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ABSTRACT

In osteoarthritis research, imaging plays an important role in clinical trials and epidemiological observational studies.
In this narrative review article, we will describe recent developments in imaging of osteoarthritis in the research arena,
mainly focusing on literature evidence published within the past 3 years (2014-2017). We will primarily focus on MRI
including advanced imaging technigues that are not currently commonly used in routine clinical practice, although
radiography, ultrasound and nuclear medicine (radiotracer) imaging will also be discussed. Research efforts to uncover
the disease process of OA as well as to discover a disease modifying OA drug continue. MRI continues to play a large
role in these endeavors, while compositional MRI techniques will increasingly become important due to their ability to
assess “premorphologic” biochemical changes of articular cartilage and other tissues in and around joints. Radiography
remain the primary imaging modality for defining inclusion/exclusion criteria as well as an outcome measure in OA
clinical trials, despite known limitations for visualization of OA features. Compositional MRI techniques show promise
for predicting structural and clinical outcomes in OA research. Ultrasound can be a useful adjunct to radiography and
MRI particularly for evaluation of hand OA. Newer imaging techniques such as hybrid PET/MRI may have a potential but
require further research and validation.

INTRODUCTION published between January 2014 and September 2017

Three main imaging modalities utilized for osteoarthritis
(OA) imaging are conventional radiography, MRI and
ultrasound. In routine clinical practice, radiography is the
first choice imaging modality for diagnosis of OA.! In the
research setting, more advanced imaging modalities play
an important role in clinical trials and epidemiological
observational studies. Of note, a series of reccommendations
pertaining the use of imaging in OA clinical trials were
published by the OA Research Society International.*™* In
this narrative review article, we will describe recent devel-
opments in imaging of OA in the research arena, mainly
focusing on literature evidence published within the past 3e
years (2014-2017).

LITERATURE SEARCH METHODOLOGY

The searches in the electronic databases (PubMed,
MEDLINE) were performed using the keywords “OA” and
“magnetic resonance imaging”. Additional keywords were
used to narrow the search including “radiography’, “ultra-
sound”, “nuclear medicine”, “PET”, “SPECT”, for articles

for the main searches. In particular, authors focused on
papers describing human studies and written in English.
This search strategy initially yielded 2857 abstracts, which
were then screened for relevance. Additional older papers
published before January 2014 were added when deemed
essential for description and discussion on newer literature
evidence which was based on available literature evidence
or published scoring systems, classifications systems, or
guidelines/recommendations. Initial literature search
was performed by DH and screening for relevance was
performed by all authors, based on the authors’ clinical and
research expertise in the field of OA imaging. At the end, 97
papers were included in the current review.

PHENOTYPES OF OA AND ROLE OF IMAGING
Radiography is still the most commonly used imaging
modality in any OA research despite known important
limitations.” The European League Against Rheumatism
task force recently published recommendations regarding
the use of imaging in the routine clinical management of
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patients with OA,! essentially stating radiography is the primary
imaging modality and additional imaging such as MRI and ultra-
sound should only be used in atypical cases or patients showing
rapid progression of symptoms. It should be noted, however,
that their recommendations are not applicable to OA research.
It has been recognized that OA can be classified to various
phenotypes.>” While radiography alone may be sufficient for
a simple phenotypical classification of foot OA (isolated first
metatarsophalangeal joint OA and polyarticular OA),” other
more sophisticated classification needs more advanced imaging
techniques.® e.g. adequate assessment of “pain” phenotype® or
inflammatory phenotype® require contrast-enhanced MRI and/
or ultrasound imaging since synovial inflammation cannot be
directly visualized by radiography. Other than synovitis, OA
features that are correlated to pain such as bone marrow lesions
(BMLs)>'? and meniscal abnormality11 also need MRI for evalu-
ation. Ultrasound imaging enables real time, dynamic and multi-
planar evaluation, and is particularly useful for assessment of

Hayashi et a/

inflammatory changes, i.e. synovial hypertrophy, synovitis and
cortical erosions.®

RADIOGRAPHIC EVALUATION OF OA

Inclusion and exclusion criteria for clinical trials of radiographic
OA are commonly defined using Kellgren and Lawrence (KL)
grading (Grade 0 = normal; Grade 1 = presence of equivocal
osteophyte; Grade 2 = presence of definite osteophyte without
joint space narrowing (Figure la); Grade 3 = presence of joint
space narrowing; Grade 4 = complete loss of joint space, “bone
on bone” appearance (Figure 1b).'* Limitations of radiography
for imaging assessment of OA have been well documented. e.g.
a large proportion of KL Grade 0 knees have OA features that
can be detected by MRL'? On the other hand, the opposite spec-
trum of the disease, KL Grade 4, is thought to be “end stage”
radiographic OA. However, MRI can reveal that even KL Grade
4 knees can still progress further'* with respect MRI-detect-
able pathological features such as cartilage damage and BMLs.

Figure 1. Progression of radiographic OA. (a) Baseline posterioranterior radiograph of the left knee shows small medial tibial
osteophyte (arrow head) but no additional signs of osteoarthritis. No joint space narrowing is apparent. (b) Follow-up radiograph
2 years later shows marked progression of radiographic osteoarthritis with near bone-on-bone appearance of the medial tibi-
ofemoral joint space (arrows). (c) Baseline coronal intermediate-weighted MRI shows discrete superficial focal cartilage defect at
the weight-bearing medial femur (arrow). In addition there is a minimal meniscal extrusion medially (arrow head). (d) Follow-up
MRI 2 years later shows diffuse weight-bearing tibial and femoral cartilage loss (arrows) and partial meniscal maceration with an
increase in medial extrusion (arrow head). All three factors contribute to joint space narrowing on radiograph, i.e. cartilage loss,
meniscal morphologic damage and meniscal extrusion. OA, osteoarthritis.
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Another major limitation is that Grade 3 includes any severity of
joint space narrowing (other than complete loss), and thus it is
insensitive to change over time.”

Semiquantitative radiographic assessment of OA can also be
performed using another scoring system developed by OA
Research Society International, published as an OARSI atlas."
In this scoring system, knee OA can be assessed in regard to
joint space narrowing which is graded as 0 (none), 1 (mild), 2
(moderate) and 3 (severe), and osteophytes which are graded
as 0 (none), 1 (small), 2 (moderate) and 3 (large). Many epide-
miological observational studies such as OA Initiative and the
Multicenter OA Study use radiographic outcome to determine
incidence and progression of OA based on semiquantitative
assessment. Recent OAI-based studies showed that lower thigh
muscle specific strength was a predictor of incident radiographic
knee OA in females [odds ratio 1.47,95% confidence interval (CI)
(1.10-1.96)],'® and that meniscal surgery was associated with
increased risk of radiographic joint space narrowing progression
in persons without prior history of knee trauma [adjusted hazard
ratio 1.27, 95% CI (1.00-1.63)]."

Another approach in radiographic imaging of OA is quantita-
tive analysis of the joint space width, which can be measured
manually or by using computer software. Recent studies using
quantitative joint space width measurement have shown some
interesting observations. In non-gout patients with knee OA,
high serum urate levels predicted progression of joint space
narrowing over 24 months [baseline serum uric acid levels
distinguished progressors (joint space loss >0.2 mm) from
non-progressors, p = 0.03 by multivariate analysis].'® Another
study showed fixed-location joint space width measurement
could better predict knee replacement surgery [odds ratio 1.57,
95% CI (1.23-2.01)] compared to minimum joint space width
measurement [odds ratio 1.38, 95% CI (1.11-1.71)].'° The same
study also showed radiographic joint space width measurement
could predict future knee replacement surgery to similar accu-
racy compared to femoral cartilage thickness measurement on
MRI (p = 0.001 by paired t-test and odds ratio 1.38).%° However,
it has also been shown that, in healthy subjects, minimal joint
space width reflected a combination of 3D quantitative cartilage
and meniscal measures, particularly in females, and fixed-loca-
tion joint space width was dominated by variance in cartilage
thickness.”! Thus, the significant contribution of the meniscal
position on minimal joint space width reinforces known
concerns over validity of joint space width as an indirect measure
of articular cartilage thickness (Figure 1c,d). To try to solve this
issue, a novel approach to measure joint space width using 3D
standing CT has been proposed and seems to have a potential
for a tool to stratify participants in clinical trials, although more
studies are needed to validate this methodology.?2

Semiquantitative and quantitative radiographic analyses of OA
are commonly used as inclusion/exclusion criteria as well as
outcome measures in OA clinical trials such as vitamin D,'
chondroitin sulfate,”® glucosamine,**** sprifermin,®® strontium
ranelate,”” meniscal surgery'® and gene therapy,”® to name but
a few.
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Figure 2. Depiction of BMLs using different pulse sequences
on MRI. (a) Sagittal DESS MRI shows small cystic lesions in the
subchondral patella (arrows). No diffuse BML is shown. (b)
Corresponding sagittal intermediate-weighted fat-suppressed
MRI shows small cystic lesions (arrow) but in addition there is
a large diffuse ill-defined BML in the patella (arrow heads).
Fast spin-echo sequences are much more sensitive for visu-
alization of free water compared to gradient-echo sequences
such as DESS. (c¢) Sagittal intermediate-weighted fat-sup-
pressed MRI shows large BML in the anterior femoral trochlea
and small subchondral cyst. (d) Corresponding DESS MRI only
depicts the cystic lesion (arrow). BML, bone marrow lesion;
DESS, dualecho at steady-state.

It is worth noting that application of tomosynthesis in OA
research has been published in the literature and offers better
diagnostic performance for knee OA* and hand OA® features,
using MRI and CT as a standard of reference.

ANALYTIC APPROACHES OF MRI EVALUATION
OF OA

Broadly speaking, MRI analysis in OA research can be classified
into semiquantitative and quantitative analyses. Additionally,
physiological (compositional) imaging can be performed using
advanced MRI techniques which are not routinely used in clin-
ical practice at present. Whichever approach is chosen for a
purpose of research, it is critically important to use appropriate
MRI pulse sequences tailored for specific pathologic features
to be evaluated. For assessment of focal cartilage defects and
BMLs, fluid-sensitive fat-suppressed fast/turbo spin echo
sequences (e.g. T, weighted, proton density-weighted or inter-
mediate-weighted) or short tau inversion recovery sequence
should be used so as not to miss a small focal defect which
may not be visible on gradient recalled echo type sequences
(Figure 2).31-33
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Semiquantitative analysis

Detailed description of each and every available MRI-based
sem iquantitative scoring system is outside the scope of this
review, but interested readers may find dedicated review articles
in the literature for reference.**?> Briefly, these scoring systems
divide the joint into more than one “subregions” and enable
grading of OA features, such as cartilage damage, meniscal tear
and extrusion, BMLs, osteophytes, synovitis and effusion, in each
subregion and also as a whole joint. Existing semiquantitative
scoring systems include, but not limited to, Whole Organ MRI
Score (WORMS),*®* MRI OA Knee Score (MOAKS),?” Hip OA
MRI Score®® and outcome measures in rheumatology hand OA
MRI scoring system.” e.g. in MOAKS, the knee joint is subdi-
vided into 15 subregions and BMLs can be graded as 0 = none, 1
= less than 33% of subregional volume, 2 = between 33 and 66%
of subregional volume and 3 = greater than 66% of subregional
volume.Over the last 3 years, several new scoring systems were
developed and published. Anterior Cruciate Ligament Osteoar-
thritis Score allows reliable whole-organ scoring of acute ACL
injury and longitudinal changes relevant to knee OA.*® ACLOAS
is the only scoring system that has a specific focus on ACL injury
in the context of knee OA. Assessed OA features include cartilage
damage (Grade 0-7), traumatic articular surface damage and
traumatic and degenerative subchondral BMLs (type of injury
Grade 0-4; size of injury Grade 0-3), traumatic and degenerative
BMLs (Grade 0-3), osteophytes (Grade 0-7), collateral ligaments
(Grade 0-3), native ACL (Grade 0-3), ACL graft (Grade 0-3),
posterior cruciate ligament (Grade 0-3), meniscal morphology
(Grade 0-8), meniscal extrusion (Grade 0-2), joint effusion
(Grade 0-3), Hoffa-synovitis (hyperintense signal changes
within Hoffa’s fat pad as a surrogate marker of synovitis; Grade
0-3). In terms of reliability, the large majority of the measures
showed substantial (0.61-0.80) or reached perfect (0.81-1.0)
agreement, and were scored with overall percentage agreement
above 80% for both intra- and inter-reader exercise.** Scoring
hip osteoarthritis with MRI (SHOMRI) enables a whole joint
semiquantitative assessment of hip OA.*' SHOMRI divides the
hip joint into 10 subregions and enables grading of articular
cartilage loss (Grade 0-2), BMLs (Grade 0-3), and subchondral
cysts (Grade 0-2). In addition, labral tears and ligamentum teres
abnormalities are Graded 0-3, and the presence or absence of
paralabral cysts, intra-articular bodies, and joint effusion are
scored 0 or 1. SHOMRI allows semiquantitative scoring of the
above features with excellent intra- and inter-reader reproduc-
ibility (Intraclass correlation coefficient >0.9).*' Knee Inflam-
mation MRI Scoring System (KIMRISS) was developed to focus
on potentially reversible MRI biomarkers of active knee OA,
namely BMLs, with the use of an online interface. The scoring is
performed with a template superimposed onto each sagittal slice
of acquired MR images, and the reader would clicks segment that
contain BML to score 1 for that segment. Femur and tibia are
scored over 29 3 mm slices and the patellar is scored over ten
3 mm slices. Femoral template has 13 segments, tibial template
has 10 segments and patellar template has 8 segments per slice,
giving the overall maximum score per knee of 763 (290 for tibia,
377 for femur, and 96 for patella). The knee joint which enabled
reliable scoring by both experienced (intraclass correlation coef-
ficient 0.84 for baseline BML score and 0.82 for change in BML
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score) and inexperienced readers (intraclass correlation coeffi-
cient 0.89-0.98 for baseline BML score and 0.87-0.92 for change
in BML score).* The outcomemeasures in rheumatology MRI
Task Force developed the thumb base OA MRI score (TOMS),
based on the existing hand OA MRI scoring system to enable
assessment of inflammatory and structural abnormalities in this
specific hand OA subset.*’ In this scoring system, the first carpo-
metacarpal (CMC-1) and scaphotrapeziotrapezoid (STT) joints
were specifically assessed for synovitis, subchondral bone defects
(including erosions, cysts and bone attrition), osteophytes, carti-
lage and BMLs on a 0-3 scale. Subluxation was assess only in
the CMC-1 as present/absent. Interreader reliability were good
for all features (intraclass correlation coeflicient 0.77-0.99 for
CMC-1 and 0.74-0.96 for STT joint), with similar intrareader
reliability.

Research studies deploying semiquantitative MRI scoring
systems continue to play an important role for OA researchers
to further their understanding of OA disease mechanism
and to assist in their efforts to develop efficacious therapies
for OA. Using data from the Foundation for the National
Institute of Healthbiomarkers consortium project, studies
showed 24-month MOAKS changes in cartilage thickness,
cartilage surface area, effusion-synovitis, Hoffa-synovitis, and
meniscal morphology were independently associated with OA
progression, suggesting that these factors may serve as efficacy
biomarkers in clinical trials of disease-modifying interven-
tions for knee OA.*4*°

Meniscus is an important structure in the knee joint that is
understood to play a role in the OA disease process and serves
as a potential target for early detection of persons at risk of
developing knee OA. In a study involving 407 middle aged
obese females, baseline presence of meniscal extrusion was
associated with incident radiographic knee OA [odds ratio
2.61, 95% CI (1.11-6.13)] and medial joint space narrowing
[odds ratio 3.19, 95% CI (1.59-6.41)] after 30 months.*® Of
note, meniscal root tear is considered a separate entity and is
associated with greater pain than meniscal tears or maceration
in knee OA (persons with meniscal root tears had adjusted
mean WOMAC pain score of 45.2 with standard error of 2.7,
while those without meniscal root tear had WOMAC pain
score of 38.7 with standard error 1.2, p = 0.03 for difference).”
History of meniscal surgery can also affect knee OA incidence.
In a study based on OAI data involving 355 knees, all 31 knees
which had undergone partial menisectomy 165 knees with
prevalent meniscal damage at baseline developed radiographic
knee OA at 1 year follow-up [odds ratio 2.51, 95% CI (1.73-
3.64)], demonstrating strong association between prior partial
menisectomy and incident knee OA in 1 year.*’

Synovitis in OA can be assessed using MRI with or without intra-
venous gadolinium. MRI signal changes within Hofta’s fat pad
(“Hoffa synovitis”) and the presence of effusion (“effusion-syno-
vitis”) are two indirect markers of synovitis in knee OA.>**74
Hoffa synovitis is strongly associated with knee pain.*’ However,
effusion-synovitis may be preferred over Hoffa-synovitis as a
surrogate marker when contrast-enhanced MRI (CEMRI) is not
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available, based on the finding that effusion-synovitis showing
superior correlations (spearman correlation r = 0.41 for syno-
vial thickness and 0.43 for synovial volume) compared to Hoffa
synovitis (spearman correlation r = 0.32 for synovial thickness
and 0.39 for synovial volume), using CEMRI-assessed synovial
thickness as the reference.”® Ideally, synovitis should be assessed
using the CEMRI which enables direct visualization of inflamed
synovium and thus more accurate assessment of synovitis.5 !
Studies have shown synovitis detected by CEMRI is strongly
associated with tibiofemoral radiographic OA and MRI-detected
widespread cartilage damage.”® Based on CEMRI, increased
severity of synovitis was shown to be strongly associated with
increase in WOMAC pain score [odds ratio 1.82, 95% CI (0.05-
3.58)]% and increase in synovitis was shown to be associated
with cartilage deterioration.>

Cartilage damage is one of central components of OA disease
process. Partial-thickness and full-thickness focal cartilage
defects seem to contribute equally to development of new carti-
lage damage in knee OA.> For patellofemoral OA, knee sagittal
dynamic joint stiffness may be a potentially modifiable risk factor
for patellofemoral cartilage damage worsening over 2 years.” In
contrast, large cross-sectional areas of thigh extensors and vastus
medialis muscle are associated with patellofemoral WORMS
cartilage damage score increase over 48 months, suggesting
maintenance of adequate extensor/flexor muscle balance for
prevention of patellofemoral cartilage loss.””

Lastly, bone and bone marrow-related lesions are also
important in the OA disease process. Marginal osteophytes
were consistently associated with knee pain both cross-section-
ally and longitudinally.”® BMLs are strong predictors of subse-
quent structural progression in knee OA including cartilage
loss (Figure 3). Serum inflammatory markers were associated
with BMLs in males and females with knee OA and predicted
increased WORMS BML score in females, suggesting involve-
ment of inflammation in BML pathogenesis in knee OA.* In

Figure 3. Structural predictors of progression. (a) Baseline
sagittal intermediate-weighted fat-suppressed MRI shows
minimal superficial focal cartilage defect at posterior lateral
tibia (arrow head). In addition there is an associated large dif-
fuse subchondral bone marrow lesion (arrow). (b) Follow-up
MRI 2 years later shows progression of cartilage damage with
now diffuse cartilage loss at the posterior tibia (arrow heads)
and further progression of subchondral bone marrow lesion
(arrows). Bone marrow lesions are strong predictors of subse-
guent structural progression including cartilage loss.
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Figure 4. Cartilage quantification based on 3D-MRI. (a) Sag-
ittal DESS MRI is commonly used for cartilage segmenta-
tion. Cartilage appears as a bright signal band between the
subchondral bone and the intra-articular cavity. (b) The fem-
oral segmentation is colour-coded in yellow and the tibial
boundaries of cartilage are coded in blue. In addition the sub-
regional demarcations are shown (two vertical lines). Image
courtesy of Drs Wolfgang Wirth and Felix Eckstein, The Par-
acelsus Medical University, Salzburg, Austria. DESS, dualecho
at steady-state.

hand OA, BMLs are associated with pain, radiographic hand
OA progression and incident joint tenderness.”®®®! Thus,
BMLs can be a good target for OA clinical trials.

Quantitative analysis

Detailed review and overview of quantitative MRI research of
OA has been published recently.®* Quantitative MRI analyses
include, but not limited to, measurement size/thickness/shape/
volume of cartilage (Figure 4), meniscus, effusion, synovitis,
bone and BMLs. For quantitative MRI analysis of cartilage
measures, the use of location-independent analysis has been
proposed, given the spatial heterogeneity of cartilage loss in knee
OA.%® A newly proposed Local-Area Cartilage Segmentation
software method enables fast and responsive cartilage volume
measurement on MRL®*

Recent studies utilizing quantitative analyses have shown
baseline lateral femoral cartilage volume is directly associated
with medial JSN progression at 48-month follow-up,*® and
bone curvature changes can predict efficacy of OA treatment
on cartilage volume loss in a 2 year clinical trial of chondroitin
sulfate.%

Although cartilage is the most commonly assessed structure
in quantitative OA research, other articular and periarticular
tissues can also be quantitatively analyzed. In females, but not
males, low serum levels of endogenous estradiol, progesterone
and testosterone were shown to be associated with increased
knee effusion-synovitis volume.®” Authors of this study suggested
that this finding might explain observed sex difference in OA.
Stronger increase in 3D infrapatellar fat pad MRI signal and
signal heterogeneity, but not IPFP volume, might be associated
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with radiographic/symptomatic progression of OA, compared to
non-progressive OA or healthy knee.%®

Quantitative analysis can also be applied to mensci in the knee.
Quantitative measures of meniscal extrusion were shown to
predict incident radiographic knee OA.® A pilot study showed
longitudinal change in quantitative 3D meniscus measurements,
such as meniscal volume, area of tibial plateau coverage and
extent of meniscal extrusion, may provide improved sensitivity
to change compared with single slice analysis.”’

One study highlighted the importance of choice of MRI pulse
sequence for BML volume assessment. Changes in Western
Ontario and McMaster Universities Osteoarthritis Index
(WOMAC) pain score was correlated with BML volume change
on intermediate-weighted fat-suppressed sequence but not Dual
Echo Steady State (DESS) sequence.’’ Overall, BML quantifica-
tion on intermediate-weighted fat-suppressed sequence offers
better validity and statistical power than BML quantification on
a 3D DESS sequence.

COMPOSITIONAL (PHYSIOLOGICAL) MRI
Compositional MRI enables evaluation of the biochemical prop-
erties of joint tissues. Early, pre-morphologic changes that cannot
be assessed on conventional MRI may be detected. Compositional
MRI has been mostly applied for ultrastructural assessment of
cartilage. Comprehensive review articles describing composi-
tional MRI technique for cartilage imaging in OA are available
in the literature.”"”> However, the technique can be applied to
other tissues such as meniscus’> and ligaments.”* The application
of compositional MRI techniques including, but not limited to,
T,/Ty*/Tirho mapping, delayed gadolinium enhanced MRI of
cartilage (dGEMRIC), sodium imaging, gagCEST imaging, and
diffusion MRI, to cartilage and other articular and periarticular
tissues continue to increase in the research setting.”"’*

T, mapping is a well validated technique that is compatible with
most MR systems (Figure 5). T,* mapping can be done with
shorter acquisition time than T, mapping thanks to 3D acqui-
sition of data. Typically, pulse sequences based on spin-echos

Figure 5. Compositional MRI. Compositional MRI is able to
depict intratissue structural alterations that are not visible
to the human eye. Colour-coded T, map MRI shows areas of
focal increase in T, times as green areas. Several composi-
tional techniques are applied with T, relaxometrey the most
commonly applied as it is available on most clinical MRI plat-
forms.
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are required for T, mapping while gradient echoes are required
for field mapping. To overcome this limitation, a dual-pathway
multi-echo steady state sequence and reconstruction algorithm
have been developed to capture T,, T,* and field map infor-
mation, enabling generation of T, and field maps from the
same acquired data rather than from separately.”> Another new
approach - Extended Phase Graph (EPG) modeling — was devel-
oped to allow a simple linear approximation of the relationship
between the two DESS signals, enabling accurate T, estimation
from one DESS scan.”® One should note, however, there can
be potential discrepancies in T, relaxation time quantification
between different sequences and thus care should be taken when
comparing results amongst different studies.”” As described
earlier, compositional MRI techniques such as T, mapping has
a major advantage over conventional “morphologic” MRI in that
they can be used for imaging of “pre-morphologic” stage of OA.
e.g. T, map signal variation can potentially predict symptomatic
knee OA progression in asymptomatic individuals to serve as
a possible early OA imaging marker.”® Also short-term longi-
tudinal evaluation of T, map and texture changes may provide
early warning of cartilage at risk for progressive degeneration
after ACL injury and reconstruction.”” Moreover, computer
aided diagnosis of early cartilage degeneration in knee OA with
T, mapping has been attempted and seems to be technically
feasible.*

Tirho mapping is sensitive to early cartilage degeneration and
may complement T,/T,* mapping, but it requires special pulse
sequences that are available at select few academic institutions
and acquisition can be time consuming.®’ Sodium imaging
correlates directly with GAG content, but is limited by the
need for specialized hardware, long examination times and low
spatial resolution. Interestingly, machine learning seems to be a
potentially applicable technique for classifying OA patients and
controls using sodium MRI data.* dGEMRIC can help accu-
rately measure cartilage sulfated GAG content in vivo in patients
with knee OA.* This technique required intravenous injection of
gadolinium contrast agent and examination time is prolonged by
the need for time gap between injection and imaging. gagCEST
is a relatively newer compositional MRI technique and research
efforts to optimize image acquisition technique continue.3**®
Technical feasibility of the diffusion-weighted stimulated echo-
based sequence as a tool for early diagnosis and characterization
of knee OA at 3T has been demonstrated.®

Compositional MRI techniques can potentially supplement
conventional clinical MRI sequences to identify cartilage degen-
eration at an earlier stage than is possible now. Different tech-
niques are complementary and offer information on different
biochemical components of cartilage and other joint tissues. The
applicability and responsiveness of these techniques in clinical
trials need to be established in the near future.

METABOLIC IMAGING WITH RADIOTRACERS AND
HYBRID IMAGING

PET imaging with *F-fluorodeoxyglucose (FDG) or '*F-fluoride
(**F) enable imaging of active metabolism and visualization of
bone turn over changes seen in OA disease process. A pathologic
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Figure 6. PET-CT. (a) Coronal CT reformatted image shows
marked medial joint space narrowing reflecting advanced
osteoarthritis (white arrows). (b) Corresponding fused PET
image shows glucose accumulation around the medial menis-
cus reflecting focal synovitis (white arrows). Another focus
of synovitis is shown around the PCL in the intercondylar
notch (black arrow). (c) Axial CT image in soft tissue kernel
shows distension of the joint capsule but is not able to differ-
entiate between fluid and synovitis. Matched axial PET image
shows marked glucose uptake in the medial and lateral per-
ipatellar regions reflecting hypermetabolic active synovitis
(arrows). PCL, posterior cruciate ligament; PET-CT, positron
emission tomography CT.

feature of OA that is particularly relevant to PET imaging is syno-
vitis, which shows increased metabolism (Figure 6). Detection of
active synovitis in OA is clinically meaningful, since increased
"8E_-FDG uptake by knee synovium was shown to be associated
with knee pain in OA patients.*” To overcome the major limita-
tion of PET imaging, i.e. lack of high anatomical resolution,
utilization of PET/CT and PET/MRI hybrid imaging has been
explored and the feasibility was demonstrated for assessment
of early metabolic and morphologic markers of knee OA across
multiple tissues.*® Namely, all subchondral bone lesions (BML,
osteophytes and sclerosis) show hypermetabolism compared
to normal-appearing bone on MRL® In addition, increasing
research efforts have been made to deploy SPECT/CT for imaging
of OA.¥~! SUVmax of quantitative bone SPECT/CT was shown
to be highly correlated with radiographic (KL grading, rho =
0.0703, p < 0.0001) and MRI parameters for medial compart-
ment knee OA (rho = 0.0714-0.0808, p < 0.0002).”° Also, bone
tracer uptake on SPECT/CT imaging showed positive correla-
tion with the degree and size of chondral lesions detected by
conventional MRL’! Currently, the use of PET/MRI or SPECT/
CT in OA imaging is not routinely performed in a clinical setting
and available literature evidence is limited to studies showing
feasibility of these techniques in OA imaging research.

ULTRASOUND EVALUATION OF OA

In OA research, ultrasound has been most commonly utilized in
imaging of hand OA and is less commonly used for imaging of
larger joints such as the knee and hip. Ultrasound enables evalua-
tion of synovial hypertrophy, increased vascularity and the pres-
ence of synovial fluid in OA joints. For examples, a recent study
comparing erosive and non-erosive hand OA patients showed
that Power Doppler activity demonstrating increased vascularity
was found more frequently in erosive hand OA compared to
non-erosive hand OA, and patients with erosive hand OA had
more moderate-to-severe synovitis detected by greyscale ultra-
sound than those with non-erosive hand OA [OR = 2.02, 95% CI
(1.25-3.26)].8 A longitudinal observational study showed ultra-
sound-detected greyscale synovitis and Power Doppler signals
are significantly associated with radiographic progression of
hand OA after 5 years.”” Using an ultrasound-based semiquan-
titative scoring system,”>”* an epidemiological observational
study showed that ultrasound can be used effectively in the
assessment of femoral medial and lateral osteophytes and medial
meniscal extrusion in subjects with and without symptomatic
knee OA.” Interestingly, another epidemiological study demon-
strated that monthly alcohol intake was shown to be associated
with ultrasound-detected synovitis in hand OA, although under-
lying reason for such an association remains to be determined.*®
Thanks to ultrasound’s ability to perform dynamic imaging
with patients in various positioning including standing/weight
bearing, it may be able to offer better assessment of meniscal
extrusion compared to MRI, in which weight-bearing imaging is
not routinely performed.”’

Overall, given its wide availability and relatively lower cost
compared to MRI, as well as its ability to depict tissue-specific
morphological changes that cannot be depicted by radiography,
ultrasound may play a role as a useful imaging technique as an
adjunct to radiography.”

CONCLUSION

Research efforts to uncover the disease process of OA as well
as to discover a disease modifying OA drug continue. MRI
continues to play a large role in these endeavors, while compo-
sitional MRI techniques will increasingly become important due
to their ability to assess “premorphologic” biochemical changes
of articular cartilage and other tissues in and around joints.
Radiography remain the primary imaging modality for defining
inclusion/exclusion criteria as well as an outcome measure in
OA clinical trials, despite known limitations for visualization
of OA features. Compositional MRI techniques show promise
for predicting structural and clinical outcomes in OA research.
Ultrasound can be a useful adjunct to radiography and MRI
particularly for evaluation of hand OA. Newer imaging tech-
niques such as hybrid PET/MRI enable evaluation of the joint as
a whole organ with simultaneous assessment of morphological
changes and metabolic activities in both osseous and non-os-
seous structures. Thus, there may be a potential for these hybrid
systems to play an increasing role in OA research by allowing
integration of biochemical and structural information on MRI
with metabolic information obtained from PET related to OA
disease pathogenesis.
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