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Abstract

In an effort to boost the development of new management strategies for OA, there is currently a shift in focus towards the
diagnosis and treatment of early-stage OA. It is important to distinguish diagnosis from classification of early-stage OA.
Diagnosis takes place in clinical practice, whereas classification is a process to stratify participants with OA in clinical
research. For both purposes, there is an important opportunity for imaging, especially with MRI. The needs and challenges
differ for early-stage OA diagnosis versus classification. Although it fulfils the need of high sensitivity and specificity for
making a correct diagnosis, implementation of MRI in clinical practice is challenged by long acquisition times and high costs.
For classification in clinical research, more advanced MRI protocols can be applied, such as quantitative, contrast-enhanced,
or hybrid techniques, as well as advanced image analysis methods including 3D morphometric assessments of joint tissues
and artificial intelligence approaches. It is necessary to follow a step-wise and structured approach that comprises, technical
validation, biological validation, clinical validation, qualification, and cost-effectiveness, before new imaging biomarkers
can be implemented in clinical practice or clinical research.
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The early-stage OA concept and its potential

Key points

- It is important to distinguish diagnosis from classification of
early-stage OA: diagnosis takes place in clinical practice whereas
classification aims to stratify participants with OA in clinical

OA is typically diagnosed once pain has become chronic and
functional limitations have a severe impact on activities of

research.

- Diagnostic criteria for early-stage OA require a high sensitivity
and specificity, which can be obtained by MRI provided that scan
time and costs are reduced, which currently is a limitation.

- For classification criteria, more advanced (MR) imaging
protocols can be applied to visualize early-stage OA features, such
as quantitative, contrast-enhanced, or hybrid techniques, as well as
advanced image analysis methods including artificial intelligence.
- A step-wise and structured approach is necessary before new
imaging biomarkers for early-stage OA can be implemented in
clinical practice or clinical research.
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daily living. Imaging by means of radiography can support
the clinical diagnosis of OA by visualizing structural joint
abnormalities such as joint space narrowing and osteophyte
formation. However, at these advanced stages of OA, radio-
graphic abnormalities are believed to be irreversible. Like-
wise, when using traditional classification criteria for OA
such as the ACR-criteria [1] or radiographic Kellgren and
Lawrence (KL) grading [2] for patient enrollment in clinical
trials of new therapies, the disease is in such an advanced
stage that development of disease modifying treatments for
OA has been unsuccessful. In order to force a breakthrough
in the management options for OA and reduce the tremen-
dous consequences for patients and the society, there is a
widely supported call to shift our focus towards early-stage
OA diagnosis and treatment [3—-8]. At an early stage, pro-
gression of pain severity and transition into chronic pain
might be preventable, functional limitations are not yet too
severe to interfere with advises to adopt a healthy lifestyle,
and progression of structural abnormalities could potentially
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be halted or even reversed This narrative review paper is
aimed at describing the needs and challenges for imaging
in the context of early-stage OA. Particularly, we discuss
requirements for imaging acquisition and image analysis for
the purpose of diagnosis and classification of early-stage
OA, and how current imaging methods meet these require-
ments. It is not the purpose of this article to describe specific
imaging techniques in detail, as this will be covered in other
chapters of this special issue.

A literature search was conducted in PubMed for relevant
articles on the topic of early-stage OA diagnosis and clas-
sification, imaging of early-stage OA using various modali-
ties, and combinations of these. Articles were screened and
selected by both authors, based on relevance.

Diagnosis vs. classification of early-stage OA

A fundamental challenge in early-stage OA research is to
actually identify those individuals with early-stage OA. In
literature, many varying definitions are used, e.g., KL <2
[9, 10], KL <2 in combination with clinical symptoms [8],
or first-time consulters in primary care [11], but there is
currently no established consensus on how to define early-
stage OA [12]. It is important to distinguish the diagnosis
of early-stage OA from the classification of early-stage OA
[13]. Diagnosis takes place in clinical practice while clas-
sification is considered a process to stratify participants with
OA in clinical research. The fluctuating course of symptoms
in early-stage OA makes both the diagnosis and classifica-
tion of early-stage OA based on clinical symptoms only dif-
ficult [12—14]. This could provide an important opportunity
for imaging as an adjunct to the clinical diagnosis. How-
ever, imaging should ideally be performed at the time of
symptoms, which requires feasible imaging tools in terms
of accessibility, speed and costs.

Diagnosis of early-stage OA and the role
of imaging

Diagnosis of early-stage OA in clinical practice should iden-
tify all subjects with the disease, and should help clinicians
to initiate proper treatment strategies. For diagnostic criteria,
a high sensitivity and specificity of the criteria are impor-
tant. A potentially suitable imaging modality that would ful-
fil these prerequisites is magnetic resonance imaging (MRI).
Unlike radiography, MRI is capable of visualizing structural
damage in all tissues in and around the joint that are affected
by OA [14]. These tissues include the articular cartilage,
bone marrow, meniscus, ligaments, synovium, fat pads, and
peri-articular musculature, some of which are believed to
play an important role in knee OA [15], particularly in the
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earlier disease stages. Similar to knee OA, MRI is suitable
to visualize changes in the soft tissues in and around the hip
joint, including hip-specific structures believed to play a role
in OA such as the labrum and ligamentum teres [16].

With the advent of novel MRI techniques the sensitivity
of MRI can be further increased. Examples of these include
so-called quantitative MRI techniques — also referred to as
biochemical or compositional MRI techniques — that allow
the measurement of important constituents of the articular
cartilage [17]. With T2 mapping, it is possible to determine
the amount and network integrity of collagen, while other
techniques such as T1p, GagCEST, and sodium MRI have
been shown to be capable of assessing the amount of proteo-
glycans [18]. These quantitative MRI techniques have been
mostly applied to the knee, followed by the hip joint [19,
20]. When a gadolinium contrast agent is administered, it
is possible to reliably assess synovitis in the joint [21], and
when this is combined with a dynamic contrast-enhanced
MRI (DCE-MRI) acquisition, it is possible to quantitatively
characterize the perfusion in the synovium [22] and other
tissues and lesions that have been linked to inflammatory
pathways in OA, such as the infrapatellar fad pad [23] and
bone marrow lesions [24].

There are, however, significant drawbacks of MRI that
preclude the application in routine patient care for patients
with early-stage OA. A typical MRI examination may take
approximately 30 min and even longer if advanced, quan-
titative techniques are added. These long acquisition times
are a significant factor to the restricted accessibility — in
terms of waiting lists — and high costs of MRI. Hence, a
large research effort is currently ongoing to accelerate the
speed of MRI acquisitions, with varying approaches includ-
ing new rapid MRI pulse sequences [25] and advanced MR
image reconstruction techniques such as compressed sens-
ing [26], MR fingerprinting [27] and deep learning recon-
struction algorithms [28, 29]. Obviously, the use of contrast
agents on a large-scale in a routine clinical setting would be
undesirable. Several studies have been performed on MRI
of synovitis without the use of contrast agents, indicating
that synovitis could be detected, but was underestimated in
terms of severity compared to contrast-enhanced MRI as the
reference standard [30].

As an alternative to MRI, ultrasound has also been applied
to assess OA features, especially in the knees and hands [31],
although most studies have not specifically evaluated the role
of ultrasound in early-stage OA. These studies have shown
that ultrasound seems to be particularly capable of assess-
ing osteophytes [32], synovitis [33], meniscus extrusion [34]
as features of knee OA, and a few studies have even shown
its capability to assess portions of the articular cartilage of
the knee [35]. In the hands, ultrasound has been mainly used
to assess inflammatory features of OA using combinations
of gray-scale and power Doppler acquisitions. Studies have
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shown that inflammatory features on ultrasound such as joint
effusion, synovial thickening and increased Power Doppler sig-
nal at earlier stages of hand OA are associated with progression
[36, 37]. Advantages of ultrasound include the high spatial
resolution when high-frequency transducers are applied, the
low costs, and wide availability, increasingly in primary care
settings too. Drawbacks are the incapability of ultrasound
to assess intra-articular structures and operator dependency,
although an excellent inter-observer agreement for knee OA
assessment was reported in several studies [32, 38].

Classification of early-stage OA and the role
of imaging

Classification of early-stage OA aims for identifying a
homogeneous group of individuals with early-stage OA for
enrolment in clinical trials. For classification criteria, a high
specificity is required, while a lower sensitivity is allowed
[4, 13]. Although the prerequisites differ for diagnostic ver-
sus classification criteria, MRI seems to be suitable to serve
both roles. MRI is both sensitive to features related to OA,
and specific in the way that several combinations of features,
such as non-focal cartilage loss, BMLs, and osteophytes,
have been clearly linked to OA. Nevertheless, many clini-
cal trials still enroll subjects based on radiographic imag-
ing alone. For a research setting, more advanced imaging
modalities and imaging analysis techniques could be feasible
for identifying individuals with early-stage knee OA, as in
general more time and more financial resources are avail-
able for patient stratification. Therefore, the use of advanced
MRI techniques such as quantitative techniques or contrast-
enhanced methods mentioned above, is more accepted in
the setting of OA patient classification than for diagnosis.
There is also a large ongoing activity in field of image
analysis to aid the detection and characterization of early-
stage OA. After segmentation of various joint structures,
for example the articular cartilage, bones and menisci, their
morphometric features (e.g., thickness, area, volume, or
shape) can be determined. Change of these measures have
been linked to OA onset and progression [39—42]. Here, the
segmentation forms a challenge because it is laborious if
performed manually, in particular for 3D datasets. To over-
come this limitation, a large effort is being undertaken to
segment joint tissues automatically, for example with the
use of deep learning algorithms [43—45]. Although such
advanced image analysis algorithms could provide useful
imaging biomarkers for clinical research studies, their appli-
cability as part of diagnostic criteria in patient care remains
challenging because they are typically not well integrated
in the clinical workflow. Especially for primary care, where

diagnostic criteria for early-stage knee OA have the greatest
potential, this forms an important barrier [46].

More recently, positron emission tomography—magnetic
resonance imaging (PET-MRI) has been proposed as a
hybrid technique to visualize metabolic changes in early-
stage OA. PET-MRI can be used with different radiotracers
such as sodium fluoride to assess bone turnover and fluoro-
deoxyglucose (FDG) to study glucose metabolism, which
is increased with inflammation [47]. PET-MRI is infeasible
for large clinical studies, because it is expensive and only
available in a limited number of centers, but it has shown
promise to increase our understanding about early-stage OA
processes and different OA subtypes [48, 49].

Progression of early-stage OA

A major challenge for the development of criteria for early-
stage OA is the lack of a gold standard (or reference stand-
ard). For this reason, recent initiatives in the development
of diagnostic and classification criteria for early-stage OA
have used the progression into ‘established OA’, e.g., KL >2
or the ACR-criteria for clinical OA, as their reference stand-
ard (68,) [50]. Until consensus on a gold standard has been
established, validating against future OA development is
probably the best available option. However, this does sug-
gest that ‘stable early-stage OA’ (early-stage OA without
progression) does not exist, which can be debated. Evalu-
ating imaging modalities that can predict the development
of established OA among individuals with undifferentiated
knee symptoms could identify important features for the
diagnosis or classification of early-stage OA. It is important
to realize that not all (imaging) features that are theoreti-
cally associated with progression into established OA should
necessarily be incorporated as part of criteria for early-stage
OA, particularly if this would result in the identification of
very specific and selected subgroups at risk for progression.
This would exclude many cases that should be diagnosed
or classified as early-stage OA, limiting the validity of such
criteria. Nevertheless, in certain research settings, enrich-
ing the population of early-stage OA individuals using such
specific (imaging) feature, e.g., if it represents the treatment
target for the investigative drug, could be very well justified
in light of treatment efficacy and study feasibility.

Due to the slow-developing course of OA, the time
between the diagnosis or classification of early-stage OA
and the development of established OA can be very long.
To overcome this challenge, the evaluation of surrogate out-
comes is key and imaging modalities may have the potential
to serve as surrogate outcomes in early-stage OA [51, 52]. In
the early-stage OA setting, surrogate outcomes should cap-
ture changes in a relatively short timeframe after the diag-
nosis or classification of early-stage OA (e.g., short-term
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changes in symptoms or short-term structural progression).
Importantly, this short-term change should then be related to
the long-term development of established OA. Level 1 evi-
dence for surrogate outcomes would come from randomized
controlled trials (RCTs), where the intervention effect on the
surrogate outcome captures the (entire) effect of the inter-
vention on the development of established OA [53]. The lack
of RCTs in early-stage OA hamper this validation strategy
and initiating new trials is very time consuming. Level 2
evidence for surrogate outcomes can be obtained from lon-
gitudinal cohort studies, where the short-term changes in a
potential surrogate outcomes can be evaluated against the
long-term development of established OA [53-55].

Roadmap of imaging biomarkers
in early-stage OA

Like any biomarker, defined as * objective indicators of nor-
mal biologic processes, pathogenic processes, or pharmaco-
logic responses to therapeutic interventions’ [56, 57], imag-
ing biomarkers must undergo a structured, stepwise, process
that includes, among many steps, thorough verification and
validation, before they can be applied in clinical care or
research. A valuable resource for directions on biomarker
development, qualification, and validation is the so-called
BIPED model. This model distinguishes Burden of disease,
Investigative, Prognostic, Efficacy of intervention, and Diag-
nostic (BIPED) biomarkers, and provides detailed descrip-
tions for the applicability and validation of such biomark-
ers [56]. Although the BIPED model was not specifically
proposed for imaging biomarkers, if systematically applied
to (new) imaging biomarkers, this model can accelerate the
applicability of imaging modalities in OA research.

In addition, as there are important differences between
biospecimen-derived and imaging biomarkers, specific rec-
ommendations have been published for imaging biomarkers
[58]. Although developed primarily for other diseases, the
proposed processes or tailored ‘roadmaps’ can be equally
applied to OA imaging biomarkers. For example, a consen-
sus statement on the roadmap for imaging biomarkers in
cancer studies distinguishes the following key aspect of this
process: discovery, technical validation, biological valida-
tion, clinical validation, qualification, and cost-effectiveness
[59]. In the same paper, the authors also make note of two
crucial “translational gaps” that must be crossed: imaging
biomarkers evaluated in vitro must cross the first gap to
become robust medical research tools as a reliable marker
to test hypotheses in clinical research, and another gap to be
integrated in routine patient care. In reality, for many rea-
sons, bridging these translational gaps has been the bottle-
neck in the trajectory of many imaging biomarkers, includ-
ing those for OA.
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Conclusion

In this paper, we have described the needs and challenges
for imaging in the context of early-stage OA. It is espe-
cially important to distinguish diagnosis of early-stage
OA in clinical practice, from classification as a means
of stratification in clinical research. Although MRI plays
an important role for both purposes, different needs and
challenges are involved in diagnosis versus classification.
When developing new imaging biomarkers, it is critical to
follow a step-wise and structured approach before they can
be implemented in clinical practice or clinical research.
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