
prevalence of moderate or larger effusions (P< 0.001) and
synovial thickening, independent of effusion (P< 0.001).
Among those with small (grade 1) or no knee (grade 0)

effusion, those with knee pain had a prevalence of synovial
thickening of 73.6% compared to 21.4% of those without knee
pain (P< 0.001). There was a significant difference in visual
analogue scale (VAS) pain scores in those with synovial thick-
ening compared to those without synovial thickening, after
adjustment for radiographic severity, size of effusion, age, sex,
and BMI. The mean pain score in those with synovial thick-
ening after adjustment for radiographic severity and size of
effusion was 47.2 mm [standard error (SE) 6.0], compared to
28.2 mm (SE 2.8) in those without synovial thickening
(P¼ 0.006)15.

! Amedial or lateral meniscal tear was a very common finding in
the asymptomatic subjects (prevalence, 76%) but was more
common in the patients with symptomatic osteoarthritis (91%)
(P< 0.005). There was no significant difference with regard to
the pain orWOMAC score between the patients with and those
without a medial or lateral meniscal tear in the osteoarthritic
group (P¼ 0.8 to 0.9 for all comparisons)16.

! Significant differences between WOMAC scores were found for
the grades of cartilage lesions (P< 0.05) but not bone marrow
edema pattern, and ligamentous and meniscal lesions17.

! Bone marrow lesions >1 cm were more frequent (OR¼ 5.0;
95% CI¼ 1.4, 10.5) in the painful knee OA group than all other
groups. While the frequency of BME lesions was similar in the
painless OA and painful OA groups, there were more lesions,
>1 cm, in the painful OA group. Full-thickness cartilage defects
occurred frequently in painful OA. Women with radiographic
OA, full-thickness articular cartilage defects, and adjacent
subchondral cortical bone defects were significantly more
likely to have painful knee OA than other groups (OR¼ 3.2; 95%
CI¼ 1.3, 7.6)18.

! Peripatellar lesions (prepatellar or superficial infrapatellar)
were present in 12.1% of the patients with knee pain and ROA,
in 20.5% of the patients with ROA and no knee pain, and in 0% of
subjects with neither ROA nor knee pain (P¼ 0.116). However,
other periarticular lesions (including bursitis and iliotibial
band syndrome) were present in 14.9% of patients with both
ROA and knee pain, in only 3.9% of patients with ROA but no
knee pain, and in 0% of the groupwith no knee pain and no ROA
(P¼ 0.004)19.

! More severe symptoms relating to knee OA (pain, stiffness, and
function) are weakly inversely related to tibial cartilage
volume. Patients with lower cartilage volume had more severe
symptoms of knee OA than those with higher cartilage
volume20.

! The increase in median pain from median quantile regression,
adjusting for age and BMI, was significant for bone attrition
(1.91, 95% CI 0.68, 3.13), bone marrow lesions (3.72, 95% CI 1.76,
5.68), meniscal tears (1.99, 95% CI 0.60, 3.38), and grade 2 or 3
synovitis/effusion vs grade 0 (9.82, 95% CI 0.38, 19.27). The
relationship with pain severity was of borderline significance
for osteophytes and cartilage morphology and was not signif-
icant for bone cysts or meniscal subluxation. When compared
to the pain severity in knees with high scores for both bone
attrition and bone marrow lesions (median pain severity
40 mm), knees with high attrition alone (30 mm) were not
significantly different, but knees with high bone marrow lesion
without high attrition scores (15 mm) were significantly less
painful21.

! A large joint effusion was associated with pain (OR, 9.99; 99%
CI: 1.28, 149) and stiffness (OR, 4.67; 99% CI: 1.26, 26.1). The
presence of an osteophyte in the patellofemoral compartment
(OR, 2.25; 99% CI: 1.06, 4.77) was associated with pain. All other
imaging findings, including focal or diffuse cartilaginous
abnormalities, subchondral cysts, bone marrow edema,
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Table I
Summary table of studies reporting data on concurrent validity of MRI in OA

Reference:
Author, Journal,
Year, PMID

Whole
sample
size

No. of
cases

No. of
controls

Age, yrs,
mean(SD),
range

No.
(%) of
females

Quantitative
cartilage

Compositional
techniques

Semi-
quantitative

Cartilage Synovium Bone Bone
marrow
lesions

Meniscus Ligament Study
design

Score of
methodo
logical
quality

Chan WP;
American
Journal of
Roentgenology;
1991; 189204036

20 20 0 58(Range:
42e73)

11 No No Yes Yes No No No Yes Yes Cross-
sectional

6

McAlindon TE;
Annals of the
Rheumatic
Diseases; 1991;
199486190

12 No No Yes Yes Yes Yes No Yes No Case
control

3

Li KC; Magnetic
Resonance
Imaging; 1988;
339872891

10 10 0 (Range: 33e78) 9(90%) No No Yes Yes No No No No No Longitudinal
Prospective

4

Fernandez-Madrid
F; Magnetic
Resonance
Imaging; 1994;
793465692

92 52 40 Controls: 49(15),
(Rang: 22e78); OA
patients: 55(14),
(Range: 25e86)

60 No No Yes Yes Yes No No Yes No Cross-
sectional

11

Karvonen RL;
Journal of
Rheumatology;
1994; 796607527

92 52 40 Reference: 49(15),
(Range: 22e78);
All OA patients:
55(14), (Range: 25
e86); Bilateral OA:
53(13),
(Range: 25e73)

60 Yes No No Yes No Yes No No No Case control 11

Peterfy CG;
Radiology; 1994;
802942093

8 5 3 62(Range:
45e82)

4(50%) Yes No No Yes No No No No No Cross-
sectional

4

Blackburn WD Jr;
Journal of
Rheumatology;
1994; 803539237

33 33 0 62.7(9.1),
(Range: 44e79)

17 No No Yes Yes No No No No No Cross-
sectional

6

Broderick LS;
American
Journal of
Roentgenology;
1994; 827370061

23 13 10 No No Yes Yes No No No No No Cross-
sectional

4

Miller TT;
Radiology; 1996;
881655294

384 47(Range: 14e88) No No Yes Yes No No No Yes Yes Cross-
sectional

8

Dupuy DE;
Academic
Radiology; 1996;
895918157

7 TKA patients:
(Range: 64e75);
Asymptomatic:
35(Range: 25e35)

3 Yes No No Yes No No No No No Other 6

Kenny C; Clinical
Orthopaedics &
Related
Research; 1997;
918621595

136 No No Yes No No No No Yes No Case
control

6

Breitenseher MJ;
Acta Radiologica;
1997; 933224896

60 12 48 37(14.3), (Range: 15
e68)

30(50%) No No Yes No No No No Yes No Cross-
sectional

5
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Ostergaard M;
British Journal of
Rheumatology;
1997; 940286097

46 14 47 70(Range: 24e85) No No No No Yes No No No No Cross-
sectional

7

Trattnig S; Journal
of Computer
Assisted
Tomography;
1998; 944875498

20 20 0 72.2(Range: 62e82) 18 No No Yes Yes No No No No No Other 8

Kawahara Y; Acta
Radiologica;
1998; 952944062

72 58(Range: 41e74) 46 No No Yes Yes No No No No No Other 6

Drape JL;
Radiology; 1998;
964679263

43 43 0 63(Range: 53e78) 30 No No Yes Yes No No No No No Cross-
sectional

5

Eckstein F; Clinical
Orthopaedics &
Related
Research; 1998;
967804256

8 0 8 50.6(Range: 39e64) Yes No No Yes No No No No No Other 7

Uhl M; European
Radiology; 1998;
972442358

22 (Range: 50e72) No No Yes Yes No No No No No Cross-
sectional

5

Boegard T; Acta
Radiologica -
Supplementum;
1998; 975912199

61 No No Yes Yes No No No Yes No Longitudinal
Prospective

5

Bachmann GF;
European
Radiology; 1999;
993339964

320 29.3(8.7), (Range: 13
e56)

122 No No Yes Yes No No No Yes No Cross-
sectional

7

Cicuttini F;
Osteoarthritis &
Cartilage; 1999;
10329301100

28 Males: 40.4(Range: 42
e58); Females:
31.2(8.6);

11 Yes No No Yes No No No No No Cross-
sectional

7

Boegard T; Annals
of the Rheumatic
Diseases; 1999;
10343536101

58 Women: 40.4(Range:
42e58); Men:
57(49.5), (Range: 41
e57)

29 No No Yes Yes No No No No No Cross-
sectional

6

Adams JG; Clinical
Radiology; 1999;
1048421644

62 32 30 No No Yes Yes No No No Yes No Case
control

8

Pham XV; Revue du
Rhumatisme;
1999;
10526380102

10 10 10 67.2(7.34), (Range: 57
e80)

6 No No Yes No No No No No Yes Cross-
sectional

13

Gale DR;
Osteoarthritis &
Cartilage; 1999;
1055885043

291 233 58 No No No No No No No Yes No Case
control

10

Kladny B;
International
Orthopaedics;
1999;
1065329059

26 Yes No No Yes No No No No No Cross-
sectional

6

Zanetti M;
Radiology; 2000;
10831707103

16 16 0 67(Range:
43e79)

15 Yes No No Yes No Yes Yes No No Cross-
sectional

6

(continued on next page)
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Table I (continued )

Reference:
Author, Journal,
Year, PMID

Whole
sample
size

No. of
cases

No. of
controls

Age, yrs,
mean(SD),
range

No.
(%) of
females

Quantitative
cartilage

Compositional
techniques

Semi-
quantitative

Cartilage Synovium Bone Bone
marrow
lesions

Meniscus Ligament Study
design

Score of
methodo
logical
quality

Jones G; Arthritis &
Rheumatism;
2000;
11083279 104

92 92 0 Boys: 12.8(2.7);
Girls: 12.6(2.9)

43 Yes No No Yes No Yes No No No Cross-
sectional

13

McCauley TR;
American
Journal of
Roentgenology;
2001;
11159074105

193 40(Range:
11e86)

83 No No Yes Yes No No No Yes Yes Cross-
sectional

8

Wluka AE; Annals
of the Rheumatic
Diseases; 2001;
11247861106

81 42 39 Cases: 58(6.1);
Controls: 56(5.4)

81(100%) Yes No Yes Yes No No No No No Case control 16

Felson DT; Annals
of Internal
Medicine; 2001;
1128173614

401 401 0 66.8 No No Yes No No No Yes No No Cross-
sectional

13

Hill CL; Journal of
Rheumatology;
2001;
1140912715

458 433 25 67 (34%) No No Yes No Yes No No No No Case control 13

Kawahara Y;
Journal of
Computer
Assisted
Tomography;
2001;
11584226107

35 57(Range:
33e70)

23 No No Yes Yes No No No Yes No Cross-
sectional

8

Arokoski JP; Annals
of the Rheumatic
Diseases; 2002;
11796401108

57 27 30 Cases: 56.2(4.9),
(Range: 47e64);
Controls: 56.3(4.5),
(Range: 47e64)

0 Yes No No No No No No No No Case control 8

Bergin D; Skeletal
Radiology; 2002;
11807587109

60 30 30 Cases: 50;
Controls: 57

No No Yes No No No No Yes Yes Case control 9

Beuf O; Arthritis &
Rheumatism;
2002;
11840441110

46 18 28 Mild OA:
68(9.1);
Severe OA:
70(6.3)

17 Yes No No No No No No No No Case control 5

Arokoski MH;
Journal of
Rheumatology;
2002;
12375331111

57 27 30 Cases: 56.2(4.9),
(Range: 47e64);
Controls: 56.3(4.5),
(Range: 47e64)

0 Yes No No Yes No No No No No Case control 8

Bhattacharyya T;
Journal of Bone &
Joint Surgery -
American
Volume; 2003;
1253356516

203 154 49 Cases: 65;
Controls: 67

No No Yes No No No No Yes No Case control 9

Link TM; Radiology;
2003;
1256312817

50 50 0 63.7(11.5),
(Range: 43e81)

30 No No Yes Yes No No No Yes Yes Cross-
sectional

6
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Tiderius CJ;
Magnetic
Resonance in
Medicine; 2003;
12594751112

17 50(Range:
35e70)

4 No Yes No Yes No No No No No Cross-
sectional

6

Cicuttini FM;
Arthritis &
Rheumatism;
2003;
1263242128

252 60.2(10) 157962%) Yes No No Yes No Yes No No No Cross-
sectional

9

Cicuttini FM;
Clinical &
Experimental
Rheumatology;
2003;
12673893113

81 42 39 ERT: 58(6.1); Controls:
56(5.4)

81(100%) Yes No No Yes No Yes No No No Case control 12

Sowers MF;
Osteoarthritis &
Cartilage; 2003;
1280147818

120 60 60 no OAK,
no Pain: 45(0.8); OAK,
no Pain:
46(0.6); No OAK,
Pain: 47(0.8);
OAK and Pain:
47(0.7)

(100%) No No Yes Yes No No Yes No No Case control 11

McGibbon CA;
Osteoarthritis &
Cartilage; 2003;
1281461160

4 No No Yes Yes No No No No No Other 5

Cicuttini FM;
Clinical &
Experimental
Rheumatology;
2003;
1284605046

157 157 0 62(10) (62%) Yes No No Yes No No No No No Cross-
sectional

10

Felson DT; Annals
of Internal
Medicine; 2003;
1296594151

256 256 0 Followed: 66.2(9.4);
Not
followed:
67.8(9.6)

(38.3%) No No Yes No No No Yes No No Longitudinal
prospective

11

Tarhan S; Clinical
Rheumatology;
2003;
14505208114

74 58 16 OA Patients:
57.4(8.5),
(Range: 45e75);
Healthy
controls: 59.1(5.8),
(Range: 46e77)

60 Yes No Yes Yes Yes No No No No Case
control

8

Hill CL; Arthritis &
Rheumatism;
2003;
1455808919

451 427 Knee pain/ROA/Male:
68.3; Knee pain/ROA/
Female: 65; No knee
pain/ROA/Male: 66.8;
No knee pain/ROA/
Female: 66.1

No No Yes No No No Yes No No Cross-
sectional

10

Kim YJ; Journal of
Bone & Joint
Surgery -
American
Volume; 2003;
14563809115

43 30(Range:
11e47); Median¼ 31

40 No Yes No Yes No No No No No Other 5

(continued on next page)
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Table I (continued )

Reference:
Author, Journal,
Year, PMID

Whole
sample
size

No. of
cases

No. of
controls

Age, yrs,
mean(SD),
range

No.
(%) of
females

Quantitative
cartilage

Compositional
techniques

Semi-
quantitative

Cartilage Synovium Bone Bone
marrow
lesions

Meniscus Ligament Study
design

Score of
methodo
logical
quality

Lindsey CT;
Osteoarthritis &
Cartilage; 2004;
1472386829

74 33 21 Controls:
34.2(12.5); OA1
(KL1/2): 62.7(10.9);
OA2(KL3/4):
66.6(11.6)

39 Yes No No Yes No Yes No No No Case
control

8

Jones G;
Osteoarthritis &
Cartilage; 2004;
1472387647

372 186 186 45(Range:
26e61)

Yes No No Yes No Yes No No No Case
control

9

Raynauld JP;
Arthritis &
Rheumatism;
2004;
1487249048

32 32 0 62.9(8.2) (74%) Yes No No Yes No No No No No Longitudinal
Prospective

10

Wluka AE; Annals
of the Rheumatic
Diseases; 2004;
1496296020

132 132 0 63.1(Range:
41e86)

71(54%) Yes No No Yes No No No No No Longitudinal
Prospective

10

Cicuttini F;
Rheumatology;
2004;
1496320152

117 117 0 67(10.6) (58%) Yes No No Yes No No No No No Longitudinal
Prospective

12

Peterfy CG;
Osteoarthritis &
Cartilage; 2004;
14972335116

19 19 0 61(8) 4 No No Yes Yes Yes Yes Yes Yes Yes Other 5

Graichen H;
Arthritis &
Rheumatism;
2004;
15022323117

21 21 0 70.6(7.7),
(Range:
58e86)

17 Yes No No Yes No Yes No No No Cross-
sectional

6

Dashti M;
Scandinavian
Journal of
Rheumatology;
2004;
15163109118

174 117 57 61.6(9.5) 123(70.7%) Yes No No Yes No No No No No Case
control

11

Arokoski JP; Journal
of Clinical
Densitometry;
2004;
15181262119

57 27 30 Cases: 56.2(4.9),
Range: (47e64);
Controls: 56.3(4.5),
(Range: 47e64)

0 No Yes No No No No No No No Case
control

9

Dunn TC;
Radiology;
2004;
15215540120

55 48 7 Healthy: 38(Range:
22e71); Mild OA:
63(Range: 46e81);
Severe OA: 67
(Range: 43e88)

30 No Yes No Yes No No No No No Case
control

8

Regatte RR;
Academic
Radiology;
2004;
15217591121

14 6 8 Asymptomatic:
33.5(Range:
22e45);
Symptomatic:
45.5(Range:
28e63)

2 No Yes No Yes No No No No No Case control 7
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Baysal O; Swiss
Medical
Weekly; 2004;
15243849122

65 65 0 53.1(7),
(Range: 45e75)

65(100%) Yes No Yes Yes No Yes No No No Cross-sectional 7

Lerer DB; Skeletal
Radiology; 2004;
15316679123

205 46.5(Range:
15e88);
Median¼ 46

113 No No Yes Yes No No No Yes No Cross-sectional 6

Berthiaume MJ;
Annals of the
Rheumatic
Diseases; 2005;
1537485578

32 Yes No Yes Yes No No No Yes No Longitudinal
Prospective

10

King KB; Magnetic
Resonance
Imaging; 2004;
15527998124

16 16 0 Males:
Median¼ 58.5,
(11.3), (Range:
43e76); Females:
Median¼ 70 (14.4),
(Range: 46e88)

8(50%) Yes Yes No Yes No No No No No Cross-sectional 7

Carbone LD;
Arthritis &
Rheumatism;
2004;
15529367125

818 Non-users:
74.8(2.94);
Antiresportive users:
74.8(2.9)

818(100%) No No Yes Yes Yes Yes No No No Cross-sectional 11

Cicuttini F;
Journal of
Rheumatology;
2004;
15570649126

123 Yes No No Yes No No No No No Longitudinal
Prospective

6

Wluka AE; Annals
of the Rheumatic
Diseases; 2005;
1560174238

149 68 81 Normal:
57(5.8); OA:
63(10.3)

1499(100%) No No No No No Yes No No No Longitudinal
Prospective

13

Ding C;
Osteoarthritis &
Cartilage; 2005;
1572788549

372 162 210 No cartilage
defects: 43.6(7.1);
Any cartilage
defect: 47(6.1)

(56.5%) Yes No Yes Yes No No No No No Case control 9

Hill CL; Arthritis &
Rheumatism;
2005;
1575106445

433 360 73 Cases males: 68.2;
Cases females:
65; Control males:
66.8; Control
females: 65.8

143 No No Yes No No No No No Yes Case control 12

Kornaat PR;
European
Radiology; 2005;
15754163127

205 205 0 Median¼ 60;
(Range: 43e77)

163(80%) No No Yes Yes No No Yes Yes No Cross-sectional 8

Zhai G; Arthritis &
Rheumatism;
2005;
15818695128

151 23 128 Men: 64(8.1);
Women: 62(7.7)

72 Yes No No Yes No No No No No Cross-sectional 8

Cicuttini F;
Osteoarthritis &
Cartilage; 2005;
1592263450

28 28 0 62.8(9.8) (57%) Yes No No Yes No No No No No Longitudinal
Prospective

10

Blankenbaker
DG; Skeletal
Radiology; 2005;
15940487129

247 74 173 44 126 No No Yes Yes No No No Yes Yes Cross-
sectional

6
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Table I (continued )

Reference:
Author, Journal,
Year, PMID

Whole
sample
size

No. of
cases

No. of
controls

Age, yrs,
mean(SD),
range

No.
(%) of
females

Quantitative
cartilage

Compositional
techniques

Semi-
quantitative

Cartilage Synovium Bone Bone
marrow
lesions

Meniscus Ligament Study
design

Score of
methodo
logical
quality

Huh YM; Korean
Journal of
Radiology; 2005;
15968151130

94 73 21 RA group: 49.2
(Range: 37e76),
Median¼ 48;
OA group: 57.8
(Range: 40e80),
Median¼ 58

73 No No Yes No Yes No No No No Longitudinal
Retrospective

7

von
Eisenhart-Roth;
Annals of the
Rheumatic
Diseases; 2006;
15975965131

26 26 0 70.4(7.6),
(Range:
58e86)

20 Yes No No Yes No No No No No Cross-
sectional

5

Tan AL; Arthritis &
Rheumatism;
2005;
16052535132

58 40 18 Early OA: 56
(Range: 49e69);
Chronic OA: 60
(Range: 51e68);
Hand OA: 60
(Range: 46e72);

44 No No Yes Yes Yes Yes Yes No Yes Cross-
sectional

7

Lo GH; Arthritis &
Rheumatism;
2005;
16145676133

268 80 188 No BMLs:
64.8(8.5); Medial
BMLs: 68.3(7); Lateral
BMLs:
66.6(9.5)

(59%) No No Yes No No No Yes No No Cross-
sectional

10

Li X; Magnetic
Resonance in
Medicine; 2005;
16155867134

19 9 10 Cases: Median¼ 52,
(Range: 18e72);
Controls:
Median¼ 30,
(Range: 22e74)

8 No Yes No Yes No No No No No Case control 7

Rhodes LA;
Rheumatology;
2005;
16188949135

35 35 0 Median¼ 63; (Range:
49e77)

23 No No Yes No Yes No No No No Cross-
sectional

9

Williams A;
Arthritis &
Rheumatism;
2005;
1625502432

31 31 0 67(10.4), 9
(Range: 45e86)

24(77%) No Yes No Yes No No No No No Cross-
sectional

9

Loeuille D;
Arthritis &
Rheumatism;
2005;
16255041136

39 39 0 56.4(12.71) (56.4%) No No Yes No Yes No No No No Cross-
sectional

10

Roos EM; Arthritis
& Rheumatism;
2005;
16258919137

30 45.8(3.3) 10(33.3%) No Yes No Yes No No No No No Randomized
controlled
trial

17

Hunter DJ;
Journal of
Rheumatology;
2005;
1626570253

132 162 0 33.5(9.7) (44.2%) No No Yes Yes No Yes No Yes Yes Cross-
sectional

8
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Nojiri T; Knee
Surgery, Sports
Traumatology,
Arthroscopy;
2006;
1639556433

28 9 21 40.3(Range:
16e74)

17 No Yes No Yes No No No No No Cross-
sectional

7

Kimelman T; Invest
Radiol; 2006;
16428993138

7 4 3 Healthy
controls: 23;
OA cases: 56

4 No Yes No Yes No No No No No Other 6

Sengupta M;
Osteoarthritis &
Cartilage; 2006;
16442316139

217 217 0 67.3(9.1) (30%) No No Yes Yes Yes Yes Yes No No Cross-
sectional

7

Hunter DJ; Arthritis
& Rheumatism;
2006;
1650893081

257 257 0 66.6(9.2),
(Range: 47e93)

(41.6%) No No Yes Yes No No No Yes No Longitudinal
Prospective

10

Hunter DJ; Arthritis
& Rheumatism;
2006;
1664603783

217 217 0 66.4(9.4) (44%) No No Yes Yes No No Yes No No Longitudinal
Prospective

10

Grainger AJ;
European
Radiology; 2007;
16685505140

43 43 0 64(Range:
48e75)

19 No No Yes No Yes No No Yes No Cross-
sectional

8

Cashman PM; IEEE
Transactions on
Nanobioscience;
2002;
16689221141

27 10 17 OA patients:
(Range: 45e73);
Similar age
controls: (Range:
50e65); Young
healthy controls:
(Range: 21e32);

8(29.6%) Yes No No Yes No No No No No Other 6

Torres L;
Osteoarthritis &
Cartilage; 2006;
1671331021

143 143 0 70(10) (78%) No No Yes Yes Yes Yes Yes Yes Yes Cross-
sectional

9

Kornaat PR;
Radiology; 2006;
1671446322

205 97 103 60
(Range:
43e77)

163(80%) No No Yes Yes Yes Yes Yes Yes No Cross-
sectional

9

Bamac B; Saudi
Medical Journal;
2006;
16758050142

46 36 10 Cases: 41.9
(Range: 20e67);
Controls: 39.7
(Range: 21e66)

25 No No No No No No No Yes No Case
control

8

Boks SS; American
Journal of Sports
Medicine; 2006;
16861575143

134 136 132 40.8(Range:
18.8e63.8)

No No Yes Yes No No No Yes Yes Cross-
sectional

7

Koff MF;
Osteoarthritis &
Cartilage; 2007;
1694931334

113 113 0 56(11),
(Range:
33e82)

84 No Yes No Yes No No No No No Cross-
sectional

8

Nakamura M;
Magnetic
Resonance
Imaging; 2006;
1707133639

63 51.8
(Range:
40e59)

42 No No Yes No No No No Yes No Cross-
sectional

6

(continued on next page)
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Table I (continued )

Reference:
Author, Journal,
Year, PMID

Whole
sample
size

No. of
cases

No. of
controls

Age, yrs,
mean(SD),
range

No.
(%) of
females

Quantitative
cartilage

Compositional
techniques

Semi-
quantitative

Cartilage Synovium Bone Bone
marrow
lesions

Meniscus Ligament Study
design

Score of
methodo
logical
quality

Folkesson J; IEEE
Transactions
on Medical
Imaging; 2007;
17243589144

139 56(Range:
22e79)

(59%) Yes No No Yes No No No No No Other 7

Li X; Osteoarthritis
& Cartilage;
2007;
1730736535

26 10 16 Healthy: 41.3
(Range: 22e74);
OA patients: 55.9
(37e72)

11 No Yes Yes Yes No Yes Yes Yes Yes Case control 7

Iwasaki J; Clinical
Rheumatology;
2007;
17322963145

26 26 0 63.8(Rang:
49e82)

18 No No No No No No No No No Cross-
sectional

5

Dam EB;
Osteoarthritis &
Cartilage; 2007;
1735313231

139 Evaluation set:
55(Range: 21e78);
Scan-rescan set: 61
(Range: 26e75)

(54.5%) Yes No No Yes No No No No No Other 9

Tiderius CJ;
Magnetic
Resonance in
Medicine; 2007;
17390362146

18 10 8 Controls: 28(Range:
20e47); Cases: 39
(Range: 25e58)

No Yes No Yes No No No No No Case
control

6

Baranyay FJ;
Seminars in
Arthritis &
Rheumatism;
2007;
17391738147

297 297 58(5.5) (63%) Yes No No Yes No No Yes No No Cross-
sectional

16

Issa SN; Arthritis
& Rheumatism;
2007;
1739422554

146 146 0 70 109 No No Yes Yes No Yes Yes Yes No Cross-
sectional

8

Hanna F;
Menopause;
2007;
17413649148

176 0 176 52.3(6.6),
(Range:
40e67)

176(100%) Yes No No Yes No No No No No Cross-
sectional

13

Hunter DJ; Annals
of the Rheumatic
Diseases; 2008;
1747299523

71 67.9(9.3) (28.2%) No No Yes Yes Yes Yes Yes Yes Yes Other 8

Hill CL; Annals of
the Rheumatic
Diseases; 2007;
1749109624

270 270 0 66.7(9.2) 112 No No Yes Yes Yes No No No No Longitudinal
Prospective

9

Qazi AA;
Osteoarthritis &
Cartilage; 2007;
17493841149

71 Yes No No Yes No No No No No Cross-
sectional

8

Lammentausta E;
Osteoarthritis &
Cartilage; 2007;
17502160150

14 55(18) 2 No Yes No Yes No Yes No No No Other 5
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Guymer E;
Osteoarthritis &
Cartilage; 2007;
17560134151

176 0 176 52.3(6.6) 176(100%) Yes No Yes Yes No Yes Yes No No Cross-
sectional

11

Nishii T;
Osteoarthritis &
Cartilage; 2008;
17644363152

33 23 10 Volunteers:
34(Range:
23e51); Patients:
40(Range: 22e69)

33(1005) No Yes No Yes No No No No No Case
control

8

Janakiramanan N;
Journal of
Orthopaedic
Research;
2008;
1776345155

202 74 128 61(9) (73%) No No Yes Yes No No No No No Cross-
sectional

11

Lo GH;
Osteoarthritis &
Cartilage; 2008;
17825586153

845 170 63.6(8.8) (58%) No No Yes No No No No Yes No Cross-
sectional

10

Davies-Tuck M;
Osteoarthritis &
Cartilage; 2008;
17869546154

100 100 0 63.3(10.2) 61(61%) Yes No No Yes No No No No No Longitudinal
Prospective

11

Qazi AA; Academic
Radiology; 2007;
17889338155

159 (Range:
21e81)

No No Yes Yes No No No No No Other 8

Folkesson J;
Academic
Radiology; 2007;
17889339156

71 56(Range:
22e79)

(59%) No No No No No No No No No Other 7

Englund M;
Arthritis &
Rheumatism;
2007;
1805020140

310 102 208 Cases: 62.9(8.3);
Controls:
61.2(8.3)

211(68%) No No Yes No No No No Yes No Case
control

15

Kamei G; Magnetic
Resonance
Imaging; 2008;
18083319157

37 27 0 Cartilage defect:
51.6(Range:
42e61); No
cartilage defect:
54.5(Range:
45e61)

20 No No Yes Yes No No No Yes No Case
control

7

Li W; Journal of
Magnetic
Resonance
Imaging; 2008;
18183573158

29 19 10 OA subjects:
61.7(Range: 40e86);
Controls: 31
(Range: 18e40)

19 No Yes No Yes No No No No No Cross-
sectional

5

Amin S;
Osteoarthritis &
Cartilage; 2008;
1820362986

265 265 67(9) (43%) No No Yes Yes No No No Yes Yes Longitudinal
Prospective

11

Taljanovic MS;
Skeletal
Radiology; 2008;
18274742159

19 19 0 66 8 No Yes No No No No No No No Case
control

8

Oda H; Journal of
Orthopaedic
Science; 2008;
18274849160

161 58.5(Range:
11e85)

98 No No Yes No Yes No No Yes Yes Cross-
sectional

8

(continued on next page)
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Table I (continued )

Reference:
Author, Journal,
Year, PMID

Whole
sample
size

No. of
cases

No. of
controls

Age, yrs,
mean(SD),
range

No.
(%) of
females

Quantitative
cartilage

Compositional
techniques

Semi-
quantitative

Cartilage Synovium Bone Bone
marrow
lesions

Meniscus Ligament Study
design

Score of
methodo
logical
quality

Hanna FS; Arthritis
Research &
Therapy; 2008;
18312679161

176 52.3(6.6) (100%) Yes No No Yes No No No No No Cross-
sectional

10

Reichenbach S;
Osteoarthritis &
Cartilage; 2008;
1836741541

964 217 747 63.3 (57%) No No Yes Yes No Yes No No No Cross-
sectional

8

Petterson SC;
Medicine &
Science in Sports
& Exercise;
2008;
18379202162

123 123 0 64.9(8.5) 67 No No No No No No No No No Case control 11

Bolbos RI;
Osteoarthritis &
Cartilage; 2008;
18387828163

32 16 16 Cases:
47.2(11.54), (Range:
29e72);
Controls:
36.3(10.54),
(Range: 27e56)

14 Yes Yes No Yes No Yes No No No Case control 7

Quaia E; Skeletal
Radiology;
2008;
18404267164

35 35 0 42(17),
(Range: 22e67)

14 No Yes No Yes No No No No No Other 6

Folkesson J;
Magnetic
Resonance in
Medicine;
2008;
1850684542

245 143 KL0: 48(Range:
21e78); KL1:
62(Range:
37e81);
KL2: 67(Range:
47e78); KL3&4:
68(Range:
58e78)

No No No Yes No No No No No Other 12

Mills PM;
Osteoarthritis &
Cartilage; 2008;
18515157165

49 25 24 APMM:
46.8(5.3);
Controls:
43.6(6.6)

18(36.7%) Yes No Yes Yes No No No No No Case control 12

Dore D;
Osteoarthritis &
Cartilage; 2008;
18515160166

50 50 64.5(7.1) 23 Yes No Yes Yes No Yes No No No Cross-
sectional

9

Mutimer J; Journal
of Hand Surgery;
2008;
18562375167

20 20 0 47
(Range: 26e69)

9 No No Yes Yes No No No No No Cross-
sectional

6

Amin S; Journal of
Rheumatology;
2008;
18597397168

192 192 69(9) 0. No No Yes Yes No No No No No Cross-
sectional

10

Li X; Journal
of Magnetic
Resonance
Imaging; 2008;
18666183169

38 13 25 Healthy: 28.5
(Range: 20e34); Knee
OA
or injury: 37.4 (Range:
20e66)

10 Yes No No Yes No No Yes No No Other 7
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Pelletier JP;
Osteoarthritis
& Cartilage;
2008;
1867238625

27 1 64.1(9.6) 14 No No Yes Yes Yes Yes Yes Yes No Other 9

Stahl R; European
Radiology; 2009;
18709373170

37 17 20 Mild OA:
54(9.98);
Healthy control:
33.6(9.44)

19 No Yes Yes Yes No No No No No Case
control

10

Brem MH; Acta
Radiologica;
2008;
18720084171

23 23 0 55.5(10.3) 8 No No Yes No No No Yes No No Other 6

Lancianese SL;
Bone; 2008;
18755303172

4 80(14) 3 No No No No No Yes No No No Cross-
sectional

5

Englund M; New
England Journal
of Medicine;
2008;
1878410026

991 171 62.3(8.6),
(Range:
50.1e90.5)

565(57%) No No Yes No No No No Yes No Cross-
sectional

10

Mamisch TC;
Magnetic
Resonance
in Medicine;
2008;
18816842173

26 No Yes No Yes No No No No No Cross-
sectional

7

Rauscher I;
Radiology;
2008;
18936315174

60 37 23 Healthy
controls:
34.1(10);
Mild OA:
52.5(10);
Severe OA:
61.6(11.6)

32 No Yes No Yes No No No Yes No Case control 9

Li W; Journal
of Magnetic
Resonance
Imaging; 2009;
19161210175

31 17 14 OA patients:
61.8(Range:
40e86);
Healthy
controls: 29.2(Range:
18e40)

21 No Yes No Yes No No No No No Case control 7

Choi JW; Journal
of Computer
Assisted
Tomography;
2009;
19188805176

36 39.7(Range:
8e69)

21 No No Yes Yes No No No Yes No Longitudinal
Retrospective

7

Chen YH; Journal
of Computer
Assisted
Tomography;
2008;
19204464177

96 25 71 OA patients:
56; Non-OA: 46

No No Yes Yes No No No Yes No Case control 8
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subluxation of the meniscus, meniscal tears, or Baker cysts,
were not associated with symptoms22.

! Maximal bone marrow lesion (BML) size on the Boston Leeds
Osteoarthritis Score (BLOKS) scale had a positive linear relation
with VAS pain (P for linear trend¼ 0.04)23.

! No correlation of baseline synovitis with baseline pain score
(r¼ 0.09, P¼ 0.17)24.

! No relation between baseline synovitis score and VAS pain
score (r¼ 0.11, P¼ 0.60)25.

! In the group of persons with radiographic evidence of osteo-
arthritis (KellgreneLawrence grade 2 or higher), the preva-
lence of a meniscal tear was 63% among those with knee pain,
aching, or stiffness on most days and 60% among those without
these symptoms (P¼ 0.75); the corresponding prevalences in
the groupwithout radiographic evidence of osteoarthritis were
32% and 23% (P¼ 0.02). The majority of the meniscal tears e
180 of 297 (61%) were in subjects who had not had any pain,
aching, or stiffness in the previous month26.

Relation to radiographic features
43 studies examined the concurrent relation of MRI findings in

OA to radiographic features. Of these, 90% demonstrated a statisti-
cally significant association, defined as P< 0.05.

Relation of quantitative cartilage morphometry measures to
radiographic abnormalities.

! Significant differences in lateral and medial femorotibial
cartilage thickness were found between those with and
without radiographic OA. Significant cartilage thinning could
be detected by MRI in patients with OA, even when the joint
space was normal radiographically27.

! For every increase in grade of lateral tibiofemoral osteophytes
the lateral tibial cartilage volume was significantly reduced by
255 mm3, after adjustment. There was a reduction of 77 mm3

in medial tibial cartilage volume for every increase in grade of
medial tibiofemoral osteophytes, but this finding was only of
borderline statistical significance28.

! Cartilage volume and thickness were less in patients with OA
compared to normal controls (P< 0.1)29.

! Kellgren and Lawrence (KLG)2 participants displayed, on
average, thicker cartilage than healthy controls in the medial
femorotibial compartment [particularly anterior subregion of
the medial tibia (MT) and peripheral (external, internal)
subregions of the medial femur], and in the lateral femur. KLG3
participants displayed significantly thinner cartilage than KLG0
participants in the medial weight-bearing femur (central
subregion), in the external subregion of the MT, and in the
internal subregion of the lateral tibia30.

! Mean cartilage signal intensity provided a clear separation of
healthy from KLG1 (P¼ 0.0009). Quantification of cartilage
homogeneity by entropy was able to clearly 11separate healthy
from OA subjects (P¼ 0.0003). Furthermo121re, entropy was
also able to separate healthy from KL 1 subjects (P¼ 0.0004)31.

Relation of other MRI measures to radiographic abnormalities.

! Significant difference (P¼ 0.002) in the average T(1rho) within
patellar and femoral cartilage between controls
(45.04# 2.59 ms) and osteoarthritis patients (53.06# 4.60 ms).
A significant correlation was found between T(1rho) and T(2);
however, the difference of T(2) was not statistically significant
between controls and osteoarthritis patients31.

! Trend toward a lower dGEMRIC index with increasing KLG; the
spared compartments of knees with a KLG grade 2 had a higher
dGEMRIC index than those of knees with a KLG grade 4 (mean
425 msec vs 371 msec; P< 0.05)32.

! All cases demonstrating decreased T1 values on dGEMRIC,
showed abnormal arthroscopic or direct viewing findings. The
diagnosis of damage in articular cartilage was possible in all 16
cases with radiographic KLG 1 on dGEMRIC, while the intensity
changes were not found in 10 of 16 cases on Proton density
Weighted Image (PDWI)33.

! No differences of T2 values were found across the stages of OA
(P¼ 0.25), but the factor of BMI did have a significant effect
P< 0.0001) on T2 value34.

! Average T(1rho) and T(2) values were significantly increased in
OA patients compared with controls [52.04# 2.97 ms vs
45.53# 3.28 ms with P¼ 0.0002 for T(1rho), and
39.63# 2.69 ms vs 34.74# 2.48 ms with P¼ 0.001 for T(2)].
IncreasedT(1rho) andT(2) valueswere correlatedwith increased
severity in radiographic and MR grading of OA. T(1rho) has
a larger range and higher effect size than T(2), 3.7 vs 3.035.

! Statistically significant correlation between radiography and
MR cartilage loss in the medial (r 0.7142, P .0001) and lateral
compartments (r¼ 0.4004, P .0136). Significant correlations
also found between radiographic assessment of sclerosis and
osteophytes and those found on MRI36.

! Patients in whom plain radiographs, MRI, and arthroscopy
were compared, the plain radiographs and MRI significantly
underestimated the extent of cartilage abnormalities37.

! Presence of synovial thickening was more likely with
increasing KLG, from 24.0% in those with KLG 0e78.3% in those
with KLG 3/4 (P< 0.001)15.

! Higher KLG was correlated with a higher frequency of meniscal
tears (r¼ 0.26, P< 0.001)16.

! KLG correlated significantly (P< 0.05) with the grade of cartilage
lesions, and a substantially higher percentage of bone marrow
and meniscal lesions with higher KLG found on MR images17.

! Women with osteoarthritis had larger medial and lateral tibial
plateau bone area [mean (SD): 1850 (240) mm2 and 1279 (220)
mm2, respectively] than healthy women [1670 (200) mm2 and

Table II
Summary of Concurrent Validity of MRI in OA

Outcome of
interest

Number of
studies
examining
this outcome

Number of
studies finding
significant
associations (P< .05)

Symptoms 21 studies 13 of 21 (62%)
Radiographic features 43 studies 39 of 43 (90%)
Radiographic joint space 9 studies 9 of 9 (100%)
Alignment 10 studies 9 of 10 (90%)
CT 4 studies 4 of 4 (100%)
Histology/Pathology 5 studies 3 of 5 (60%)
Arthroscopy 7 studies 5 of 7 (71%)
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Table III
Summary table of studies reporting data on predictive validity of MRI in knee OA

Reference: Author,
Journal, Year,
PMID

Whole
sample
size

No. of
cases

No. of
controls

Age, yrs,
Mean(SD),
Range

No. (%)
of females

Quantitative
cartilage

Compositional
techniques

Semi-
quantitative

Cartilage Synovium Bone Bone
marrow
lesions

Meniscus Ligament Study
design

Score of
methodological
quality

Boegard TL;
Osteoarthritis &
Cartilage; 2001;
11467896178

47 Women:
Median¼ 50,
(Range: 42e57);
Men: Median¼ 50,
(Range: 41e57)

25(53.2%) No No Yes Yes No No No Yes No Longitudinal
Prospective

9

Wluka AE; Arthritis &
Rheumatism; 2002;
12209510179

123 123 0 63.1(10.6) 71 Yes No No Yes No Yes No No No Longitudinal
Prospective

14

Cicuttini FM; Journal of
Rheumatology;
2002; 12233892180

21 8 13 Case: 41.3(13.2);
Controls: 49.2(17.8)

14(66.7%) Yes No No Yes No No No No No Longitudinal
Retrospective

13

Biswal S; Arthritis &
Rheumatism; 2002;
1242822876

43 4 39 54.4(Range:
17e65)

21 No No Yes Yes No No Yes Yes Yes Longitudinal
Retrospective

8

Cicuttini F; Journal of
Rheumatology;
2002; 12465162181

110 110 0 63.2(10.2) 66 Yes No No Yes No No No No No Longitudinal
Prospective

12

Pessis E; Osteoarthritis
& Cartilage; 2003;
12744942182

20 20 63.9(9) 13 Yes No Yes Yes No Yes Yes No No Longitudinal
Prospective

12

Felson DT; Annals of
Internal Medicine;
2003; 1296594151

256 156 0 Followed:
66.2(9.4); Not
followed: 67.8(9.6)

(38.3%) No No Yes No No No Yes No No Longitudinal
Prospective

11

Cicuttini FM; Arthritis &
Rheumatism; 2004;
1473060477

117 117 63.7(10.2) (58.1%) Yes No No Yes No No No No No Longitudinal
Prospective

9

Wluka AE; Annals of
the Rheumatic
Diseases; 2004;
1496296020

132 132 0 63.1(Range: 41
e86)

71(54%) Yes No No Yes No No No No No Longitudinal
Prospective

10

Cicuttini F;
Rheumatology;
2004; 1496320152

117 117 0 67(10.6) (58%) Yes No No Yes No No No No No Longitudinal
Prospective

12

Cicuttini FM; Ann
Rheum Dis; 2004;
1511571465

123 123 0 Joint replacement:
64.1(9.3); No joint
replacement:
63.1(10.3)

65(52.8%) Yes No No Yes No No No No No Longitudinal
Prospective

11

Dashti M;
Scandinavian Journal
of Rheumatology;
2004; 15163109118

174 117 57 61.6(9.5) 123(70.7%) Yes No No Yes No No No No No Case control 11

Cicuttini FM; Journal of
Rheumatology;
2004; 15229959183

102 102 0 63.8(10.1) (63%) Yes No No Yes No No No No No Longitudinal
Prospective

10

Berthiaume MJ; Annals
of the Rheumatic
Diseases; 2005;
1537485578

32 Yes No Yes Yes No No No Yes No Longitudinal
Prospective

10

Cicuttini F; Journal of
Rheumatology;
2004; 15570649126

123 Yes No No Yes No No No No No Longitudinal
Prospective

6
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Table III (continued )

Reference: Author,
Journal, Year,
PMID

Whole
sample
size

No. of
cases

No. of
controls

Age, yrs,
Mean(SD),
Range

No. (%)
of females

Quantitative
cartilage

Compositional
techniques

Semi-
quantitative

Cartilage Synovium Bone Bone
marrow
lesions

Meniscus Ligament Study
design

Score of
methodological
quality

Cubukcu D; Clinical
Rheumatology;
2005; 15599642 184

40 40 HA group:
52.6(7.16); Saline
group: 57.6(2.77)

24(60%) No No Yes Yes No Yes No Yes Yes Randomized
controlled trial

15

Ozturk C; Rheumatol
Int;
2006;15703953185

47 47 0 HA-only group:
58(7.7);
HA&Cortico group:
58.1(10.3)

39(97.5%) No No Yes Yes No No Yes No No Randomized
controlled trial

17

Wang Y; Arthritis Res
Ther; 2005;
15899054186

126 126 63.6(10.1) 68 No No No No No Yes No No No Longitudinal
Prospective

12

Cicuttini F;
Osteoarthritis &
Cartilage; 2005;
1592263450

28 28 0 62.8(9.8) (57%) Yes No No Yes No No No No No Longitudinal
Prospective

10

Wluka AE;
Rheumatology;
2005; 1603008466

126 126 0 63.6(10.1) 68(54%) Yes No Yes Yes No Yes No No No Longitudinal
Prospective

14

Garnero P; Arthritis &
Rheumatism; 2005;
16145678187

377 377 0 62.5(8.1) (76%) No No Yes Yes No No No No No Longitudinal
Prospective

11

Wang Y;
Rheumatology;
2006; 1618894779

124 124 0 Females: 57.1(5.8);
Males: 52.5(13.2)

81(65.3%) No No Yes Yes No Yes No No No Longitudinal
Prospective

11

Phan CM; European
Radiology; 2006;
1622253368

40 34 6 57.7(15.6), (Range:
28e81)

16 No No Yes Yes No Yes Yes Yes Yes Longitudinal
Prospective

7

Hayes CW; Radiology;
2005; 16251398188

117 117 115 No OA, No Pain:
44.6(10.7); OA, No
Pain: 16.2(0.8); No
OA, Pain: 47(0.7);
OA&Pain: 47.1(0.8)

(100%) No No Yes Yes Yes Yes Yes Yes Yes Longitudinal
Prospective

13

Wang Y; Journal of
Rheumatology;
2005; 16265703189

40 0 40 52.3(13) 0 Yes No No Yes No Yes No No No Longitudinal
Prospective

11

Ding C; Arthritis &
Rheumatism; 2005;
1632033980

325 45.2(6.5) 190 Yes No Yes Yes No No No No No Longitudinal
Prospective

10

Bruyere O; Annals of
the Rheumatic
Diseases; 2006;
16396978190

62 62 0 64.9(10.3) 49 Yes No Yes Yes Yes Yes Yes Yes Yes Longitudinal
Prospective

10

Katz JN; Osteoarthritis
& Cartilage; 2006;
1641321069

83 61(11), (Range:
45e89)

50(60%) No No Yes Yes Yes Yes Yes Yes No Longitudinal
Prospective

9

Raynauld JP; Arthritis
Research & Therapy;
2006; 1650711972

110 110 0 62.4(7.5) (64%) Yes No Yes Yes No No Yes Yes No Longitudinal
Prospective

11

Hunter DJ; Arthritis &
Rheumatism; 2006;
1650893081

257 257 0 66.6(9.2), (Range:
47e93)

(41.6%) No No Yes Yes No No No Yes No Longitudinal
Prospective

10

Ding C; Archives of
Internal Medicine;
2006; 1656760582

325 Decrease defects:
45.4(6.4); Stable
defects: 44.2(7.1);
Increase defects:
46.1(5.9)

(58.1%) No No Yes Yes No No No No No Longitudinal
Prospective

14
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Brandt KD;
Rheumatology;
2006; 16606655191

30 20 10 62 29 No No No No Yes No No No No Other 10

Hunter DJ; Arthritis &
Rheumatism;
2006; 1664603783

217 217 0 66.4(9.4) (44%) No No Yes Yes No No Yes No No Longitudinal
Prospective

10

Wluka AE; Arthritis
Research & Therapy;
2006; 16704746192

105 105 0 All eligible: 62.5
(10.7); MRI at FU:
63.8(10.6); Lost
to FU: 61.6(11.3)

59(53%) Yes No No Yes No Yes No No No Longitudinal
Prospective

17

Hunter DJ;
Osteoarthritis &
Cartilage; 2007;
16857393193

127 127 67(9.05) (46.7%) No Yes No Yes No No No No No Cross-sectional 12

Bruyere O;
Osteoarthritis &
Cartilage; 2007;
1689046173

62 62 0 64.9(10.3) 46 No No Yes Yes Yes Yes Yes Yes Yes Longitudinal
Prospective

10

Amin S; Annals of the
Rheumatic Diseases;
2007; 17158140194

196 196 0 68(9) 0 No No Yes Yes No No No No No Longitudinal
Prospective

13

Nevitt MC; Arthritis &
Rheumatism; 2007;
1746912674

80 39 0 73.5(3.1) (63.6%) No No Yes Yes No No No No No Longitudinal
Prospective

10

Hill CL; Annals of the
Rheumatic Diseases;
2007; 1749109624

270 270 0 66.7(9.2) 112 No No Yes Yes Yes No No No No Longitudinal
Prospective

9

Pelletier JP;
Arthritis Research
& Therapy; 2007;
1767289171

110 110 0 Q1 greatest loss
global: 63.7(7.2);
Q4 least loss gobal:
61.3(7.5);
Q1 greatest
loss_medial: 64.1
(7.4); Q1 least
loss_medial:
61.6(7.8)

(68.3%) No No Yes Yes No No Yes Yes No Longitudinal
Prospective

15

Davies-Tuck ML;
Osteoarthritis &
Cartilage; 2008;
17698376195

117 117 0 63.7(10.2) 68(58%) Yes No Yes Yes No Yes No No No Longitudinal
Prospective

14

Raynauld JP; Annals
of the Rheumatic
Diseases; 2008;
1772833384

107 107 0 62.4(7.5) (64%) Yes No Yes Yes No No No Yes No Longitudinal
Retrospective

15

Felson DT; Arthritis
& Rheumatism;
2007; 1776342770

330 110 220 Cases:
62.9(8.3);
Controls:
61.2(8.4)

211(63.9%) No No Yes No No Yes Yes No No Case control 12

Kornaat PR;
European
Radiology; 2007;
17823802 196

182 71 59(Range:
43e76)

157(80%) No No Yes No No No Yes No No Longitudinal
Prospective

8

Hunter DJ; Arthritis
Research & Therapy;
2007; 17958892197

160 80 80 67(9) (46%) No No Yes Yes No No No No No Case control 11
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Table III (continued )

Reference: Author,
Journal, Year,
PMID

Whole
sample
size

No. of
cases

No. of
controls

Age, yrs,
Mean(SD),
Range

No. (%)
of females

Quantitative
cartilage

Compositional
techniques

Semi-
quantitative

Cartilage Synovium Bone Bone
marrow
lesions

Meniscus Ligament Study
design

Score of
methodological
quality

Englund M;
Arthritis &
Rheumatism;
2007;
1805020140

310 102 208 Cases:
62.9(8.3)

211(68.1%) No No Yes No No No No Yes No Case control 15

Davies-Tuck ML;
Osteoarthritis &
Cartilage; 2008;
1809384785

74 0 74 Meniscal tear:
58.8(6); No
meniscal tear:
55.5(4.3)

74(100%) No Yes Yes Yes No Yes No Yes No Longitudinal
Prospective

13

Hernandez-Molina G;
Arthritis &
Rheumatism;
2008; 18163483198

258 258 0 66.6(9.2) (42.6%) No No Yes Yes No No Yes No Yes Longitudinal
Prospective

11

Teichtahl AJ;
Osteoarthritis &
Cartilage; 2009;
18194873199

99 99 0 63 (10) (60%) Yes No No Yes No Yes No No No Longitudinal
Prospective

14

Amin S; Osteoarthritis
& Cartilage; 2008;
1820362986

265 265 67(9) (43%) No No Yes Yes No No No Yes Yes Longitudinal
Prospective

11

Teichtahl AJ; Obesity;
2008; 18239654200

297 297 58(5.5) 186 Yes No Yes Yes No Yes No No No Longitudinal
Prospective

14

Blumenkrantz G;
Osteoarthritis &
Cartilage; 2008;
18337129201

18 8 10 Cases:
55.7(7.3);
Controls:
57.6(6.2)

18(100%) No Yes Yes Yes No No No No No Case control 12

Song IH; Annals
of the Rheumatic
Diseases; 2009;
18375537202

41 41 65(6.7) 26 No No Yes No No No No No Yes Randomized
controlled trial

14

Scher C; Skeletal
Radiology;
2008;
1846386567

65 65 0 OA-only: 49.3
(Range: 28e75);
OA&BME group:
53.5(35e82)

No No Yes Yes No No Yes No No Longitudinal
Retrospective

10

Sharma L; Arthritis &
Rheumatism;
2008; 1851277787

153 153 0 66.4(11) Yes No Yes Yes No No No Yes No Longitudinal
Prospective

11

Owman H; Arthritis &
Rheumatism; 2008;
18512778203

15 9 7 50(Range:
35e70)

No Yes No Yes No No No No No Longitudinal
Prospective

10

Madan-Sharma R;
Skeletal Radiology;
2008; 1856681375

186 74 112 60.2(Range:
43e76)

150 No No Yes Yes No No Yes Yes No Longitudinal
Prospective

11

Amin S; Journal of
Rheumatology;
2008; 18597397168

192 192 69(9) No No Yes Yes No No No No No Cross-sectional 10

Pelletier JP;
Osteoarthritis &
Cartilage; 2008;
1867238625

27 1 64.1(9.6) 14 No No Yes Yes Yes Yes Yes Yes No Other 9

Amin S; Arthritis
& Rheumatism;
2009; 19116936204

265 265 0 67(9) No No Yes Yes No No No No No Longitudinal
Prospective
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1050 (130) mm2] (P< 0.001 for both differences). For each
increase in grade of osteophyte, an increase in bone area was
seen of 146 mm2 in the medial compartment and 102 mm2 in
the lateral compartment38.

! Statistically significant correlations were observed between
the medial tibial spur classification on X-ray, the medial
meniscal displacement rate on MRI and the medial meniscal
signal change classification on MRI39.

! Meniscal damage was mostly present in knees with OA and
demonstrates a relation to KLG40.

! Bone attrition of the tibiofemoral joint, scored>1, was found in
228 MRIs (23.6%) and in 55 radiographs (5.7%). Moderate to
strong correlation between MRIs and radiographs for bone
attrition of the tibiofemoral joint (r¼ 0.50, P< 0.001)41.

! Surface curvature of articular cartilage for both the fine- and
coarse-scale estimates were significantly higher in the OA
population compared with the healthy population, with
P< 0.001 and P< 0.001, respectively42.

! The prevalence of meniscal damage was significantly higher
among subjects with radiographic evidence of tibiofemoral
osteoarthritis (KLG 2 or higher) than among thosewithout such
evidence (82% vs 25%, P< 0.001), and the prevalence increased
with a higher KLG (P< 0.001 for trend). Among persons with
radiographic evidence of severe osteoarthritis (KLG 3 or 4 in
their right knee), 95% had meniscal damage26.

Relation to radiographic joint space width
Nine studies examined the concurrent relation of MRI findings

in OA to radiographic joint space. Of these, 100% demonstrated
a statistically significant association, defined as P< 0.05.

! Strong correlation between the degree of medial meniscal
subluxation and the severity of medial joint space narrowing
(JSN) (r¼ 0.56, P¼ 0.0001)43.

! Meniscal extrusion identified in all 32 patients with JSN (KLG
1e4). Definite thinning or loss of articular cartilage was iden-
tified in only 15 of the 32 cases. In 17 patients with radiographic
JSN (KLG 1e3) and meniscal extrusion, no loss of articular
cartilage was observed. A statistically significant correlation
(P< 0.001) was observed between KLG and degree of meniscal
extrusion and cartilage thinning on MRI44.

! For each increase in grade of JSN, tibial plateau bone area
increased by 160 mm2 in the medial compartment and
131 mm2 in the lateral compartment (significance of regression
coefficients all P< 0.001)38.

! Persons with symptomatic knee OAwith ACL rupture hadmore
severe radiologic OA (P< 0.0001) and were more likely to have
medial JSN (P< 0.0001) than a control sample45.

! Compartments of the knee joint without JSN had a higher
dGEMRIC index than those with any level of narrowing (mean
408 msec vs 365 msec; P¼ 0.001). In knees with 1 unnarrowed
(spared) and 1 narrowed (diseased) compartment, the dGEM-
RIC index was greater in the spared vs the diseased compart-
ment (mean 395 msec vs 369 msec; P¼ 0.001)32.

! Grade of JSN as measured on skyline and lateral patellofemoral
radiographs was inversely associated with patella cartilage
volume. After adjusting for age, gender and body mass index,
for every increase in grade of skyline JSN (0e3), the patella
cartilage volume was reduced by 411 mm3. For every increase

in lateral patellofemoral JSN grade (0e3), the adjusted patella
cartilage volume was reduced by 125 mm3. The relationship
was stronger for patella cartilage volume and skyline JSN
(r¼$0.54, P< 0.001) than for lateral patellofemoral JSN
(r¼$0.16, P¼ 0.015)46.

! Grade one medial JSN was associated with substantial reduc-
tions in cartilage volume at both the medial and lateral tibial
and patellar sites within the knee (adjusted mean difference
11e13%, all P< 0.001)47.

! Cartilage volume in the medial compartment and the nar-
rowest JSW obtained by radiography at baseline in 31 knee OA
patients, revealed that some level of correlation exists between
these two measurements (r¼ 0.46, P< 0.007)48.

! Knee cartilage defects are inconsistently associated with JSN
after adjustment for osteophytes but consistently with knee
cartilage volume (beta: $0.27 to $0.70/ml; OR: 0.16e0.56/ml,
all P< 0.01 except for OR at lateral tibial cartilage site
P¼ 0.06)49.

! Moderate, but statistically significant, correlation between JSW
and femoral and tibial cartilage volumes in the medial tibio-
femoral joint, which was strengthened by adjusting for medial
tibial bone size (R¼ 0.58e0.66, P¼ 0.001)50.

! JSN seen on both medial and lateral radiographs of the tibio-
femoral joint was inversely associatedwith the respective tibial
cartilage volume. This inverse relationship was strengthened
with adjustment for age, sex, body mass index (BMI), and bone
size. After adjustment for these confounders, for every increase
in JSN grade (0e3), the medial tibial cartilage volume was
reduced by 257 mm3 (95% CI 193e321) and the lateral tibial
cartilage volume by 396 mm3 (95% CI 283e509). The rela-
tionship between mean cartilage volume and radiologic grade
of JSN was linear28.

Relation to alignment
10 studies examined the concurrent relation of MRI findings in

OA to alignment. Of these, 90% demonstrated a statistically signif-
icant association, defined as P< 0.05.

! Valgus-aligned knees tended to have lower dGEMRIC values
laterally, and varus-aligned knees tended to have lower
dGEMRIC values medially; as a continuous variable, alignment
correlated with the lateral: medial dGEMRIC ratio (Pearson’s
R¼ 0.43, P¼ 0.02)32.

! Limbs with varus alignment, especially if marked (%7 degrees),
had a remarkably high prevalence of medial lesions compared
with limbs that were neutral or valgus (74.3% vs 16.4%;
P < 0.001 for relation between alignment and medial lesions).
Conversely, limbs that were neutral or valgus had a much
higher prevalence of lateral lesions than limbs that were in the
most varus group (29.5% vs 8.6%; P¼ 0.002 for alignment and
lateral lesions)51.

! Medial tibial and femoral cartilage volumes increased as the
angle decreased (i.e., was less varus). Similarly, in the lateral
compartment there was an inverse association at baseline
between tibial and femoral cartilage volumes and the
measured knee angle52.

! The main univariate determinants of varus alignment in
decreasing order of influence were medial bone attrition,
medial meniscal degeneration, medial meniscal subluxation,
and medial tibiofemoral cartilage loss. Multivariable analysis
revealed that medial bone attrition and medial tibiofemoral
cartilage loss explained more of the variance in varus mala-
lignment than other variables. The main univariate determi-
nants of valgus malalignment in decreasing order of influence
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were lateral tibiofemoral cartilage loss, lateral osteophyte
score, and lateral meniscal degeneration53.

! Correlation between medial meniscal displacement rate on
MRI and the femorotibial angle (r¼ 0.398)39.

! Worsening in the status of each medial lesion cartilage
morphology, subarticular bone marrow lesions, meniscal tear,
meniscal subluxation, and bone attrition was associated with
greater varus malalignment54.

! For every one degree increase in a valgus direction, there was
an associated reduced risk of the presence of cartilage defects
in themedial compartment of subjects with knee OA (P¼ 0.02).
Moreover, for every one degree increase in a valgus direction,
there was an associated increased risk of the presence of lateral
cartilage defects in the OA group (P¼ 0.006)55.

Relation to CT
Four studies examined the concurrent relation of MRI findings

in OA to CT. Of these, 100% demonstrated a statistically significant
association, defined as P< 0.05. MR frequently showed tri-
compartmental cartilage loss when radiography and CT showed
only bicompartmental involvement in the medial and patellofe-
moral compartments. In the lateral compartment, MR showed
a higher prevalence of cartilage loss (60%) than radiography (35%)
and CT (25%) did. In the medial compartment, CT and MR showed
osteophytes in 100% of the knees, whereas radiography showed
osteophytes in only 60%. Notably, radiography often failed to show
osteophytes in the posterior medial femoral condyle. On MR
images, meniscal degeneration or tears were found in all 20 knees
studied. Partial and complete tears of the anterior cruciate ligament
were found in three and seven patients, respectively. MR is more
sensitive than radiography and CT for assessing the extent and
severity of osteoarthritic changes and frequently shows tri-
compartmental disease in patients in whom radiography and CT
showonly bicompartmental involvement. MR imaging is unique for
evaluating meniscal and ligamentous disease related to
osteoarthritis36.

! Strong linear relationship (r¼ 0.998) between MRI imaging
and CT arthrography. The mean absolute volume deviation
between magnetic resonance imaging and computed tomog-
raphy arthrography was 3.3%56.

Relation to histology/pathology
Five studies examined the concurrent relation of MRI findings in

OA to histology/pathology. Of these, 60% demonstrated a statisti-
cally significant association, defined as P< 0.05.Observed
measurements of MRI volume of articular cartilage correlated with
actual weight and volume displacement measurements with an
accuracy of 82%e99% and linear correlation coefficients of 0.99
(P¼ 2.5e-15) and 0.99 (P¼ 4.4e-15)57.

! The signal behavior of hyaline articular cartilage does not
reflect the laminar histologic structure. Osteoarthrosis and
cartilage degeneration are visible on MR images as intra-
cartilaginous signal changes, superficial erosions, diffuse
cartilage thinning, and cartilage ulceration58.

! Comparison of data on cartilage thickness measurements with
MRI with corresponding histological sections in the middle of
each sector revealed a very goodmagnetic resonance/anatomic
correlation (r¼ 0.88)59.

! Correlation between MRI Noyes grading scores and Mankin
grading scores of natural lesions was moderately high (r¼ 0.7)
and statistically significant (P¼ 0.001)60.

Relation to arthroscopy
Seven studies examined the concurrent relation of MRI findings

in OA to arthroscopy. Of these, 71% demonstrated a statistically
significant association, defined as P< 0.05.

! Moderate correlation between imaged cartilage scores and the
arthroscopy scores (Pearson correlation coefficient¼ 0.40)37.

! Spearman rank linear correlation between arthroscopic and
MR cartilage grading was highly significant (P< 0.002) for each
of the six articular regions evaluated. The MR and arthroscopic
grades were the same in 93 (68%) of 137 joint surfaces, they
were the same or differed by one grade in 123 surfaces (90%),
and they were the same or differed by one or two grades in 129
surfaces (94%)61.

! The overall sensitivity and specificity of MR in detecting
chondral abnormalities were 60.5% (158/261) and 93.7% (89/
95) respectively. MR imaging was more sensitive to the higher
grade lesions: 31.8% (34/107) in grade 1; 72.4% (71/98) in grade
2; 93.5% (43/46) in grade 3; and 100% (10/10) in grade 4. The
MR and arthroscopic grades were the same in 46.9% (167/356),
and differed by no more than 1 grade in 90.2% (321/356) and 2
grades in 99.2% (353/356). The correlation between arthro-
scopic and MR grading scores was highly significant with
a correlation coefficient of 0.705 (P< 0.0001)62.

! Statistically significant correlation between the SFA-arthro-
scopic score and the SFA-MR score (r¼ 0.83) and between the
SFA-arthroscopic grade and the SFA-MR grade (weighted
kappa¼ 0.84). The deepest cartilage lesions graded with
arthroscopy and MR imaging showed correlation in the medial
femoral condyle (weighted kappa¼ 0.83) and in the medial
tibial plateau (weighted kappa¼ 0.84)63.

! Magnetic resonance imaging was in agreement with arthros-
copy in 81% showing more degeneration but less tears of
menisci than arthroscopy. Using a global system for grading the
total damage of the knee joint into none, mild, moderate, or
severe changes, agreement between arthroscopy and MRI was
found in 82%64.

Predictive validity (Table III)

The analysis included data from 61 manuscripts of which
1 pertains to the hip and the remainder to the knee. The mean
Downs criteria score for these manuscripts was 11.5 (range 6e17).
What follows below are important excerpts from this data per-
taining to different aspects of predictive validity. The data is further
summarized in Table IV to discretely identify the associations
examined and those where a significant association was found.

Prediction of joint replacement
Three studies examined the predictive relation of MRI findings

to joint replacement. Of these, 100% demonstrated a statistically
significant association, defined as P< 0.05.

! One study investigated the relation of change in quantitative
cartilage volume to risk of knee replacement. For every 1%
increase in the rate of tibial cartilage loss there was a 20%
increase risk of undergoing a knee replacement at four years
(95% CI, 10%e30%). Those in the highest tertile of tibial cartilage
loss had 7.1 (1.4e36.5) higher odds of undergoing a knee
replacement than those in the lowest tertile. Change in bone
area also predicted risk of TKR OR 12 (95% CI 1e14)65.

! Higher total cartilage defect scores (8e15) were associated
with a 6.0-fold increased risk of joint replacement over 4 yr
comparedwith thosewith lower scores (2e7) (95% CI 1.6, 22.3),
independently of potential confounders66.
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! A separate smaller study investigated the relation of bone
marrow lesions (assessed semi-quantitatively) to need for TKR.
Subjects who had a bone marrow lesion were 8.95 times as
likely to progress rapidly to a TKA when compared to subjects
with no BME (P¼ 0.016). There was no relation of TKR with
meniscal tear or cartilage loss67.

Prediction of change in symptoms
Six studies examined the predictive relation of MRI findings to

change in symptoms. Of these, 83% demonstrated a statistically
significant association, defined as P< 0.05.

! Weak associations between worsening of symptoms of OA and
increased cartilage loss: pain [r(s)¼ 0.28, P¼ 0.002], stiffness
[r(s)¼ 0.17, P¼ 0.07], and deterioration in function [r(s)¼ 0.21,
P¼ 0.02]20.

! Small study did not find a significant relation between changes
in WOMAC scores with the amount of cartilage loss and the
change in BME (P> 0.05)68.

! Multivariate analyses of knee pain 1 year following arthroscopic
partial meniscectomy demonstrated that medial tibial cartilage
damage accounting for 13% of the variability in pain scores69.

! The BOKS study examined the relationship between longitu-
dinal fluctuations in synovitis with change in pain and cartilage
in knee osteoarthritis. Change in summary synovitis score was
correlated with the change in pain (r¼ 0.21, P¼ 0.0003). An
increase of one unit in summary synovitis score resulted in
a 3.15-mm increase in VAS pain score (0e100 scale). Effusion
change was not associated with pain change. Of the three
locations for synovitis, changes in the infrapatellar fat padwere
most strongly related to pain change24.

! A nested case-control study examined if enlarging BMLs are
associatedwithnewkneepain. Casekneewasdefinedasabsence
of knee pain at baseline but presence of knee pain both times at
follow-up. Controls were selected randomly from among knees
with absence of pain at baseline. Among case knees, 54 of 110
(49.1%) showed an increase in BML score within a compartment,
whereas only 59of 220 control knees (26.8%) showedan increase
(P< 0.001 by chi-square test). A BML score increase of at least 2
units was much more common in case knees than in control
knees (27.5% vs 8.6%; adjusted odds ratio 3.2, 95% CI 1.5e6.8)70.

! Increases in Western Ontario and McMaster Universities
Osteoarthritis Index (WOMAC) pain and patient global scores
over time are associated with change in cartilage volume of the
medial tibial plateau and medial femoral condyle71.

! Weak association of cartilage volume loss with less knee pain.
Medial cartilage volume loss and simultaneous pain change at
24months (beta coefficient$0.45, P¼ 0.03) and SF-36 physical
components (beta coefficient 0.22, P¼ 0.04)72.

Prediction of radiographic progression
Eight studies examined the predictive relation ofMRI findings to

radiographic progression. Of these, 63% demonstrated a statistically
significant association, defined as P< 0.05.

! No significant association between reduction in JSW and
cartilage volume (R< 0.13). Trend toward a significant associ-
ation between change in medial tibiofemoral cartilage volume
and joint replacement at 4 years (OR¼ 9.0, P¼ 0.07) but not
change in medial tibiofemoral JSW (OR¼ 1.1, P¼ 0.92)50.

! No correlation between the cartilage volume loss changes
(either by using absolute or percentage values) and the JSW
changes at 24months (global cartilage volume, r¼ 0.11; medial
compartment cartilage volume, r¼ 0.19)72.

! Medial femorotibial JSN after 1 year, assessed by radiography,
was significantly correlatedwith a loss of medial tibial cartilage
volume (r¼ 0.25, P¼ 0.046) and medial tibial cartilage thick-
ness (r¼ 0.28, P¼ 0.025), over the same period73.

! Higher baseline composite cartilage scores and increases in
composite cartilage scores during follow-up were moderately
correlated with greater joint space loss (r¼ 0.33, P¼ 0.0002
and r¼ 0.26, P¼ 0.01, respectively)74.

! Loss in JSW correlated with the loss of cartilage volume on the
central weight-bearing area of the condyles and the plateaus as
well as on the medial compartment71.

! Study examined the relation of MRI features at baseline with
radiographically determined JSN in the medial compartment of
the knee after 2 years in a group of patients with symptomatic
osteoarthritis. A significant association was observed for
meniscal tears (RR 3.57; CI 1.08e10.0) and meniscal subluxa-
tion (RR 2.73; CI 1.20e5.41), between KL< 2 and meniscal
subluxation (RR 11.3; CI 2.49e29.49) and KL% 2 and meniscus
tears (RR 8.91; CI 1.13e22.84) and radiographic JSN 2 years
later75.

Prediction of MRI progression
Nineteen studies examined the predictive relation of MRI find-

ings to MRI progression. Of these, 84% demonstrated a statistically
significant association, defined as P< 0.05.

! Patients who had sustained meniscal tears showed a higher
average rate of progression of cartilage loss (22%) than that
seen in those who had intact menisci (14.9%) (P& 0.018).
Anterior cruciate ligament (ACL) tears had a borderline signif-
icant influence P& 0.06) on the progression of cartilage
pathology. Lesions located in the central region of the medial
compartment were more likely to progress to more advanced
cartilage pathology (progression rate 28%; P& 0.003) than
lesions in the anterior (19%; P& 0.564) and posterior (17%;
P& 0.957) regions or lesions located in the lateral compartment
(average progression rate 15%; P& 0.707). Lesions located in
the anterior region of the lateral compartment showed less
progression of cartilage degradation (6%; P& 0.001). No specific
grade of lesion identified at baseline had a predilection for
more rapid cartilage loss (P& 0.93)76.

! There was a significant correlation between the degree of loss
of tibial cartilage and the degree of loss of femoral cartilage, in
both tibiofemoral joints (r¼ 0.81, P< 0.001 at the medial
tibiofemoral joint; r¼ 0.71, P< 0.001 at the lateral tibiofemoral
joint)77.

! A highly significant difference in global cartilage volume loss
was observed between severe medial meniscal tear and
absence of tear [mean (SD), $10.1 (2.1)% v $5.1 (2.4)%,
P¼ 0.002]. An even greater difference was found between the
medial meniscal changes and medial compartment cartilage
volume loss [$14.3 (3.0)% in the presence of severe tear v $6.3
(2.7)% in the absence of tear; P< 0.0001]. Similarly, a major
difference was found between the presence of a medial
meniscal extrusion and loss of medial compartment cartilage

Table IV
Summary of Predictive Validity of MRI in OA

Outcome of interest Number of
studies examining
this outcome

Number of
studies finding
significant
associations (P< .05)

Joint replacement 3 studies 3 of 3 (100%)
Change in symptoms 6 studies 5 of 6 (83%)
Radiographic progression 8 studies 5 of 8 (63%)
MRI progression 19 studies 16 of 19 (84%)
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volume [$15.4 (4.1)% in the presence of extrusion v $4.5 (1.7)%
with no extrusion; P< 0.001]78.

! Annual patellar cartilage loss was highest in those with defects
comparedwith no defects (5.5% vs 3.2%, P¼ 0.01). Tibial cartilage
loss was not associated with defects in the medial (4.6% vs 5.8%,
P¼ 0.42) or lateral (4.7% vs 6.5%, P¼ 0.21) tibial cartilages66.

! Baseline cartilage defect score was negatively associated with
the progression of cartilage defects in each compartment (all
P< 0.001)79.

! Baseline cartilage defect scores at the medial tibia, lateral tibia,
and patella had a dose-response association with the annual
rate of change in knee cartilage volume at the corresponding
site (beta¼$1.3% to $1.2% per grade; P< 0.05 for all compar-
isons). In addition, an increase in knee cartilage defect score
(change of more than or equal to 1) was associated with higher
rates of knee cartilage volume loss at all sites (beta¼$1.9% to
$1.7% per year; P< 0.01 for all comparisons). Furthermore,
a decrease in the knee cartilage defect score (change of less
than or equal to $1) was associated with an increase in knee
cartilage volume at all sites (beta¼ 1.0%e2.7% per year;
P< 0.05 for all comparisons)80.

! Predictors of fast progression included the presence of severe
meniscal extrusion (P¼ 0.001), severe medial tear (P¼ 0.005),
medial and/or lateral bone edema (P¼ 0.03), high body mass
index (P< 0.05, fast vs slow), weight (P< 0.05, fast vs slow) and
age (P< 0.05 fast vs slow)72.

! In the medial tibiofemoral joint, each measure of meniscal
malposition was associated with an increased risk of cartilage
loss. There was also a strong association between meniscal
damage and cartilage loss81.

! A worsening in cartilage defect score was significantly associ-
ated with tibiofemoral osteophytes (OR, 6.22 and 6.04 per
grade), tibial bone area (OR, 1.24 and 2.07 per square centi-
meter), and cartilage volume (OR, 2.91 and 1.71 per ml in the
medial tibiofemoral and patellar compartments)82.

! Knee compartments with a higher baseline BML score had
greater cartilage loss. An increase in BMLs was strongly asso-
ciated with further worsening of the cartilage score83.

! Despite cartilage loss occurring in over 50% of knees, synovitis
was not associated with cartilage loss in either tibiofemoral or
patellofemoral compartment24.

! Significant correlations were seen between the loss of cartilage
volume and edema size change in the medial condyle ($0.40,
P¼ 0.0001) and the medial tibial plateau ($0.23, P¼ 0.03), and
the changes in cyst size in the medial condyle ($0.29, P¼ 0.01).
Amultivariate analysis showed that the edema size changewas
strongly and independently associated with medial cartilage
volume loss ($0.31, P¼ 0.0004)84.

! Medial meniscal tear was associated with 103 mm(2) greater
tibial plateau bone area within the medial (95% CI 6.2, 200.3;
P¼ 0.04) and a lateral meniscal tear with a 120 mm(2) greater
area within the lateral compartment (95% CI 45.5, 195.2;
P¼ 0.002)85.

! Adjusting for age, body mass index, gender and baseline
cartilage scores, complete ACL tear increased the risk for
cartilage loss at the medial tibiofemoral compartment (OR: 1.8,
95% CI: 1.1, 3.2). However, following adjustment for the pres-
ence of medial meniscal tears, no increased risk for cartilage
loss was further seen (OR: 1.1, 95% CI: 0.6, 1.8)86.

! Medial meniscal damage predicted medial tibial cartilage
volume loss and tibial and femoral denuded bone increase,
while varus malalignment predicted medial tibial cartilage
volume and thickness loss and tibial and femoral denuded
bone increase. Lateral meniscal damage predicted every lateral
outcome87.

! A positive correlationwas found between the global severity of
synovitis at baseline and the loss of cartilage volume at 60 days
(P< 0.03)25.

Discussion

The performance of MRI as an outcome measure in OA has been
extensively studied providing strong support for both its concur-
rent and predictive validity.

As outlined in this review numerous studies have examined the
relation of MRI to related constructs such as symptom measures,
plain radiography, histology and arthroscopy. These studies
demonstrate the following:

1. Inconsistent relation of structural features to symptoms with
13 of 21 studies finding a significant relation. Generally strong
relation of large bone marrow lesions, moderate relation of
synovitis and effusion and weak relation of cartilage volume/
thickness to presence of pain. No relation of meniscal tears to
presence of pain.

2. In general there was an inconsistent relation of cartilage
volume and thickness and compositional measures to presence
of radiographic OA. Higher frequency of meniscal tears, syno-
vitis, increased bone area, increased bone attrition/curvature in
persons with radiographic OA. Radiographic change insensitive
to early changes found on MRI. 39 of 43 studies found signifi-
cant associations between MRI and radiographic features.

3. There was a strong relation of meniscal subluxation and
increased subchondral bone area to reduced radiographic joint
space. Inconsistent (but generally moderate) relation of
reduced cartilage volume and thickness to reduced radio-
graphic joint space. Nine of nine studies found significant
associations between MRI and radiographic joint space.

4. In general there was a strong correlation of cartilage volume
measures to histologic findings. Three of five studies found
significant relation of MRI to histology/pathology.

5. Moderate to strong relation of arthroscopic findings to cartilage
andmeniscal findings onMRI with five of seven studies finding
a significant association

6. Strong relation of CT arthrography to MRI cartilage volume
with all four studies examining this relation finding a signifi-
cant association.

An important obstacle to biomarker validation and qualification
is the adequate delineation of a gold standard. Unlike other diseases
where surrogate endpoints exist, OA does not have a clear gold
standard clinical endpoint and further is a remarkably heteroge-
neous disease. Therefore, the ‘clinical endpoint’ is more difficult to
establish. A number of experts in the field have advocated that joint
replacement be the clinical outcome of interest but due to
constraints over comorbidities, insurance status and a number of
other factors that influence determining if a person receives a joint
replacement, alternate suggestions have been recommended
including the use of virtual TKR (vTKR)88. This is a composite
endpoint that includes domains of pain, physical function and joint
structure on X-rays89. At this point it remains to be validated and as
a consequence the constituent literature in this review does not
include this endpoint to establish the predictive validity of MRI.

This workmay be susceptible to publication bias as therewas no
effort made to search either clinical trial registries or meeting
abstracts for potential unpublished studies that might tend to
invalidate the MRI biomarkers examined.

The literature on the predictive validity of MRI in OA demon-
strated the following:
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1. Quantitative cartilage volume change and presence of cartilage
defects or bone marrow lesions are potential predictors of TKR.
Three of three studies found a significant relation.

2. Inconsistent but generally weak relation of cartilage loss to
symptom change. Moderate relation of BML change to incident
symptoms and pain change. Weak relation of change in syno-
vitis to change in pain. Five of six studies found significant
association between MRI and change in symptoms.

3. At best a weak relation between change in cartilage thickness
and change in joint space. Five of eight studies found a signifi-
cant relation.

4. Presence of meniscal damage, cartilage defects and BMLs
predicts MRI progression. 16 of 19 studies found a significant
relation.

Some MRI biomarkers correlate with some other biomarkers.
Moreover in a limited number of studies some MRI biomarkers
correlate with clinical endpoints and/or predict clinical outcomes
Future research should be directed toward improving the predic-
tive validity of current structural measures as they relate to
important clinical outcomes so their role as surrogate outcomes can
be substantiated. In addition, studies to improve the precision of
assessment of structural features more closely related to symptom
change such as BMLs and synovitis are warranted.
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s u m m a r y

Objective: To summarize literature on the responsiveness and reliability of MRI-based measures of knee
osteoarthritis (OA) structural change.
Methods: A literature search was conducted using articles published up to the time of the search, April
2009. 1338 abstracts obtained with this search were preliminarily screened for relevance and of these,
243 were selected for data extraction. For this analysis we extracted data on reliability and respon-
siveness for every reported synovial joint tissue as it relates to MRI measurement in knee OA. Reliability
was defined by inter- and intra-reader intra-class correlation (ICC), or coefficient of variation, or kappa
statistics. Responsiveness was defined as standardized response mean (SRM) - ratio of mean of change
over time divided by standard deviation of change. Random-effects models were used to pool data from
multiple studies.
Results: The reliability analysis included data from 84 manuscripts. The inter-reader and intra-reader ICC
were excellent (range 0.8e0.94) and the inter-reader and intra-reader kappa values for quantitative and
semi-quantitative measures were all moderate to excellent (range 0.52e0.88). The lowest value
(kappa¼ 0.52) corresponded to semi-quantitative synovial scoring intra-reader reliability and the
highest value (ICC¼ 0.94) for semi-quantitative cartilage morphology.
The responsiveness analysis included data from 42 manuscripts. The pooled SRM for quantitative
measures of cartilage morphometry for the medial tibiofemoral joint was "0.86 (95% confidence
intervals (CI) "1.26 to "0.46). The pooled SRM for the semi-quantitative measurement of cartilage
morphology for the medial tibiofemoral joint was 0.55 (95% CI 0.47e0.64). For the quantitative analysis,
SRMs are negative because the quantitative value, indicating a loss of cartilage, goes down. For the semi-
quantitative analysis, SRMs indicating a loss in cartilage are positive (increase in score).
Conclusion: MRI has evolved substantially over the last decade and its strengths include the ability to
visualize individual tissue pathologies, which can be measured reliably and with good responsiveness
using both quantitative and semi-quantitative techniques.

! 2011 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.

Introduction

One proposed osteoarthritis (OA) treatment goal is modifica-
tion of the underlying joint structure. Highly reproducible and
responsive measures of the rate of disease progression are
a prerequisite for assessing structural change in clinical trials.

Conventional radiography (CR) has been the mainstay of assessing
structural change in OA clinical trials and is currently part of FDA
recommendations on how to conduct trials to assess structural
progression. The focus of such evaluations has been on the
radiographic joint space as a surrogate for hyaline cartilage
assessment.

There has been a growing awareness that symptomatic OA
represents a process involving all the tissues in the OA joint.
Structure modification should therefore be considered in a broader
context than that of cartilage alone. Modern imaging, especially
magnetic resonance imaging (MRI), allows unparalleled direct
visualization of all the tissues involved in OA joint pathology,
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including cartilage, menisci, subchondral bone and soft tissue. MRI
is ideally suited for imaging arthritic joints as is it is free of ionizing
radiation, and its tomographic viewing perspective obviates
morphological distortion, magnification and superimposition.
More importantly, MRI has a rich image contrast variability
resulting in an ability to discriminate articular tissues and it
therefore holds great potential as a tool for whole-organ imaging of
the OA joint. The last 20 years has seen a rapid improvement in
imaging technology and in the last decade this has translated into
improved understanding of the importance of individual features,
their relation to clinical outcome and disease pathogenesis and
better data on the quantification of these pathologies1,2. There is
a wealth of literature on the measurement properties of MRI in the
setting of OA including responsiveness and reliability. Prior to
considering the merits of MRI in the setting of potential disease
modifying trials and trial guidance it is important to review this
systematically.

The objective of this review was to summarize the literature on
the responsiveness and reliability of MRI-based measures of knee
OA structural change.

Material and methods

Systematic literature search details

An online literature search was conducted using the OVID
MEDLINE (1945e), EMBASE (1980e) and Cochrane databases
(1998e). The search was not limited by publication date and the
last search occurred in April 2009, with the search entries “MRI”,
and “osteoarthritis”, “osteoarthritides”, “osteoarthrosis”, “osteo-
arthroses”, “degenerative arthritis”, “degenerative arthritides”, or
“osteoarthritis deformans”. The abstracts of the 1330 citations
received with this search were then preliminarily screened for
relevance by two reviewers (KH and DJH). Although review arti-
cles were not included (see Inclusion/exclusion criteria), citations
found in any review articles which were not already included in
our preliminary search were screened for possible inclusion in this
study. This added seven more relevant studies to our search. One
further article was added, before publication, by one of the
authors of this meta-analysis bringing the preliminary total to
1338.

Inclusion/exclusion criteria

Only studies published in English were included. Studies pre-
senting non-original data were excluded, such as reviews, edito-
rials, opinion papers, case studies or letters to the editor. Studies
with questionable clinical relevance and those using non-human
subjects or specimens were excluded. Studies inwhich rheumatoid,
inflammatory, or other forms of arthritis were included in the OA
datasets were excluded, as well as general joint-pertinent MRI
studies not focused on OA. Studies with no extractable, numerical
data were excluded. Any duplicates which came up in the prelim-
inary search were excluded. Of the preliminary 1338 abstracts, 243
were selected for data extraction (Fig. 1).

Data abstraction

We used a data abstraction tool constructed in EpiData (Entry
version 2.0 Odense, Denmark). Two reviewers (KH and LM) inde-
pendently abstracted the following data: (1) patient demographics;
(2) MRI make (vendor and field strength), sequences and tech-
niques used (see further description below), tissue types viewed;
(3) study type and funding source; (4) details on rigor of study
design to construct the Downs methodological quality score (see
further description below)3; (5) MRI reliability/reproducibility
data; (6) MRI diagnostic measures and performance; (7) gold
standard measures against which the MRI measure was evaluated;
(8) treatment and MRI measures (when appropriate).

Multiple techniques have been used to measure structural
abnormality and change on MRI in OA. Broadly speaking these
methods are divided into quantitative and semi-quantitative
methods1. Quantitative measurements using computer-aided image
processing to assess whole joint quantification (cartilage
morphometry, bone volume, bone marrow lesion volume, meniscal
position and volume, synovial volume, etc). The three-dimensional
(3D) coverage of an entire cartilaginous region by MRI allows for the
direct quantification of volumetric structures. Compositional
measures of articular cartilage are also included within the quanti-
tative measures as the measurement provides for a quantitative
output. Thesemethods include T2mapping, dGEMRIC and T1rho and
are extensively reviewed elsewhere4,5.

1330 articles identified in 
OVID, PubMed and EMBASE 

8 articles identified manually 

1338 articles identified in total 

243 articles screened 

84 articles reporting reliability 
results

42 articles reporting

responsiveness results 

Fig. 1. Flow chart of the screening process for articles included in the systematic review.
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Table I
Summary table of studies reporting data on reliability of MRI in knee OA

Reference: Author,
Journal, Year, PMID

Whole
sample
size

No. of
cases

No. of
controls

Age, yrs, mean
(SD), range

No.
(%) of
females

Quantitative Compositional
techniques

Semi-
quantitative

Cartilage Synovium Bone Bone
marrow
lesions

Meniscus Ligament Study
design

Downs
criteria
score

Karvonen RL; Journal
of Rheumatology;
1994; 796607513

92 52 40 All OA Pts: 55(14),
(Range: 25e86);
Bilateral
OA Pts: 53(13)
(Range: 25e73);
Control:
49(15), (Range: 22e78)

All OA Pts: 35;
Bilateral OA Pts:
19; Control: 25

X X X Case
control

11

Peterfy CG; Radiology;
1994; 802942014

8 5 3 62 (Range: 45e82) 4(50%) X X Cross-
sectional

4

Marshall KW; Journal of
Orthopaedic Research;
1995; 854401615

2 31 X X Other 6

Disler DG; AJR Am J
Roentgel.; 1996;
865935616

114 79 35 36 48 X X Cross-
sectional

6

Dupuy DE; Academic
Radiology; 1996;
895918117

7 2 5 TKA Pts:
(Range: 64e75);
Asymptomatic Pts:
(Range: 25e35)

TKA Pts: 1(50%);
Asymptomatic
Pts: 2

X X Other 6

Trattnig S; Journal
of Computer Assisted
Tomography;
1998; 944875418

20 20 0 72.2 (Range: 62e82) 18 X X Other 8

Drape JL; Radiology;
1998; 964679219

43 43 0 63 (Range: 53e78) 30 X X Cross-
sectional

5

Cicuttini F; Osteoarthritis &
Cartilage; 1999;
1032930120

28 Males: 41.4(14.8);
Females: 31.2(8.6)

11(39%) X X Cross-
sectional

7

Pham XV; Revue du
Rhumatisme; 1999;
1052638021

10 10 10 67.2(7.34),
(Range: 57e80)

6 X X Cross-
sectional

13

Gale DR; Osteoarthritis &
Cartilage; 1999;
1055885022

291 233 58 Men cases: 67(10);
Men controls 65(10);
Women cases: 66(10);
Women controls: 66(8)

61(21%) X Case
control

10

HyhlikeDurr A; European
Radiology; 2000;
1066376023

11 3 8 OA group: (Range:
61e75); Healthy group:
(Range: 25e36)

5(45.5%) X X Cross-
sectional

6

Jones G; Arthritis &
Rheumatism; 2000;
1108327924

92 0 92 Boys:12.8(2.7);
Girls: 12.6(2.9)

43(46.8%) X X X Cross-
sectional

13

Wluka AE; Annals of the
Rheumatic Diseases;
2001; 1124786125

81 42 39 Cases: 58(6.1);
Controls: 56(5.4)

81(100%) X X X Case
control

16

Felson DT; Annals of
Internal Medicine;
2001; 1128173626

401 401 0 66.8 X X Cross-
sectional

13

Hill CL; Journal of
Rheumatology;
2001; 1140912727

458 433 25 67 (34%) X X Case
control

13

Bergin D; Skeletal
Radiology; 2002;
1180758728

60 30 30 Cases: 50; Controls: 57 X X X Case
control

9

(continued on next page)
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Table I (continued )

Reference: Author,
Journal, Year, PMID

Whole
sample
size

No. of
cases

No. of
controls

Age, yrs, mean
(SD), range

No.
(%) of
females

Quantitative Compositional
techniques

Semi-
quantitative

Cartilage Synovium Bone Bone
marrow
lesions

Meniscus Ligament Study
design

Downs
criteria
score

Beuf O; Arthritis &
Rheumatism; 2002;
1184044129

46 18 28 Mild OA: 56.3(4.5);
Severe OA: 70(6.3)

17(37%) X Case
control

5

Wluka AE; Arthritis &
Rheumatism; 2002;
1220951030

123 123 0 63.1(10.6) 71 X X X Longitudinal
Prospective

14

Gandy SJ; Osteoarthritis &
Cartilage; 2002;
1246455331

16 16 0 6 X X Longitudinal
Prospective

8

Bhattacharyya T; Journal of
Bone & Joint Surgery -
American Volume;
2003; 1253356532

203 154 49 Cases: 65;
Controls: 67

X X Case
control

9

Cicuttini FM; Clinical &
Experimental
Rheumatology; 2003;
1267389333

81 42 39 ERT: 58(6.1);
Controls:
56(5.4)

81(100%) X X X Case
control

12

Raynauld JP; Osteoarthritis &
Cartilage; 2003;
1274494134

28 17 11 Healthy subjects:
(Range: 25e35);
OA Pts: 63.5

X X Other 7

Felson DT; Annals
of Internal Medicine;
2003; 1296594135

256 256 0 Followed:
66.2(9.4);
t followed:
67.8(9.6)

Followed:
41.7%; t
followed:
15.2%

X X Other 11

Hill CL; Arthritis &
Rheumatism; 2003;
1455808936

451 427 Knee pain/ROA/MALE:
68.3; Knee pain/ROA/
Female: 65; knee pain/
ROA/male: 66.8;
knee pain/ROA/
female:66.1

X X Cross-s
ectional

10

Glaser C; Magnetic Resonance
in Medicine; 2003;
1464857137

23 7 16 Healthy subjects:
(Range: 23e33);
OA Pts: 60e85

13(56.5%) X X Cross-
sectional

5

Lindsey CT; Osteoarthritis &
Cartilage; 2004; 1472386838

74 33 21 OA1(KL¼ 1/2):62.7(10.9);
OA2(KL¼ 3/4):66.6(11.6);
Controls: 34.2(12.5)

39(52.7%) X X X Case
control

8

Cicuttini FM; Arthritis &
Rheumatism; 2004;
1473060439

117 117 63.7(10.2) (58.1%) X X Longitudinal
Prospective

9

Raynauld JP; Arthritis &
Rheumatism; 2004;
1487249040

32 32 0 62.9(8.2) (74%) X X Longitudinal
Prospective

10

Cicuttini F; Rheumatology;
2004; 1496320141

117 117 0 67(10.6) (58.1%) X X Longitudinal
Prospective

12

Peterfy CG; Osteoarthritis &
Cartilage; 2004; 149723356

19 19 0 61(8) 4 X X X X X X X Other 5

Dashti M; Scandinavian
Journal of Rheumatology;
2004; 1516310942

174 117 57 61.6(9.5) 123(70.7%) X X Case control 11

Cicuttini FM; Journal of
Rheumatology; 2004;
1522995943

102 102 0 63.8(10.1) (63%) X X Longitudinal
Prospective

10

Baysal O; Swiss Medical
Weekly; 2004;
1524384944

65 65 0 53.1(7),
(Range: 45e75)

(100%) X X X X Cross-
sectional

7
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Kornaat PR; Skeletal
Radiology; 2005;
154806499

25 25 0 Median age¼ 63,
(Range: 50e75)

X X X X X X Other 6

Yoshioka H; Journal of
Magnetic Resonance
Imaging; 2004;
1550332345

28 28 0 55.6 (Range:
40e73)

10 X X X X X X Other 5

Ding C; Osteoarthritis &
Cartilage; 2005;
1572788546

372 162 210 cartilage defects:
43.6(7.1);
Any cartilage defects:
47(6.1)

(58%) X X X Case
control

9

Hill CL; Arthritis &
Rheumatism; 2005;
1575106447

433 360 73 Case males:68.2;
Case females:65;
Control males:66.8;
Control females:65.8

143(33%) X X Case
control

12

Maataoui A; European
Radiology; 2005;
1585624648

12 12 0 median age¼ 70.5,
(Range: 60e86)

9 X X Cross-
sectional

6

Cicuttini F; Osteoarthritis &
Cartilage; 2005;
1592263449

28 28 0 62.8(9.8) (57%) X X Longitudinal
Prospective

10

Huh YM; Korean Journal
of Radiology; 2005;
1596815150

94 73 21 OA group: 57.8,
(Range: 40e80),
Median¼ 58;
RA group:49.6,
(Range: 37e76),
Median¼ 48

73(80%) X X Longitudinal
Retropective

7

Wluka AE; Rheumatology;
2005; 1603008451

126 126 0 63.6(10.1) 68(54%) X X X X Longitudinal
Prospective

14

Eckstein, F; Annals of the
Rheumatic Diseases; 2006;
1612679752

19 10 9 51 (Range: 40e71) 12 X X X Other 8

Eckstein F; Arthritis &
Rheumatism; 2005;
1620059253

30 15 15 Cases: 49.6(Range:
37e76); Controls:
62.3(11.5)

30(100%) X X Cross-
sectional

7

Sengupta M; Osteoarthritis &
Cartilage; 2006; 1644231654

217 217 0 67.3(9.1) (30%) X X X X X Cross-
sectional

7

Raynauld JP; Arthritis Research &
Therapy; 2006; 1650711955

110 110 0 62.4(7.5) (64%) X X X X X Longitudinal
Prospective

11

Hunter DJ; Arthritis &
Rheumatism; 2006;
1650893056

257 257 0 66.6(9.2),
(Range: 47e93)

(41.6%) X X X Longitudinal
Prospective

10

Brandt KD; Rheumatology;
2006; 1660665557

30 20 10 62 29 X Other 10

Jaremko JL; Osteoarthritis &
Cartilage; 2006; 1664424558

12 3 9 OA: (Range:
59e71); )
Healthy: 37(8),
(Range: 23e48)

4(33.3%) X X Cross-
sectional

8

Hunter DJ; Osteoarthritis &
Cartilage; 2007; 1685739359

127 127 67(9.05) (46.7%) X X Cross-
sectional

12

Boks SS; American Journal
of Sports Medicine; 2006;
1686157560

134 136 132 40.8 (Range:
18.8e63.8)

X X X X Cross-
sectional

7

Brem MH; Skeletal Radiology;
2007; 1721923161

5 5 0 64.3 (Range:
40e73)

2 X X Other 6

Folkesson J; IEEE
Transactions on Medical
Imaging; 2007; 1724358962

139 56 (Range: 22e79) (59%) X X Other 7

(continued on next page)
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Table I (continued )

Reference: Author,
Journal, Year, PMID

Whole
sample
size

No. of
cases

No. of
controls

Age, yrs, mean
(SD), range

No.
(%) of
females

Quantitative Compositional
techniques

Semi-
quantitative

Cartilage Synovium Bone Bone
marrow
lesions

Meniscus Ligament Study
design

Downs
criteria
score

Dam EB; Osteoarthritis &
Cartilage; 2007;
1735313263

139 Evaluation set:
55(Range:
21e78);
Scan-rescan set:
51,(Range: 26e75)

(55%) X X Other 9

Baranyay FJ; Seminars in
Arthritis & Rheumatism;
2007; 1739173864

297 297 58(5.5) (63%) X X X Cross-
sectional

16

Hanna F; Mepause;
2007; 1741364965

176 0 176 52.3(6.6),
(Range: 40e67)

176(100%) X X Cross-
sectional

13

Hunter DJ; Annals of the
Rheumatic Diseases;
2008; 174729958

71 67.9(9.3) (28.2%) X X X X X X X Other 8

Hill CL; Annals of the Rheumatic
Diseases; 2007; 1749109666

270 270 0 66.7(9.2) 112 X X X Longitudinal
Prospective

9

Qazi AA; Osteoarthritis &
Cartilage; 2007; 1749384167

X X Cross-
sectional

8

Guymer E; Osteoarthritis &
Cartilage; 2007; 1756013468

176 0 176 52.3(6.6) (100%) X X X X Cross-
sectional

11

Eckstein F; Osteoarthritis &
Cartilage; 2007; 1756081369

9 9 52.2(9.3) 5 X X Other 9

Akhtar, S; Osteoarthritis &
Cartilage; 2007; 1770766070

6 (Range: 25e69) 2(33%) X X Other 7

Raynauld JP; Annals of the
Rheumatic Diseases; 2008;
1772833371

107 107 0 62.4(7.5) (64%) X X X X Longitudinal
Retropective

15

Felson DT; Arthritis &
Rheumatism; 2007;
1776342772

330 110 220 Cases: 62.9(8.3);
Controls: 61.2(8.4)

211(64%) X X X Case control 12

Lo GH; Osteoarthritis &
Cartilage; 2008;
1782558673

845 170 63.6(8.8) (58%) X X Cross-
sectional

10

Davies-Tuck M; Osteoarthritis &
Cartilage; 2008; 1786954674

100 100 0 63.6(10.2) 61(61%) X X Longitudinal
Prospective

11

Folkesson J; Academic Radiology;
2007; 1788933975

. 56 (Range: 22e79) (59%) Other 7

Sanz R; Journal of Magnetic
Resonance Imaging;
2008; 1802285076

22 9 Normal: 43.6(15);
Chondromalacia:
33.3(11.8); OA Pts:
58.9(11.5)

14(64%) X X Case control 6

Englund M; Arthritis &
Rheumatism; 2007;
1805020177

310 102 208 Cases: 62.9(8.3);
Controls: 61.2(8.3)

211(68%) X X Case control 15

Hernandez-Molina G;
Arthritis & Rheumatism;
2008; 1816348378

258 258 0 66.6(9.2) (42.6%) X X X X Longitudinal
Prospective

11

Amin S; Osteoarthritis &
Cartilage; 2008;
1820362979

265 265 67(9) (43%) X X X X Longitudinal
Prospective

11

Teichtahl AJ; Obesity;
2008; 1823965480

297 297 58(5.5) 186 X X X X Longitudinal
Prospective

14

Anandacoomarasamy;
Journal of Rheumatology;
2008; 1827883181

32 32 Males: 64(11.5);
Females: 66(9.5);
Total: 65(Range:
42e87)

17(53%) X X X Longitudinal
Prospective

11
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Eckstein F; Annals of the
Rheumatic Diseases;
2008; 1828305482

158 Mild to moderate
OA2: 57.6(8.3);
Controls: 56.1(8.7)

158(100%) X X Case control 10

Reichenbach S;
Osteoarthritis &
Cartilage; 2008;
1836741583

964 217 747 63.3 (57%) X X X Cross-
sectional

8

Petterson SC; Medicine &
Science in Sports &
Exercise; 2008;
1837920284

123 123 0 64.9(8.5) 67 Case
control

11

Bolbos RI;
Osteoarthritis &
Cartilage; 2008;
1838782885

32 Cases: 47.2(11.5),
(Range: 29e72);
Controls: 36.3(10.5),
Range: (27e56)

14(44%) X X X X Case
control

7

Pai A; Magnetic
Resonance Imaging;
2008; 1850207386

10 0 10 27 (Range: 21e31) 4(40%) X X Other 6

Folkesson J; Magnetic
Resonance in Medicine;
2008; 1850684587

143 Healthy subjects:
48(Range: 21e78);
KL1: 62(Range: 37e81);
KL2: 67(Range: 47e78);
KL3&4: 68(58e78)

X Other 12

Mills PM; Osteoarthritis &
Cartilage; 2008;
1851515788

49 25 24 APMM: 46.8(5.3);
Controls: 43.6(6.6)

18(36.7%) X X X Case
control

12

Dore D; Osteoarthritis &
Cartilage; 2008;
1851516089

50 50 64.5(7.1) 23 X X X X Cross-
sectional

9

Pelletier JP;
Osteoarthritis &
Cartilage; 2008;
1867238690

27 1 64.1(9.6) 14 X X X X X X Other 9

Englund M; New England
Journal of Medicine;
2008; 1878410091

991 171 62.3(8.6),
(Range: 50.1e90.5)

565(57%) X X Cross-
sectional

10

Rauscher I; Radiology;
2008; 1893631592

60 37 23 Healthy controls:
34.1(10); Mild OA:
52.5(10.9); Severe OA:
61.6(11.6)

32(53.3%) X X X Case
control

9

Kijowski R.; Radiology;
2009; 1916412193

200 200 1.5T image group:
38.9(Range: 16e63);
3T image group:
39.1(Range: 15e65)

87(43.5%) X X Longitudinal
Retropective

10
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In contrast to quantitative measures semi-quantitative image
analysis is typically much more observer dependent and generates
grades or scales rather than truly continuous output. Semi-quan-
titative scoring of MRI’s are a valuable method for performing
multi-feature assessment of the knee using conventional MRI
acquisitions6e8,98. Such approaches score, in an observer depen-
dent semi-quantitative manner, a variety of features that are
currently believed to be relevant to the functional integrity of the
knee and/or potentially involved in the pathophysiology of OA.
These articular features can include articular cartilage morphology,
subarticular bone marrow abnormality, subarticular cysts, sub-
articular bone attrition, marginal and central osteophytes, medial
and lateral meniscal integrity, anterior and posterior cruciate liga-
ment integrity, medial and lateral collateral ligament integrity,
synovitis/effusion, intra-articular loose bodies, and periarticular
cysts/bursitis.

The Downs methodological quality score3 collects a profile of
scores (quality of reporting, internal validity (bias and confounding),
power, external validity so that the overall study quality score
reflects all of these elements. Answers were scored 0 (No) or 1 (Yes),
except for one item in the Reporting subscale, which scored 0e2 and
the single item on power, which was scored 0e5. The possible range
is from0e27where 0 represents poor quality and 27 optimal quality.

The outcomes for psychometric properties on MRI were exam-
ined using the OMERACT filter10,11. The material pertinent to this
manuscript is Discrimination: does the measure discriminate
between situations that are of interest? The situations can be states
at one time (for classification or prognosis) or states at different
times (to measure change). This criterion captures the issues of
reliability and responsiveness (sensitivity to change).

Statistical analysis

Reliability was defined by inter- and intra-reader measures of
coefficient of variation (CV), or intra-class correlation (ICC), or
kappa statistics.

Responsiveness was defined as standardized response mean
(SRM) - ratio of mean of change over time divided by standard
deviation of change. Whenever possible, both reliability measures
and SRMs were stratified by measurement method (quantitative
and semi-quantitative), tissue lesion (cartilage, synovium, bone,
bone marrow lesions, meniscus and ligament) and plate/region for
cartilage divisions.

For the quantitative analysis, a negative SRM expresses cartilage
loss whereas a positive SRM would indicate cartilage gain. For the
semi-quantitative analysis, positive SRMs indicate a loss in cartilage
with higher scores reflecting greater lesions.

Random-effects models were used to summarize data from
multiple studies. Since some studies reported more than one
measure for each region, to avoid substantial skewness of results
influenced by multiple observations from a single study and to
ensure that the estimates included in the analysis came from
independent studies, we repeated analyses 500 times. We did this
by selecting one observation (estimate) from each study at random

so that the number of observations in the model reflected the
number of studies. We then ran a random-effects model to obtain
the pooled summary measure and its standard error. The process
was repeated 500 times to obtain the empirical distribution of the
summary measure. The final pooled summary measure and its
standard error were obtained by averaging the 500 summary
measures and the 500 standard errors obtained from the random-
effects models respectively. Ninety-five percent confidence inter-
vals (CI) were obtained using a normal approximation for the final
pooled summary measure and its standard error.

Results

Reliability

The reliability analysis included data from 84 manuscripts
(Table I). The mean Downs criteria score for these manuscripts was
9.4 (range 4e16).

Inter- and intra-reader CV and test-retest measures were
confined to quantitative or compositional measures (Tables II and
III). The pooled CV for quantitative cartilage was 3% for both
inter- and intra-reader reliability.

The inter-reader and intra-reader ICCs for quantitative and
semi-quantitative measures were all excellent (range
0.8e0.94)(Tables IV and V). For quantitative measures the intra-
reader ICC ranged from 0.87 (0.61e1.00) for synovium to 0.93
(0.82e1.00) for meniscus measurement. For quantitative measures
the inter-reader ICC ranged from 0.81 (0.72e0.89) for meniscus to
0.90 (0.86e0.95) for cartilage morphometry measurement.

The inter-reader and intra-reader kappa values for quantitative
and semi-quantitative measures were all moderate to excellent
(range 0.52e0.88)(Tables VI and VII). For semi-quantitative
measures the range for intra-reader kappa values extended from
0.52 (0.28e0.77) for synovium to 0.66 (0.54e0.78) for BML
assessment. For semi-quantitative measures the range for inter-
reader kappa values extended from 0.57 (0.44e0.71) for cartilage
morphology to 0.88 (0.79e0.97) for BML assessment.

Table II
Results of random-effects pooling of intra-reader CV from MRI studies stratified by
measure (quantitative and semi-quantitative) and tissue (cartilage, synovium, bone,
bone marrow lesion, meniscus, and ligament)

Stratification Number of estimates
(Studies)

Mean sample
size

Pooled CV (%) 95% CI

Quantitative
Cartilage 32 (10) 60 3 "2, 7
Synovium 2 (1) 94 8 "6, 22
Compositional 6 (1) 60 5 "5, 15

Table III
Results of random-effects pooling of inter-reader CV from MRI studies stratified by
measure (quantitative and semi-quantitative) and tissue (cartilage, synovium, bone,
bone marrow lesion, meniscus, and ligament)

Stratification Number of
estimates
(Studies)

Mean sample
size

Pooled CV (%) 95% CI

Quantitative
Cartilage 42 (13) 65 3 "1, 6
Synovium 1 (1) 94 5 "15, 25
Bone 9 (5) 119 2 "4, 8

Table IV
Results of random-effects pooling of intra-reader ICC from MRI studies stratified by
measure (quantitative and semi-quantitative) and tissue (cartilage, synovium, bone,
bone marrow lesion, meniscus, and ligament)

Stratification Number of
estimates
(Studies)

Mean
sample
size

Pooled ICC 95% CI

Quantitative
Cartilage 23 (9) 108 0.92 0.88, 0.96
Synovium 2 (1) 30 0.87 0.61, 1.00
Meniscus 1 (1) 291 0.93 0.82, 1.00

Semi-quantitative
Cartilage 7 (4) 114 0.94 0.87, 1.00
Synovium 3 (2) 26 0.88 0.66, 1.00
Bone Marrow Lesion 2 (2) 178 0.93 0.83, 1.00
Meniscus 2 (1) 25 0.77 0.49, 1.00
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Responsiveness

The responsiveness analysis included data from 42 manuscripts
(Table VIII). The mean Downs criteria score for these manuscripts
was 11.2 (range 8e21). Table IX includes the summary respon-
siveness data for both types of measurementmethods (quantitative
and semi-quantitative). As some studies reported multiple esti-
mates, random-effects model pooling was done to reduce potential
bias from studies reporting multiple estimates. The pooled SRM for
quantitative measures of cartilage morphometry for the medial
tibiofemoral joint was "0.86 (95%CI "1.26 to "0.46), for lateral
tibofemoral joint was "1.01 (95%CI "2.04 to 0.02), and for the
patella was "0.63 (95%CI "0.90 to "0.37). The quantitative carti-
lage morphometry pooled SRM ranged from "0.21 ("0.48 to 0.05)
for the lateral femoral plate to "1.01 ("2.04 to 0.02) for lateral
tibiofemoral plate. The results for the compositional measures are
from one study and should be interpreted with caution. The pooled
SRM for semi-quantitative measures of cartilage for medial tibio-
femoral joint was 0.55 (95%CI 0.47e0.64), for lateral tibofemoral
joint was 0.37 (95%CI 0.18e0.57), and for the patella was 0.29 (95%
CI 0.03e0.56). The semi-quantitative cartilage morphology SRMs
ranged from "0.07 ("0.18 to 0.04) for the medial tibial region to
0.55 (0.47e0.64 for themedial tibiofemoral region. The pooled SRM
for semi-quantitative measures of synovium was 0.47 (95%CI
0.18e0.77), and for BMLs was 0.43 (95%CI "0.17 to 1.03).

There has been some concern that some of the earlier literature
for quantitative measures of cartilage morphometry was more
responsive than more recent estimates. Table X reflects an effort to
distil distinct time periods. In general, the earlier estimates
demonstrate larger SRMs than more recent studies with the medial
tibiofemoral estimates from 2002e2006 being "0.95 ("1.15,
"0.76) and from more recent studies (2007e2009) being "0.84
("1.35, "0.33).

Table XI shows the results of random-effects pooling of SRM
from MRI studies evaluating quantitative cartilage stratified by

duration of study and plate region for studies published between
2007 and 2009. Studies with multiple estimates had an estimate
selected at random and a pooled analysis was performed. In this
analysis the pooled SRM for the medial tibiofemoral joint for
studies of 1 year or less is "0.80 ("1.27, "0.33) and for studies of
1e2 years is "1.16 ("2.90, 0.58).

Discussion

The purpose of this studywas to summarize the literature on the
responsiveness and reliability of MRI-based measures of knee OA
structural change. In general, this review provides clear evidence
that structural change in OA can be measured both reliably and
with good responsiveness on MRI.

The data from this review indicates that quantitative measures
of joint structure have excellent reliability (ICC range 0.81e0.94).
Similarly agreement for semi-quantitative measures is good to
excellent (kappa range 0.52e0.88). Directly comparing the reli-
ability between quantitative and semi-quantitative techniques is
not possible given the extracted data comes from different studies
and the statistical methods used are frequently distinct but an
overarching view would suggest they are broadly comparable with
a slight benefit in reliability for quantitative measures. This is not
surprising given the continuous nature of these measures, the
greater use of technology to automate processes and quality control
vigilance in quantitative measures.

The aim of the systematic review is to provide a summary of
the best evidence. However, as a result of issues related to the
quality of research, findings of studies can sometimes be
misleading or incorrect. To minimize these risks, the quality of the
studies was critically appraised using Downs checklist3. The
findings from our review indicate that in general this literature is
of adequate quality. No studies were identified in our search prior
to 1994.

Several studies have suggested that baseline clinical,
biomarker and imaging features are predictive of progression of
cartilage loss in the medial compartment of the knee and could be
used to provide greater study power by selecting a population at
greater risk for more rapid progression. Whilst the estimates
included in this analysis reflect these studies we have not
explicitly selected for these studies so the pooled estimates reflect
all studies not just selected estimates for those at highest risk for
progression.

This review does not include results focused upon using MRI to
stage OA. Whilst MRI has been extensively used for measuring
progression its use in staging OA as a disease is at this point quite
limited. In an effort to shorten discovery and development time-
lines, clinical trial brevity is paramount. As OA is typically a very
slowly progressive condition, one can optimize trial efficiency by
finding more responsive endpoint/s. The results of the respon-
siveness data reaffirm the potential benefit of MRI compared to
plain radiography that generally has SRMs in the 0.3e0.4 range12.

Table V
Results of random-effects pooling of inter-reader ICC from MRI studies stratified by
measure (quantitative and semi-quantitative) and tissue (cartilage, synovium, bone,
bone marrow lesion, meniscus, and ligament)

Stratification Number of
estimates
(Studies)

Mean
sample
size

Pooled ICC 95% CI

Quantitative
Cartilage 10 (4) 196 0.90 0.86, 0.95
Meniscus 2 (1) 291 0.81 0.72, 0.89

Semi-Quantitative
Cartilage 9 (7) 88 0.85 0.77, 0.94
Synovium 5 (4) 46 0.87 0.74, 1.00
Bone 3 (2) 23 0.90 0.66, 1.00
Bone Marrow Lesion 2 (2) 22 0.84 0.54, 1.00
Meniscus 5 (3) 67 0.93 0.82, 1.00
Ligament 4 (2) 105 0.80 0.56, 1.00

Table VI
Results of random-effects pooling of intra-reader kappa values from MRI studies
stratified by measure (quantitative and semi-quantitative) and tissue (cartilage,
synovium, bone, bone marrow lesion, meniscus, and ligament)

Stratification Number of
estimates
(Studies)

Mean
sample
size

Pooled Kappa 95% CI

Quantitative
Cartilage 1 (1) 158 0.66 0.50, 0.82

Semi-Quantitative
Synovium 4 (2) 317 0.52 0.28, 0.77
Bone Marrow Lesion 1 (1) 256 0.66 0.54, 0.78

Table VII
Results of random-effects pooling of inter-reader kappa values from MRI studies
stratified by measure (quantitative and semi-quantitative) and tissue (cartilage,
synovium, bone, bone marrow lesion, meniscus, and ligament)

Stratification Number of
estimates
(Studies)

Mean
sample
size

Pooled Kappa 95% CI

Semi-quantitative
Cartilage 15 (4) 136 0.57 0.44, 0.71
Bone marrow lesion 2 (2) 237 0.88 0.79, 0.97
Meniscus 3 (3) 418 0.73 0.63, 0.84
Ligament 3 (3) 209 0.80 0.69, 0.90
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Table VIII
Summary table of studies reporting data on responsiveness of MRI in OA

Reference: Author,
Journal, Year, PMID

Whole
sample
size

No. of
cases

No. of
controls

Age, yrs, Mean(SD),
Range

No.
(%) of
females

Quantitative Compositional
technique

Semi-
quantitative

Cartilage Synovium Bone Bone
marrow
lesions

Meniscus Ligament Study
design

Downs
criteria
score

Wluka AE; Arthritis &
Rheumatism; 2002;
1220951030

123 123 0 63.1(10.6) 71 X X X Longitudinal
Prospective

14

Cicuttini FM; Journal of
Rheumatology; 2002;
1223389294

21 8 13 Case:41.
3(13.2);
Controls:
49.2(17.8)

14(66.7%) X X Longitudinal
Prospective

13

Biswal S; Arthritis &
Rheumatism; 2002;
124282287

43 4 39 54.4(Range
17e65)

21 X X Longitudinal
Prospective

8

Gandy SJ; Osteoarthritis &
Cartilage; 2002; 1246455331

16 16 0 63.4 (Range
52e70)

6 X X Longitudinal
Prospective

8

Wluka AE; Journal of
Rheumatology; 2002;
1246515795

136 136 0 Vitamin E group:
64.3(11);
Placebo group:
63.7(10)

75(55%) X X Randomized
controlled
trial

21

Cicuttini F; Journal of
Rheumatology; 2002;
1246516296

110 110 0 63.2(10.2) 66 X X Longitudinal
Prospective

12

Pessis E; Osteoarthritis &
Cartilage; 2003; 1274494297

20 20 63.9(9) 13 X X X Longitudinal
Prospective

12

Cicuttini FM; Arthritis &
Rheumatism; 2004;
1473060439

117 117 63.7(10.2) (58.1%) X X Longitudinal
Prospective

9

Raynauld JP; Arthritis &
Rheumatism; 2004;
1487249040

32 32 0 62.9(8.2) (74%) X X Longitudinal
Prospective

10

Wluka AE; Annals of the
Rheumatic Diseases;
2004; 1496296098

132 132 0 63.1(Range:
41e86)

71(54%) X X Longitudinal
Prospective

10

Cicuttini FM; Journal of
Rheumatology; 2004;
1522995943

102 102 0 63.8(10.1) (63%) X X Longitudinal
Prospective

10

Blumenkrantz G; Osteoarthritis &
Cartilage; 2004; 1556406799

38 30 8 58(Range:
28e81)

(39.5%) X X X Longitudinal
Prospective

9

Zhai G; BMC Musculoskeletal
Disorders; 2005; 15720725100

150 80 70 TASOAC dataset:
62.3(7.6);
KCV dataset:
42.8(6.1)

79(52.7%) X X Other 9

Wang Y; Arthritis Res
Ther; 2005; 15899054101

126 126 63.6(10.1) 68 X Longitudinal
Prospective

12

Cicuttini F; Osteoarthritis &
Cartilage; 2005; 1592263449

28 28 0 62.8(9.8) (57%) X X Longitudinal
Prospective

10

Wluka AE; Rheumatology;
2005; 1603008451

126 126 0 63.6(10.1) 68(54%) X X Longitudinal
Prospective

14

Ding C; Arthritis &
Rheumatism; 2005;
16320339102

325 45.2(6.5) 190 X X X Longitudinal
Prospective

10

Raynauld JP; Arthritis
Research & Therapy;
2006; 1650711955

110 110 0 62.4(7.5) (64%) X X Longitudinal
Prospective

11

Hunter DJ; Arthritis &
Rheumatism; 2006;
1650893056

257 257 0 66.6(Range:
47e93)

(41.6%) X X Longitudinal
Prospective

10
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Hunter, DJ; Osteoarthritis &
Cartilage; 2006; 16678452103

150 150 0 58.9(Range:
44e81)

(72%) X X X X X X Longitudinal
Prospective

9

Wluka AE; Arthritis Research &
Therapy; 2006; 16704746104

105 105 0 All eligible:
62.5(10.7);
MRI at FU:
63.8(10.6);
Lost to FU:
61.6(11.3)

61(58.1%) X X Longitudinal
Prospective

17

Ding C; Rheumatology; 2007;
16861710105

325 45.2(6.4) 190 X X Longitudinal
Prospective

12

Hunter DJ; Arthritis &
Rheumatism; 2006;
16868968106

264 264 0 66.7(9.2),
(Range:
47e93)

(40.9%) X X X Longitudinal
Prospective

9

Bruyere O; Osteoarthritis
Cartilage; 2007;
16890461107

62 64.9 (10.3) (74%) X X Longitudinal
Prospective

10

Stahl R; Osteoarthritis &
Cartilage; 2007;
17561417108

18 8 10 OA Pts:
55.7(7.3);
Controls:
57.6(6.2)

18(100%) X X Case control 10

Pelletier JP; Arthritis
Research & Therapy;
2007; 17672891109

110 110 Q1greatestlossglobal:
63.7(7.2);
Q4 least loss
global: 61.3(7.5); Q1
greatest loss_med:
64.1(7.4); Q1 least
loss_medial: 61.6(7.8)

74(67.3%) X X Longitudinal
Prospective

15

Raynauld JP; Annals of the
Rheumatic Diseases;
2008; 1772833371

107 107 0 62.4(7.5) (64%) X X X Longitudinal
Retrospective

15

Davies-Tuck M; Osteoarthritis &
Cartilage; 2008; 1786954674

100 100 0 63.3(10.2) 61(61%) X X Longitudinal
Prospective

11

Hunter DJ; Arthritis Research &
Therapy; 2007; 17958892110

160 80 80 67(9) (46%) X X Case control 11

Teichtahl AJ; Osteoarthritis &
Cartilage; 2008; 18194873111

99 99 0 63(10) (60%) X X Longitudinal
Prospective

14

Hunter DJ; Annals of the
Rheumatic Diseases; 2009;
18408248112

150 150 60.9(9.9) 76(51%) X X Longitudinal
Prospective

8

Folkesson J; Magnetic Resonance
in Medicine; 2008; 1850684587

288 143 KL0(Healthy):
48(Range:
21e78); KL1:
62(Range:
37e81); KL2:
67(Range: 47e78);
KL3&4: 68(Range:
58e78)

(44%) X Other 12

Sharma L; Arthritis &
Rheumatism;
2008; 18512777113

153 153 0 66.4(11) X X Longitudinal
Prospective

11

Teichtahl AJ; Osteoarthritis &
Cartilage; 2009; 18590972114

78 63 (10.5) (52%) X X Longitudinal
Prospective

14

Raynauld JP; Annals Rheumatic
Disease; 2009; 18653484115

154 60.3 (8.1) 100 (65%) X X Randomized
controlled
trial

11

Pelletier JP; Osteoarthritis &
Cartilage; 2008; 1867238690

27 1 64.1(9.6) 14 X X X X X Other 9

Wirth W; Osteoarthritis &
Cartilage; 2009; 18789729116

79 60.3 (9.5) 79 (100%) X X Longitudinal
Prospective

14

(continued on next page)
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For MRI there is quite a lot of variability between different regions
within the knee, and with different measures of different tissues,
yet the SRM of"0.86 (95%CI "1.26 to "0.46) for the medial tibio-
femoral joint quantitative cartilage measure provides advantages
with regards to adequately powering studies.

Interestingly there have been a number of concerns raised
about what appears to be conflicting data from earlier studies
that were more responsive than studies conducted more
recently. This analysis confirms that more recent studies
(2007e2009) have slightly more conservative SRMs than earlier
studies (2002e2006). For example the SRM for the medial
tibiofemoral joint quantitative cartilage measure is "0.95 ("1.15,
"0.76) for studies from 2002e2006 and is "0.84 ("1.35, "0.33)
for studies from 2007 to 2009. The CIs for both these periods
overlap and while there may be some differences in techniques
between the two time periods including routine blinding to
sequence in more recent studies that may explain differences,
identifying the reasons for these differences was not the focus of
this analysis. We have also been able to clearly demonstrate that
adequate responsiveness can be attained in periods as short as 12
months.

Semi-quantitative scoring of MRIs is a valuable method for
performing multi-feature assessment of the knee using conven-
tional MRI acquisitions6e8,98. The responsiveness of the semi-
quantitative assessment of medial tibiofemoral cartilage
morphology (SRM 0.55) is broadly consistent with quantitative
assessment for the medial tibiofemoral joint. Semi-quantitative
assessment of synovium also demonstrated good responsiveness
(SRM 0.52). In addition the semi-quantitative assessment of BMLs,
a structural target with good clinical and predictive validity was
also adequately responsive (SRM 0.43).Ta
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Table IX
Results of random-effects pooling of SRM from MRI studies stratified by measure
(quantitative and semi-quantitative) and tissue (cartilage, synovium, bone, bone
marrow lesion, meniscus, and ligament). Studies with multiple estimates had an
estimate selected at random and a pooled analysis was performed. The process was
repeated 500 times to obtain the empirical distribution of pooled SRMs

Stratification Number of
estimates
(Studies)

Mean
sample
size

Pooled
SRM

95% CI

Quantitative cartilage*
Medial femoral 54 (12) 118 "0.51 "0.74, "0.28
Medial tibial 55 (17) 134 "0.48 "0.63, "0.34
Medial tibiofemoral 31 (12) 92 "0.86 "1.26, "0.46
Lateral femoral 32 (8) 151 "0.21 "0.48, 0.05
Lateral tibial 44 (14) 152 "0.56 "0.72, "0.39
Lateral tibiofemoral 14 (5) 110 "1.01 "2.04, 0.02
Patella 13 (9) 131 "0.63 "0.90, "0.37
Global 5 (4) 48 "0.89 "2.59, 0.80

Quantitative other*
Denuded area 19 (2) 114 "0.20 "0.85, 0.45
Bone 14 (2) 167 0.12 "0.46, 0.70
Bone marrow lesion 4 (1) 107 0.11 "0.08, 0.30
Meniscus 2 (1) 264 "0.24 "0.36, "0.12
Compositional 3 (1) 18 "3.27 "3.73, "2.81

Semi-quantitative cartilagey
Medial tibial 1 (1) 325 "0.07 "0.18, 0.04
Medial tibiofemoral 3 (3) 224 0.55 0.47, 0.64
Lateral tibial 1 (1) 325 "0.05 "0.15, 0.06
Lateral tibiofemoral 3 (3) 224 0.37 0.18, 0.57
Patella 2 (2) 238 0.29 0.03, 0.56

Semi-quantitative other*
Synovium 3 (2) 68 0.47 0.18, 0.77
Osteophytes 4 (1) 150 0.36 0.20, 0.52
Bone marrow lesion 6 (2) 130 0.43 "0.17, 1.03
Meniscus 2 (1) 264 0.27 0.15, 0.39

* Analysis used re-sampling techniques.
y Analysis did not use re-sampling techniques.
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In summary, OA changes on MRI can be measured reliably using
both quantitative and semi-quantitative techniques. MRI can
accurately and feasibly measure change in quantitative cartilage
morphometry over 12 months for knee OA. Based upon extant
literature these study findings strongly support inclusion of MRI

structure in updated regulatory guidance statements for clinical
trials of structure modifying agents in OA.
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Table X
Results of random-effects pooling of SRM from MRI studies evaluating quantitative
cartilage stratified by year of publication and plate region. Studies with multiple
estimates had an estimate selected at random and a pooled analysis was performed.
The process was repeated 500 times to obtain the empirical distribution of pooled
SRMs

Stratification Number of
estimates
(Studies)

Mean
sample
size

Pooled SRM 95% CI

2002e2006
Medial femoral 3 (3) 126 "0.59 "1.21, 0.03
Medial tibial 7 (7) 123 "0.58 "0.81, "0.35
Medial tibiofemoral* 4 (3) 51 "0.95 "1.15, "0.76
Lateral femoral 1 (1) 117 "0.01 "0.19, 0.17
Lateral tibial 6 (6) 139 "0.55 "0.82, "0.29
Patella 5 (5) 141 "0.68 "1.04, "0.32
Global 2 (2) 24 "0.58 "1.15, "0.02

2007e2009
Medial femoral 51 (9) 117 "0.49 "0.75, "0.22
Medial tibial 48 (10) 135 "0.42 "0.62, "0.22
Medial tibiofemoral 27 (9) 98 "0.84 "1.35, "0.33
Lateral femoral 31 (7) 152 "0.24 "0.53, 0.05
Lateral tibial 38 (8) 154 "0.56 "0.79, "0.33
Lateral tibiofemoral 14 (5) 110 "1.01 "2.04, 0.02
Patella 8 (4) 125 "0.58 "0.97, "0.18
Global 3 (2) 63 "1.24 "4.42, 1.94

* Note: All analyses of articles published in 2002e2006 did not use re-sampling
techniques except for the medial tibial-femoral component. All analyses of articles
published in 2007e2009 did use re-sampling techniques.

Table XI
Results of random-effects pooling of SRM from MRI studies evaluating quantitative
cartilage stratified by duration of study and plate region for studies published
between 2007 and 2009. Studies withmultiple estimates had an estimate selected at
random and a pooled analysis was performed. The process was repeated 500 times
to obtain the empirical distribution of pooled SRMs

Stratification Number of
estimates
(Studies)

Mean
sample
size

Pooled SRM 95% CI

Quantitative cartilage
1 year or less
Medial femoral 27 (5) 82 "0.49 "0.81, "0.17
Medial tibial 18 (6) 93 "0.33 "0.53, "0.13
Medial tibiofemoral 16 (6) 83 "0.80 "1.27, "0.33
Lateral femoral 7 (3) 137 "0.30 "0.98, 0.38
Lateral tibial 8 (4) 130 "0.56 "0.88, "0.24
Lateral tibiofemoral 3 (2) 79 "1.03 "2.79, 0.73
Patella 7 (3) 129 "0.47 "0.92, "0.02
Global 2 (1) 18 0.45 "0.01, 0.92

1e2 years
Medial femoral 6 (3) 104 "0.51 "1.15, 0.13
Medial tibial 6 (3) 104 "0.63 "1.14, "0.12
Medial tibiofemoral 5 (2) 53 "1.16 "2.90, 0.58
Lateral femoral 6 (3) 104 "0.21 "0.51, 0.09
Lateral tibial 6 (3) 104 "0.61 "1.14, "0.08
Lateral tibiofemoral 5 (2) 53 "1.28 "3.48, 0.91
Patella 1 (1) 99 "0.90 "1.10, "0.71
Global 1 (1) 154 "2.85 "3.01, "2.70

Greater than 2 years*
Medial femoral 18 (1) 174 "0.32 "0.47, "0.17
Medial tibial 24 (1) 174 "0.27 "0.42, "0.12
Medial tibiofemoral 6 (1) 174 "0.41 "0.56, "0.26
Lateral femoral 18 (1) 174 "0.22 "0.37, "0.07
Lateral tibial 24 (1) 174 "0.42 "0.57, "0.27
Lateral tibiofemoral 6 (1) 174 "0.43 "0.57, "0.28

* Represents results of one study117.
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s u m m a r y

Objective: The Osteoarthritis Research Society International initiated a number of working groups to
address a call from the US Food and Drug Administration (FDA) on updating draft guidance on conduct of
osteoarthritis (OA) clinical trials. The development of disease-modifying osteoarthritis drugs (DMOADs)
remains challenging. The Assessment of Structural Change (ASC) Working Group aimed to provide
a state-of-the-art critical update on imaging tools for OA clinical trials.
Methods: The Group focussed on the performance metrics of conventional radiographs (CR) and magnetic
resonance imaging (MRI), performing systematic literature reviews for these modalities. After acquiring
these reviews, summary and research recommendations were developed through a consensus process.
Results: For CR, there is some evidence for construct and predictive validity, with good evidence for
reliability and responsiveness of metric measurement of joint space width (JSW). Trials off at least 1 and
probably 2 years duration will be required. Although there is much less evidence for hip JSW, it may
provide greater responsiveness than knee JSW. For MRI cartilage morphometry in knee OA, there is some
evidence for construct and predictive validity, with good evidence for reliability and responsiveness. The
responsiveness of semi-quantitative MRI assessment of cartilage morphology, bone marrow lesions and
synovitis was also good in knee OA.
Conclusions: Radiographic JSW is still a recommended option for trials of structure modification, with the
understanding that the construct represents a number of pathologies and trial duration may be long. MRI
is now recommended for clinical trials in terms of cartilage morphology assessment. It is important to
study all the joint tissues of the OA joint and the literature is growing on MRI quantification (and its
responsiveness) of non-cartilage features. The research recommendations provided will focus
researchers on important issues such as determining how structural change within the relatively short
duration of a trial reflects long-term change in patient-centred outcomes.

! 2011 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.

Introduction

Current status of guidance for assessing osteoarthritis (OA) disease
modification

The development of disease-modifying osteoarthritis drugs
(DMOADs) is faced with many challenges. There remains an inad-
equate understanding of the primary endpoint for demonstrating
DMOAD efficacy. The actual result of clinical OA symptomatic
progression, arthroplasty, is associated with multiple problems as
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an endpoint in clinical trials including the variability in rates of
surgery, in part related to socioeconomic disparities, different
healthcare environments and the relatively low incidence rate of
arthroplasties compared with the total OA burden1,2. Alternative
clinical endpoints for DMOAD clinical trials have therefore been
considered and the Food and Drug Administration (FDA) previously
provided regulatory draft guidelines for use in DMOAD develop-
ment3. The FDA Clinical Development Programs for Drugs, Devices
and Biological Products Intended for the Treatment of OA draft
guidelines defined the current acceptable structural endpoint for
DMOAD clinical trials as a slowing in the loss of knee or hip joint
space narrowing (JSN) using conventional radiographs (CR);
depending on the structural change this would need to be
accompanied by symptom improvement. Similar recommenda-
tions were adopted by the European Medicines Agency (EMEA) in
Europe4 (also adopted by the Therapeutic Goods Administration
(TGA) in Australia) and remain in their recently revised Guideline5.

The current hierarchy of claims for structural outcome as
defined by the FDA Clinical Development Programs for Drugs,
Devices and Biological Products Intended for the Treatment of OA
draft guidance is as follows:

1. Normalise the X-ray (reverse progression).
2. Improve the X-ray (halt progression).
3. Slow JSN by at least a pre-specified amount (slow the rate of

progression).

CR have traditionally been the method of choice in clinical trials
because of their relative feasibility. Until recently, it was widely
accepted that alteration in progression of JSN implies preservation of
hyaline cartilage and consequently clinical benefit; measurement of
joint space width (JSW) by X-ray was determined as the most
appropriate structural endpoint measure6,7. However it was recog-
nized that the nature and magnitude of structural changes that are
likely to be clinically relevant remain uncertain. Whether parallel
clinical outcomes should be included in the claim depends on what
JSW outcome is achieved, but collection of these data (including
measurementofpain, apatient globalassessment, a self-administered
questionnaire and the time to the need for total joint replacement
surgery) was strongly recommended regardless of the anticipated
outcome since their assessment is critical for analysis of the overall
risks and benefit of a product3. Since the concept of structural
improvement connotes an element of durability, trials to demonstrate
structure improvement were recommended to last at least 1 year3.

As well, owing to the rapid growth of magnetic resonance
imaging (MRI) studies in the last decade, there has been an
increased awareness that symptomatic OA represents a process
involving all the tissues in the OA joint, not just cartilage8,9. MRI has
evolved substantially over the last decade and its strengths include
its ability to visualise individual tissue pathologies, as well as the
interrelationship between tissue pathologies.

Limitations of JSN as an outcome

Although a product showing a slowing of JSNwould be expected
to also affect symptoms, it is possible that certain products may
affect structural progression without associated symptomatic
evidence10. It is also possible that slowing of structural progression
mayoccur at an earlier time-pointwith later reduction in symptoms
(acknowledged in the recent EMEAGuideline5). A claimof structural
improvement (i.e., slowing of JSN) might conceivably be dissociated
from other claims when the mechanism of action of the product,
and/or the size of the effect on slowing of JSN, are suggestive of
future clinical benefits. If products are not anticipated to have
different effects on these parameters or show only small

improvements in JSN without demonstrated effects in symptoms
they will not generally be considered for approval or for separate
claims. In other words, as long as an observed delay in JSN
progression is correlated to an improvement of clinical outcomes it
is considered as an appropriate primary endpoint and as a surrogate
endpoint for total joint replacement, the critical event characteristic
of medical treatment failure for OA. It is assumed that a delay in JSN
will consequently delay the need for total joint surgery, and can
hence be interpreted as a treatment success for DMOADs.

The use of JSN measured by CR as a structural endpoint is associ-
atedwith some concerns. Since disease progression is generally slow,
minimal and variablewithin andbetween subjects10,11, the use of JSW
as an endpoint measurement requires long-term treatment periods
(>1 year) and inclusions of large patient numbers. Moreover, the
inabilityof radiographs tovisualise cartilage leads to lackof sensitivity
to detect early and small changes in this tissue12. There is difficulty in
obtaininghighquality reproducible images of OA joints, despite state-
of-the-art standardisation of radiographic protocols to reduce the
variability related to joint repositioning13. MRI studies have demon-
strated that JSN represents a complex of hyaline cartilage loss,
meniscal extrusion and meniscal degeneration14. Although structure
is a critical component of OA assessment, the relationships between
structure and pain and/or function and between structure and future
outcomes (e.g., arthroplasty) are not well developed and the defini-
tion of a clinically relevant change in JSN has not been established.

The use of JSWalonemay not be entirely relevant as an outcome
measure for DMOAD efficacy since it fails to capture the multi-
tissue nature of OA9,15. As such, potential early beneficial changes in
other components of the joint are missed by the use of JSN alone as
the structural endpoint. Moreover, the insensitivity of JSN to early
changes in cartilage and meniscus means that even “moderate” OA
knees (KellgreneLawrence! 2) may already represent a stage of
the disease too molecularly and biochemically advanced for alter-
ation of disease course by pharmacological intervention. Previous
attempts at OA disease modification using JSN as an endpoint have
provided important lessons about the design and conduct of such
trials, including issues on radiographic positioning, measurement
methods, and study “enrichment” for progressors in order to
ensure progression in the placebo group; this has been previously
well reviewed7,16. Despite the limitations as a measure for DMOAD
efficacy, delay in JSN has been reported for a small number of
potential DMOADs to date7,16. However the lack of associated
symptomatic benefit in these studies has prevented any of these
agents from being successfully registered.

Methods

In the last decade since the FDA produced its draft guidance for
industry, much evidence has been accumulated on the assessment
of structural change in OA. The Osteoarthritis Research Society
International (OARSI) FDA OA Assessment of Structural Change
(ASC) Working Group comprised a wide range of expertise
including clinical trialists, methodologists, academics, imaging
experts and pharmaceutical company representatives with rele-
vant trials experience; the Group was tasked with:

1. Examining a number of key issues about the performance
metrics (including predictive validity for relevant clinical
outcomes and responsiveness) of the commonest imaging tools
used to assess structural change in OA, focussing predomi-
nantly on CR and MRI, while briefly examining the information
on other modalities especially the growing field of ultrasound.
This was performed by conducting systematic literature
reviews for CR and MRI. The draft strategy for the literature
review was written in December 2008, sent to all members of
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the ASC Working Group, underwent iterative revision, and
a final version of the protocol was approved in February 2009.
Details of the protocol and the search terms are published
separately17e20. The literature search was conducted using
articles published up to the time of the search in April 2009. For
examining the role of ultrasound, where it was acknowledged
there was a much smaller literature base, we used a recently
published systematic literature review on ultrasound in OA21.

2. Producing state-of-the-art recommendations in assessing OA
structural change for the purposes of optimising utilisation in
OA clinical trials, based on the findings of the systematic
literature reviews and via a consensus approach.

3. To also develop research recommendations again based on the
literature reviews and through a consensus process of the ASC
Working Group.

The following summary and derived recommendations
attempts to overview the large amount of literature reviewed
during this process. Much of the work summarised below is
detailed in the more detailed accompanying systematic reviews of
both radiography and MRI17e20; for this reason, individual refer-
ences supporting each statement are not provided in this summary.

Summary and recommendations

The underlying assumption of these recommendations is that
the manifestations of joint pain and disability currently associated
with OA are strongly related to the pathophysiology of OA seen in
joint structures. This postulate is to some extent supported by
epidemiological evidence of the association between radiographic
OA, joint pain and disability in the general population.

Much of the published evidence on imaging ASC relates to OA of
the knee, with much less evidence (especially for modern imaging
modalities) relating to OA of the hip and very limited information
available forhandOA. This summarymust thereforebeseenas largely
related to trials for OA of the knee and to a lesser extent, the hip.

Importantlymost of the therapeutic studies onOAhave included
symptomatic and radiographically moderate to severe OA, so there
is an absence of literature and definitions for “early” OA, especially
studies entering people before the currently recognized clinical
syndrome is apparent andwhen structural pathology is presumably
minimal. So the literature on the performance of existing imaging
modalities at this important stage of the OA process is sparse.

When mentioned, the term ‘therapies’ refers to drugs, devices
and biological products entered into the treatment of OA and
regulated by the FDA; this could also include interventions such as
weight loss.

Conventional radiography

" CR presents an image of the joint space of a diarthrodial joint,
the width of which represents the thickness of articular carti-
lage. In some joints, notably the knee, JSW also reflects the
presence, location and condition of other structures (e.g.,
meniscus), and JSW is a composite measure of the combined
thickness of those structures. This should be considered when
defining a relevant knee trial outcome.

" Much is now known of the performance metrics of CR JSW in
the knee and to a lesser extent in the hip. There is some
evidence for construct and predictive validity, with good
evidence for reliability and responsiveness of metric
measurement of JSW. In terms of correlations with concurrent
symptoms, there is a weak association between progression in
JSN and progression of symptoms. There is little information on
how progression in JSN during the course of a study reflects

post-study (long-term) change in symptoms. JSN progression is
associated with increased rate of subsequent total joint
replacement, but these may not be truly independent events as
radiographic JSN is one of the features used to select people for
joint replacement surgery.

" In the knee, the use of fluoroscopic positioning and semi-flexed
views improve responsiveness, although it is acknowledged that
access to fluoroscopic facilities is restricted. Studies will gener-
ally need to be at least 12 and more likely 24 months duration.

" It is possible and therefore advisable to ‘enrich’ a knee OA study
population to increase the rate of joint space loss, for example,
by including higher Kellgren Lawrence (KL) grade.

" Automated methods for assessing parameters of JSW offer
promise of improved precision and therefore improved
responsiveness.

" The natural history of hip OA appears different to that of knee
OA and although the literature concerning the hip is much less
extensive, there is some evidence for better responsiveness for
JSW measurement at the hip. Hip JSW as a construct does not
include a meniscus. There is little evidence on enriching
cohorts for purposes of increasing rate of JSN progression.

" We support the continued use of CR JSW as one option for
assessing structural OA change, taking all the previous points
into account when deciding on study endpoint.

Research recommendations
To further understand the relationship between JSN and

symptoms, future studies should focus on the following areas:

" Cross-sectional studies in which the patients are their own
controls (such as one recently published22) to better evaluate
the potential correlation.

" Longitudinal studies evaluating the relationship between
changes in symptoms and changes in joint space.

" Predictive validity studies, i.e., does joint space predict subse-
quent pain and disability and subsequent joint replacement?
For example, does JSN between month 0 and month 12
correlates with joint replacement by month 60?

" Construct validity studies, i.e., correlation between JSN and
mean pain or function. For example, is JSW between month
0 and month 12 correlated with mean pain and function
evaluated every 6 months between month 0 and month 12, or
between month 12 and month 24?

For Knee OA:

" Studies of the relationship between symptoms and radio-
graphic joint space evaluated on semi-flexed X-rays with
fluoroscopy.

" Studies on predictors of joint loss evaluated on semi-flexed
X-rays with fluoroscopy and optimal serial tibial plateau
alignment.

" Studies on the effect of rate of joint space loss on treatment
effect.

For Hand OA:
" Studies comparing the metrological properties of hand OA
scoring systems.

MRI

" For assessing MRI cartilage morphometry in knee OA, there is
some evidence for construct and predictive validity, with good
evidence for reliability and responsiveness. Using MRI it is
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possible to accurately and feasibly measure change in cartilage
morphology over 12 months for knee OA and we recommend
the use ofMRI for assessing cartilagemorphology in trials of OA
structure modification.

" It is possible to ‘enrich’ a knee OA study population with MRI
outcomes in order to increase the rate of cartilage loss, for
example, by including higher KL grade.

" In terms of correlations with concurrent symptoms, there is
a weak association between progression of cartilage loss and
increasing symptoms. There is little information on how
change in cartilage parameters during the course of a study
reflects post-study change in symptoms. There is some
predictive validity with progression of cartilage loss predicting
subsequent total joint replacement.

" More information is required on the performance metrics of
MRI semi-quantitative and compositionalmeasures of cartilage
morphology. There may be a role for semi-quantitative
assessments for assessing focal cartilage defects.

" Structure modification should be considered in a broader
context than that of cartilage alone. Since MRI has the capacity
to image the other tissues, further work is needed on the
quantification and predictive validity of non-cartilage MRI
pathologies. The performance metrics of non-cartilage MRI
features have not been extensively studied but there is
a rapidly emerging literature in this field.

Research recommendations
As well as the areas recommended above, including research

into ‘whole organ’ or multi-tissue assessment (currently via semi-
quantitative scores) and improving the quantification of non-
cartilage pathologies, the MRI OA field needs:

" Studies to define more responsive measures of structural
change.

" Studies that measure change at an earlier stage of diseasewhen
it may be more suitable for DMOAD intervention.

" Studies to improve predictive validity of current structural
measures for important clinical outcomes (e.g., total joint
replacement (TJR), virtual TJR).

" Studies to improve assessment precision of structural
measures more closely related to symptom change (e.g., bone
marrow lesions, synovitis).

Other imaging modalities

The potential for non-CR or MRI modalities to assess relevant
non-cartilage tissues should be considered. Ultrasound is currently
the other recent imagingmodality withmost information available,
and at this stage it appears it is most promising as a tool for eval-
uating OA synovitis. Ultrasound-detected pathologies have been
associated with current OA symptoms. Further work is required to
better understand the performance metrics of ultrasonographic
quantification of pathology, with such work requiring improved
pathology definitions.

Conclusions

The amount of publications assessing OA structural change has
dramatically increased over recent years, related to the availability
of large cohort studies. Though we now understand CR JSW
represents a complex of pathologies, gaps still remain in our
understanding of both construct and predictive validity. The
growth of MRI as an OA imaging biomarker has evolved to a point
where it can be recommended for clinical trials in terms of cartilage

morphology assessment. Much still needs to be understood about
compositional cartilage measures and just as importantly, quanti-
fication of non-cartilage features. The literature reviews performed
by the ASC Working Group, together with attention to the research
recommendations listed here, should ensure that the current gaps
in our knowledge regarding the performance metrics and clinical
importance of existing tools will be filled.
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