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Mihra Taljanovic

Basel • Beijing • Wuhan • Barcelona • Belgrade • Novi Sad • Cluj • Manchester



Editors

Iwona Sudoł-Szopińska
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Abstract: Low levels of delayed gadolinium-enhanced magnetic resonance imaging of cartilage
(dGEMRIC) values are indicative of cartilage degeneration. Patients with early rheumatoid arthri-
tis are known to have low dGEMRIC values due to inflammatory activity. The additional ef-
fect of biological disease-modifying antirheumatic drug (bDMARD) and conventional synthetic
disease-modifying antirheumatic drug (csDMARD) treatment on cartilage status is still unclear. In
this prospective, double-blinded, randomized proof-of-concept clinical trial, patients with early
rheumatoid arthritis (disease duration less than 12 months from symptoms onset) were treated with
methotrexate + adalimumab (10 patients: 6/4 (f/m)). A control group with methotrexate alone (four
patients: 2/2 (f/m)) was used. Cartilage integrity in the metacarpophalangeal joints was compared
using dGEMRIC at baseline, 12, and 24 weeks after treatment initiation. A statistically significant
increase in dGEMRIC levels was found in the adalimumab group considering the results after 12 and
24 weeks of therapy (p < 0.05) but not in the control group (p: non-significant). After 24 weeks, a
tendency towards increased dGEMRIC values under combination therapy was observed, whereas
methotrexate alone showed a slight decrease without meeting the criteria of significance (dGEMRIC
mean change: +85.8 ms [−156.2–+346.5 ms] vs. 30.75 ms [−273.0–+131.0 ms]; p: non-significant).
After 24 weeks of treatment with a combination of methotrexate and adalimumab, a trend indicating
improvement in cartilage composition is seen in patients with early rheumatoid arthritis. How-
ever, treatment with methotrexate alone showed no change in cartilage composition, as observed in
dGEMRIC sequences of metacarpophalangeal joints.

Keywords: rheumatoid arthritis; therapeutics; articular cartilage; radiology; musculoskeletal system

1. Introduction

Rheumatoid arthritis (RA) is a chronic systemic autoimmune disease characterized by
enduring joint inflammation resulting in a specific pattern of cartilage and bone damage
and ultimately loss of joint function (1). The chronic, progressive nature of the disease leads
to physical limitation, reduced quality of life, and higher mortality rates [1,2].

The pathomechanism of RA is not yet fully understood. However, inflammation of
the synovial membrane, cytokine, and chemokine-induced cell migration into the joint
space, and consecutive cartilage damage and bone erosions, appear to play a key role in
the progression and maintenance of the disease [3].

J. Clin. Med. 2023, 12, 2306. https://doi.org/10.3390/jcm12062306 https://www.mdpi.com/journal/jcm
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Early detection, accurate monitoring, and a treat-to-target approach with disease-
modifying antirheumatic drugs (DMARDs) are components of a modern treatment strategy
that aims to control inflammation soon after diagnosis to prevent joint damage [4]. In
the last two decades, the treatment of RA has been revolutionized by the development of
biological disease-modifying antirheumatic drugs (bDMARDs). Adalimumab (ADA) as
one of these is a TNF-α inhibitor approved for the treatment of patients who do not achieve
clinical remission with conventional synthetic (cs) DMARDs (e.g., methotrexate, MTX) [5].
Beyond significant improvement in clinical activity already after 12 weeks [6], treatment
with adalimumab also showed significantly less structural damage in
conventional radiographs [7].

Magnetic resonance imaging (MRI) is more sensitive than conventional radiography
in the detection of RA-related musculoskelettal alterations [8]. In 2003, the Outcome
Measures in Rheumatology Clinical Trials (OMERACT) group introduced the RA MRI
score (RAMRIS), a sum score that reflects the severity of synovitis, bone marrow edema,
and erosions in the hand and wrist to determine the disease activity and to monitor
therapy response [9]. Cartilage changes do not directly contribute to the score, although
cartilage changes appear to be important in monitoring RA and are even more closely
associated with physical impairment than bone damage [10], highlighting the importance
of imaging procedures that focus on cartilage. Indirectly, however, cartilage damage
was included in the RAMRIS in 2017 through joint space narrowing, which is a result of
cartilage damage [11]. As joint space narrowing only detects an advanced state of cartilage
damage, in which the cartilage thickness has already decreased, techniques to visualize
early cartilage changes are urgently needed. Compositional MR imaging techniques are
suitable for this purpose, among which gadolinium-enhanced MRI of cartilage (dGEMRIC)
is the gold standard. This contrast agent-based MRI technique allows the detection of
cartilage degeneration by revealing the loss of proteoglycans [12] and has the potential to
predict joint space narrowing [13].

This highly effective MRI technique works by indirectly visualizing proteoglycans, in-
dicating early cartilage changes [12]. After the application of a contrast agent, the negatively
charged gadolinium diethylenetriamine pentaacetate anions (Gd-DTPA) enter the cartilage
in an inverse relationship to the concentration of the negatively charged glycosaminoglycan
side chains of the proteoglycans. A decrease in proteoglycan content in degenerated carti-
lage thus leads to an accumulation of paramagnetic gadolinium ions [14]. This increased
gadolinium concentration results in an enhanced signal in T1-weighted sequences and
a shortened T1 relaxation time in MR imaging, i.e., lower dGEMRIC values [15]. With
dGEMRIC molecular cartilage, changes in early RA could already be detected at a time
when morphological changes were not yet visible [16,17]. Nevertheless, data on cartilage
composition for patients with RA under therapy are rare. Recently, a stable cartilage com-
position was reported with MTX therapy in patients with RA over 6 months [18]. On the
other hand, the effect of TNF-α inhibitors on cartilage quality still remains unclear.

Therefore, our aim was to conduct a proof-of-concept prospective study on the effect
of TNF-α inhibitor treatment on cartilage integrity in newly diagnosed RA patients based
on dGEMRIC assessment of finger joints.

2. Materials and Methods

2.1. Study Population

The study was approved by the local ethics committee (approval number MO-LKP-719)
and was conducted in line with the Declaration of Helsinki. Written informed consent was
obtained from all participants individually. All patients were diagnosed for having RA and
all had to fulfill the American College of Rheumatology (ACR)/European League Against
Rheumatism (EULAR) 2010 classification criteria [19] The symptom duration was not
allowed to be >12 months. Any treatment with cs- or b-DMARDs including methotrexate
was not allowed prior to study inclusion. Furthermore, the use of prednisolone for the last
4 weeks before study entry was not allowed. All subjects were ≥18 years of age.
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Since previous work has shown that metacarpophalangeal MCP2 and MCP3 joints
are more frequently affected in RA [20], these two joints were selected for study inclusion
and imaging evaluation. Hence, as an inclusion criterion, all patients had to have at least
one swollen or tender MCP2 or MCP3 joint in at least one hand. Patients were assigned
to receive either MTX (15 mg oral MTX once weekly) alone or MTX + ADA (40 mg every
2 weeks) in a ratio of 2:1 by central block randomization.

2.2. MR Imaging

MRI of the dominantly affected hand was performed in all patients at baseline and
at 12 and 24 weeks after the initiation of treatment in all patients. A 3T-MRI system
(Magnetom Skyra syngo; Siemens Healthineers, Erlangen, Germany) was used. Subjects
were imaged in a prone position with the hand extended over the head and the palm
facing down (‘superman position’). For anatomical imaging, a coronal short tau inversion
recovery (STIR) sequence of the hand and the wrist, a T1-weighted turbo spin echo (TSE)
sequence, a T1-weighted VIBE, and two T1-weighted sequences with two different flip
angles (8 and 26◦) were acquired before injection of a contrast agent. A gadolinium-
based MR contrast agent was applied intravenously (0.4 mL/kg body weight of Gd-DTPA2,
Magnevist; Schering). After contrast agent injection, a coronal VIBE, a TSE, and a transversal
SE-sequence with fat suppression were applied. The sequence parameters were selected
according to a previous study and are adapted to the Magnetom Skyra syngo 3T-MRI [12]
(Table 1). Morphological images of the hand were acquired. Additionally, the cartilage
integrity of MCP2 and MCP3 joints was monitored by the evaluation of compositional
MRI using dGEMRIC. To achieve high-resolution images with thin sections and a small
FOV, the hand was placed in a dedicated receive-only 16-channel high-resolution hand coil
(3T Tim Coil, Siemens Healthineers). According to previous studies, there was a delay of
40 min between the application of the contrast agent and the dGEMRIC sequence [21]. A
three-dimensional dual-flip-angle gradient-echo sequence was used for T1 mapping [21].
Flip angles were defined at 5◦ and 26◦. Ten sagittal slices with a thickness of 2 mm and a
FoV of 90 × 53.5 mm were positioned perpendicular to the joint spaces. Motion correction
was applied to the MCP joint of each patient to reduce movement-related artifacts using
STROKETOOL (Frechen, Germany) before image analysis [22].
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2.3. Image Analysis

Molecular imaging to visualize cartilage composition was performed using dGEMRIC
on MCP2 and MCP3 joints. dGEMRIC is represented by the T1 map after injection of the
contrast agent. Two separate regions of interest (ROI) were placed in the phalangeal and
metacarpal cartilage of the MCP joints. Gradient echo sequences with a flip angle of 8◦
served as anatomical references for the algorithm by which the ROI were automatically
placed in each cartilage zone [23]. Within these ROI, dGEMRIC values were recorded (T1
(in milliseconds)). A mean dGEMRIC value of MCP 2 and MCP 3, proximal and distal
cartilage layer, respectively, was calculated per patient and per examination time point. To
complement our results, morphologic imaging was assessed in the form of the RAMRIS.
MR images were analyzed by consensus by two physicians trained in musculoskeletal
imaging (CS, radiologist with 8 years of experience, and PS, rheumatologist with 8 years of
experience) to assess subscores for synovitis, erosion, and edema in the hand and wrist.

2.4. Statistical Analysis

Statistical analysis was performed using R (Version 3.6.0, 64-bit). The mean, median,
first and third quartile, minimum, and maximum for dGEMRIC values were calculated
as descriptive statistics (listed in Table 2). To investigate whether treatment with ADA
results in a difference in cartilage composition after 6 months of therapy, we performed
two calculations. First, the change in dGEMRIC values in the MCP2 and MCP3 joints
was calculated separately for each of the two treatment arms including all three study
time points (baseline, 12 weeks, and 24 weeks after treatment initiation). Second, the
Wilcoxon rank sum test was used to directly compare the difference in dGEMRIC values
between baseline and 24 weeks after therapy initiation in both study arms (ADA + MTX or
placebo + MTX). p-values below 0.05 were considered to be significant.

Table 2. dGEMRIC values at baseline (t0) and change in dGEMRIC values after 24 weeks (t2)
compared to baseline.

Adalimumab Control Group

Pooled MCP2 and MCP3 dGEMRIC Values t0 Δ(t2 − t0) t0 Δ(t2 − t0)

Min. 390 −156.20 380.2 −273.00

1st Qu. 428.5 31.62 473.2 −97.88

Median 513.0 75.88 616.0 9.50

Mean 523.7 85.78 585.5 −30.75

3rd Qu. 614.8 141.60 676.2 76.62

Max. 647.8 346.50 803.2 131.00

MCP2/3: metacarpophalangeal joint of digitus 2/3; dGEMRIC: delayed gadolinium-enhanced MRI of cartilage;
MTX: methotrexate.

3. Results

3.1. Patient Population

Initially, a total of 20 patients were included as a proof-of-concept scenario
(11 females/9 males, mean age: 45.8 years). All patients received at least one MRI scan. De-
spite reminder letters, three patients appeared only for the first MRI appointment (3 males:
1 × ADA+ MTX group, 2 × control group). Three others received two MRI examinations
and did not attend the final appointment (3 females: 2 × ADA + MTX group, 1 × control
group). This resulted in 14 remaining patients, 10 allocated to the ADA + MTX group
(6 females/4 males, mean age: 44.9 years) and 4 to the control group (2 females/2 males,
mean age: 46.7 years).
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3.2. Descriptive Statistics

Descriptive statistics of pooled MCP2 and MCP3 dGEMRIC values at baseline (t0)
and the change in dGEMRIC values after 24 weeks (t2) compared to baseline are listed in
Table 2. Furthermore, the evaluation of RAMRIS can be found in Table 3 and the decrease in
RAMRIS values without significant differences in change is displayed in Figure 1 (median
change over 24 weeks: ADA-MTX group: −5.8; control group: −1.0, p: non-significant).

Table 3. RAMRIS values at baseline (t0), after 12 weeks (t1), after 24 weeks (t2) in both treatment groups.

RAMRIS

Adalimumab t0 t1 t2

Max. 75 70 57

Median 32.18 31.50 27.90

Min. 10 8 8

Control group

Max. 29 28 28

Median 22.00 20.00 18.67

Min. 17 14 12
RAMRIS: rheumatoid arthritis magnetic resonance imaging score; MTX: methotrexate.

 
Figure 1. Change in RAMRIS between baseline and 24-week follow-up in both treatment arms. There
was no significant difference in change between both treatment arms (p: non-significant).

3.3. Cartilage Integrity (dGEMRIC)

First, dGEMRIC values increased significantly in the ADA-MTX group (median change
over 24 weeks: 75.88 ms, p < 0.05). In contrast, only a minimal, non-significant increase
in dGEMRIC values was observed in the control group (median change over 24 weeks:
9.50 ms, p: non-significant) (Figure 2).

Second, in the direct comparison of the two treatment arms, there was a tendency for a
greater increase in dGEMRIC values under adalimumab (ADA + MTX) than in the control
group (placebo + MTX) which, however, did not meet the criteria for statistical significance
(ADA + MTX group: dGEMRIC mean change 85.8 ms, range −156.2–346.5 ms; control
group: dGEMRIC mean change −30.75 ms, range −273.0–131.0 ms; p: non-significant)
(Figure 3). An example of dGEMRIC visualized cartilage of an early RA patient treated
with adalimumab plus MTX is shown in Figure 4.
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Figure 2. Change in cartilage quality over time. Change in dGEMRIC values in ms for both treat-
ment groups over time with consideration of intermediate results (baseline, 12-week, and 24-week
follow-up). There is strong statistical evidence of an increase in dGEMRIC values over time under
adalimumab (p < 0.05), whereas the control group shows only a slight increase without statistical
evidence (p: non-significant).

Figure 3. Change in cartilage quality in both treatment arms. The figure shows the difference in
delayed gadolinium-enhanced MR imaging of cartilage (dGEMRIC) values in ms between baseline
and 24-week follow-up in both treatment groups. Greater dGEMRIC values imply higher cartilage
quality. Under adalimumab plus methotrexate (MTX), there was a—yet not significant—tendency for
a greater increase in dGEMRIC values, suggesting a slight improvement in cartilage quality compared
to the MTX monotherapy of the control group.
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Figure 4. Cartilage composition of the MCP3 joint at baseline and after therapy. Fusion of morpholog-
ical images with dGEMRIC maps demonstrating cartilage composition of the MCP3 joint at baseline
and after 24 weeks of adalimumab plus MTX therapy (follow-up). Blue indicates cartilage damage
and red indicates healthy cartilage. After therapy dGEMRIC values have increased (change from
blue to green), indicating cartilage regeneration.

4. Discussion

An early start of a disease-modifying therapy and achieving early remission are two
of the basic principles of the therapy concept for RA [4]. Early treatment significantly
improves the long-term outcome and is therefore an important principle of the EULAR
recommendations [4]. In this double-blind, placebo-controlled, proof-of-concept clinical
trial, the effect of adalimumab in combination with MTX vs. MTX monotherapy on joint
cartilage integrity of MCP2 and MCP3 in patients with early RA was examined with
compositional MRI of the cartilage by using dGEMRIC [24]. To the best of our knowledge,
this is the first trial evaluating the effect of adalimumab therapy on the cartilage in the
finger joints.

Our main finding was that adalimumab added to MTX therapy leads to a significant
increase in dGEMRIC values, which continuously improved over time, taking into account
the measurements after 12 and 24 weeks, which was not observed in the group treated
with MTX without adalimumab. These results indicate that controlling inflammation with
adalimumab may lead to an improvement in cartilage quality, which is impaired by the un-
derlying inflammatory disease (RA) [11]. In addition, the baseline to endpoint comparison
alone, 6 months after initiation of therapy, showed a trend in cartilage improvement under
ADA + MTX. However, compared with the control treatment arm, placebo + MTX, this
change was not statistically relevant, possibly due to the fact that the number of patients
who could be recruited was lower than expected.

The results of this study are in line with Beals et al., who documented reduced cartilage
damage under bDMARD therapy using infliximab [25]. In this study, the results even
suggest that, under therapy with bDMARDs, not only a reduction of cartilage damage
but even a slight regeneration seems possible. The slightly different results between our
study and the results of Beals et al. might be due to the different cartilage measurement
MRI techniques (DCE-MRI vs. dGEMRIC) or due to the rather unlikely effect of the
different bDMARDs used in both studies. Moreover, it has to be mentioned that the
study populations also differ since our study aimed at very early, cs- and bDMARD naïve
RA patients as compared to patients with a diagnosis of RA for at least 6 months in the
study by Beals et al. However, both studies support the assumption of a positive effect of
TNF-α-inhibitors on cartilage integrity in RA. Whether the effect of the TNFα inhibitor in

8



J. Clin. Med. 2023, 12, 2306

this study can be explained predominantly by a direct influence on the cartilage matrix or
by a general decrease in inflammation, which indirectly has a positive effect on the cartilage,
is still unclear. In addition to compositional imaging with dGEMRIC, the RAMRIS based
on morphological imaging and sensitivity to change in joint inflammation and damage
has been evaluated. The decreasing RAMRIS values in both treatment groups showed
no significant difference in change, suggesting that next to the decreasing inflammation,
a direct effect of TNF-α -inhibitors on cartilage might be responsible for the positive
compositional cartilage changes under adalimumab. The results of this study are in contrast
with the only further study that investigated the effect of bDMARDs on cartilage using
dGEMRIC. Tiderius et al. investigated knee joints in 7 chronic RA patients and found
cartilage deterioration after 22 weeks [26]. A possible explanation is that patients with early
RA respond better to bDMARDs than patients at a more advanced stage of the disease,
which again supports the current treatment principle of early and treat-to-target (T2T)
therapy. Another potential explanation is a difference in sensitivity to bDMARDs between
different joints. This theory can be supported by findings that point out a difference in
cartilage regeneration between knee and ankle joints. Kuettner and Cole showed that
cartilage cells in the knee synthesize fewer proteoglycans in reaction to damage than do
cartilage cells in the ankle, suggesting a lower capacity for repair and regeneration [27].
Furthermore, the results of Kuettner and Cole indicated an increased degree of cartilage
surface disorder with increasing body weight. In our cohort, however, there were no
significant differences with respect to body weight.

Recently, the suitability of MRI for therapy monitoring using the control parameter
bone edema has been questioned, as superiority of the MRI-guided treat-to-target group
compared to the conventionally guided group could not be demonstrated [28]. This study
explicitly focused on cartilage quality measured by dGEMRIC, which can only be assessed
by MRI. Compositional cartilage imaging is expected to detect cartilage damage at an early
stage [13]. As this may be a sign of progressive RA, which should be treated as early as
possible [11], we still consider MRI a valuable diagnostic tool, especially since cartilage
changes might be a more sensitive control parameter than bone marrow edema.

This study has some strengths. It is a double-blinded, placebo-controlled, clinical
trial and the first published report of the compositional ability of MRI to depict cartilage
regeneration in RA. This is important since the exclusion of the assessment of cartilage
in previous clinical trials was an obstacle to the acceptance of MRI as a substitute for
radiography [29]. However, the use of MRI is preferable as previous studies have shown
that cartilage loss is at least as relevant to the long-term outcome as bone erosion [29]. One
of the further strengths of this study is the use of dGEMRIC for cartilage imaging, as until
recently, the MRI technique dGEMRIC was considered the reference standard to evaluate
extracellular matrix components of hyaline cartilage [21].

Limitations of this study include manually selected ROI for dGEMRIC measurement
in the MCP finger joints instead of automatically algorithm-based ROI. Due to the small
size of the MCP joint and the resulting low contrast, automated cartilage recognition is not
yet reliable enough to be used in study situations. Manual evaluation by an experienced
radiologist was therefore preferred, despite the possible human interference factor. For
future studies, the increased automated evaluation of clinical image data should be pursued.
Another limitation of the current study was that the observations were based on a small
number of patients. Only patients with early rheumatoid arthritis, i.e., with an onset of
symptoms less than 12 months ago, were included in this patient group. These patients
are relatively difficult to enroll, as the path from first symptom to the rheumatological
diagnosis is often time-consuming. In addition, some of these patients start therapy with
DMARDs, which was an exclusion criterion for the study. Recruitment of the patients
was therefore only possible through close cooperation with the local outpatient clinic and
doctors from primary care. To validate the changes in finger joint cartilage measured in
patients with early rheumatoid arthritis in this proof-of-concept scenario, future studies
with larger patient cohorts are recommended.
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5. Conclusions

In conclusion, this study suggests that in patients with early RA, Adalimumab plus
MTX tends to improve cartilage composition after 24 weeks. The results point out that
TNF-α-inhibitors may induce cartilage regeneration in early RA and thus slow down or
even prevent the development of joint damage, while this is not the case for patients treated
with MTX alone. Furthermore, compositional MR imaging is proving to be a valuable tool
for assessing inflammation to detect early cartilage damage in RA.
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Abstract: Dual-energy computed tomography (DECT) is an imaging technique that detects monosodium
urate (MSU) deposits. This study aimed to assess the clinical utility of DECT in the diagnosis of
gout. A total of 120 patients with clinical suspicion of gout who underwent DECT were retrospec-
tively enrolled. The sensitivity and specificity of DECT alone, American College of Rheumatology
(ACR)/European Alliance of Associations for Rheumatology (EULAR) classification criteria without
DECT, and ACR/EULAR criteria with DECT were assessed. Additionally, an analysis of gout risk
factors was performed. When artifacts were excluded, any MSU volume provided the best diag-
nostic value of DECT (AUC = 0.872, 95% CI 0.806–0.938). DECT alone had a sensitivity of 90.4%
and specificity of 74.5%. Although ACR/EULAR criteria without DECT provided better diagnostic
accuracy than DECT alone (AUC = 0.926, 95% CI 0.878–0.974), the best value was obtained when
combing both (AUC = 0.957, 95% CI 0.924–0.991), with 100% sensitivity and 76.6% specificity. In
univariate analysis, risk factors for gout were male sex, presence of tophi, presence of MSU deposits
on DECT, increased uric acid in serum (each p < 0.001), and decreased glomerular filtration rate (GFR)
(p = 0.029). After logistic regression, only increased serum uric acid (p = 0.034) and decreased GFR
(p = 0.018) remained independent risk factors for gout. Our results suggest that DECT significantly
increases the sensitivity of the ACR/EULAR criteria in the diagnosis of gout.

Keywords: gout; dual-energy computed tomography; monosodium urate crystals

1. Introduction

Gout is the most common inflammatory arthritis, and its prevalence is increasing in
Western societies [1]. The inflammation is caused by the deposition of monosodium urate
(MSU) crystals in and around joints [2]. An increased risk of developing gout is associated
with male sex, obesity, hyperuricemia, and a diet rich in purines [3]. A gout attack presents
as a sudden, painful swelling of the joint, usually the first metatarsophalangeal or ankle
joint. Chronic gout leads to joint destruction and the formation of tophi in soft tissues [1,2].

The gold standard for the diagnosis of gout is a visualization of the presence of
negatively birefringent MSU crystals under polarizing microscopy in a sample of aspirated
synovial fluid from an affected joint. However, this is an invasive procedure and can be
difficult to perform, especially in small joints. Moreover, false negative results can occur
due to low concentrations of crystals in the early stage of the disease [2]. The search for
MSU crystals can also be negative in the case of extra-articular gout involvement.

The 2015 American College of Rheumatology (ACR)/European Alliance of Associ-
ations for Rheumatology (EULAR) gout classification criteria are often used in clinical
trials [4]. This scoring system includes clinical criteria and laboratory and imaging find-
ings. Imaging modalities that can facilitate the diagnosis of gout and are included in
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ACR/EULAR criteria are plain radiography (presence of typical bone erosions), ultrasound
(presence of a “double contour” sign), and dual-energy computed tomography (DECT).

DECT, which has become more popular over the last few years, enables the detection
and quantification of MSU crystal deposition in joints, tendons, and periarticular soft
tissue. DECT does not require a contrast agent; instead, it uses tissue-specific attenuation.
Data are acquired at 80 kV and 140 kV and analyzed using a two-material decomposition
algorithm designed for gout that color-codes urate [4–6]. A positive scan is defined as
the presence of color-coded MSU depositions at articular or periarticular sites. Nail-bed,
submillimeter-sized, skin, motion, menisci, costal cartilage, and vessels should be excluded
as artifacts [4,7,8]. DECT has a sensitivity of 79–93% and a specificity of 75–90% [9–12].
Nevertheless, false-negative results are considered common in patients with a recent onset
of gout [13,14].

The aim of this study was to assess the diagnostic value of DECT in patients with
clinical suspicion of gout. Additionally, an analysis of gout risk factors was performed.

2. Materials and Methods

Patients who were hospitalized in the reference center for rheumatic disease from
January 2018 until February 2021 due to clinical suspicion of gout and underwent DECT
were retrospectively enrolled in the study. The study was approved by the institutional
ethics board (KBT-1/2/2022). Patients with no medical history available (electronic or
paper) were excluded from the study.

The following data were also collected: patient characteristics (age, sex, and BMI),
comorbidities (hypertension, diabetes, chronic kidney disease, kidney stones, psoriasis,
hypothyroidism, dyslipidemia, obesity [defined as BMI ≥ 30 kg/m2], and inflamma-
tory rheumatic conditions, such as rheumatoid, psoriatic, and unspecified arthritis, other
spondyloarthropathies, and connective tissue diseases), laboratory findings (serum uric
acid level, uric acid in urine, 24 h urine collection, creatinine and glomerular filtration
rate (GFR), C-reactive protein, and full lipid profile), presence of tophi, and history of
urate-lowering therapy. Data from imaging findings included in the database were: the
presence of typical erosions on X-ray and MSU deposits on DECT (with their location and
volume).

For DECT, a dual-energy scanner (Siemens Somatom Definition AS 128-slices) with
voltage of 80/140 kV was used. All examinations were reconstructed using bone algorithm
0.75 mm slices. Software program syngo.via 4.6.6 Siemens Healthineers (Warsaw, Poland)
was used for post-processing with a “gout” preset. The MSU crystals were color-coded
green. DECT was considered positive based on the automatically calculated result checked
by two experienced radiologists who excluded possible artifacts. The DECT analysis was
performed by radiologists blinded to clinical and laboratory findings.

Due to the lack of synovial fluid examination in all patients, in our study, we used
clinical diagnosis of gout as the diagnostic gold standard. The clinical diagnosis of gout
was made by two rheumatologists (attending physician and independent expert) based on
patients’ symptoms, history of gout risk factors and comorbidities, physical examination,
and laboratory and imagining findings. Additionally, all patients were retrospectively
analyzed using the 2015 ACR/EULAR gout classification criteria—both with and without
taking into account the DECT results.

Statistical Analysis

For each of the diagnostic methods (DECT alone, ACR/EULAR classification criteria
without DECT, and ACR/EULAR classification criteria with DECT), the sensitivity and
specificity were calculated, and the receiver operating characteristic (ROC) curves were
obtained with the calculation of the area under the curve (AUC). The compliance of the data
with the normal distribution was assessed using the Shapiro–Wilk test. The significance of
the observed differences between the two groups was assessed using the Student’s t-test
for variables with a normal distribution, the Mann–Whitney U test for variables without a
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normal distribution, and the chi-square test or Fisher’s exact test (for tables with values less
than 5) for categorical variables. In multivariate analysis, logistic regression analysis was
used. Statistical significance was set at p < 0.05. Statistical analysis was performed using
Statistica 13.3 software (StatSoft Polska, Kraków, Poland).

3. Results

A total of 120 patients (84 men and 36 women) were enrolled in the study. Out of them,
88 (73.3%) patients had more than one anatomical area scanned with DECT. Overall, 318
anatomical areas were examined, and 180 (57%) were positive for MSU crystals on DECT
(Table 1).

Table 1. Anatomical areas examined by dual-energy computed tomography.

Anatomical Areas Total Positive for MSU Crystals

Hands 79 30 (38%)
Feet and ankles 141 95 (67%)
Knees 59 35 (59%)
Shoulders 6 5 (83%)
Elbows 33 15 (45%)

Total 318 180 (57%)
MSU: monosodium urate.

Feet and ankles, followed by knees, were the most common sites for MSU depositions.
Examples of DECT scans positive for MSU crystals in a foot and ankle and in a knee are
presented in Figures 1 and 2, respectively.

   
(a) (b) (c) 

Figure 1. Dual-energy computed tomography 3D reconstruction of a foot positive for monosodium
urate (MSU) crystals (color-coded green) in anterior (a), lateral (b), and posterior (c) views. The MSU
deposits are present around the first metatarsophalangeal joint (a,b) and around multiple tendons in
the ankle and foot (b,c). Volume of the MSU deposits was automatically calculated (11.84 cm3).
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(a) (b) (c) 

Figure 2. Gout in a knee. (a) Computed tomography scan shows erosions (arrowhead) and a possible
tophus (arrow) at the lateral aspect of the patella base. (b) Dual-energy computed tomography
3D reconstruction confirms monosodium urate (MSU) deposits (color-coded green) in this location.
(c) Dual-energy computed tomography 3D reconstruction shows MSU deposits in the posterior
compartment of the knee.

A total of 73 (58%) patients were finally clinically diagnosed with gout. Patient
characteristics are presented in Table 2, and gout diagnostic features are presented in
Table 3.

Table 2. Patients’ characteristics.

Patient Characteristics Gout (n = 73) Without Gout (n = 47) Difference

Age (mean, ±SD) 55.4 (±12.1) 52.9 (±14.4) ns
Sex—male (n, %) 61 (83.6%) 23 (48.9%) p < 0.001
Obesity (n, %) 33(45.2%) 18(38.3%) ns
Hypertension (n, %) 39 (53.4%) 26 (55.3%) ns
Type 2 diabetes (n, %) 13 (17.8%) 7 (14.9%) ns
Dyslipidemia (n, %) 40 (54.8%) 23 (48.9%) ns
Kidney stones (n, %) 3 (4.1%) 3 (6.4%) ns
Chronic kidney disease (n, %) 18 (24.7%) 8 (17%) ns
Rheumatic conditions
- Arthritis, rheumatoid, or unspecified (n, %) 7 (9.6%) 14 (29.8%) p = 0.005
- Psoriasis or psoriatic arthritis (n, %) 6 (8.2%) 6 (12.8%) ns
- Other spondyloarthritis (n, %) 10 (13.7%) 7 (14.9%) ns
- Connective tissue disease (n, %) 4 (5.6%) 4 (8.5%) ns
- Calcium pyrophosphate dihydrate deposition (n, %) 0 3 (6.4%) -
- Infection arthritis (n, %) 1 (1.4%) 1 (2.1%) ns

Hypothyroidism (n, %) 1 (1.4%) 4 (8.5%) ns
Alcohol dependency (n, %) 1 (1.4%) 1 (2.1%) ns
Myeloproliferative syndrome (n, %) 1 (1.4%) 0 (0%) -

DECT detected MSU deposits in 96 (80%) patients. The optimal cut-off point for the
MSU volume was calculated to be 0.05 cm3 (AUC = 0.779, 95% CI 0.692–0.866). However,
after radiological assessment, 18 positive DECT results were evaluated as artifacts (mainly
nails and menisci). Examples of artifacts are presented in Figure 3.
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Table 3. Patients’ gout diagnostic features.

Gout Diagnostic Features Gout (n = 73) Without Gout (n = 47) Difference

Uric acid in serum, mg/dL (mean, ±SD) 8.1 (±2.2) 6.1 (±2.3) p < 0.001
Elevated uric acid in serum (n, %) 46 (63%) 16 (34%) p = 0.002
Uric acid in 24 h urine collection, g/24 h (median, min, max) 0.46 (0.18, 1.2) 0.41 (0.29, 0.82) ns
Excessive uric acid in urine (n, %) 4 (5.5%) 1 (2.1%) ns
Tophus (n, %) 12 (16.4%) 0 (0%) -
Features of gout in X-ray (n, %) 21 (28.8%) 3 (6.4%) p = 0.003
Positive DECT result (n, %) 68 (93.2%) 28 (59.6%) p < 0.001
- True deposits in DECT (n, %) 66 (90.4%) 12 (25.5%) p < 0.001
- Artifacts in DECT (n, %) 48 (65.8%) 25 (53.2%) ns

Diagnosis of gout according to ACR/EULAR criteria before DECT (n, %) 54 (74%) 4 (8.5%) p < 0.001
Diagnosis of gout according to ACR/EULAR criteria after DECT (n, %) 73 (100%) 11 (23.4%) p < 0.001
Uric-acid-lowering treatment (n, %) 41 (56.2%) 11 (23.4%) p < 0.001

DECT: dual-energy computed tomography, ACR/EULAR: American College of Rheumatology/European Alliance
of Associations for Rheumatology.

 

Figure 3. Dual-energy computed tomography of a foot with artifacts present in nailbeds (arrows)
and skin (arrowhead).

The best diagnostic value of DECT, after artifacts exclusion, was obtained with any
MSU volume (AUC = 0.872, 95% CI 0.806–0.938), with a DECT sensitivity of 90.4% and
specificity of 74.5%.

The 2015 ACR/EULAR gout classification criteria without DECT provided better diag-
nostic accuracy than DECT alone, with 74% sensitivity and 91.5% specificity (AUC = 0.926,
95% CI 0.878–0.974). The best diagnostic value was obtained with the ACR/EULAR criteria
taking into account DECT results, with 100% sensitivity and 76.6% specificity (AUC = 0.957,
95% CI 0.924–0.991). In the studied group, DECT enabled a gout diagnosis in 19 additional
patients and the exclusion of gout in 3 patients. ROC curves of the gout diagnostic tools are
presented in Figure 4.

The following risk factors for gout were identified in a univariate analysis: male sex,
presence of tophi, presence of MSU deposits on DECT, increased uric acid in serum (each
p < 0.001), and decreased GFR (p = 0.029). After logistic regression, only increased serum
uric acid (p = 0.034) and decreased GFR (p = 0.018) remained independent risk factors for
gout.
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Figure 4. Receiver operating curves of the different gout diagnostic tools. DECT: dual-energy
computed tomography, ACR: American College of Rheumatology, EULAR, European Alliance of
Associations for Rheumatology.

4. Discussion

This cross-sectional study showed that the detection of MSU crystals on DECT can
significantly improve gout diagnosis. We found that DECT alone has a sensitivity of 90.4%
and a specificity of 74.5%, which is consistent with the results of previous studies [9–12].
However, DECT should not be used alone without consideration of other gout features.
In our study, the best diagnostic accuracy was obtained with the 2015 ACR/EULAR gout
classification criteria including DECT, with 100% sensitivity and 76.6% specificity. This is in
line with a previous study by Gamala et al., who found that DECT has an additive value in
ACR/EULAR gout classification criteria [15].

To the best of our knowledge, this is the first study to assess the relationship between
the volume of MSU deposits on DECT and the diagnosis of gout. After DECT artifacts were
excluded, any positive MSU result provides the best diagnostic value, regardless of the size
of the deposit. However, if there is no possibility of the manual exclusion of artifacts by the
radiologist, the cut-off value of 0.05 cm3 provides the best diagnostic value.

The artifact identification is executed subjectively and requires a large amount of expe-
rience. In our study, the most challenging step was the differentiation of small amounts of
MSU deposits (sometimes as little as 0.01 cm3) from artifacts. This could give false-positive
results. Although there are studies that have attempted to optimize DECT post-processing
settings to reduce artifacts, additional studies are needed to improve the automatic elimina-
tion of all artifacts [6–8,16–19].
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Our study also showed the need for more reliable gout diagnosis in patients with sus-
pected gout. Primary care physicians often prescribe uric-acid-lowering drugs to patients
with suspected gout due to hyperuricemia associated with arthralgia. In this study, 11
(23.4%) patients without gout were taking urate-lowering treatment. It cannot be unequiv-
ocally assessed whether this was due to an overtreatment or observation of patients in
remission due to the dissolution of MSU crystals after uric-acid-lowering treatment. The use
of the 2015 ACR/EULAR criteria in conjunction with DECT resulted in drug withdrawal
in these patients. Other inflammatory joint diseases should be taken into account in the
differential diagnosis. We found significantly more autoimmune arthritis among patients in
whom gout was excluded than in patients with confirmed gout (29.8% vs. 9.6%) (Table 2).

Risk factors for gout are well-studied and include male sex, obesity, chronic kidney
disease, hypertension, diabetes, and hyperuricemia [20,21]. In our study, only increased
serum uric acid (p = 0.034) and decreased GFR (p = 0.018) remained independent risk factors
for gout in multivariate analysis, probably due to the small sample size.

Our study has several other limitations. The first limitation is the lack of data on the
onset of symptoms. We obtained some false-negative DECT results, which are likely due to
the examination taking place at an early disease stage, when the MSU crystals did not have
time to be deposited in the joints [13]. Secondly, ultrasound results were not included in
our analysis. Finally, the major limitation is the fact that none of the patients had synovial
fluid tested for MSU crystals. Although this is theoretically the gold standard for gout
diagnosis, the synovial fluid aspiration procedure is invasive and technically difficult to
perform in the joints most commonly affected by gout, and false negative results can occur
due to low concentrations of crystals in the early stage of the disease. Therefore, gout in
everyday clinical practice is diagnosed clinically.

5. Conclusions

DECT proved to be a helpful tool in the diagnosis of gout in a real-world setting,
significantly increasing the sensitivity of the 2015 ACR/EULAR criteria. DECT could
therefore be beneficial for patients with suspected gout by providing an earlier diagnosis
and treatment. Both clinicians and radiologists should be aware of possible artifacts that
can lead to false-positive results. As such, DECT should not be used alone as a diagnostic
tool.
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Abstract: Background: Iliotibial band syndrome (ITBS) represents one of the most common running
related injuries. The pathophysiology is postulated to be caused by excessive ITB tension, impinge-
ment and irritation of soft tissues at the lateral femoral epicondyle. However, direct evidence has yet
to be found and the multifactorial etiology is under discussion. The purpose was to evaluate stiffness
of ITB, gluteus maximus (GM) and tensor fasciae latae (TFL) muscles using shear wave elastography
(SWE). Methods: In 14 patients with clinically verified ITBS and 14 healthy controls, three SWE
measurements each of ITB, GM and TFL in both legs was performed to determine measurement
reliability and between-group and -leg differences. Results: The mean value of ITB was 12.8 m/s
with ICC of 0.76, whereas the values measured in the GM were 3.02 m/s with an ICC of 0.87. No
statistically significant difference in controls compared to patients were found (p = 0.62). The mean
value of TFL was 5.42 m/s in healthy participants, compared to 3.89 m/s patients with an ICC of 0.98
(p = 0.002). Conclusion: Although SWE showed no difference in ITB stiffness, significant differences
for TFL muscle stiffness in runner’s knee was found, suggesting that the hip abductor muscles might
play a bigger role in the pathophysiology of ITBS. We aimed to implement baseline values for stiffness
assessments and prove reliability for further prospective studies of SWE in runner’s knee.

Keywords: sonoelastography; iliotibial band syndrome; ultrasonography; runners knee; hip muscles;
tensor fasciae latae; gluteus maximus

1. Introduction

Iliotibial band syndrome (ITBS) (i.e., runner’s knee) is characterized by lateral knee
pain and represents one of the most common running related injuries, affecting up to 10%
of all active runners [1]. It is a non-traumatic overuse injury caused by repeated flexion and
extension of the knee leading to irritation in the structures around the knee [2]. Orchard
et al. [3] described an impingement zone occurring at 30◦ of knee flexion during foot strike
and the early stance phase of running. During this impingement period in the running
cycle, eccentric contraction of the tensor fascia latae muscle and of the gluteus maximus
muscle causes the leg to decelerate, generating tension in the iliotibial band, leading to
irritation of the underlying soft tissues at the level of the lateral femoral epicondyle [4,5].
ITBS is usually diagnosed on the basis of a detailed history and physical examination [6].
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However, direct evidence with objective imaging criteria must still be investigated.
Shear wave elastography (SWE) generated by ultrasound is an innovative ultrasound

imaging-based technique facilitating the quantitation of tissue elasticity by measuring the
propagation velocity of US shear waves in the tissues of interest. Pilot experiments have
demonstrated the feasibility of SWE measurements of ITB in 16 healthy volunteers [7].

As a relatively new imaging technique, SWE allows for a quick, non-invasive quantita-
tive assessment of tissue stiffness [8–11].

In contrast to strain/compression sonoelastography, where mechanical tissue com-
pression is needed, SWE uses an acoustic radiation force pulse sequence to generate shear
waves, which propagate perpendicular to the US beam, causing transient displacements.

The distribution of shear wave velocities at each pixel is directly related to the shear
modulus, an absolute measure of the tissue’s elastic properties.

Shear-wave elastography is considered to be more objective, quantitative, and repro-
ducible than compression sonoelastography, and as many studies have showed, SWE seems
to have a promising role in determining the severity of disease in various musculoskeletal
tissues including tendons, muscles, nerves, fascias and ligaments [8–10,12,13].

In addition, MRI is also a suitable method to evaluate the ITB and especially the
surrounding structures for differential diagnosis. On MRI, the ITB is a hypointense, flat,
linear structure in the lateral hip, thigh, and knee. In the absence of pathology, there should
be no adjacent edema or significant intrasubstance signal changes. On MRI, the normal
ITB will typically be of a thickness of about 1 to 3 mm at the level of the lateral femoral
epicondyle, consistent with sonographic findings [1,14,15]. Nevertheless, the thickening of
the ITB has been reported inconsistently in both MRI and US, therefore an independent
imaging marker is desirable [16].

The aim of the study was to define baseline values and to prove the reliability of three
SWE-based measurements each of ITB, TFL and GM and to compare results of patients
clinically diagnosed with ITB-syndrome with a healthy control group. We hypothesized
that SWE elastic moduli would be significantly higher in participants diagnosed with ITBS.

2. Materials and Methods

All participants gave their informed consent for inclusion before they participated in
the study. The study was conducted in accordance with the Declaration of Helsinki, and
the protocol was approved by the Institutional Review Boards (IRBs) of our institution (EK
Nr: 1090/2018).

The dependent variables were the stiffness of the ITB, TFL and GM as measured by SWE.
The independent variable was the presence of ITBS.

2.1. Participants

14 patients (mean age 32.6 ± 6.6/m: f = 7:7) with verified ITBS and 14 healthy vol-
unteers (median age 26.1 ± 5.2/m: f = 7:7) with no statistically relevant difference in age
were recruited during 2018–2019. ITBS was verified through clinical examination by an
experienced orthopedic surgeon and functional tests were used for differential diagnosis
including the Noble, Ober and Thomas tests, which were positive in all of the included
patients [17–19]. In addition, MRI scans were performed to test the presence of edema and
exclude other injuries (e.g., lateral meniscal tear) potentially causing similar symptoms [20].
Patients presenting with such secondary injuries were excluded from the study. A history
of precedent lower extremity pain or injuries in the last six months as well as severe injuries
(e.g., fractures), surgeries at any time, BMI > 30 or physiotherapy because of ITBS in the
last 12 months were further criteria for exclusion. Previous medication was no exclusion
criteria.

Participants in the control group had to be healthy and physically active (physical
activity > 150 min/week) with no history of ITBS (Global Recommendations on Physical
Activity for Health, 2009. World Health Organization. Geneva, Switzerland. Available
online: http://www.who.int/ncds/prevention/physical-activity/en/ accessed on 13 July
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2018). One of the participants from the healthy group had a lateral meniscus tear in his
dominant leg, which was one of our exclusion criteria. This participant’s data were removed
from analysis; therefore, the analysis was conducted on a sample of 14 patients with ITBS
and 13 healthy participants.

2.2. US Examination

To obtain SWE images, participants lay relaxed supine on an examination bed with
their backs slightly raised and knees rested on a support cushion (hip angle 140–150◦, knee
angle ~90◦). US images were obtained in the sagittal and frontal plane, respectively, in
both legs in three locations: proximally, above the tensor fasciae latae (2 cm proximal of
the greater trochanter of the femur in the direction of the anterior superior iliac spine) and
gluteus maximus muscles (4.5 cm proximal of the greater trochanter of the femur in the
direction of the highest point on the iliac crest), and distally above the ITB (2 cm proximal
of the lateral femoral epicondyle).

An ultrasound SWE system (Aixplorer Supersonic Imagine, Aix-en-Provence, France)
with a 50 mm linear array transducer (SL 18-5, Supersonic Imagine, France) was used with
settings in the musculoskeletal mode. The frequency was 18 MHz, and the SWE option was
penetration mode with an opacity of 85%. The preset was adjusted to a depth of 1 cm for
the iliotibial tract and 3 cm for the gluteal muscles with an elastic scale < 600 kPa. The color
scale used in the shear modulus (in kPa) showed the lowest values in blue to the highest
values in red. The size of regions of interest (ROI) had to be at least 3 × 10 mm in order to
cover the ITB and 50 × 30 mm in order to cover the gluteal muscles. The Q-Box™ diameter
was defined by the thickness of the ITB and the muscles, respectively. The Q-Box™ was
traced manually to include a maximum of the muscles in order to avoid the muscle-tendon
junction and fasciae and to downsize it in order to measure the very thin ITB.

During measurements, an ultrasound gel was applied between the skin and the transducer
to avoid skin deformation. The midpoint of the transducer was placed perpendicularly on the
skin’s surface on the ITB and muscle fibers with a light pressure and then the SWE mode was
activated to examine the shear wave modulus [21]. During the acquisition of the SWE mode,
the transducer was kept motionless for about 5–8 s [22]. Image quality was closely monitored
throughout the measurements. When the color in the ROI was uniform and the structure of
the ITB and the muscle fibers visible, the images were frozen and then put on the Q-Box™ to
obtain the shear wave modulus from the system and stored for SWE analysis (kPa, m/s) [23].
For this purpose, the probe was held aligned along the long axes of the GM (axial transducer
positioning) and TFL (longitudinal transducer positioning) muscle fibers and at the distal ITB
(longitudinal transducer positioning), before regions of interest were manually drawn on frozen
images (Figures 1–3). In the ITB, care was taken to leave out hyperechoic lines due to cortical
bone to avoid potential bias. Three measurements were obtained in each location by freezing
and unfreezing and acquiring new images each time with consecutive manual ROI placement in
order to prove intraobserver reliability. Shear wave velocities and shear moduli were obtained
by a single observer with five years of experience in MSK US and SWE in three locations: Two
measurements were performed at the hip level, at approximately 50% of the distance between
the anterior superior iliac spine and the greater trochanter of the femur to assess the TFL and the
GM muscles, followed by a distal measurement of the ITB obtained 2 cm proximally of the level
of the lateral femoral epicondyle. The three measurements were used to calculate intra-observer
variability and the mean of the three measurements was used for further statistical analysis.
Shear wave velocities are given in m/s.

Note that only TFL and GM and not the gluteus medius muscle were measured, be-
cause they contribute fibres to the ITB. The gluteus medius muscle has no direct attachment
to the ITB, therefore we did not perform measurements [14,24].
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Figure 1. Longitudinal scan of the ITB. ROI shows measurement 2 cm proximal of the femoral
condyle in a 29-year-old male patient with ITBS. Note: B mode US shows hypoechoic thickening and
irregularity of the ITB (between arrows) with a mean of 13.7 m/s.

Figure 2. Longitudinal scan of the TFL muscle showing SWE and B-mode with a mean of 6.5 m/s.
(the same patient with ITBS as in Figure 1).
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Figure 3. Axial scan of the GM muscle showing SWE and B-mode. (the same patient with ITBS as in
Figure 1).

2.3. Statistical Analysis

The sample size was determined through a priori power analysis (α = 0.05, 1-β = 0.8,
dz = 1) based on previously published data of ITB stiffness [7].

For statistical analyses, we used SPSS version 25 (© IBM). Intraclass correlation coefficients
(ICC’s) were calculated using a two-way mixed effects models to quantify absolute agreement of
measurements [25]. Typical errors of measurement were calculated by dividing standard deviation
of (maximum) difference scores by the square root of two [26]. In addition, the minimal detectable
change (MDC) was calculated as: 1.96 × standard error of the mean (SEM) × √

2 [27].
Differences in tissue stiffness, as reflected by measures of shear wave propagation

velocity (m/s) were tested for significance by means of factorial MANOVA’s and a two-way
mixed ANOVA considering measures obtained in the ITB, GM and TFL as dependent
variables, “leg” (affected/non dominant versus non-affected/dominant) as within- and
“group” (patient versus control group) as between-participant factors, respectively. Box’s
test was used to test the assumption of homogeneity of co-variances. For significant
differences, Pearson’s coefficient was calculated through n2-conversion [28].

A p-value less than 0.05 was declared as statistically relevant.

3. Results

3.1. ITB

ITB showed a mean of 13.24 ± 2.24 m/s (coefficient of variation (CV): 16.92%) in
healthy participants and failed to reach statistically significant differences in comparison
with the mean of the diseased legs (12.36 ± 2.92 m/s (CV 23.62%)), (P = 0.62), (Figure 1).
Neither the differences between dominant/non-dominant as well as diseased/non-diseased
legs were statistically relevant (p > 0.2).

ITB showed a good intra-observer reliability with an ICC of 0.76 (0.63–0.85). SEM
ranged from 0.43 to 0.56. MDC ranged from 1.19 to 1.55.
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3.2. TFL

TFL values were significantly higher in healthy participants with a mean of 5.42 ± 2.25 m/s
(CV: 41.51%) compared with a mean of 3.89 ± 1.92 m/s (CV: 49.36%) in diseased legs
(p = 0.002, r = 0.41), (Figure 2). Intraobserver reliability was excellent with an ICC of 0.98
(0.96-0.99). SEM ranged from 0.43 to 0.75. MDC ranged from 1.19 to 2.08.

3.3. GM

GM mean SWE values failed to reach statistically significant differences with a mean of
2.9 ± 0.95 m/s (CV: 32.76%) in healthy participants and a mean of 3.14 ± 1.73 m/s (CV: 55.10%) in
diseased legs (p = 0.26), (Figure 3). Intraobserver reliability showed an ICC of 0.87 (0.80-0.92). SEM
ranged from 0.18 to 0.33. MDC ranged from 0.50 to 0.91. The TFL/GM ratio was significantly
higher in the healthy group compared to the patient’s group (p = 0.049, r = 0.41), (Figure 4).

Figure 4. Baseline data of shear wave propagation velocity. Bars and error bars represent the means
and standard deviations measured in the iliotibial band (ITB), gluteus maximus (GM) and tensor
fasciae latae (TFL) muscles. Results are separately shown for the affected or non-dominant (aff/nd)
and non-affected or dominant (na/dom) limbs, respectively. Note the significant difference between
patients and healthy participants in the TFL (between cross).

4. Discussion

We were able to show in our study that there are no statistically significant differences
in SWE values between the patient group with ITBS and the healthy control group. These
findings are in line with a recent study examining ITBS and hip abductors using SWE,
where no statistical differences in ITB SWE values were found in patients with verified
ITBS before and after physiotherapy [29]. This was the first study to apply SWE in ITBS,
however reliability data were not referenced in detail. Therefore, the goal of this study
was to show that baseline SWE values are reproducible and can, therefore, be used in
further studies to assess runners knee. The current hypothesis concerning the etiology of
the ITBS is that excessive tone in the ITB leads to the compression of underlying fat tissue
and consequently, to inflammation and pain [30].

Another study examining the effect of muscle fatigue using EMG in females with ITBS,
however, suggests that the hip abductors of patients suffering from ITBS do not show lower
maximum strength but demonstrate less resistance to fatigue than those of healthy runners.
Therefore, the study suggested implementing a gluteus medius endurance training regime
in a runner’s rehabilitation program [31]. In agreement with this study, a more recent study
has identified a number of kinematic differences between injured and healthy runners that
were consistent across injured subgroups; pelvic drop was found to be the most important
predictor variable [32]. This finding might be in line with our results, supporting the
hypothesis that muscular deficits (i.e., hip abductor weakness) might lead to improper
posture during the stance phase of the gait cycle (i.e., pelvic drop and valgus collapse),
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resulting in excessive ITB strains and inflammation. Hence, in many cases, appropriate
strength training might represent the first line of treatment and should be considered before
more invasive treatment options, such as the injection of local steroids or even surgery
are contemplated [33]. It would be of interest to test SWE in ITBS patients in order to
test the hypothesis that insufficient hip abductor tone is involved in the pathogenesis
of the syndrome. In another study applying SWE, the group of Tateuchi et al. [7] used
a transversal scanning plane to investigate the effect of angle and moment of hip and
knee joints on ITB stiffness. They noted a ceiling effect of measurements obtained in
the longitudinal plane. No such ceiling effect was observed in our study, which may be
explained by the newer generation equipment used.

Limitations

Although data collection was standardized to minimize influencing factors, we have
several limitations to mention. First, the ITB is a very thin aponeurotic fascia lying above the
cortical bone which represents a challenge in the acquisition of SWE measurements. This
often results in saturated values (Figure 1). However, we performed three measurements
each, in order to get reproducible values, which mainly did not result in saturated values.
Nevertheless, it is questionable if this fact was leading to the lack of statistical differences
between patients and controls. Future studies in the ITB should consider using a gel pad.
Additionally, subjacent/adjacent edema usually observed in patients suffering from ITBS
could contribute to lower SWE speed values [34]. We didn´t compare the thickness of
the ITB between groups, which is also a limitation of our study. Perhaps there could
be a correlation between thickened ITB and lower speed values. Second, measurements
obtained in the ITB are influenced by the resting tension of muscles inserting into it. While
all study participants were instructed to fully relax the examined extremity during the US
examination, it cannot be excluded that involuntary contraction of GM or the TFL muscles
may have introduced bias into ITB SWE measurements. Furthermore, we are aware that
stiffness values measured in a relaxed state do not necessarily reflect the conditions during
physical activity.

A recent study by Besomi et al. [35] showed different values in ITB stiffness, but in
contrast to our study, the ITB was measured more proximally, resulting in different values
and appearance. We have decided to measure the ITB at the insertion, as this is also where
changes also in the b-mode of patients may occur.

A further limitation is that we did not examine a healthy runners group. This refers to
healthy participants without ITBS symptoms with a self-reported weekly training volume
of at least 20 km. Training may induce changes in the shear modulus and therefore lead to
different baseline values.

A recent SWE study provided evidence that the muscles of active runners exhibit
an increased stiffness that can be beneficial to their athletic performance [36]. Increased
muscle stiffness in runners might lead to false negative SWE values as compared to healthy
volunteers. Moreover, another very recent study showed that women with genu varum
alignment exhibit higher ITB strain during weight-bearing, which could be related to a
higher incidence of ITBS in women [37]. This was unknown to us prior to this study’s
subject selection and therefore not evaluated and should be addressed in further studies.

A further limitation is the relatively small study population, which limits statistical
power and may have contributed to the differences in the mean values between the study
groups. In this study we had good intra-observer reproducibility, but unfortunately no
inter-observer reproducibility was evaluated as the measurements were carried out by only
one radiologist, which represents a further limitation.

5. Conclusions

SWE is an evolving imaging modality recently available on higher frequency ultra-
sound transducers which enabled us to obtain reliable quantitative measurements of tissue
stiffness of ITB, TFL and GM. SWE showed no difference in ITB stiffness, whereas a sig-
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nificant difference for TFL muscle stiffness was found, suggesting that the hip abductor
muscles might play a bigger role in the pathophysiology of ITBS. Our study summarizes
SWE values with good intraobserver variability, and can serve as a background for further
longitudinal studies of stiffness assessments in runners knee.
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Abstract: Enthesitis is a key pathology in spondyloarthritis (SpA), but diagnosis may be clinically
challenging. The objective of this study was to investigate the prevalence of ultrasound enthesitis
lesions in tender entheses in the heel region in patients with peripheral SpA. In 27 patients with
tenderness upon palpation at the Achilles tendon or the plantar fascia insertion, ultrasound assess-
ment of the affected enthesis was performed using greyscale and color Doppler mode. Images
were evaluated using the Outcome Measures in Rheumatology (OMERACT) scoring system for
enthesitis, scoring presence/absence of hypoechogenicity, thickening, calcifications/enthesophytes,
and erosions, and color Doppler activity semi quantitatively from 0 to 3. A total enthesitis sum
score was calculated. A second examiner scanned 10 patients for inter-reader reliability. Ultrasound
signs of inflammatory enthesitis (thickening/hypoechogenicity and/or Doppler activity) were found
in 48%, and 19% showed Doppler activity—all in the Achilles enthesis. Inflammatory pathologies
other than enthesitis (e.g., tendinitis, arthritis, bursitis) were identified in 26% of tender heels. The
ultrasound OMERACT scoring system for enthesitis lesions showed excellent intra- and inter-reader
agreement in a clinical setting. In conclusion, less than 50% of clinically tender entheses are related
to inflammatory enthesitis when assessed by ultrasound. Ultrasound is useful for diagnosing other
pathologies that may explain tenderness in the area.

Keywords: ultrasound; enthesitis; spondyloarthritis

1. Introduction

Enthesitis, inflammation at the insertion of tendon, capsule, or ligament into the
bone, is a key pathology in spondyloarthritis (SpA) diseases including psoriatic arthritis
(PsA) [1–3]. It is defined as a key domain for assessing disease activity and response
to treatment [4,5]. Objective findings of enthesis involvement may be scarce, as both
clinical examination and biochemical parameters may be normal. Therefore, diagnosis and
evaluation of disease activity typically rely on a characteristic medical history and patient-
reported symptoms. Imaging has shown to be valuable in detecting enthesis involvement
and is more sensitive than clinical examination for assessing inflammation at entheses [3–5].
Imaging may be used in both diagnosis and assessment of disease activity [6]. However,
imaging studies of enthesitis have shown great discrepancies in the association between
clinical findings and findings of inflammation by ultrasound where inflammatory changes
may be seen in asymptomatic entheses and where symptomatic entheses may display no
inflammatory changes [7,8].

The Outcome Measures in Rheumatology (OMERACT) Ultrasound Working Group
has defined and validated the elementary lesions for enthesitis both in static images and
in patients [1,2]. Enthesis thickening, hypoechogenicity, and Doppler activity are inflam-
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matory lesions with Doppler activity indicating active inflammation. Bone erosions and
enthesophytes/calcifications are structural lesions.

We have previously found a poor correlation between tender joints and signs of
inflammation by ultrasound in patients with established psoriatic arthritis [9]. The aim of
this study was to investigate the association between clinically tender Achilles and plantar
fascia enthesis in patients with peripheral SpA and ultrasound signs of inflammation.
Furthermore, we aimed to describe if other findings can explain clinically tender entheses.

2. Materials and Methods

2.1. Patients and Clinical Evaluation

Patients with SpA according to the ASAS criteria [10] who presented with tender
Achilles tendon insertion or plantar fascia insertion at the calcaneus when evaluated by
their treating rheumatologist were referred to the ultrasound clinic for assessment and
potential inclusion in the study. If several tender entheses were present, the most tender on
clinical examination was selected. The study was approved by the local ethics committee (J.
no. H-16035123).

Clinical evaluation included counts of tender (68) and swollen (66) joints, tender
entheses (according to Spondyloarthritis Research Consortium of Canada (SPARCC)), and
a global evaluation of disease activity on a visual analog scale (VAS) by the patient’s usual
rheumatologist and a measure of the level of C-reactive protein (CRP). Patients filled out
the health assessment questionnaire (HAQ) and a global evaluation of disease activity (Pt
global) and pain (Pt Pain) on a visual analog scale (VAS) (0–100).

2.2. Ultrasound Examination and Scoring

Ultrasound was performed the same day as the clinical examination, with a GE Logiq®

E9 machine, version R5 (Milwaukee, WI, USA) with a 6–15 MHz linear transducer, in
greyscale (GS) and color Doppler (CD) modality. For CD, the frequency, pulse repetition
frequency (PRF), and gain were set according to published guidelines [11] with a Doppler
frequency of 7.5 MHz and a PRF of 0.4 MHz. The same settings were used for all patients.
Tender entheses were examined in longitudinal and transverse planes and patients were po-
sitioned according to the European League Against Rheumatism (EULAR) guidelines [12]
in the prone position and the foot in a neutral position. Enthesitis of the tender enthesis was
scored using the OMERACT enthesitis scoring system for presence/absence of thickening,
hypoechogenicity, calcifications/enthesophytes, and erosions and semi quantitatively 0–3
for CD activity ≤2 mm from the bony cortex [2,13]. Each lesion was scored separately
and, subsequently, a sum score (0–7) was calculated by summing the binary scores (0/1) of
thickening, hypoechogenicity, calcifications/enthesophytes and erosions, and the 0–3 score
for color Doppler activity. All examinations were performed by one examiner (SKF, 5 years
of musculoskeletal ultrasound experience) and 10 patients were also examined by a second
examiner on the same day (LT, >20 years of experience) for inter-reader agreement. Stored
images were re-read by the first examiner after 3 weeks for intra-reader agreement.

2.3. Statistics

Descriptive statistics are presented as numbers (percentages) for binary variables and
as medians (interquartile ranges) for continuous variables. Inter- and intra-reader agree-
ment, as well as the agreement between clinical and ultrasound findings of enthesitis, was
evaluated using Cohen’s Kappa and prevalence and bias-adjusted Kappa (PABAK) [14] for
binary outcomes, weighted Kappa (squared weights) for ordinal outcomes, and intraclass
correlation coefficient (ICC) for sum scores. Kappa values of 0–0.20 were considered as
slight agreement, 0.21–0.40 as fair, 0.41–0.60 as moderate, 0.61–0.80 as good, and 0.81–1.00 as
excellent [15]. Findings at Achilles entheses vs. fascia plantaris were compared by Fischer’s
exact test or Mann–Whitney U test, as appropriate (post hoc analyses). The significance
level was set to p < 0.05. Statistical analyses were performed with R, version 3.6.1.
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3. Results

3.1. Population Characteristics

Twenty-seven patients with peripheral SpA and tender entheses were included. Four-
teen (52%) of the tender entheses were at the Achilles tendon insertion and 13 (48%) were
at the plantar fascia insertion. PsA according to the CASPAR criteria could additionally
be classified in 15 (56%) of the patients. Patients were a median (interquartile range) of 49
(38–56) years old, 59% were male and the median disease duration was 2 (0–6) years. The
population characteristics for the cohort are shown in Table 1. The patients’ global pain
scores (VAS 0–100) were high with a median (IQR) of 63 (41–73). We found no statistically
significant differences in population characteristics between patients with PsA and other
SpA (data not shown).

Table 1. Population characteristics for all patients and patients with tender Achilles and plantar fascia
entheses, respectively.

All
n = 27

Achilles
n = 14

Fascia Plantaris
n = 13

Difference

No/Median
(%/IQR)

No/Median
(%/IQR)

No/Median
(%/IQR)

OR (95% CI)/
Difference in

Medians (95% CI) 1
p

Age (years) 49 (38–56) 50 (39–57) 44 (37–52) 3 (−9–14) 0.56
Sex (male) 16 (59) 8 (57) 8 (62) 1.2 (0.2–7.3) 1

PsA 15 (56) 8 (57) 7 (54) 1.1 (0.2–6.7) 1
Enthesis—Achilles 14 (52) 14 (100) 0 (0) - -
Enthesis—Plantar

fascia 13 (48) 0 (0) 13 (100) - -

Disease duration
(years) 2 (0.25–6) 1 (0–6) 2 (1–6) −1 (−4–3) 0.42

CRP (mg/L) 3.5 (1.5–6.8) 4.4 (1.6–7.8) 2.8 (1.8–4.7) 1.0 (−1.8–4.5) 0.54
TJC (0–68) 1 (0–11) 2 (0–11) 1 (0–8) 0 (−2–4) 0.75
SJC (0–66) 0 (0–0) 0 (0–0) 0 (0–0) 0 (0–0) 0.64

SPARCC (0–16) 2 (1–4) 3 (1–4) 2 (1–2) 0 (−1–2) 0.40
DAS28-CRP 2.5 (2.1–3.0) 2.3 (2–2.8) 2.6 (2.3–3.3) −0.3 (−0.8–0.3) 0.18

Physician global
VAS (0–100) 27 (14–42) 30 (23–70) 17 (12–36) 13 (−5–36) 0.15

HAQ (0–3) 0.88 (0.50–1.20) 0.75 (0.38–1.38) 0.88 (0.75–1.13) −0.25 (−0.75–0.38) 0.38
Pt. global VAS

(0–100) 72 (52–78) 71 (19–78) 72 (53–78) −4 (−33–13) 0.68

Pt. pain VAS
(0–100) 63 (41–73) 65 (38–79) 59 (47–67) 5 (−25–21) 0.70

CI: Confidence Interval, CRP: C-reactive protein, DAS28-CRP: Disease Activity Score in 28 joints using C-reactive
protein, HAQ: Health Assessment Questionnaire, IQR: Interquartile range, OR: Odd ratio, Pt.: Patient, PsA:
Psoriatic arthritis, SJC: Swollen Joint Count, SPARCC: Spondyloarthritis Research Consortium of Canada enthesitis
index, TJC: Tender Joint Count, VAS: Visual Analogue Scale. 1 OR (95% CI) by Fisher’s exact test for binary
variables, difference in medians (95% CI) by Mann–Whitney U test for continuous variables.

3.2. Ultrasound Findings and Agreement

Ultrasound findings and the difference in findings between Achilles tendon and
plantar fascia entheses are presented in Table 2 and image examples in Figure 1. One or
more ultrasound signs of enthesitis (structural or inflammatory lesions) could be found
in 19 (70%) of the tender entheses. Greyscale inflammatory ultrasound signs of enthesitis
(thickening or hypoechogenicity) were found in 13 (48%) entheses, and 5 (19% of all
entheses, 38% of entheses with greyscale signs of inflammation) showed CD activity. The
most common inflammatory sign of enthesitis was thickening (13 (48%) of entheses), which
was numerically somewhat more frequent at the plantar fascia (7 (54%)) compared to at
the Achilles tendon (6 (43%)), while hypoechogenicity was seen in 12 (44%) of the entheses
(6 (43%) Achilles entheses, 6 (46%) plantar fascia entheses). CD activity was seen only at

33



J. Clin. Med. 2022, 11, 2325

the Achilles tendon (5 (36%) Achilles entheses, OR = 0, p = 0.04). Structural lesions were
found in 44% of all entheses. Enthesophytes/calcifications were the most common lesion
(12 (44%)) while erosions were more seldomly seen (4 (15%)). Both types of structural
lesions (enthesophytes/calcifications and erosions) were statistically significantly more
frequent at the Achilles tendon enthesis compared to the plantar fascia enthesis (OR for
enthesophytes/calcifications 0.03, p < 0.001, for erosions 0.00, p = 0.098). No statistically
significant differences were found in ultrasound lesions between patients with PsA and
other types of SpA (data not shown).

Table 2. Ultrasound findings and difference between findings at the Achilles and plantar
fascia entheses.

All
n = 27

Achilles
n = 14

Fascia Plantaris
n = 13

Difference

No/Median
(%/IQR)

No/Median
(%/IQR)

No/Median
(%/IQR)

OR (95% CI)/
Difference in Medians

(95% CI) 1
p

Elementary lesions

Thickening 13 (48) 6 (43) 7 (54) 1.5 (0.3–9.2) 0.71
Hypoechogenicity 12 (44) 6 (43) 6 (46) 1.1 (0.2–6.7) 1

Calcifications/Enthesophytes 12 (44) 11 (79) 1 (8) 0.0 (0.0–0.3) <0.001
Erosions 4 (15) 4 (29) 0 (0) 0.0 (0.0–1.5) 0.10

CD (presence) 5 (19) 5 (36) 0 (0) 0.0 (0.0–1.0) 0.04
CD grade (positive only) 2 (2–2) 2 (2-2) NA - -

Combined lesions

Any inflammatory lesion 2 13 (48) 6 (43) 7 (54) 1.5 (0.3–9.2) 0.71
Any structural lesion 2 12 (44) 11 (79) 1 (8) 0.0 (0.0–0.3) <0.001

Any inflammatory AND any
structural lesion 2 6 (22) 5 (36) 1 (8) 0.2 (0.0–1.8) 0.17

Any inflammatory OR any structural
lesion 2 19 (70) 12 (86) 7 (54) 0.2 (0.0–1.6) 0.10

Sum-score

Sum-score (0–7) 3 1 (0.0–2.5) 1.5 (1–4) 1 (0–2) 1.0 (0.0–3.0) 0.09

CD: Color Doppler, CI: Confidence interval, IQR: Interquartile range, OR: Odds Ratio. 1 OR (95% CI) by Fisher’s
exact test for binary variables, difference in medians (95% CI) by Mann–Whitney U test for continuous variables.
2 Inflammatory lesion = thickened and/or hypoechogenic with/without CD activity. Structural lesion = entheso-
phytes and/or erosions. 3 Sum of binary scores (0/1) of thickening, hypoechogenicity, calcifications/enthesophytes
and erosions, and 0–3 score for color Doppler activity.

Figure 1. Greyscale images of the plantar fascia insertion with thickening and hypoechogenicity
in longitudinal (A) and transverse (B) plane, and the Achilles tendon insertion with thickening,
hypoechogenicity, color Doppler activity and enthesophyte in longitudinal plane (C) and greyscale
image in transverse plane (D).
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In patients with tender entheses that did not show any ultrasound inflammatory signs
of enthesitis (n = 14), other possible explanations for tenderness could be found in 7 (50%)
(tendinitis (n = 2), arthritis in the subtalar joint (n = 2), tenosynovitis of the tibialis posterior
tendon (n = 1), retrocalcaneal bursitis (n = 2)). Findings in greyscale and CD are shown in
Figure 2.

Figure 2. Ultrasound findings of inflammation in patients with spondyloarthritis (SpA) and tender-
ness at entheses in the heel region (n = 27) shown as no. (percentage) of tender entheses with presence
of lesions in greyscale (blue) and color Doppler mode (orange).

Agreements between tenderness versus any ultrasound signs of enthesitis versus
ultrasound inflammatory signs of enthesitis versus Doppler activity in the enthesis and ul-
timately versus ultrasound enthesitis OR other explanatory pathology are shown in Table 3.
Overall, an inflammatory explanation for tenderness (enthesitis or other inflammatory
pathology) could be found by ultrasound in 20 (74%) of the heels with tender entheses.

Table 3. Agreement between entheseal tenderness and ultrasound signs of enthesitis.

PEA κ PABAK

Tenderness vs. any US sign of enthesitis
(inflammatory 1 or structural 2) 70 0 0.41

Tenderness vs. any US inflammatory sign of
enthesitis 1 48 0 −0.04

Tenderness vs. US inflammatory enthesitis 1

with Doppler activity
19 0 −0.63

Tenderness vs. any US inflammatory signs
of enthesitis 1 OR other explanatory

pathology
70 0 0.41

κ: Cohens Kappa, PABAK: Prevalence Adjusted Bias Adjusted Kappa, PEA: Percent Exact Agreement, US:
ultrasound. 1 Hypoechogenicity and/or thickening. 2 Enthesophytes/calcifications and/or erosions.

Intra- and inter-reader agreements are shown in Table 4. Intra-reader agreement for
all individual lesions was excellent (Cohens Kappa 0.93–1.00, PABAK 0.93–1.00), as was
ICC for sum scores (0.99 (0.98–1.00)). Inter-reader agreement was marginally lower both
for individual lesions (Cohen’s Kappa 0–1, PABAK 0.8–1.0) and for sum scores (ICC 0.98
(0.93–0.99)).
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Table 4. Intra- and inter-reader agreements of ultrasound elementary lesions of enthesitis and
sum score.

Intrareader (n = 27) Interreader (n = 10)

Prev. (%) PEA (%) κ PABAK Prev. (%) PEA (%) κ PABAK

Thickened 48 100 1 1 20 100 1 1
Hypoechogenicity 46 96 0.93 0.93 5 90 0 0.8

Erosions 15 100 1 1 20 100 1 1
Enthesophytes/Calcifications 44 100 1 1 60 100 1 1

Color Doppler presence 19 100 1 1 10 100 1 1
Color Doppler grade (0–3) NA 96 0.97 NA NA 100 1 NA

Inflammation 1 yes/no 48 100 1 1 20 100 1 1
Structural 2 yes/no 44 100 1 1 60 100 1 1

ICC (95% CI) ICC (95% CI)

Ultrasound lesion
Sum-score 3 0.99 (0.98–1.00) 0.98 (0.93–0.99)

CI: Confidence Interval, ICC: Intraclass Correlation, κ: Cohens Kappa, PABAK: Prevalence Adjusted Bias Adjusted
Kappa, PEA: Percent Exact Agreement, Prev.: Mean prevalence of the two reads. 1 Inflammation = hypoechogenic-
ity and/or thickening with/without Color Doppler activity. 2 Structural = enthesophytes and/or erosions. 3 Sum
of the binary scores (0/1) of thickening, hypoechogenicity, calcifications/enthesophytes and erosions, and the 0–3
score for color Doppler activity.

4. Discussion

In this cross-sectional study of tender heel entheses in 27 patients with SpA, only 48%
were found to be related to ultrasound signs of inflammatory enthesitis and only 19% had
signs of Doppler activity (active inflammation—all in the Achilles enthesis). The lack of
Doppler findings at the plantar fascia insertion may be explained by attenuation of the
ultrasound by the heel fat pad, limiting the ability to detect Doppler activity. Therefore,
greyscale signs of inflammation are of more importance here.

The most prevalent enthesitis lesion was thickening/hypoechogenicity at the Achilles
insertion and thickening at the plantar fascia insertion. In some of the tender entheses
without ultrasound signs of enthesitis, we could identify other origins of the pain than
enthesitis (subtalar synovitis, tenosynovitis and retrocalcaneal bursitis). Thus, this study
underlines the value of ultrasound for establishing the origin of pain around the heel in
patients with SpA, as the treatment options for enthesitis in SpA are different than for
arthritis. Therefore, the presence or absence of different pathologies may impact clinical
decision-making, optimizing the outcome for the individual patient.

The poor association between clinical symptoms at the enthesis level and objective signs
of inflammatory activity by ultrasound has also been demonstrated by Michelsen et al. [16]
who found a lack of association between clinical and US signs of enthesitis in a cohort of
PsA patients focusing only on the Achilles tendon. They also found that the signs of active
inflammation and structural changes were similar in patients with and without tender
enthesis, highlighting that clinical examination may have limited value as compared to
ultrasound evaluation.

Structural lesions were found in 44% of the symptomatic entheses, with a much
higher frequency in Achilles compared to plantar fascia entheses, and with calcifica-
tions/enthesophytes being the predominant findings. This is in line with the findings
by Seven et al. [7] who found structural lesions to be the predominant lesion of lower
limb entheses in an axial cohort of SpA patients initiating TNF alpha blocker treatment,
irrespective of tenderness. They also found that these structural changes had no sensitivity
to change. Enthesophytes are also a common finding in healthy controls and appear to be
increasingly frequent with age [17]. The structural ultrasound lesions, therefore, seem to be
unrelated to clinical entheses tenderness, and this challenges the usefulness of ultrasound
structural lesions in the assessment of tender entheses. A longitudinal investigation of the
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development of these lesions in patients with newly diagnosed SpA and control groups
could, however, be interesting.

Strengths of our study are the use of the OMERACT consensus-based and validated
ultrasound enthesitis definitions and scoring system and the excellent inter- and intra-
reader agreements of the scoring system. A limitation is the small sample size, for both
the study cohort and the inter-reader analyses, with only 10 patients included for the latter
analyses. Another limitation is the lack of blinding and control group.

In conclusion, less than half of clinically tender entheses in the heel region had ul-
trasound signs of inflammatory enthesitis (greyscale) and 19% were Doppler positive.
Ultrasound was able to identify other pathologies as the origin of the heel pain. Ultrasound
assessment of tender entheses is helpful for correct diagnosis and treatment decisions.
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Abstract: Aromatase inhibitor-induced arthralgia (AIA) comprises significant, activity-limiting mus-
culoskeletal symptoms, including joint pain, myalgia, and joint stiffness. We conducted a prospective
feasibility study in postmenopausal women diagnosed with early-stage (0–3) hormone receptor
positive (HR+) breast cancer who were candidates for treatment with adjuvant AI therapy (n = 16).
Tendons of the hands and wrists and the median nerve were imaged using gray-scale and power
Doppler ultrasound (US) and US SWE. Arthralgia symptoms were evaluated using the Breast Cancer
Prevention Trial (BCPT) Symptom Checklist musculoskeletal subscale (MS) and the Western Ontario
and McMaster Universities Osteoarthritis Index (WOMAC) pain and stiffness subscales. At baseline,
there were significant differences in the SW velocities of tendons between dominant and nondominant
hands. Increased velocity in 2 of 6 tendons and the median nerve was associated with greater pain at
baseline, whereas slower velocity of the extensor digitorum tendon (suggesting decreased stiffness)
was associated with a higher WOMAC stiffness score. Increased SW velocity (suggestive of increased
stiffness) at baseline in the abductor pollicis longus tendon was associated with a worsening of all
three pain and stiffness measures by 6 months. Future studies should evaluate SWE scores related to
AIA outcomes in a larger sample size.

Keywords: aromatase inhibitors; breast cancer; shear wave elastography; ultrasound; joint pain;
stiffness; arthralgia; aromatase inhibitor–induced arthralgia (AIA)

1. Introduction

Aromatase inhibitor-induced arthralgia (AIA) comprises significant, activity-limiting
musculoskeletal symptoms, including joint pain, myalgia, and joint stiffness [1]. AIA can
also include carpal tunnel syndrome (CTS) [2,3], tenosynovitis, and muscle weakness [4,5].
Symptoms can affect the spine as well as large and small joints of the upper and lower
extremities [6,7]. The median time to develop initial AIA symptoms is 6 weeks, with
peak symptoms reported at 6 months [8]; however, some women experience worsening
symptoms up to 1–2 years post-initiation of an aromatase inhibitor (AI) [9,10]. Extended
adjuvant AI therapy (10 years) has been shown to improve disease-free survival when
compared to placebo in women who completed 5 years of standard AI therapy [11]. Given
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the long duration of treatment, it is imperative to identify patients at risk for AIA in
order to develop early interventions and improve quality of life and adherence to therapy.
The development of biomarkers for AIA is an unmet clinical need which impacts a large
patient population.

Previous studies have used Doppler ultrasound (US) to evaluate pathological changes
of the tendons and joints associated with AIA. Our prior study suggested that women
with AIA had non-significantly higher hyperemia and increased tenosynovial fluid relative
to asymptomatic, age-matched controls using a Doppler US [12]. Similarly, Dizdar et al.
showed that patients with AIA had significantly more fluid in the tendon sheaths and
electrophysiologic findings of carpal tunnel syndrome relative to patients on AI without
pain [4]. However, other studies using US and age-matched controls found no association
between any US findings and AIA symptoms [13,14]. The inconsistency in relating US
findings to AIA symptoms underscores the need for more sophisticated imaging techniques
to better evaluate physiologic changes with AIA.

Shear wave elastography (SWE) is a novel imaging technique used to acquire a mea-
sure of tendon stiffness via shear acoustic waves of a focused ultrasonic beam [15]. In our
prior case-control study, women with AIA had significantly faster SW velocities (suggest-
ing stiffer tendons) than age-matched controls, determined by US SWE [12]. While this
preliminary case-control study had a limited sample size, the finding of stiffer tendons
with AIA was intriguing given that affected tendons have been shown to be softer than
healthy normal tendons in other studies [16]. For example, Turkay et al. demonstrated that
adult patients with de Quervain tenosynovitis had slower SW velocities (suggesting softer
tendons) than healthy adults in the first extensor compartment of the hand [17]. Conversely,
SWE studies of the median nerve in the assessment of carpal tunnel syndrome have shown
increased SW velocities in patients relative to controls [18]. Other studies suggest that
the relationship between pain and soft tissue stiffness on US SWE may vary by pathology.
Breda et al. showed that patients with patellar tendinopathy had significantly increased SW
velocities (suggesting increased tendon stiffness) compared to age-matched asymptomatic
controls [19]. Hou et al. suggested that there was tendon softening on US SWE with rotator
cuff disease [20]. Pan et al. showed a significant positive correlation between pain and
increased SW velocities in patients with plantar fasciitis [21]. In the context of rheumatoid
arthritis, muscle stiffness was not associated with muscle strength; however, that study did
not evaluate tendon stiffness with imaging [22].

Here, in the context of an ongoing prospective study to evaluate the biomarkers of
AIA in postmenopausal women, we evaluated tendon features of the hands and wrists
using US SWE in a subset of patients. Tendon stiffness was evaluated at initiation and
after 6 months of AI treatment. To our knowledge, this is the first study to use US SWE to
associate tendon stiffness with AIA symptoms in breast cancer patients taking AI and to
determine whether it is feasible to associate tendon stiffness at baseline with worsening
AIA symptoms by 6 months.

2. Materials and Methods

2.1. Study Design

This study was embedded in an ongoing, single-arm, prospective clinical trial of
patients with early-stage hormone receptor positive (HR+) breast cancer to evaluate and
develop blood-based and imaging biomarkers of AIA. The trial was approved by our
institutional review board and was conducted in accordance with the requirements of
the provisions of the Declaration of Helsinki. All patients provided written informed
consent. The trial was registered on clinicaltrials.gov (NCT03665077). All eligible patients
completed their definitive treatment (surgery ± radiation) and were recruited at the time
of their medical oncologist visit, prior to initiation of anastrozole as adjuvant therapy. For
this sub-study, US SWE images were captured at the initiation of their AI (n = 16) and
after 6 months (n = 9). The US SWE component of this study was originally planned for
all participants; however, the US instrument was no longer available for continuation of
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SWE studies for reasons that were unrelated to the current study or the authors. Of the
16 patients with baseline SWE and questionnaire data, 14 had paired questionnaire data at
6 months.

2.2. Participants

Postmenopausal women diagnosed with early-stage (0–3) HR+ breast cancer who were
candidates for treatment with adjuvant AI therapy were eligible for this trial. Exclusion
criteria included prior breast cancer diagnosis, prior adjuvant or neo-adjuvant chemother-
apy, prior endocrine therapy (AI or tamoxifen), history of rheumatoid arthritis or other
autoimmune arthritis, daily NSAID use (other than baby aspirin), or any corticosteroids or
immunosuppressive therapies.

2.3. BCPT-MS

The Breast Cancer Prevention Trial (BCPT) Symptom Checklist is a 42-item ques-
tionnaire validated in breast cancer survivors [23]. Here, we used the musculoskeletal
subscale (BCPT-MS), which consists of the mean of responses to three questions addressing
general aches and pains, joint pain, and muscle stiffness. The BCPT-MS subscale has been
shown to be responsive to changes in AIA [24]. Scores range from 0–12, with higher scores
representing worse symptoms.

2.4. WOMAC

The Western Ontario and McMaster Universities Osteoarthritis Index (WOMAC) is a
24-item instrument developed to assess pain, stiffness, and physical function in participants
with osteoarthritis or AIA [25,26]. Here, we evaluated the pain (5 items) and stiffness
(2 items) subscales using the 5-point Likert format (0 = none, 1 = mild, 2 = moderate,
3 = severe, and 4 = extreme). As discussed in Bellamy [25], for convenience and for com-
parison purposes to previous studies, total scores and each subscale were normalized to a
range of 0–100.

2.5. Gray-Scale, Power Doppler, and Shear Wave Elastography (SWE) US Imaging and Scoring

All images were collected before and after the initiation of AI (baseline and 6 months).
Real-time gray-scale and power Doppler US examination of the bilateral wrists were per-
formed on a General Electric Logiq E9 machine using the 18–8 MHz linear hockey stick
transducer as previously described [12]. Briefly, during gray-scale and power Doppler
US examination, patients were seated with their hands resting on a small table placed
between the examiner and the patient. All tendons and tendon sheaths were evaluated for
the presence of a normal or increased synovial fluid complex on gray-scale evaluation and
for the presence of active inflammation on power Doppler evaluation. Anatomical regions
of interest included the abductor pollicis longus, extensor pollicis brevis, extensor digito-
rum tendon, extensor carpi ulnaris, flexor digitorum superficialis and flexor digitorum
profundus tendons, and the median nerve.

SWE examinations of the bilateral wrists and scoring of these images were performed
as previously described [12]. Briefly, a Siemens S3000 ACUSON US unit (Siemens Medical
Systems) with a high-resolution (9–4 MHz) and 12-MHz linear transducers were used to
optimize visualization of the examined regions and to accommodate depth. The tissue
elasticity (degree of stiffness) was displayed on a color bar elastogram on the screen and
expressed as SW velocities in m/s (scale: 0.5–20 m/s). A copious amount of US gel was
also used to accommodate the depth. The anatomical regions of interest were collected
along both long and short axes of the tendons/tendon sheaths.

To score SWE images, regions of interest (ROIs) were examined by a fellowship-trained
musculoskeletal radiologist with more than 5 years of experience in US SWE imaging. ROIs
contained the entire anatomical site of interest in each image. The B-mode images were
co-registered with SW velocity color maps. The average SW velocity within each ROI was
calculated using color map values and tabulated by a biomedical engineer. Each image
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was captured and scored in triplicate. The code to generate ROI’s is available on the public
repository, GitHub.

2.6. Statistical Analysis

Baseline characteristics were summarized using the median and interquartile range
(IQR) for continuous variables and proportions for categorical variables. Changes in symp-
tom scores across time were tested using linear mixed-effects models, with time (interval
since baseline) as a continuous variable, adjusted for the baseline symptom score, and
clustered on the participant. Additional models further adjusted for age at baseline, BMI
at baseline, and definitive therapy (mastectomy versus lumpectomy). For SWE data, the
velocity at each image location (7 locations), axis (long or short), and side (dominant or non-
dominant) was measured in triplicate and reported as the mean ± SD or median (range).
Changes in SW velocity across time were tested using linear mixed-effects models with
time (interval since baseline) as a continuous variable, adjusted for transducer and baseline
velocity (mean of the triplicate measures), clustered on the participant. The random-effect
constant could not be reasonably estimated in 8 of the 28 models (one model for each
location–axis–side combination), presumably due to the complexity of the model. Thus, a
sensitivity analysis used the same models without clustering on the participant, and another
sensitivity analysis did not adjust for the baseline velocity (but clustered on the participant).
For the association between the baseline SW velocity and baseline symptoms, symptom
scores were dichotomized into asymptomatic (score = 0) or symptomatic (score > 0) par-
ticipants, and median velocities (mean of triplicate measures) were compared between
these two groups using Wilcoxon rank-sum tests. Similar Wilcoxon rank-sum tests were
used to compare the median baseline SWE velocity (mean of the triplicate measure) across
groups of participants whose symptoms worsened or did not worsen between baseline and
6 months. No adjustments were made for multiple comparisons. Statistical analyses were
conducted using Stata 17.0 (StataCorp, College Station, TX, USA).

3. Results

3.1. Participant Characteristics

The participants in the SWE subgroup were older adults with a median (IQR) age of
64.9 (63.5–71.5) years at enrollment (Table 1). Patients were enrolled shortly after diagnosis
of their breast cancer. The Median (IQR) time between diagnosis and enrollment was
4.6 (3.3–6.3) months. Participants ranged from a healthy weight to obese, with a median
(IQR) BMI of 25.9 (23.4–33.6) kg/m2, and the majority were non-Hispanic white (87.5%).
There were 15 participants classified as right-hand dominant, and one was left-handed. For
their definitive treatments, 75% had lumpectomy, and 62.5% had adjuvant radiation. There
were three participants with stage 0 breast cancer, 11 with stage I, and two with stage II. All
patients were still adherent to their AI at 6 months.

3.2. Gray-Scale and Power Doppler Ultrasound (US)

There was no increased power Doppler signal to suggest active inflammation at base-
line or after 6 months in any participants on the Power Doppler interrogation. Additionally,
all anatomical sites appeared normal using Grayscale US.

3.3. Baseline Shear Wave (SW) Velocity

Mean ± SD baseline SW velocities were compared between dominant versus nondom-
inant sides in the long (Table 2a) and short (Table 2b) axes. The abductor pollicis longus
had a significantly faster mean velocity, suggesting greater stiffness, on the dominant
side (5.59 ± 2.46 m/s) relative to the non-dominant side (4.71 ± 2.14 m/s) in the long axis
(p = 0.020), with no difference in the short axis.
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Table 1. Baseline characteristics in the shear wave elastography cohort (n = 16).

Characteristic Median (IQR) or n (%)

Age at enrollment (y) 64.9 (63.5–71.5)
Age at diagnosis (y) 64.4 (63.1–71.2)

Time since diagnosis (months) 4.6 (3.3–6.3)
BMI (kg/m2) 25.9 (23.4–33.6)

Right-side dominant 15 (94%) a

Race/ethnicity
Non-Hispanic white 14 (87.5%)

Hispanic 2 (12.5%)

Definitive breast surgery
Mastectomy 4 (25.0%)

Lumpectomy 12 (75.0%)

Radiation
No 6 (37.5%)
Yes 10 (62.5%)

Disease stage
0 3 (18.8%)
I 11 (68.8%)
II 2 (12.5%)

a Participants were contacted retroactively and asked about handedness. Four participants could not be reached
and were classified as right-handed. Abbreviations: BMI: body mass index.

Table 2. (a) Baseline shear wave elastography velocity (m/s) for long axis: mean ± SD a. (b) Baseline
shear wave elastography velocity (m/s) for short axis: mean ± SD a.

(a)

Image Location Dominant Side Non-Dominant Side p-Value

Abductor pollicis longus 5.59 ± 2.46 4.71 ± 2.14 0.020
Extensor carpi ulnaris 4.76 ± 1.67 4.64 ± 1.64 0.568

Extensor digitorum tendon 5.55 ± 1.51 5.93 ± 2.22 0.157
Extensor pollicis brevis 4.00 ± 1.21 4.11 ± 1.71 0.684

Flexor digitorum profundus 6.77 ± 2.23 6.45 ± 2.77 0.389
Flexor digitorum superficialis 6.09 ± 1.59 6.47 ± 1.99 0.162

Median nerve 5.56 ± 2.08 6.18 ± 1.70 0.020

(b)

Image Location Dominant Side Non-Dominant Side p-Value

Abductor pollicis longus 4.47 ± 1.07 4.41 ± 0.86 0.728
Extensor carpi ulnaris 4.42 ± 0.62 4.33 ± 0.69 0.342

Extensor digitorum tendon 5.03 ± 0.99 4.91 ± 1.29 0.548
Extensor pollicis brevis 4.72 ± 0.71 4.29 ± 0.95 0.007

Flexor digitorum profundus 4.53 ± 0.67 5.18 ± 1.30 <0.001
Flexor digitorum superficialis 4.51 ± 0.82 4.97 ± 1.43 0.045

Median nerve 5.02 ± 1.31 5.21 ± 1.49 0.413
a Mixed-effects model adjusted for the transducer, clustered on the patient (no adjustments for multiple comparisons).

Differences between sides in the abductor pollicis longus at the baseline are illustrated
for a representative patient (Figure 1a,b). There were no other differences in tendons by
side in the long axis. There were differences in SW velocity by side in three of six tendons in
the short axis: the extensor pollicis brevis (dominant: 4.72 ± 0.71 m/s versus nondominant:
4.29 ± 0.95 m/s; p = 0.007), flexor digitorum profundus (dominant: 4.53 ± 0.67 m/s versus
nondominant: 5.18 ± 1.30 m/s; p < 0.001), and the flexor digitorum superficialis (dominant:
4.51 ± 0.82 m/s versus nondominant: 4.97 ± 1.43 m/s; p = 0.045). Additionally, the median
nerve had a significantly slower mean velocity on the dominant side in the long axis
(dominant: 5.56 ± 2.08 m/s versus nondominant: 6.18 ± 1.70 m/s; p = 0.020). Given these
observed differences, all other results are stratified by side and axis.
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Figure 1. Representative shear wave elastography (SWE) images of the abductor pollicis longus
(APL) tendon from a breast cancer patient initiating an aromatase inhibitor. Each elastogram (bottom)
is displayed with its corresponding gray-scale image (top). Images were collected at the level of the
wrist. At baseline, mean SW velocities were significantly faster on the dominant side relative to the
nondominant in the long axis (p = 0.020). From baseline to 6 months, there was a significant reduction
in SW velocity on the dominant side (p = 0.027) but not on the non-dominant side (p = 0.849). (a) APL
tendon at baseline on dominant side. (b) APL tendon at baseline on non-dominant side. (c) APL
tendon at 6 months on dominant side. (d) APL tendon at 6 months on non-dominant side. The
shear wave velocity (mean ± standard deviation) was measured in meters per second (m/s) and is
presented on the lower left corner of each image.

3.4. Baseline Association between SW Velocity and Pain and Stiffness Scores

Median (IQR) SW velocities among symptomatic (score > 0) versus asymptomatic
(score = 0) patients were compared for BCPT-MS (symptomatic, n = 12; asymptomatic,
n = 4), WOMAC pain (symptomatic, n = 5; asymptomatic, n = 11), and WOMAC stiffness
(symptomatic, n = 9; asymptomatic, n = 7). Patients that were symptomatic, as reported
by the BCPT-MS, had a significantly faster median (range) SW velocity, suggesting greater
stiffness, in the extensor carpi ulnaris (4.6 (3.3–4.9) versus 4.0 (2.7–4.3) m/s; p = 0.008
(nondominant side; short axis)) and the flexor digitorum profundus ((7.9 (4.8–9.9) versus
4.5 (2.7–6.8) m/s; p = 0.020 (dominant side; short axis)). Patients that were symptomatic
using the BCPT-MS also had a faster median (range) SW velocity for the median nerve on
the dominant side in both the long ((5.7 (4.2–9.2) versus 3.5 (2.5–5.8) m/s; p = 0.030) and
short ((5.0 (4.0–7.7) versus 4.3 (3.8–4.6) m/s; p = 0.042) axes. The median SW velocity was
not different in any other tendons for women with a score > 0 on the BCPT-MS at baseline
on either side or in either axis. For women that were symptomatic on the WOMAC stiffness
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subscale, the extensor digitorum tendon had a significantly slower median (range) SW
velocity ((4.8 (3.0–5.6) versus 5.4 (4.7–7.1) m/s; p = 0.009 (nondominant side; short axis)).
No other tendons nor the median nerve were related to a score > 0 on the WOMAC stiffness
subscale at baseline. No tendons nor the median nerve were related to a score > 0 on the
WOMAC pain subscale at baseline.

3.5. Change in SW Velocity

Changes in SW velocity from baseline to 6 months of AI treatment were calculated in
the 9 participants that had paired images (Table 3). The abductor pollicis longus showed a
significant decrease in SW velocity (suggestive of tendon softening) on the dominant side in
the long axis (β-coefficient = −0.024 m/s; p = 0.027) but no change on the non-dominant side
or on either side in the short axis. Differences in the abductor pollicis longus from baseline to
6 months in the long axis on both sides are illustrated for a representative patient (Figure 1).
The extensor carpi ulnaris showed a significant decrease in SW velocity on the dominant
side in the long axis (β-coefficient = −0.033 m/s; p < 0.001) but an increase in the short axis
(β-coefficient = 0.006 m/s; p = 0.040). The flexor digitorum superficialis had a significant
decrease in SW velocity in the long axis on both the dominant (β-coefficient = −0.024 m/s;
p = 0.014) and non-dominant (β-coefficient = −0.020 m/s; p = 0.038) sides. The median
nerve had a significant increase in SW velocity on the dominant side in both the long
(β-coefficient = 0.031 m/s; p = 0.002) and short (β-coefficient = 0.018 m/s; p = 0.009) axes,
but it had a significant decrease in velocity on the non-dominant side in the long axis
(β-coefficient = −0.021 m/s; p = 0.019).

Table 3. Shearwave elastography change in velocity (m/s) over time (6 months): beta-coefficient
(p-value) a.

Image Location
Long Axis

Dominant Side
Short Axis

Dominant Side
Long Axis

Non-Dominant Side
Short Axis

Non-Dominant Side

Abductor pollicis longus −0.024 (0.027) 0.002 (0.701) 0.002 (0.849) −0.001 (0.797) b

Extensor carpi ulnaris −0.033 (0.000) 0.006 (0.040) b −0.000 (0.996) 0.002 (0.570) b

Extensor digitorum tendon 0.002 (0.817) −0.006 (0.257) 0.004 (0.698) −0.006 (0.363) b

Extensor pollicis brevis 0.006 (0.485) 0.007 (0.148) b 0.007 (0.507) 0.005 (0.458)
Flexor digitorum

profundus 0.022 (0.084) 0.003 (0.329) b 0.012 (0.453) −0.004 (0.351)

Flexor digitorum
superficialis −0.024 (0.014) 0.007 (0.138) b −0.020 (0.038) b −0.007 (0.332)

Median nerve 0.031 (0.002) 0.018 (0.009) −0.021 (0.019) 0.016 (0.113)
a Mixed-effects model with time (date) as a continuous variable, adjusted for baseline velocity (mean of three
measures) and the transducer, clustered on the patient (no adjustments for multiple comparisons); b The random-
effect constant could not be reasonably estimated. Significance was unchanged in the sensitivity analyses.

3.6. Association between Baseline SW Velocity and Worse Pain and Stiffness Scores at 6 Months

We then sought to determine whether baseline SW velocity predicted a worsening
of pain and stiffness scores from baseline to 6 months (BCPT-MS (n = 10 worsening,
n = 4 non-worsening); WOMAC pain (n = 5 worsening, n = 9 non-worsening); WOMAC
stiffness (n = 8 worsening, n = 6 non-worsening)). The abductor pollicis longus had
significantly faster median (range) SW velocities at baseline in women that had a worse
BCPT-MS at 6 months relative to women with a non-worsening score ((5.1 (4.1–8.9) m/s
versus 3.8 (2.8–4.5) m/s; p = 0.024) and in women with a worse WOMAC stiffness score
at 6 months ((5.1 (4.0–8.9) m/s versus 4.2 (2.8–8.4) m/s; p = 0.043), both in the long axis
on the dominant side. Women that had worsening WOMAC pain scores also had a non-
significantly faster median (range) SW velocity in the abductor pollicis longus at baseline
relative to women with a non-worsening score ((8.4 (4.3–8.8) m/s versus 4.5 (2.8–8.9) m/s;
p = 0.083; long axis, dominant side). The only other anatomical site associated with
questionnaire scores at 6 months was the flexor digitorum superficialis, which had a
significantly faster median SW velocity in women with a worsening WOMAC stiffness score
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relative to women with a non-worsening score ((6.7 (4.9–9.1) m/s versus 4.7 (4.1–6.0) m/s;
p = 0.008 (long axis, dominant side)). There were no other significant differences in SW
velocities at baseline for any anatomical sites with regard to worsening pain or stiffness
scores at 6 months.

4. Discussion

This study was originally designed to determine whether baseline SW velocities
(tendon stiffness) could predict whether or not women taking AI as their adjuvant therapy
for breast cancer would develop AIA symptoms. However, our final sample size limited
our ability to perform the appropriate statistical models that would allow for prediction
of AIA. Despite this setback, our results suggest that increased SW velocity (suggestive
of increased stiffness) at baseline in the abductor pollicis longus was associated with a
worsening of all three pain and stiffness measures by 6 months. Additionally, an increased
velocity in two of six tendons and the median nerve was associated with greater pain
at baseline, whereas a slower velocity of the extensor digitorum tendon (suggestive of
decreased stiffness) was associated with a greater WOMAC stiffness score. Furthermore, we
identified important differences in SW velocity by the image axis and between dominant
and non-dominant hands that can inform standardization procedures for SWE image
collection in future studies.

At baseline, there were significant differences in SW velocity between dominant and
non-dominant sides for four of six tendon sites as well as the median nerve. The greatest
difference was observed for the abductor pollicis longus, which had a significantly faster
median SW velocity, suggesting stiffer tendons, on the dominant side in the long axis
(15.7% difference) than the non-dominant side. The abductor pollicis longus is responsible
for facilitating movement and stabilization of the thumb, and the increased velocity in
this tendon may be related to high use of the thumb, particularly on the dominant side.
The extensor pollicis brevis had a faster median SW velocity on the dominant side than
the non-dominant side but in the short axis only (9.1% difference). The flexor digitorum
profundus and flexor digitorum superficialis both had significantly slower velocities on
the dominant side than the non-dominant side in the short axis only (14.3% and 10.2%
slower, respectively). The importance of evaluating these differences in SW velocities by
side has been suggested in other studies for different tendons. For example, in athletes
with unilateral patellar tendonitis, the more painful side was significantly more stiff than
the less painful side (169% difference) and was significantly more stiff than the dominant
side patellar tendon of controls (159% difference). However, there was no difference by
side within the healthy control group [27]. Siu et al. showed that the Achilles tendon of
the nondominant ankle was significantly stiffer in frequent exercisers than in infrequent
exercisers, but there was no difference between exercise groups on the dominant side, and
there were no within-person differences in stiffness between sides [28]. Couppe’ et al. also
observed no difference in SW velocities of the patellar tendon between sides in healthy
individuals [29]. A study by Hsiao et al. suggested that aging plays a significant role in
the differences in SW velocities of the patellar tendon between sides, with older healthy
individuals having a larger difference between sides (10.8% stiffer left side) than younger
individuals (6.3% stiffer left side) [30]. Notably, the oldest group in the Hsiao study was
on par with the current study. To our knowledge, there are no other studies that directly
compare differences in SW velocities between dominant and non-dominant hands in the
tendons of the hands and wrists. Whether the percent differences in SW velocities between
sides observed in this study represent a clinically meaningful difference for arthralgias is
unknown, particularly given that AIA presents bilaterally.

For some tendons (e.g., the Achilles tendon), it has consistently been shown that
softer tendons are associated with symptomatic findings; however, the opposite has been
observed in the rotator cuff and patellar tendon [19,31]. For the median nerve, faster SW
velocities are associated with symptomatic findings, such as carpal tunnel syndrome [18].
Our previous work suggested that women on AI for treatment of their breast cancer that
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reported pain in their hands and wrists had stiffer tendons than age-matched healthy
women [12]. However, we were unable to determine whether stiffer tendons were a result
of AI treatment in our previous study. Therefore, here, we sought to determine whether
the degree of tendon stiffness changed with AI treatment or remained constant. To our
knowledge, this is the first study to record changes in SW velocities of the tendons of hands
and wrists over time in breast cancer patients on AI. There was a significant decrease in
SW velocities in the long axis (suggesting tendon softening) for three of six tendons, but
there was an increased velocity for one of six tendons in the short axis (suggesting tendon
stiffening). There was also an increased SW velocity over 6 months for the median nerve
in both the long and short axes but a decrease in the short axis on the non-dominant side.
Overall, the magnitude of changes was greater in the dominant hand for all anatomical sites.
However, absolute changes in velocity were very small (all < 1%) and may not be clinically
relevant. Future studies with age-matched controls followed for an equal time are necessary
to determine whether these small changes while on AI treatment over 6 months represent
clinically meaningful changes in tendon stiffness or are indeed a result of AI treatment.

Several patients had elevated pain and stiffness at baseline quantified by the WOMAC
and BCPT-MS questionnaires, prior to AI treatment. Therefore, we next sought to determine
whether tendon stiffness at baseline was associated with these measures. There were two of
six tendon sites that were significantly stiffer among patients with a BCPT-MS score > 0, and
one of six was stiffer with a WOMAC stiffness score > 0. Interestingly, the median nerve had
significantly faster velocities at baseline in both axes on the dominant side in women with
a BCPT-MS score > 0. This is consistent with other studies noting a relationship between
symptomatic findings and a stiffer median nerve [18]. Notably, at baseline, the median
(IQR) questionnaire scores were very low: BCPT-MS, 0.83 (0.67–1.0); WOMAC stiffness,
12.5 (12.5–25). There was one person with a BCPT-MS score > 1.5 at baseline, which other
studies have used as a cut-off for the development of AIA [24,32]. Additionally, using
WOMAC, there was only one person with severe stiffness at baseline (the same person
with BCPT-MS score > 1.5), three with moderate stiffness, and five with mild stiffness.
Thus, while some women had symptoms present at baseline, only one person had scores
equivalent to what is found with AIA. Future studies with a larger sample size should
evaluate SW velocities in relationship to established AIA.

There were 14 patients that had both baseline SWE images and paired baseline to
6-month pain and stiffness questionnaire data. Higher SW velocity in the abductor pollicis
longus at baseline was associated with a worsening of all three subscales. While the
difference in baseline SW velocity only reached statistical significance for the BCPT-MS and
WOMAC stiffness scores, there was a 185% higher SW velocity at baseline among women
with higher WOMAC pain scores at 6 months for the abductor pollicis longus. While
no other studies have demonstrated a relationship between SWE scores in the abductor
pollicis longus and the development of AIA, this finding is consistent with a small study
showing symptomatic findings on MRI in the abductor pollicis longus in two women that
developed AIA [33]. Similarly, in a case study of a woman with AIA, the abductor pollicis
longus showed thickening on US, and a diagnosis of tendinopathy was made [34]. In the
current study, the only other tendon for which increased SW velocities at baseline were
associated with AIA outcomes at 6 months was the flexor digitorum superficialis. The
flexor tendons are supported by the transverse carpal ligament, which has been shown to
have increased SW velocities with repetitive hand use prior to the onset of symptoms, such
as in pianists [35]. Given that the flexor digitorum superficialis flexes both the middle and
proximal phalanges, it may be the first to fail and possibly be representative for the hand.
Notably, however, there was no difference at baseline in the flexor digitorum superficialis
between symptomatic and asymptomatic patients, as measured by any pain or stiffness
questionnaire. A 20-point change in the WOMAC pain and stiffness scores is considered
the minimally clinically important difference [36]. Here, six of eight participants with
worsening scores reached a 20-point increase on the WOMAC stiffness scale, and three of
five participants reached it on the WOMAC pain scale. A larger sample size is needed to
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evaluate the relationship between SW velocities and WOMAC pain and stiffness scores in
order to determine clinically relevant differences in SW velocities based on these scales.
Future studies should confirm whether SW velocities in the abductor pollicis longus predict
AIA outcomes in breast cancer patients.

A critical weakness of our study is a small sample size (n = 16) with an even smaller
paired baseline-to-post-treatment subset for the SWE component (n = 9). However, there
were 14 patients with paired baseline SWE images and 6-month questionnaire data that
allowed for generating hypotheses regarding the use of SWE as a predictive imaging
biomarker of AIA, particularly for the abductor pollicis longus tendon. Given the small
sample size, all results should be considered hypothesis-generating; many of the observed
changes were small and need to be tested in a larger sample size. Despite the small
sample size, we were still able to identify important differences between dominant and
non-dominant hands in both the long and short axes that could inform image acquisition
for future studies. The use of two separate transducers (9–4 MHz and 12 MHz) is also a
limitation [37]. It is possible that some of the observed differences were due to the error
introduced with a higher-frequency transducer. However, we adjusted for transducer
in the analysis, obtained images in triplicate, and used the entire anatomical image—all
of which increase confidence in our results. We were also limited in that the majority
of women already had musculoskeletal symptoms (BCPT-MS) and stiffness (WOMAC
stiffness) at baseline; however, all but one of these were mild to moderate. We initially
projected that 50% of our population would develop AIA based on the BCPT-MS score of
≥1.5 [24]; however, only four of 14 (29%) participants reached that threshold at 6 months.
Future studies should select patients with limited or no musculoskeletal symptoms at
baseline or select scales with a wider range to better define the changes with AI treatment
by SWE. Nonetheless, our prospective study design, including acquisition of the images
in triplicate and use of the entire anatomical image to calculate SWE scores, has strengths
which contribute an innovative technique to the literature.

5. Conclusions

In conclusion, we have shown that (1) it is feasible to recruit women with breast cancer
not yet experiencing AI symptoms and to collect an SWE measurement at two timepoints,
(2) this method of collecting SWE data is reproducible and that capturing SW velocity
measurements of each tendon in triplicate is also feasible, (3) study procedures impose a
low patient burden, (4) it is important to capture both dominant and non-dominant sides,
and (5) we have refined the code to quantify SWE measurements. Furthermore, our results
suggest that the abductor pollicis longus tendon could be an important anatomical site
to predict AIA in breast cancer patients using US SWE. Given the small sample size, all
findings should be considered as hypothesis-generating. Future studies should evaluate
SW velocities related to pain and stiffness outcomes in a larger sample size. Future stud-
ies should also consider hand dominance and image acquisition along both axes when
reporting clinical outcomes.
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Abstract: This retrospective case–control study aimed to evaluate whether Magnetic Resonance Imaging
(MRI) enables differentiation of ankle arthritis in Juvenile Idiopathic Afrthritis JIA from ankle arthralgia
of unknown aetiology in patients clinically suspected of JIA. Forty-four children, at ages 5–16, who
underwent MRI of the ankle from January 2016 to March 2021 for clinically suspected active ankle
arthritis in the course of JIA were included. MRI findings in both groups—patients with the final
diagnosis of JIA and without final diagnosis of JIA—were compared and scored. The sum of the
scores of 22 ankle lesions in an individual patient (active, destructive and developmental), so-called
the MRI summarized score, was calculated and tested in terms of the most optimal diagnosis of JIA.
Interobserver agreement was calculated. Inflammatory features were seen on MRI in 38 out of all the
included patients (86%). The most common lesions in both groups were effusion in the tibio-talar joint
(68% in JIA and 64% in the arthralgia group) and effusion in subtalar joint (64% in JIA vs. 59% in the
arthralgia group). In general, more lesions were identified in the JIA group than in non-JIA. However,
only tenosynovitis was significantly more common in the JIA vs. non-JIA group (p = 0.031). The MRI
summarized score did not allow for discrimination between ankle arthritis in JIA from non-JIA patients;
the best levels of sensitivity (32%), specificity (91%), positive predictive value PPV (78%) and negative
predictive value NPV (57%) were achieved only at the cut-off point of 10.

Keywords: juvenile idiopathic arthritis; ankle arthritis; magnetic resonance imaging; scoring

1. Introduction

Juvenile idiopathic arthritis (JIA) is a heterogenous group of chronic nonpyogenic
inflammatory arthritides with persistent symptoms for at least 6 weeks that are present
before the child is 16 years old [1–4]. It is the most common form of childhood arthritis [5–7].
In certain JIA subtypes, the disease is rapidly progressive, and if diagnosed with a delay
and left untreated, may lead to structural damage and permanent impairment of physical
function [8].

Joint damage in JIA results from synovitis with formation of pannus, which, in the
so-called outside-in mechanism, destroys cartilage and bone, leading to subchondral
erosions, inflammatory cysts, and ankylosis [6]. A similar inflammatory process, osteitis,
starts within the subchondral bone marrow and, through the inside-out mechanism, first
leads to subchondral cysts formation, with further evolution to erosions and hyaline
cartilage damage [9–11]. Another location of disease, typical for the juvenile enthesitis-
related arthritis (ERA) subtype of JIA, are tendons, ligaments, and capsule entheses with
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inflammation (enthesitis) may lead to bone reaction with the formation of cysts and erosions
and peri-entheseal soft tissue involvement [12]. Active inflammation may also concern
tendons’ sheaths; tenosynovitis may lead to secondary tendinitis with possible tendon
tears. Lastly, inflammation of the intra- or extraarticular fat tissue is recognized as another
important pathogenetic factor in rheumatology [13]. Early detection of all disease locations
is important to assess the advancement of disease with disease progression and to adapt
appropriate treatment [14].

After the knee, the ankle and foot are the joints most commonly affected by JIA [4,15].
Clinical symptoms most frequently include arthralgia, and/or joint edema, and/or tender-
ness. Differentiation between JIA-related and non-JIA pathologies remains challenging,
since there are no specific clinical or laboratory findings enabling differentiation between
JIA and traumatic, overused lesions, or septic, reactive, post-infectious, or even malignant
lesions affecting the ankle or foot [16].

Magnetic Resonance Imaging (MRI) is considered to be the most sensitive imaging
tool for the detection of synovitis as well as for the detection of cartilage lesions, bone
erosions, and bone marrow pathologies [17–21]. Despite high sensitivity, the specificity
of MRI findings remains problematic, since a number of other pathologies follow MRI
patterns similar to JIA. The most common pathologies in JIA are thought to be effusions and
synovitis. Most accurately joint effusions and synovitis are distinguished on postcontrast
MRI images using gadolinium injection [1,22]. Since there is no evidence to date that
gadolinium accumulation in the brain and kidneys is harmful to the human body [23,24],
with hypothetical cumulative and long term effects of retained gadolinium, it warrants
special attention while making decisions when performing contrast examination in children
and young adults [25], and indicates the need to investigate the non-contrast MRI to assess
inflammation in the pediatric population [23,24].

As it is often difficult to differentiate fluid and synovitis by MRI without intravenous
administration of contrast, the term “effusion/synovial thickening” was introduced where
these two inflammatory features are considered all together as a single item [25]. Other
active inflammatory lesions that may be seen in children with JIA include osteitis, bursitis,
enthesitis, myositis, and panniculitis. Destructive inflammatory lesions developing in the
course of JIA include cysts, erosions, joint space narrowing, chondromalacia, ankylosis, and
secondary osteoarthritis. Joint inflammation overlapping natural bone growth in juveniles
may lead to growth disturbances and developmental disorders [9,10,15].

So far, there are only single papers describing active and destructive inflammatory
lesions in the ankle in JIA, and they focus on primary findings [8,26]. This study aimed
to evaluate the full spectrum of possible JIA-related pathologies in MRI, including active,
destructive, and developmental lesions, and to test if MRI allows ankle arthritis in JIA to
be differentiated from ankle arthralgia of unknown aetiology. It was hypothesized that
non-contrast MRI of the ankle can differentiate between these two groups of patients.

2. Patients and Methods

2.1. Patients

This retrospective single-center study included 44 children aged 5–16 with clinically
suspected active ankle arthritis who underwent MRI of the ankle from January 2016 to
March 2021. For patients who underwent multiple ankle MRIs, only the first exam was
included. Both MRI and clinical evaluations were performed in the authors’ referential
center for pediatric rheumatology.

On clinical evaluation children presented with ankle pain, swelling, tenderness,
and/or limitation of movement associated with pain persisting more than 6 weeks [27].

Children with diagnoses other than inflammatory arthritis (e.g., tumour, trauma,
septic arthritis, osteomyelitis, including chronic recurrent multifocal osteomyelitis), as
well as children with the history of intraarticular corticosteroid injection or radionuclide
synovectomy performed within the last six months were excluded.
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The clinical data were collected, including demographic information concerning age
and sex and the final diagnosis.

Parents or legal guardians of all patients gave informed consent to take part in the
study. The study was performed in accordance with the Declaration of Helsinki and was
approved by the local ethics committee (KBT-3/5/2018).

2.2. MRI Protocol and Interpretation of Imaging Features

MRI of the ankle was performed on a 1.5 Tesla system (Siemens Avanto) in a dedicated
8 channels coil. Patients were examined in a supine position. No sedation was used.
Intravenous contrast agent was not used. The following sequences and planes were applied:
T2-weighted (w), PD (Proton Density) and PD-w with fat saturation (FS) in axial plane, PD
FS and T1-w in sagittal plane, and T2 TIRM (Turbo Inversion Recovery Magnitude) and
PD-w in coronal plane. Sequences, planes of imaging, slice thickness, and the remaining
technical information regarding the MRI examination are shown in Table 1.

Table 1. MRI acquisitions for ankle examination.

Plane TR TE ST (mm) Gap (mm) FoV (mm) Matrix

Localiser All 8.2 3.51 6.0 6.0 250 × 250 192 × 256

T2 Tra 7230 71 3.0 0.6 150 × 150 224 × 320

PD Tra 2800 33 3.0 0.6 150 × 150 272 × 320

PD FS Tra 2800 33 3.0 0.6 150 × 150 272 × 320

PD FS Sag 2900 32 3.0 0.6 170 × 170 288 × 384

T1 Sag 666 11 3.0 0.6 170 × 170 240 × 320

T2 TIRM Cor 4060 74 3.0 0.6 150 × 150 218 × 256

PD Cor 3020 33 3.0 0.6 150 × 150 272 × 320

Cor, coronal; FOV, field of view; FS, fat saturation; Sag, sagittal; ST, slice thickness; TE, echo time; TR, repetition
time; Tra-transverse; w, weighted.

The range of examination in all sequences covered the area from the tibiotalar joint to
the metatarso-phalangeal (MTP) joints.

The following joints were covered: tibiotalar, subtalar, talonavicular, calcaneocuboid,
“cuneocuboid joint”, naviculocuneiform (3 articulations), tarsometatarsal (Lisfranc joint;
5 articulations), and MTP joints. Bone marrow edema was assessed in the distal end of tibia
and fibula, in talus, calcaneus, naviculare, medial, intermedium, and the lateral cuneiforms,
cuboideum, proximal ends of the metatarsal bones 1–5.

The evaluated tendons included: tibialis anterior, extensor digitorum longus, extensor
hallucis longus, tibialis posterior, flexor hallucis longus, flexor digitorum longus, peroneus
longus, and peroneus brevis.

Out of all distal entheses, the entheses of the long extensors and long flexors of toes and
halluces, and the forefoot in general, were not evaluated according to the study protocol
for the ankle joint.

Entheses of the interosseous ligaments at the level of the ankle and midfoot and
hindfoot entheses of the Achilles tendon and plantar fascia were included.

Two hindfoot bursae of the Achilles tendon and subcutaneous bursa of the heel
were assessed.

Images were evaluated with the aim of identifying and scoring active, destructive,
inflammatory lesions, as well as developmental lesions of the ankle and midfoot joint,
listed in Table 2. MRI definitions for active and chronic inflammatory lesions were based
on the Panwar et al. [25] and on the Arthritis Subcommittee of the European Society of
Musculoskeletal Radiology (ESSR) recommendations [28].
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Table 2. MRI scoring system for ankle joint arthritis.

Inflammatory Features Scoring

1 Effusion/synovial thickening

0: no intraarticular fluid
1: trace of fluid not distending the joint

capsule/physiologic
2: mild: increased amount of fluid/synovial
thickening mildly distending joint capsule
3: moderate to severe: increased amount of

fluid/synovial thickening moderately to severely
distending joint capsule

2 Bone marrow edema * #

0: no BME
1: discrete patchy BME

2: focal BME
3: diffuse BME

3 Tenosynovitis
0: no tenosynovitis

1: tenosynovitis
2: tenosynovitis with secondary tendinitis

4 Enthesitis of the tendons,
plantar fascia, ligaments

0: no enthesitis
1: enthesitis—at least one of the enthesis’

inflammatory features is present: high signal
and/or thickening of the enthesis and/or

perientheseal soft tissue inflammation and/or
BME in the bony part of the enthesis

5 Bursitis 0–1

6 Myositis 0–1

7 Juxtaarticular soft tissue
inflammation 0–1

8 Kager’s fat pad involvement 0–1

9 Fat tissue in tarsal tunnel
involvement 0–1

10 Fat tissue in sinus tarsi
involvement 0–1

11 Bone erosions 0–1

12 Cysts 0–1

13 Chondromalacia 0–1

14 Joint space narrowing 0–1

15 Physis involvement 0–1

16 Ankylosis 0–1

17 Osteophytes 0–1

18 Sclerotization 0–1

19 Avascular necrosis 0–1

22 Developmental disorders 0–1
* Bone area pertaining to Achilles and plantar fascia attachment belongs to the enthesitis domain; BME in physis
pertain to physis involvement domain. # In case of different stages of BME seen in a given bone, the highest score
is applied.

The term “effusion/synovial thickening” was introduced by Panwar et al. [25], defined
as “an increased amount (greater than physiologic) of high signal intensity within the joint
space distending the joint capsule on fluid sensitive sequences”. Bone marrow edema
(BME) is of high signal on T2-w and PD-w images, and is best visualized by T2 FS or
STIR/TIRM sequences, hypointense on T1w images [28]. Enthesis is hyperintense on T2
and PDw images, best visualized by T2 FS or STIR/TIRM sequences, and is hypointense
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on T1w images. The bony part of an enthesis may show BME [28]. Bone erosions are
sharply marginated trabecular bone defects with disrupted cortical bone continuity, seen
in at least two planes, with low signal intensity on T1-w images. When active (filled with
active synovitis) they are of low signal on T1-w and high signal intensity on fluid sensitive
sequences. Intraosseous cysts present as high signal intensity foci on T2-w images and low
signal intensity on T1-w images, and they are better delineated compared with ill-defined
areas of BME [28].

Remaining destructive lesions included: joint space narrowing, ankylosis, osteophytes,
sclerotization, and avascular necrosis (AVN).

Developmental disorders included: bone remodeling, premature closure of physis,
coalition, accessory bone, and Stieda process.

The images were independently evaluated and scored by two radiologists, both with
15 years of experience in MSK imaging (10 years in the rheumatological center), blinded to
clinical and laboratory data.

All lesions in each ankle were scored in a binary way (0–1) except for effusions/synovial
thickening and BME (scores 0–3) and tenosynovitis (scores 0–2). Final MRI diagnosis and
the scorings for JIA-confirmed patients vs. patients without final diagnosis of JIA were
established as a consensus. Results are included in Table 3.

Table 3. MRI results in JIA vs. non-JIA group.

MRI Lesions and Scorings
JIA Confirmed Group

n = 22
Non-JIA Group

n = 22
p

1 Effusion/Synovial thickening
tibio-talar joint

0 7 (32%) 8 (36%) 0.352

1 9 (41%) 11 (50%)

2 3 (14%) 3 (14%)

3 3 (14%) 0 (0%)

2 Effusion/Synovial thickening subtalar
joint

0 8 (36%) 9 (41%) 0.490

1 7 (32%) 9 (41%)

2 5 (23%) 4 (18%)

3 2 (9%) 0 (0%)

3 BME tibia

0 16 (73%) 19 (86%) 0.415

1 5 (23%) 3 (14%)

2 1 (5%) 0 (0%)

3 0 (0%) 0 (0%)

4 BME fibula

0 17 (77%) 20 (91%) 0.385

1 4 (18%) 2 (9%)

2 1 (5%) 0 (0%)

3 0 (0%) 0 (0%)
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Table 3. Cont.

MRI Lesions and Scorings
JIA Confirmed Group

n = 22
Non-JIA Group

n = 22
p

5 BME calcaneus/subtalar joint

0 15 (68%) 17 (77%) 0.547

1 5 (23%) 5 (23%)

2 1 (5%) 0 (0%)

3 1 (5%) 0 (0%)

6 BME talus

0 15 (68%) 18 (82%) 0.433

1 6 (27%) 4 (18%)

2 1 (5%) 0 (0%)

3 0 (0%) 0 (0%)

7 BME naviculare

0 16 (73%) 18 (82%) 0.347

1 4 (18%) 4 (18%)

2 2 (9%) 0 (0%)

3 0 (0%) 0 (0%)

8 BME cuboideum

0 18 (82%) 17 (77%) 0.191

1 2 (9%) 5 (23%)

2 2 (9%) 0 (0%)

3 0 (0%) 0 (0%)

9 BME cuneiform medial

0 18 (82%) 18 (82%) 0.565

1 3 (14%) 4 (18%)

2 1 (5%) 0 (0%)

3 0 (0%) 0 (0%)

10 BME cuneiform intermedium

0 18 (82%) 18 (82%) 0.565

1 3 (14%) 4 (18%)

2 1 (5%) 0 (0%)

3 0 (0%) 0 (0%)

11 BME cuneiform lateral

0 20 (91%) 18 (82%) 0.234

1 1 (5%) 4 (18%)

2 1 (5%) 0 (0%)

3 0 (0%) 0 (0%)

12 BME base of MET1

0 20 (91%) 20 (91%) 0.513

1 1 (5%) 2 (9%)

2 1 (5%) 0 (0%)

3 0 (0%) 0 (0%)
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Table 3. Cont.

MRI Lesions and Scorings
JIA Confirmed Group

n = 22
Non-JIA Group

n = 22
p

13 BME MET2

0 21 (95%) 21 (95%) 0.368

1 0 (0%) 1 (5%)

2 1 (5%) 0 (0%)

3 0 (0%) 0 (0%)

14 BME MET3

0 21 (95%) 21 (95%) 0.368

1 0 (0%) 1 (5%)

2 1 (5%) 0 (0%)

3 0 (0%) 0 (0%)

15 BME MET4

0 21 (95%) 21 (95%) 0.368

1 0 (0%) 1 (5%)

2 1 (5%) 0 (0%)

3 0 (0%) 0 (0%)

16 BME MET5

0 21 (95%) 21 (95%) 0.368

1 0 (0%) 1 (5%)

2 1 (5%) 0 (0%)

3 0 (0%) 0 (0%)

17 Enthesitis

0 21 (95%) 22 (100%) 0.660

1 1 (5%) 0

18 Tenosynovitis

0 16 (73%) 22 (100%) 0.031

1 4 (18%) 0 (0%)

2 2 (9%) 0 (0%)

19 Kager’s fat pad inflammations

0 20 (91%) 22 (100%) 1

1 2 (10%) 0 (0%)

20 Fat tissue inflammation in tarsal
tunnel

0 21 (95%) 22 (100%) 1

1 1 (5%) 0 (0%)

21 Fat tissue inflammation in sinus tarsi

0 21 (95%) 22 (100%) 1

1 1 (5%) 0 (0%)

22 Juxtaarticular soft tissue inflammation

0 21 (95%) 22 (100%) 1

1 1 (5%) 0 (0%)
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Table 3. Cont.

MRI Lesions and Scorings
JIA Confirmed Group

n = 22
Non-JIA Group

n = 22
p

24 Bursitis

0 20 (91%) 22 (100%) 0.469

1 2 (9%) 0 (0%)

25 Myositis

0 22 (100%) 22 (100%) 1

1 0 (0%) 0 (0%)

26 Cyst

0 21 (95%) 22 (100%) 1

1 1 (5%) 0 (0%)

27 Bone erosion

0 20 (91%) 22 (100%) 0.469

1 2 (9%) 0 (0%)

28 Chondromalacia

0 20 (91%) 22 (100%) 0.469

1 2 (9%) 0 (0%)

29 Joints space narrowing

0 20 (91%) 22 (100%) 0.469

1 2 (9%) 0 (0%)

30 Physis involvement

0 22 (100%) 22 (100%) 1

1 0 (0%) 0 (0%)

31 Ankylosis

0 21 (95%) 22 (100%) 1

1 1 (5%) 0 (0%)

32 Osteophytes

0 20 (91%) 22 (100%) 0.469

1 2 (9%) 0 (0%)

33 Sclerotization

0 21 (95%) 22 (100%) 1

1 1 (5%) 0 (0%)

34 AVN/OCD

0 21 (95%) 22 (100%) 1

1 1 (5%) 0 (0%)

35 Developmental lesions

0 20 (91%) 17 (77%) 0.410

1 2 (9%) 5 (23%)

In addition, the MRI summarized score was calculated as the sum of scores of all
22 ankle and foot lesions in an individual patient to test which value provides the most op-
timal diagnosis in terms of high sensitivity, specificity, and positive and negative predictive
values. The results are presented in Table 4.
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Table 4. Diagnostic value of the summarized MRI score as a predictor of JIA.

MRI Score JIA Non JIA
True
Pos.

False
Pos.

False
Neg.

True
Neg.

Sensitivity Specificity PPV NPV

36 1 0 1 0 21 22 0.045 1.000 1.000 0.512

21 1 0 2 0 20 22 0.091 1.000 1.000 0.524

17 1 0 3 0 19 22 0.136 1.000 1.000 0.537

16 0 1 3 1 19 21 0.136 0.955 0.750 0.525

14 1 0 4 1 18 21 0.182 0.955 0.800 0.538

13 0 1 4 2 18 20 0.182 0.909 0.667 0.526

11 2 0 6 2 16 20 0.273 0.909 0.750 0.556

10 1 0 7 2 15 20 0.318 0.909 0.778 0.571

9 0 1 7 3 15 19 0.318 0.864 0.700 0.559

7 0 1 7 4 15 18 0.318 0.818 0.636 0.545

6 0 1 7 5 15 17 0.318 0.773 0.583 0.531

4 2 3 9 8 13 14 0.409 0.636 0.529 0.519

3 1 1 10 9 12 13 0.455 0.591 0.526 0.520

2 6 5 16 14 6 8 0.727 0.364 0.533 0.571

1 4 4 20 18 2 4 0.909 0.182 0.526 0.667

0 2 4 22 22 0 0 1.000 0.000 0.500

Pos.—positive, neg.—negative.

2.3. Statistical Analysis

The MRI lesions are presented as numbers and percentages. The chi-squared test and
a chi-squared test with Yates’ correction were used. The receiver operating characteristic
(ROC) curve analysis was used to verify the discriminant ability of the MRI summarized
score. The sensitivity, specificity, positive predictive value (PPV), and negative predictive
value (NPV) of the created MRI score were calculated. The level of statistical significance
was set at p < 0.05. Statistical analyses were performed with Statistica v. 13.1 (Dell Inc.
2016, Tulsa, OK, USA). Interobserver agreement was calculated using Cohen’s kappa
coefficient. Kappa values below 0.20 were considered poor agreement, 0.21–0.40 fair,
0.41–0.60 moderate, 0.61–0.80 good, and 0.81–1.00 very good [29]. The final score was
established by consensus.

3. Results

This study included 44 children with clinically suspected ankle arthritis in whom MRI
of ankles and feet were performed between January 2017 and March 2021. The mean age of
patients was 12.7 (range: 5–17) with female predominance (35 girls and 9 boys).

Out of 44 included patients, JIA was confirmed in 22 patients (50%) including 14 with
oligoarthritis, 6 with undifferentiated JIA, 1 patient with systemic JIA, and 1 patient with
the ERA subtype. In the remaining 22 (50%) patients, JIA was excluded.

The mean age of patients in the JIA group was 12.4 years (SD: 3.5); in the non-JIA
group, the mean age was 12.9 (SD:2.5), and the difference was not significant (p = 0.557).

Regarding sex of the patients, the JIA group consisted of 18 females (82%) and 4 males
(18%), whereas in the non-JIA group there were 17 females (77%) and 5 males (23%), and
the difference was not significant (p = 1).

The duration of arthritis in JIA patients was from 5 to 144 months (mean 35.41 months),
and in non-JIA patients the duration of symptoms was from 6 to 36 months (mean
17.6 months).

Separation of the patient population into JIA and non-JIA was performed by pediatri-
cians after the analysis of all available data—clinical, laboratory, and imaging. MRI was
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used to make a definitive diagnosis in many cases, in the light of non-conclusive clinical
and blood tests.

On MRI only 6 children were lesions free, including 2 (4.5%) with JIA, and 4 (9.0%)
in non-JIA group; p = 0.380. Inflammatory features were seen on MRI in 38 out of all the
included patients (86%). Table 3 shows the frequency of MRI lesions in the JIA-confirmed
vs. non-JIA groups in individual joints, tendon sheaths, bones, and entheses.

In general, more lesions were identified in the JIA group than in non-JIA.
The most common findings in both groups were effusion in the tibio-talar joint (68% in

JIA, and 64% in the arthralgia group) and effusion in the subtalar joint (64% in JIA vs. 59%
in the arthralgia non-JIA group). Tenosynovitis was the only lesion that was significantly
more common in JIA vs. the non-JIA group (p = 0.031).

Regarding active inflammatory lesions, none of the non-JIA patients developed ad-
vanced active lesions (stages 2 or 3, depending on a lesion) and in none from the non-
JIA group were the destructive lesions seen, whereas they were diagnosed in 12 out of
22 patients with JIA (55%). In none from the non-JIA group of patients the following lesions
were seen: Kager’s fat pad inflammation, fat tissue inflammation in tarsal tunnel and in
sinus tarsi, juxtaarticular soft tissue inflammation, or bursitis.

There was a very good interobserver agreement for scoring all active and destructive
items, except for 2 cases of effusion in the inferior talar joint. The percentage of agreement
was 96%, and Cohen’s kappa of agreement κ = 0.947 (95% CI: 0.875–1).

Since single MRI features were nonspecific for JIA (only the incidence of tenosynovitis
was significantly higher in the JIA group), the MRI summarized score was calculated as the
sum of the scores of an individual patient. The range of values of such an indicator ranged
from 0 to 36 (Table 4). The more inflammatory features and the higher the score, the more
likely the child has been diagnosed with JIA. However, even at a score of 16, a child was
not diagnosed to have JIA, and specificity and PPV reached 100% with a score of 17 only.

The optimal cut-off point for the indicator appeared at the value of 10; at such a cut-off
point, the best levels of sensitivity and specificity were obtained.

4. Discussion

This study showed that inflammatory features in the ankle and midfoot are frequently
seen in MRI in children with a clinical diagnosis of arthritis, both with JIA as well without
a final diagnosis of JIA. More lesions were identified in the JIA group than in non-JIA, but
only tenosynovitis was significantly more common in the JIA vs. non-JIA group (p = 0.031).
The MRI summarized score (a sum of all lesions’ scores), was unhelpful in discriminating
ankle arthritis in JIA from non-JIA patients; the best levels of sensitivity (32%), specificity
(91%), PPV (78%), and NPV (57%) were achieved only at a cut-off point of 10.

Talonavicular joint synovitis is particularly overlooked in clinical assessment [3].
Even limiting the clinical evaluation to soft tissues, it appears that differentiation between
synovitis and tenosynovitis can be challenging on the basis of clinical evaluation, because
these structures are in close proximity and both may cause diffuse swelling and decreased
function [8,22,30,31]. One study reported tenosynovitis on MRI in more than half of the
patients, whereas no tendon involvement had been detected clinically [8]. This was also
confirmed by ultrasound studies [3,32,33] which found that clinical examination has low
positive predictive value for synovitis and tenosynovitis assessment.

There have been a number of studies on hip, hand, and wrist, and especially knee
MRI in JIA, but still very few have been undertaken on the ankle joint [3], although it is
the second most frequently affected joint in children [3,4]. MRI provides a more objective,
detailed, and reproducible assessment of disease status compared to clinical examination
alone [8]. It can reliably evaluate the extent of inflammation in patients with JIA, including
the detection of synovitis, tenosynovitis, and enthesitis [8,31,32], and it has the advantage
over ultrasound in depicting BME and in showing areas of joint inflammation poorly
visualized by ultrasound, such as sinus tarsi, tarsal canal, interosseous ligaments, or the
posterior recess of the tibiotalar joint.
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In this study we aimed to analyze in MRI the distribution and advancement of in-
flammatory lesions in the ankle joints and to test if MRI allows ankle arthritis in JIA to be
differentiated from ankle arthralgia of unknown aetiology.

According to the International League Against Arthritis (ILAR) classification of JIA,
arthritis is the common feature of all JIA subtypes [3]. In this study arthritis joint effu-
sion/synovial thickening was the most common lesion in both groups in the tibio-talar joint
(68% in JIA vs. 64% in the arthralgia group) and in the subtalar joint (64% in JIA vs. 59%
in arthralgia non-JIA group) (Figure 1). Surprisingly, the ILAR criteria do not include the
involvement of other structures around the joint, such as tendon sheaths and entheses [3],
or bone marrow or intraarticular or periarticular fat tissue. In this MRI evaluation, an
exhaustive list of structures and tissues which potentially may be affected in the ankle joint
were included.

 

Figure 1. Magnetic resonance imaging (MRI) of the left ankle of an 11-year-old boy with juvenile
idiopathic arthritis (JIA). T2-weighted turbo invertion recovery magnitude (TIRM) images in axial
(A,D), coronal (B), and sagittal PD-weighted planes (C). Bone marrow edema (BME) stage 2 in the
cuboid bone (arrow in (A)). Effusion/synovial thickening stage 2 in the tibio-talar joint (arrow in
(B)). Fat tissue in sinus tarsi involvement stage 1 (arrowhead in (B)). Enthesitis of the interosseous
ligaments stage 1 (black asterisks in (B)). Kager’s fat pad inflammation arrow in (C). Tenosynovitis of
the flexor hallucis longus muscle tendon stage 1 arrow in (D).

In our study joint inflammation was more prevalent than tenosynovitis (69.7%) which
is consistent with previous studies [8]. However, the study of Javadi et al. [8] included
46% patients with JIA receiving treatment before MRI, and 56% of the subjects received a
gadolinium-based contrast agent. The tibiotalar joint was most frequently affected, like in
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the current study (Figure 1). Synovitis was also more prevalent in MRI than tenosynovitis
in the Phatak et al. study [26] that enrolled 55 consecutive children with disease durations
of less than 5 years. The tibio-talar joint was again the most frequently affected. The
prevalence of subtalar joint involvement for Phatak et al. was similar to that of other
studies [34].

Whereas BME was the most common pathology in a study by Phatak et al. [26]
that focused on midfoot involvement only in ERA patients, in the current work, it was
the second, after effusion/synovial thickening most commonly diagnosed lesion in both
analyzed groups, even more frequently in the non-JIA group (Figure 2).

 

Figure 2. MRI of the left ankle of an 11-year-old girl with JIA. T2-weighted TIRM images in sagittal
(A) and coronal (B) planes. Patchy BME (stage 1) in talus and calcaneus. Developmental disorder in
the form of premature closure of physis (arrow).

Tenosynovitis was seen less frequently than synovitis and BME in the current study—
in 27%, all with JIA. However, it was the only feature which was significantly more common
in the JIA vs. non-JIA group (p = 0.031). Long flexors and long extensors of the toes, flexor
hallucis longus, and peroneus complex sheaths were affected, with two cases of secondary
tendon involvement of the tibialis posterior tendon and flexor hallucis longus tendon.
Tenosynovitis was detected by Javadi et al. [8] in 39% of patients, also less frequently than
synovitis, and the tibialis posterior tendon (39%) and peroneus complex (18%) were the
most commonly involved.

In other studies, tenosynovitis was more common than ankle joint arthritis [32,35]. It
has been found in up to 71% of JIA patients with symptomatic ankle inflammation [35].
Isolated tenosynovitis (without synovitis) was reported from 3.9% of ankles to up to 39% of
ankles [32]. Again, tibialis posterior tendon was the most commonly affected in MRI [8],
followed by the peroneus longus and brevis tendons [4].

Enthesitis was seen on MRI in only 1 patient with the ERA subtype of JIA, with the
involvement of the interosseous ligaments (Figure 1). Enthesitis is considered the leading
feature of juvenile spondyloartropathies, pertaining to 3 subtypes of JIA according to
ILAR classification: ERA, psoriatic arthritis, and undifferentiated arthritis. On clinical
examination it was reported in even 80% of patients with ERA subtype, more commonly in
juveniles than in adults [36], and involving mainly the hip, ankles, and feet [37]. Plantar
fascia insertion (38%) and Achilles enthesis (22%) were one of most frequently affected
sites in a cohort of patients with ERA [38]. US and MRI are important in the verification of
both symptomatic and asymptomatic enthesitis which may have value in classification of
children with JIA into these subtypes [26]. However, enthesopatic lesions can also be seen
in 14% of healthy children [39].
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Phatak et al. [26] conducted research focused on tarsitis that is believed to be char-
acteristic of ERA subtype of JIA and is considered specific to juvenile SpA. The authors
diagnosed inflammatory lesions in midfoot in 54% of included children in MRI, in compar-
ison to 43% of the cases diagnosed on clinical examination and 36% seen on ultrasound.
Enthesitis was seen in 25% of the cases mainly in tibialis posterior, flexor hallucis longus,
peroneus longus, tibialis anterior, and peroneus brevis tendons. They also reported per-
oneus longus inflammation and adjacent bone marrow edema in cuboid in 8 patients which
is called the functional enthesitis [12]. In the current study there was only one case of
enthesitis of the midfoot interosseous ligaments.

Fat tissue involvement in ankle MRI in JIA has not been reported so far. In the current
study MRI showed involvement of fat tissue in 3 patients with JIA: the Kager’s fat pad in
2 patients (10%), in sinus tarsi in 1 (5%), and in the tarsal canal in 1 (5%) (Figure 1). In RA fat
tissue is infiltrated by the same inflammatory cells as synovium and subchondral bone and
may be responsible for cartilage and bone damage [13]. Similar studies are missing for JIA.

None of our 44 patients had myositis, a rare feature of JIA [40–42], or physis involve-
ment. Destructive lesions were seen in single cases and in the JIA-confirmed group only
(Table 3). Ankylosis, for example, was identified in only one patient in the talo-calcaneal
joint (Figure 3). In a study by Phatak et al. [26], mentioned earlier, ankylosis tarsitis was
diagnosed in 3 cases.

 
Figure 3. MRI of the right ankle of a 9-year-old boy with JIA. Axial T2-weighted TIRM images
(A,B), sagittal PD with fat saturation (C), and sagittal PD-weighted image (D). Effusion/synovial
thickening stage 2 in the tibio-talar joint (arrow). BME in numerous bones of the ankle and tarsum, the
most advanced in calcaneus stage 3 (arrow in (B)). Tibio-talar joint space narrowing, tibio-calcaneal
ankylosis, and osteophytes (C,D).
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Developmental lesions were seen in both analyzed groups and were even more com-
mon in non-JIA (Table 4). In the JIA-confirmed group there were the Stieda process
(1 patient) and premature closure of the distal physis of tibia and fibula (1 case) (Figure 2),
and in non-JIA patients there were the Stieda process (2 cases), os trigonum (2 cases), and
premature closure of the physis without features of past inflammation (1 case).

There was very high interobserver agreement for scoring all active and chronic items,
except for 2 patients with effusion/synovial thickening in subtalar joint. Nevertheless,
in the light of the propensity of the disease to involve the bone marrow, bone marrow
lesions will especially require differentiation with edema-like signal changes representing
residual hematopoietic marrow in the ankles and feet of healthy children. The latter are
seen in up to 59% of patients younger than 16 years, are usually tiny, symmetrical, of
fairly consistent pattern, are not associated with inflammatory features, and disappear
with age [43,44]. However, the marrow pattern may be more extensive, confluent and may
represent pathology; intensive focal or diffuse pattern of BME was observed in the JIA-only
patients in the current study (Figures 1 and 3).

In summary, this paper confirms that diagnosis of ankle arthritis in the course of JIA
is challenging. Contrary to adults, where a majority of the ankle arthropathies result in
osteoarthritis and trauma with quite specific clinical and radiographic presentations [45,46],
in the pediatric population diagnosis is often based on exclusion criteria. Inflammatory
features in MRI were seen with comparable frequency in children with JIA and without
a final diagnosis of JIA, and out of a number of analyzed inflammatory and destructive
features, only tenosynovitis was significantly more common in the JIA.

According to our knowledge, a similar large number of inflammatory lesions of the
ankle joint has been lately proposed by Panwar and the MRI in JIA OMERACT working
group [25] as a part of the standardized whole body-MRI scoring system aimed at assessing
disease activity in juvenile idiopathic arthritis. Whereas our scoring system was used to test
if MRI may help to differentiate ankle arthritis in the JIA from other arthropathies within
the ankle and foot. The MRI summarized score was calculated as the sum of scorings of
all 22 ankle and midfoot lesions in an individual patient to test which value provides the
most optimal diagnosis in terms of high sensitivity, specificity, and positive and negative
predictive values. The cut-off 10 points of the proposed MRI summarized score may
support the differential diagnosis with high sensitivity and specificity for JIA.

A limitation of the paper was omitting the intravenous contrast administration in
order to differentiate with higher accuracy joint and tendon sheath effusion from synovitis
and tenosynovitis, but this was part of the protocol. Another issue that could influence the
findings was preselection of the patients, who might have been first referred by clinicians
for ultrasound and not diagnosed further, in case of positive ultrasound exam. That could
result in reduction of the spectrum of lesions seen on MRI with predominance of BME over
soft tissue abnormalities; the latter are well seen by ultrasound. Also, a selection bias might
have resulted in the lack of structural damage on MRI in majority of this population, which
is usually diagnosed on radiographs. On the other hand, damage rarely occurs early in JIA,
and the low prevalence in the current study may mirror natural course of JIA.

The main advantage of the paper is involvement in the analysis of a number of
possible MRI features that might be identified in JIA patients in ankle and midfoot. The
MRI summarized scoring system aimed to discriminate JIA from non-JIA patients was also
created and tested.

5. Conclusions

The findings of the study confirm that MRI diagnosis of JIA remains challenging, and
except for tenosynovitis, other MRI features are nonspecific for JIA. The MRI summarized
score, as a sum of all lesions’ scorings, also does not support discrimination between ankle
arthritis in JIA from non-JIA patients with clinically suspected arthritis.
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rheumatoid arthritis. Reumatologia 2018, 2, 111–120. [CrossRef]
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Abstract: Background: Juvenile idiopathic arthritis (JIA) is the most common rheumatic disease
among children. In some patients, cervical spine arthritis remains a serious and chronic manifestation
of JIA. The aim of this study was to assess the frequency of cervical spine lesions on radiographs
and MRI in JIA patients with clinical signs of cervical spine involvement and to verify if with
the addition of MRI, the use of radiographs could be abandoned. Methods: This retrospective
study evaluated consecutive 34 children (25 girls; aged 6–18 years, median 15.5 years) with JIA
and with clinical involvement of cervical spine. In each patient, both radiographs and MRI of the
cervical spine were performed. Imaging findings were correlated with clinical and laboratory data.
Results: The cervical spine was affected in 35% of patients. The most frequent lesions were subaxial
subluxations (SAS; 24%), apophyseal joint ankylosis (9%), and C1/C2 joint lesions (9%). Anterior
atlanto-axial subluxation (AAS) was diagnosed only by radiography, and most of the SAS were seen
on radiography, whereas only a few on MRI. Reversely, C1/C2 soft tissue involvement were seen on
MRI only. Cervical spine involvement was associated with raised ESR (p = 0.012) and CRP (p = 0.014).
Conclusions: The cervical spine lesions are still frequent complication of JIA affecting up to 35%
of JIA patients. Most of them develop serious complications, such as AAS and ankylosis. Despite
advantages of MRI in terms of the imaging of the atlanto-axial region radiography shows superiority
in diagnosis of AAS and SAS.

Keywords: cervical spine; juvenile idiopathic arthritis; atlanto-axial subluxation; radiography; mag-
netic resonance imaging

1. Introduction

Juvenile idiopathic arthritis (JIA) is a systemic inflammatory disease of poorly under-
stood complex pathogenesis, influenced by genetic and environmental factors [1]. Recent
classification divides JIA into seven subtypes: systemic onset JIA, oligoarthritis, rheuma-
toid factor (RF) positive polyarthritis, RF-negative polyarthritis, enthesitis-related arthritis
(ERA), psoriatic arthritis (PsA), and undifferentiated arthritis (uA) [1]. It is the most
commonly diseased spinal location that is affected by JIA in up 77% of individuals [2].
According to the American College of Rheumatology (ACR) and recent studies, the real
prevalence of cervical spine involvement may, however, be higher due to the subclinical
course of the disease [3,4]. For example Kjellberg et al. [3] in a study on 82 children with
JIA showed that 35% of them developed at least one radiographic lesion in cervical spine.
In a recent study performed on 40 children with JIA, only 20% of patients had clinical
symptoms, while in 62.5% the lesions were identified by cervical spine MRI [5]. Moreover,
the cervical spine involvement is considered a poor prognostic factor by ACR [4]. There is
a lack of studies which focus both on radiography and MRI in children.
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The spectrum of spinal lesions in JIA is similar to adults with rheumatoid arthritis
(RA) except for a higher occurrence of ankylosis and vertebral bodies or discs hypoplasia
in juveniles [6,7]. The most common abnormalities include apophyseal joint ankylosis,
C1/C2 arthritis, and anterior atlanto-axial subluxations [6–8]. Compared to RA, erosions
are found only occasionally [6–9]. Another peculiarity in JIA is vertebral bodies and
intervertebral discs hypoplasia. Due to the natural joint laxity in children, the assessment
of cervical instabilities and their differentiation with unstable pseudospondylolisthesis is
challenging [7,9].

There is still no consensus whether to perform radiography or MRI for diagnosis
of cervical spine involvement. Especially nowadays, when the prevalence of advanced
cervical lesions should be less common in the era of biological treatment, the use of
radiographs might be questioned. Radiography provides dynamic information on cervical
spine alignment whereas it has low sensitivity for the detection of early inflammatory
lesions. MRI enables imaging of complex atlanto-axial anatomy, inflammatory pannus,
bone marrow edema and spinal cord lesions. Thus, the use of MRI may lead to early
diagnosis of cervical spine arthritis. However, dynamic evaluation of the spine is not
performed during MRI in majority of the centers. In radiography, another concern is
radiation, whereas MRI is radiation-free. However, in younger children, to avoid motion
artifacts sedation may be needed during MRI.

The majority of early lesions are reversible, but they may also progress to chronic
irreversible abnormalities that will be seen on radiography, such as subluxations and
ankylosis [10].

The aim of this study was to assess frequency of cervical spine lesions on radiographs
and MRI in a cohort of JIA patients with clinical signs of cervical spine involvement and to
verify if with the addition of MRI, the use of radiographs could be abandoned.

2. Materials and Methods

The local institutional review board has accepted the study protocol (no. KBT-
3/2/2018). The study was performed respecting the ethical principles of the Declaration
of Helsinki.

Lateral radiographs and MRI of the cervical spine performed in children clinically
suspected of the cervical spine arthritis from 1 January 2010 to 31 December 2019 were
assessed retrospectively. At single rheumatology center at this time period 11,838 radio-
graphs and 1267 MRIs of the cervical spine both in adults and children were performed.
From this group after pairing studies (at least one MRI and one radiograph per patient),
excluding more than one study set per a patient, cases with time interval between studies
exceeding 60 days, excluding adults, and finally excluding diagnoses other than JIA, the
study group amounted to 34 patients. Fifty-two children had a diagnosis other than JIA,
and age and sex matching served as the control group (38 patients). The Figure 1 show a
general summary of an inclusion process.

As the mentioned before, the study included 34 patients with JIA with a median age of
15.5 years (IQR 13.0–17.0) of which 25 were girls. Thirty-eight children with the diagnosis
other than JIA were matched according to age and sex and served as a control group.
No significant differences (p > 0.05) were found in the subject characteristics between
both groups. This group included 3 children with juvenile systemic lupus erythematosus,
3 with juvenile scleroderma, 1 with borreliosis, and remaining 31 with numbness of upper
extremity or cervical spine pain, without specific diagnosis and history of spine injury
that could, e.g., indicate spinal cord injury without radiographic abnormality (SCIWORA).
Comparison between JIA and non-JIA groups is shown on Table 1.

All patients were referred for imaging by rheumatologists at a reference center with
clinical suspicion of cervical spine arthritis (pain, limited motion, or torticollis). All pa-
tients had been previously diagnosed with JIA. The symptoms suggesting cervical spine
involvement were not present at initial diagnosis. Severe neurological symptoms were
not observed.
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Figure 1. Summary of the inclusion process. *, 52 children with non-JIA diagnosis, after age and sex matching 38 patients,
JIA—juvenile idiopathic arthritis, MRI- magnetic resonance imaging.

Table 1. Comparison between JIA and non-JIA patients.

JIA Group Non-JIA Group p

Number 34 38
Age (years) * 15.5 (13.0–17.0) 15.0 (13.0–16.0) 0.668

Sex (%) Female: 25 (74%)
Male: 9 (26%)

Female: 28 (74%)
Male: 10 (26%) 1.000

JIA—juvenile idiopathic arthritis, * non-normally disturbed data: median and interquartile range were used.

All patients with JIA had both radiographs and MRI, whereas in the non-JIA group all
patients had cervical spine radiographs and MRI was performed in 23 of them. The time
interval between radiographs and MRI did not exceed 60 days. In the case that a patient
had multiple cervical spine radiographs or MRI, the studies with the smallest time interval
were included.

Plain radiography in lateral neutral projection was supplemented in some patients by
flexion and extension views. All 3 projections were performed in the erect patient, with left
side against the upright detector. Following the neutral projection, functional views were
performed, with patient’s neck in the gentle extension (chin up) or flexion (chin down) posi-
tions. The following lesions were evaluated on radiography: Demineralization (osteopenia,
osteoporosis), cysts and erosions of the odontoid process, and atlanto-axial subluxations
(AAS-anterior, or vertical a.k.a. basilar invagination/settling or cranial settling). On the
subaxial level, subaxial subluxations (SAS), apophyseal joint ankylosis, vertebral and/or
disc hypoplasia, and longitudinal ligament calcifications were reported [9].

For the MRI examinations, a 1.5 T MRI scanner (Siemens Avanto) and the head/neck 8-
channel coil were used. The protocol included coronal T2-weighted (w), axial T2w, sagittal
T1w, T2w, T2w TIRM (turbo inversion recovery magnitude) sequences, and postcontrast
T1w with fat saturation. Only one patient received intravenous contrast. At the atlanto-
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axial level, bone marrow oedema (BME), effusion, pannus, subluxations, cysts and erosions
were looked for (Figure 2). At the subaxial level, BME, apophyseal joint ankylosis, SAS, and
vertebral or disc hypoplasia were searched for [10,11]. Anterior AAS was diagnosed when
a distance between the posterior aspect of the anterior arch of the atlas and the anterior
aspect of the dens exceeded 5 mm [12] (Figure 3).

Several methods were used to measure vertical subluxation; the most frequently used
methods were McGregor’s (cut off value: 4.5 mm) [13] or the Sakaguchi–Kauppi method.
In the latter, vertical AAS is diagnosed when the superior facets of C2 crosses the line
formed by the lower aspects of the anterior and posterior arches of C1 vertebra [14]. SAS
was reported in patients with the displacement between the upper and lower endplates of
adjacent vertebrae exceeding 2 mm (Figure 4) [15].

Since radiography and MRI are not fully compatible in terms of methodology, diag-
nosed lesions and tissues (functional radiographs in the standing position are superior for
the diagnosis of anterior and SAS subluxations, and are more accurate than MRI for the di-
agnosis of calcifications and ankylosis, whereas MRI in the horizontal position usually does
not confirm anterior AAS but it provides evaluation of active inflammation), inflammatory
features on radiographs and MRI were assessed separately in a binary way 0: absent,
1 present. Lesions on radiographs were assessed according to study of Espada et al. [9]
whereas on MRI they were evaluated on the basis of Hospach et al. and Ključevšek et al.
reports [10,11]. Inter-reader reliability was assessed.

Each radiograph and MRI were evaluated in clinical blinded and randomized order.
The data set were evaluated independently by a radiologist with 20 years of experience
(ISS) and senior radiology resident (MK; 4 years of experience) both working in rheumatol-
ogy center.

 

Figure 2. Sagittal MRI, TIRM T2w sequence in a 12-year-old boy diagnosed with enthesitis-related
arthritis shows BME in the dens (black arrow) and atlantoaxial effusion (white arrow). MRI—
magnetic resonance imaging, TIRM T2w-turbo inversion recovery magnitude T2 weighted, BME—
bone marrow edema.
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Figure 3. Lateral radiograph in neutral position in a 12-year-old boy (the same patient as in Figure 2)
showing anterior atlantoaxial subluxation 6 mm (white line).

 

Figure 4. Lateral radiograph in flexion (indicated by white arrow) in a 13-year-old girl showing
subaxial subluxation at C2/C3 level (black arrow).

In addition, clinical data such as age, sex, disease duration, and current treatment
were collected. Laboratory data, including C-reactive protein (CRP; cut-off value 10 mg/L)
and erythrocyte sedimentation rate level (ESR; cut-off value 15 mm/h) were extracted,
as well as the presence of antinuclear antibodies (ANA; titre higher or equal to 1:160),
anticyclic citrullinated peptide antibodies (anti-CPP; cut-off value 17 IU/mL), rheumatoid
factor (RF; cut-off value 34 IU/mL), and human leukocyte antigen (HLA) B-27 antigen.

Statistical Analysis

The SPSS software package (SPSS Inc., Chicago, IL, USA) was used for the purposes of
this study. The Shapiro–Wilk test was used to check the normal distribution of continuous
variables. Normally distributed data were presented with mean and standard deviation
(SD), while non-normally distributed data were presented with median and interquartile
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range (IQR). Student’s t-test was performed for normally distributed continuous data, and
a Mann–Whitney U test was used for the analysis of non-normally distributed continuous
data. A chi-squared test and Fischer exact test were performed to examine categorical
data. p-values of less than 0.05 were interpreted as statistically significant. For inter-
reader reliability kappa value was used and level of agreement was classified as almost
perfect (kappa value above 0.90), strong (0.80–0.90), moderate (0.60–0.79), weak (0.40–0.59),
minimal (0.21–0.39), none (0–0.20) [16].

3. Results

Thirty-four patients diagnosed with JIA were analyzed (median age 15.5 years;
IQR 13.0–17.0 years), of which 25 were girls (74%). The mean age of diagnosis was
9.2 ± 4.5 years, and the mean disease duration was 4.6 ± 3.2 years. In seven children
clinically suspected of subluxation dynamic lateral radiographs were performed, while in
the remaining 27 patients only radiographs in a neutral position were obtained.

RF-negative polyarthritis was the most common form of JIA, and it was diagnosed in
13 patients; oligoarthritis was diagnosed in 10 cases, ERA in 5, systemic-onset arthritis in 2,
undifferentiated arthritis in 2, and RF-positive polyarthritis and PsA were diagnosed in
1 patient each.

The cervical spine was affected in 35% (12 out of 34) of the included JIA patients
(Table 2). SAS was the most common complication and was found in 8 out of 34 children
with JIA (8/34, 24%) and in 2 subjects in non-JIA group (2/38, 5%, p = 0.039). All these
cases were confirmed by radiography, while only two were seen in MRI. More cases
diagnosed with radiography resulted from both the erect positioning of the patient and
use of functional projections.

Three patients (9%) had abnormalities at the C1/C2 level. All had effusion (9%),
anterior AAS was seen in 2 patients (6%), vertical AAS in 2 patients (6%), periodontoid
pannus in 2 patients (6%) (Figure 2), and BME of the dens in 1 patient (3%). One patient
received intravenous contrast and at C1/C2 level enhancement was seen. C1/C2 soft tissue
involvement and BME were seen on MRI only.

Anterior AAS was diagnosed in dynamic radiography (2 cases) but was not confirmed
in MRI. Regarding abnormalities that are diagnosed by means of radiography and MRI
(Table 3), SAS was seen more commonly on radiographs than MRI.

Three patients (9%) had apophyseal joint ankylosis: two at the C2/C3 level and one at
the C3/C4 level, and this was diagnosed by both MRI and radiography in all cases (Table 3).
No one developed cysts or erosions of the odontoid process, nor calcification of the anterior
or posterior longitudinal ligaments. We did not see any pathology of the brain stem or
spinal cord. Regarding subtypes of JIA, most lesions (40%) were seen in patients with ERA,
followed by four patients (31%) with RF-negative polyarthritis and three patients (30%)
with oligoarthritis. Basilar setting occurred in RF-negative polyarthritis patients only (two
cases). Only one patient in the study group had PsA, and no abnormalities in his cervical
spine were seen.

In the whole group, 89% of JIA patients received medical treatment; 18 of them were
taking methotrexate, eight steroids, four biological treatments (adalimumab, infliximab,
etanercept, or tocilizumab), five chloroquine, and three sulfasalazine. Nine patients were
taking two or more drugs. Additionally, 14 patients had positive ANA titer, one had
positive anti-CPP values, two had positive RF values, and four patients had the HLA-
B27 antigen present. Table 4 shows the differences between patients with cervical spine
involvement and those without involvement with regard to analyzed clinical and laboratory
data. Cervical spine involvement was associated with a higher concentration of CRP (12.3
versus 6.6 mg/mL; p = 0.014) and ESR (24.2 versus 11.9 mm/h; p = 0.012). No association
was found between cervical spine lesions and disease duration, age at diagnosis, treatment,
or peripheral arthritis of the joints.
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Table 3. Number of patients with JIA (total n = 34) with lesions diagnosed on radiography and MRI.

Pathology Radiography MRI

Anterior AAS 2 0
Vertical AAS 2 2

SAS 8 2
Dens erosions 0 0

Ankylosis 3 3
Hypoplasia of vertebral body or disc 1 1

All differences were not statistically significant (p > 0.05). MRI—magnetic resonance imaging, AAS—atlanto-axial
subluxation, SAS—subaxial subluxation.

Table 4. Comparison between JIA patients diagnosed with cervical spine involvement on imaging with JIA patients without
confirmed cervical spine involvement.

Kerrypnx
Cervical Spine

Involvement (n = 12)
No Cervical Spine

Involvement (n = 22)
p

Age (years) * 15.0 (13.0–16.8) 15.5 (12.3–17.0) 0.817
Sex (female, %) 10 (83%) 15 (68%) 0.439

Age at onset (years) 9.9 ± 4.1 8.5 ± 4.7 0.604
Disease duration (years) 4.4 ± 2.8 4.7 ± 3.4 0.813

CRP (mg/mL) * 8.0 (5.0–14.5) 4.0 (2.5–5.5) 0.014
ESR (mm/h) * 29.5 (11.5–39.0) 9.0 (5.0–17.5) 0.012

ANA positivity (n,%) 8 (80%) 10 (59%) 0.406

Treatment

Methotrexate (n,%) 8 (80%) 10 (59%) 0.406
Steroids (n,%) 5 (50%) 3 (18%) 0.102
Chloroquine 1 (10%) 4 (24%) 0.621

Biological treatment (n,%) 3 (30%) 1 (6%) 0.128

JIA—juvenile idiopathic arthritis, CRP—C-reactive protein, ESR—erythrocyte sedimentation rate, ANA—antinuclear antibodies, * non-
normally disturbed data: median and interquartile range were used. The bold means significant.

Interestingly, the only pathology found in non-JIA group was SAS described in 2 chil-
dren (2/38, 5%). SAS in this group most probably resulted from natural laxity of spine in
children described by Lustrin et al. [17].

The overall inter-reader reliability was in most cases almost perfect (kappa value 1.00),
despite SAS (0.84) and effusion (0.85), where level of agreement was strong. Regarding
anterior AAS (0.79.), ankylosis (0.79) and demineralization (0.66) the observed strength of
agreement was moderate (Table 2).

4. Discussion

The current study found radiographic and MRI lesions in 35% of JIA patients with
clinical suspicion of cervical spine arthritis, including 25% of them developed serious
complications, such as atlanto-axial subluxations or ankylosis. Both techniques provided
complementary information.

The most frequent abnormality was SAS. It was seen in eight out of all included pa-
tients with JIA (24%), all with 4.5 years history of JIA. All lesions were seen on radiographs,
whereas only two were confirmed on MRI which results from the different position of
a patient at each examination. In other studies, the prevalence of SAS was lower and
affected 6–7% of JIA patients [6,8]. Most commonly, level C4/C5 was affected [8], which
was also confirmed in the current study. The lower prevalence of SAS in the mentioned
studies could resulted from the coexistence of apophyseal joint ankylosis, which hinders
SAS. In this study, SAS was more frequently seen than in other studies with a similar
low prevalence of ankylosis. However, this finding was interpreted with caution, bearing
in mind that the SAS appearance may result from the natural flexibility of the pediatric
cervical spine as seen in 5% of the current non-JIA group and was also described by other
authors [17].
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Ankylosis was seen in 9% of JIA patients. It was diagnosed in patients with late onset
disease (mean 12 years of age) however 1.5 year after the diagnosis of JIA. This confirms
that ankylosis might occur early in JIA. Espada et al. reported cervical spine ankylosis in
6.5% of patients with JIA during the first year after diagnosis, with 27% occurring during
the first five years after diagnosis and the remaining 73% five years or more after the
diagnosis. The mean time to develop vertebral fusion was 8.6 years [9]. Other researchers
have shown a higher prevalence of cervical spine ankylosis compared with our or Espada
et al.’s [3,9,10]. Laiho et al. reported apophyseal joint ankylosis in 41% of patients with
JIA, and the mean age of JIA onset was 6.9 years, significantly earlier than in a group
without ankylosis [8]. Usually, fusion begins at the C2/C3 level and affects patients with
systemic-onset JIA, polyarthritis, or oligoarthritic disease [8,9]. In our group, it developed
in two patients with polyarthritis JIA and one with oligoarthritis. In two cases, level C2/C3
was affected.

Data regarding the occurrence of osseous lesions, such as ankylosis, cysts, erosions,
and spinal canal stenosis vary among researchers. Some showed an increased occurrence
regardless of the clinical improvement and treatment [10], whereas Ključevšek et al. [11]
did not. None of the patient in the current study had cysts or erosions. Only one patient
out of 15 studied by Ključevšek et al. developed dens deformation, causing spinal canal
compression, thickening of the transverse ligament, and persistent anterior AAS [11].
The lower prevalence of chronic changes could be explained by earlier diagnosis and
aggressive treatment with anti-TNF alpha drugs [11]. Several studies have confirmed that
successful treatment with biological agents and methotrexate decreases the intensity of
inflammation (seen also on MRI as reduction of BME and synovitis) as well as the incidence
of complications such as subluxations [10,11].

Some authors suggest that JIA may lead to myelopathy and progressive neurological
dysfunction, as in RA; however, there is a lack of publications regarding this topic in
JIA [18]. No one from the current study developed lesions in the spinal cord. However,
discrete early biochemical changes could not be excluded. A recent study performed by
Manczak et al. [19] on adult patients with RA revealed biochemical changes in the spinal
cord in patients with anterior AAS diagnosed by apparent diffusion coefficient.

Among our JIA group, 9% had active inflammation at the C1/C2 level (including
pannus formation, periodontoid effusions, BME, and postcontrast enhancement). They
all occurred within three years from the disease onset. BME was seen in only one patient.
In both adults and children, BME is a strong predictor of dens erosions [20]. In our study,
nobody developed dens erosions, but in other publications, the prevalence of dens erosions
in JIA varied from 13% to 19% [3,6,9]. Hospach et al. in a group of 13 JIA patients, found
BME in 93% of the cases; 100% had synovitis and 15% had dens erosions. The high
prevalence of all lesions in that study could result from the more common use of MRI in
the early stages of the disease in patients with clinical symptoms suggesting cervical spine
disease. After treatment with methotrexate and biological therapy, a decrease was noted,
with BME seen in 77% and synovitis in 80%. However, despite treatment, the prevalence of
dens erosions increased to 31% [10].

In the present study, anterior AAS was diagnosed in 6% of cases. Kjellberg et al. [3]
reported similar results (5%); however, in young adults with JIA, anterior AAS was found
in up to 33% of patients [6]. Basilar setting (vertical AAS) occurred in two of our patients
(6%) after 8 years of JIA diagnosis, although in other studies the prevalence of this type
of subluxation reaches 13%, and even 25% in young adults with JIA [3,8]. Basilar setting
results from severe damage at the C1/C2 level and may lead to brain stem compression or
even sudden death [21].

Bone demineralization (bone loss) was seen on radiographs in only one patient with
ERA (3% of our group). Typically, it is observed in patients with polyarthritis and systemic-
onset disease [22]. Excluding patients treated with steroids, Henderson et al. revealed that
low total body bone mineral density is associated with active and severe forms of JIA [23].
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Reduced bone mineral density and osteopenia affect young adults following JIA, even
those in remission. Both conditions predispose to osteoporosis and bone fractures [24,25].

In the current study only one patient was diagnosed with hypoplasia of the posterior
arch of C1 and C2/C3 disc. This is entirely different from data presented by other authors,
where vertebral and disc hypoplasia are regarded as the second most common complication
in JIA. They are observed in patients with earlier onset of JIA and are almost always seen at
the level of ankylosis [9]. We can presume that the prevalence of vertebral hypoplasia and
other chronic lesions is less common nowadays in the era of biological treatment. Vertebral
and disc hypoplasia were also associated with a severe course and progression of JIA.
Indeed, in the present study, the patient with vertebral hypoplasia of the C1 posterior arch
and C2/C3 disc hypoplasia developed ankylosis, SAS, and vertical AAS. Most frequently,
hypoplasia is seen at the C3–C6 level, and it is probably caused by inflammation or/and
aggressive pharmacotherapy with steroids [26]. The fourth cervical vertebra is most
severely affected by hypoplasia (up to 26% of cases), whereas the spinal canal diameter is
almost the same as in the healthy population [6,8,26].

No cases of anterior or posterior longitudinal ligament calcification were observed
in the present study. Espada et al. [9], in their study published in 1988, reported posterior
longitudinal ligament calcification in 6.6% of the patients, and almost half of these devel-
oped anterior longitudinal ligament calcifications. The disease duration was approximately
13 years prior to the onset of calcification, and a slightly higher occurrence was noted in
males and in individuals with earlier disease start (3.8 years). All patients with longitudinal
ligament calcification had multilevel ankylosis, suggesting that chronic immobilization
due to ankylosis could lead to ligamental calcification [9]. This study again confirms the
more successful treatment of JIA nowadays.

In the current study, cervical spine involvement was associated with elevated ESR
(p = 0.012) and CRP (p = 0.014). According to the ACR, CRP and ESR are considered
biomarkers of JIA activity [4], and their prolonged elevation is associated with poor
prognosis in JIA [4] and with lack of remission [27]. Additionally, ESR seems to predict
the development of uveitis in JIA [28]. Although CRP and ESR have low specificity and
sensitivity, they were found useful in the diagnosis and follow-up of patients with JIA. ESR
was also included in the Juvenile Arthritis Disease Activity Score (JADAS) [29].

Overall, although MRI may show early inflammatory lesions, the dynamic radiogra-
phy is superior in the diagnosis of cervical spine instabilities (Table 3). Both severe AAS and
SAS may cause cervical cord pathologies, even including sudden death. Thus, functional
radiography should be still performed in the suspicion of cervical spine instabilities. The
radiography is cheap and widely available, but the major disadvantages include radia-
tion, superimposition of anatomical structures and limited use for soft tissues imaging.
In comparison, MRI is superior in assessment of soft tissue pathologies, spinal cord and
nerve roots, and may visualize BME. However, MRI is expensive and due to long time of
acquisition young children or claustrophobic patients may require sedation.

The major limitation of the study is the retrospective study protocol. The small
number of JIA group (34 and cervical spine lesions in 12) does not allow making robust
comments about the results of the study. Another limitation resulting from the nature of
JIA underlined in literature is a lack of direct correspondence between cervical pain and
presence of alterations on radiographs and MRI since silent cervical spine arthritis has also
been reported [5]. The current study focused on patients previously diagnosed with JIA
and clinical symptoms suggesting cervical spine arthritis. Only patients examined with two
imaging methods were enrolled and no asymptomatic children with JIA were analyzed.
It would have been better to extend the investigation including also JIA patients with no
cervical symptoms in order to evaluate the eventual presence of silent alterations in this
group. Whereas from an ethical point of view it is impossible for radiography, it is possible
for MRI. Finally, the major strength and originality of our study was the presentation of
both radiographic and MRI features of cervical spine involvement in JIA. Previous studies
focused only on one method.
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5. Conclusions

In conclusion, cervical spine lesions may affect up to 35% of JIA patients, and 25%
of them develop serious complications, such as atlanto-axial subluxations and ankylosis.
Despite clear advantages of MRI in terms of imaging of early inflammatory lesions in soft
tissues and bone, radiography shows superiority in the diagnosis of AAS and SAS. The
predominance of chronic features, such as SAS, AAS and ankylosis over early inflammatory
abnormalities, including BME and synovitis along with the several years of history of JIA
suggest that clinical manifestation of cervical spine involvement is discrete or even absent
in the first years of the disease, which lets the cervical arthritis progress unrecognized until
a more advanced stage.
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Abstract: The aim of this study was to evaluate if magnetic resonance imaging allows hip arthritis in
JIA to be differentiated from hip arthralgia of unknown etiology in juveniles clinically suspected for
hip arthritis. This was a retrospective observational study which included 97 children with clinically
suspected hip arthritis. Each hip was assessed and scored in MRI for signs of active and destructive
inflammatory lesions and developmental lesions. MRI findings between JIA-confirmed patients
and without final diagnosis of JIA were compared and the MRI summarized score was calculated,
as the sum of scorings of all 24 hip lesions in an individual patient (i.a., effusion, synovitis, bone
marrow edema, enthesitis). MRI showed at least one lesion in the majority of patients (95 patients;
98%). Effusion was the most common feature, followed by bone marrow oedema and synovitis.
All lesions were more common in patients with a final diagnosis of JIA, especially synovitis and
enthesitis (p = 0.037 and p = 0.047). The MRI summarized score was significantly higher in the JIA
group than the non-JIA group: 3 (2–5) vs. 2 (2–2), respectively, p = 0.002. Using a cut-off score of 6,
the MRI summarized score showed 25% sensitivity and 100% specificity indicating a good ability in
discriminating hip arthritis during JIA from non-JIA patients. MRI allows hip arthritis in JIA to be
differentiated from hip arthralgia of unknown etiology with good specificity, thus, may be helpful in
confirming the diagnosis of JIA.

Keywords: arthritis; juvenile; hip; arthralgia; magnetic resonance imaging

1. Introduction

Juvenile idiopathic arthritis (JIA) is a heterogeneous group of diseases with an onset
before 16 years of age [1,2]. It typically lasts for more than six months, with arthritis present
for at least six weeks [1,2] and is the most common form of childhood arthritis [3–7]. Joint
involvement usually starts with synovitis and the formation of inflammatory tissue, called
the pannus, which destroys hyaline cartilage, erodes the bone and leads to articular de-
struction and ankylosis [5,6]. As highly effective treatment is now available for treating JIA,
there is increasing demand for novel imaging techniques to provide objective and accurate
measures of inflammatory changes to monitor the disease and treatment response [8].

Hip arthritis develops in 20–63% of children with JIA, mainly in juveniles with the
systemic subtype of the disease [1,4,5,9–11] and is often a predictor of severe disease and
high-risk disability [1]. The clinical features are not specific for active hip inflammation and
may occur due to previous joint damage [11] or other hip diseases, including malignancies.
Furthermore, since it is not a superficial joint, hip involvement is particularly difficult to
detect clinically, as inflamed synovium and effusions cannot be directly palpated [4,12].

Magnetic resonance imaging (MRI) is a sensitive and valuable technique in pediatric
musculoskeletal pathologies and is considered to be the most suitable technique for detect-
ing synovial hypertrophy and bone marrow oedema (BME) [13–18]. It allows the visualiza-
tion of joints in several dimensions using a multiplanar technique [4]. The most common
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pathologies in JIA are effusions and synovitis, which are most accurately diagnosed using
gadolinium injection, following which the highly vascular pannus enhances brightly while
joint effusion remains of low signal [19]. Recent studies have highlighted potential adverse
effects of gadolinium [20,21]. Consequently, due to observed gadolinium depositions in the
brain, the European Medicines Agency (EMA) has now banned several linear gadolinium-
based contrast agents. Moreover, even though macrocyclic contrast agents have not been
suspended, they should still be used with care and a strict indication [20]. The new term “ef-
fusion/synovial thickening” was used lately by Panwar et al. [22] defined as “an increased
amount (greater than physiologic) of high signal intensity within the joint space distending
the joint capsule on T2-weighted fat—saturated or STIR or fluid sensitive sequences”.
“Effusion/synovial thickening” was considered altogether as a single item as it is often
difficult to differentiate these two findings by MRI without intravenous administration of
contrast [22]. In addition to synovitis and osteitis, other inflammatory lesions that may be
seen in children with JIA include bursitis, enthesitis and myositis [23–26]. Inflammation
may also involve the triradiate cartilage and growth plates. Destructive, irreversible le-
sions in the hip joint include cysts, erosions, joint space narrowing, chondromalacia and
ankylosis. Such joint inflammation that interferes with bone growth may eventually lead
to skeletal growth disturbances and developmental disorders, such as bone remodeling.

Several scoring systems for juvenile hip arthritis assessment on MRI have been pro-
posed [4,5,11,27,28]; however, none of them includes all the above-mentioned items in JIA
(i.e., active, destructive and developmental) and, to date, a validated MRI scoring system
for assessing the hips in JIA has not been established [29]. An important methodological
work on standardizing the whole-body-MRI scoring system, including the hip joint, for
assessment of disease activity in JIA was published in 2021 by the MRI in JIA OMERACT
working group [22].

Understanding limitations of clinical assessment of hip joint arthritis, the aim of this
study was to investigate if MRI allows hip arthritis in JIA to be differentiated from hip
arthralgia of unknown etiology.

2. Materials and Methods

2.1. Patients

This was a retrospective single center study which included 97 children aged 4–
16 years with clinically suspected hip disease in JIA [30,31]. The study was based on the
analysis of data available in the hospital database. All children meeting the inclusion
criteria hospitalized in the period from 2016 and 2019 were included in the analysis.

Reported complaints included hip pain at rest or on movement, or restricted movement
of the hip (or both hips) on clinical evaluation, persisting for more than six weeks [30,31]. All
patients were referred by pediatric rheumatologists from the referential center for pediatric
rheumatology. Children with diagnoses other than arthritis were excluded. None of the
patients had an intraarticular corticosteroid injection.

Parents of all patients gave informed consent to take part in the study. The study was
performed in accordance with the Declaration of Helsinki and was approved by the local
ethics committee (KBT-3/5/2018).

Collected clinical data included age, sex, information on which hip was affected
(unilaterally or bilaterally) and the final diagnosis.

2.2. MRI Protocol and Interpretation of Imaging Features

Non-contrast MRI examinations were performed on both hips on a 1,5 Tesla system
(Siemens Avanto) in a dedicated pelvis coil. Patients were examined in a supine position.
No sedation was used.

The following sequences were used: coronal T1-weighted (w) and T2 Turbo Inver-
sion Recovery Magnitude (TIRM), axial T2w, T2 TIRM and Proton Density (PD) with fat
saturation (FS), sagittal PD and axial oblique PD FS. Slice thickness was 3 mm, gap 0.6 mm.

80



J. Clin. Med. 2021, 10, 5252

The images were independently evaluated and scored by two radiologists (MO and IS),
both with 15 years of experience in musculoskeletal imaging (10 years in rheumatological
centre), blinded to clinical, laboratory data and final diagnoses. Cohen’s kappa coefficient
describing inter-rater variability was calculated for each evaluated lesion. Kappa values
below 0.20 were considered poor agreement, 0.21–0.40 fair, 0.41–0.60 moderate, 0.61–0.80
good and 0.81–1.00 very good [32]. In case of divergent opinions, the final diagnosis was
established by consensus.

Hip MRIs were evaluated with the aim of identifying the number of active, destructive
and developmental lesions that were all presented in Table 1. Definitions of lesions were
adopted from the European Society of Musculoskeletal Radiology (ESSR) recommendation
paper for the use of MRI in musculoskeletal rheumatic diseases [33]. Briefly, joint effusions
are hyperintense on T2 and PDw images, hypointense on T1w images [33]. Synovial
thickening in the active stage indicating active synovitis, shows high signal intensity on
T2w, T2 FS, PD FS and T2 TIRM/STIR (Short Tau Inversion Recovery) sequences but lower
than high signal from effusions in these sequences. BME in the course of the inflammation is
seen as a hyperintense area on T2 and PDw images, best visualized by T2 FS or STIR/TIRM
sequences, hypointense on T1w images [33]. Enthesis is hyperintense on T2 and PDw
images, best visualized by T2 FS or STIR/TIRM sequences and is hypointense on T1w
images. The bony part of an enthesis may show BME [33]. Bone erosions are sharply
marginated trabecular bone defects with disrupted cortical bone continuity, seen in at least
two planes, with low signal intensity on T1-w images. Intraosseous cysts present as high
signal intensity foci on T2-w images and low signal intensity on T1-w images and they are
better delineated compared with ill-defined areas of BME [33].

Table 1. MRI scoring system.

MRI Feature Scoring

1 Effusion

0–3
0: no fluid;

1: trace of fluid and maximum thickness
of ≤2 mm

2: continual effusion and thickness >2 mm and
≤5 mm

3: effusion with distension of capsule and
thickness >5 mm

2 BME head

0–2
0: BME not seen

1: BME up to 50% of the head width
2: BME > 50% of the head width

3 BME neck

0–2
0: BME not seen

1: BME up to 50% of the neck width
2: BME > 50% of the neck width

4 BME acetabulum

0–2
0: BME not seen

1: BME up to 50% of the acetabular width
2: BME > 50% of the acetabular width

5 BME greater trochanter 0–1

6 Synovitis
0–1

0: synovium not visible
1: synovium visible regardless the thickness

7 Bursitis 0–1

8 Enthesitis 0–1
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Table 1. Cont.

MRI Feature Scoring

9 Tendinitis 0–1

10 Myositis 0–1

11 Triradiate cartilage
involvement 0–1

12 Physeal involvment 0-1

13 Cyst femoral head 0–1

14 Cyst acetabulum 0–1

15 Erosion femoral head 0–1

16 Erosion acetabulum 0–1

17 Chondromalacia 0–1

18 Joint space narrowing 0–1

19 Protrusio acetabuli 0–1

20 Ankylosis 0–1

21 Sclerotization 0–1

22 Osteophytes 0–1

23 Avascular necrosis 0–1

24 Bone remodeling 0–1

All active, destructive and developmental lesions were then scored and the MRI
scoring system is presented in Table 1.

In addition, other inflammatory features in the pelvis were reported, within the field
of view, such as sacroiliitis, pubitis and involvement of ischiopubic synchondrosis.

2.3. Statistical Analysis

To identify if MRI allows hip arthritis in JIA to be differentiated from hip arthralgia of
unknown etiology firstly, the MRI lesions were presented as numbers and percentages. The
chi-squared test (or a chi-squared test with Yates’ correction when the expected values were
<5) was used for comparisons between groups. The receiver operating characteristic (ROC)
curve analysis was used to verify the discriminant ability of the MRI summarized score.
Sensitivity, specificity, positive predictive value (PPV) and negative predictive value (NPV)
of the created diagnostic test were calculated. The statistical significance was established at
p < 0.05. Statistical analyses were performed using Statistica v.13.1 (Dell Inc 2016, Tulsa,
OK, USA).

3. Results

This retrospective observational study included 97 children with clinically suspected
arthritis in whom non-contrast MRI of the hips was performed from 2016 to 2019. The
median age of the patients was 14 years (range: 4–16 years) with a slight male predominance
(52 male; 45 female).

Among the 97 included patients, JIA was confirmed in 73 (75%): 31 had oligoarthritis,
13 had the enthesitis-related arthritis subtype, 10 had polyarthritis, three had psoriatic
arthritis, three had systemic JIA and 13 had undifferentiated JIA. In the remaining 24 (25%)
patients, JIA was excluded and arthralgia of unknown etiology was diagnosed.

MRI showed at least one lesion in 95 patients (98%). Abnormalities in right hips were
seen in five children, in left hips in six children and both hips were affected in the remaining
84 patients. Only two children were lesions free. Table 2 shows the MRI scoring results in
the JIA group and the non-JIA group, divided into the left and right hips. Table 3 presents
the frequency of MRI features in the compared groups.
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Table 2. MRI scoring results for left and right hips.

MRI Lesions
and Scorings

JIA Confirmed Group
n = 73

Non-JIA Group
n = 24

Number of Lesions Number of Lesions

Left Hip Right Hip Left Hip Right Hip

1

Effusion
0 6 7 3 3
1 59 54 20 20
2 4 6 1 1
3 4 6 0 0

2

BME head
0 62 66 24 23
1 9 3 0 1
2 2 4 0 0

3

BME neck
0 66 67 24 24
1 4 4 0 0
2 3 2 0 0

4

BME acetabulum
0 70 68 24 24
1 3 3 0 0
2 0 2 0 0

5

BME greater
trochanter

0 66 69 24 24
1 7 4 0 0

6
Synovitis

0 67 64 24 24
1 6 9 0 0

7
Bursitis

0 68 72 23 24
1 5 1 1 0

8
Enthesitis

0 65 66 24 24
1 8 7 0 0

9
Tendinitis

0 73 73 24 24
1 0 0 0 0

10
Myositis

0 72 71 24 24
1 1 2 0 0

11

Triradiate
cartilage

involvement
0 72 72 24 24
1 1 1 0 0

12

Physeal
involvment

0 73 73 24 24
1 0 0 0 0
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Table 2. Cont.

MRI Lesions
and Scorings

JIA Confirmed Group
n = 73

Non-JIA Group
n = 24

Number of Lesions Number of Lesions

Left Hip Right Hip Left Hip Right Hip

13

Cyst femoral
head

0 71 72 24 24
1 2 1 0 0

14
Cyst acetabulum

0 72 72 24 24
1 1 1 0 0

15

Erosion femoral
head

0 73 71 24 24
1 0 2 0 0

16

Erosion
acetabulum

0 72 73 24 24
1 1 0 0 0

17
Chondromalacia

0 68 71 24 24
1 5 2 0 0

18

Joint space
narrowing

0 71 70 24 24
1 2 3 0 0

19

Protrusio
acetabuli

0 73 73 24 24
1 0 0 0 0

20
Ankylosis

0 73 73 24 24
1 0 0 0 0

21
Sclerotization

0 73 73 24 24
1 0 0 0 0

22
Osteophytes

0 73 73 24 24
1 0 0 0 0

23

Avascular
necrosis

0 71 72 24 23
1 2 1 0 1

24
Bone remodeling

0 72 72 24 23
1 1 1 0 1
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Table 3. Frequency of MRI features in the compared groups.

MRI Feature and Scoring
at Least in One Hip

JIA Confirmed
Group

Non-JIA Group p *

1

Effusion
0 12 (16%) 5 (21%) 0.856
1 66 (90%) 22 (92%) 0.825
2 8 (11%) 1 (4%) 0.555
3 10 (14%) 0 (0%) 0.127

2 or 3 17 (23%) 1 (4%) 0.074

2

BME head
0 71 (97%) 24 (100%) 0.993
1 11 (15%) 1 (4%) 0.294
2 6 (8%) 0 (0%) 0.336

1 or 2 16 (22%) 1 (4%) 0.094

3

BME neck
0 72 (99%) 24 (100%) 0.556
1 8 (11%) 0 (0%) 0.206
2 5 (7%) 0 (0%) 0.433

1 or 2 12 (16%) 0 (0%) 0.078

4

BME acetabulum
0 72 (99%) 24 (100%) 0.556
1 6 (8%) 0 (0%) 0.336
2 2 (3%) 0 (0%) 0.993

1 or 2 7 (10%) 0 (0%) 0.263

5
BME greater trochanter

0 70 (96%) 24 (100%) 0.742
1 8 (11%) 0 (0%) 0.206

6
Synovitis

0 73 (100%) 24 (100%) 1
1 15 (21%) 0 (0%) 0.037

7
Bursitis

0 72 (99%) 24 (100%) 0.556
1 5 (7%) 1 (4%) 0.988

8
Enthesitis

0 72 (99%) 24 (100%) 0.556
1 14 (19%) 0 (0%) 0.047

9
Tendinitis

0 73 (100%) 24 (100%) 1
1 0 (0%) 0 (0%) 1

10
Myositis

0 73 (100%) 24 (100%) 1
1 3 (4%) 0 (0%) 0.742

11

Triradiate cartilage
involvement

0 73 (100%) 24 (100%) 1
1 1 (1%) 0 (0%) 0.556

12
Physeal involvment

0 73 (100%) 24 (100%) 1
1 0 (0%) 0 (0%) 1

13
Cyst femoral head

0 73 (100%) 24 (100%) 1
1 3 (4%) 0 (0%) 0.742
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Table 3. Cont.

MRI Feature and Scoring
at Least in One Hip

JIA Confirmed
Group

Non-JIA Group p *

14
Cyst acetabulum

0 73 (100%) 24 (100%) 1
1 2 (3%) 0 (0%) 0.993

15
Erosion femoral head

0 73 (100%) 24 (100%) 1
1 2 (3%) 0 (0%) 0.993

16
Erosion acetabulum

0 73 (100%) 24 (100%) 1
1 1 (1%) 0 (0%) 0.556

17
Chondromalacia

0 73 (100%) 24 (100%) 1
1 7 (10%) 0 (0%) 0.263

18
Joint space narrowing

0 72 (99%) 24 (100%) 0.556
1 4 (5%) 0 (0%) 0.562

19
Protrusio acetabuli

0 73 (100%) 24 (100%) 1
1 0 (0%) 0 (0%) 1

20
Ankylosis

0 73 (100%) 24 (100%) 1
1 0 (0%) 0 (0%) 1

21
Sclerotization

0 73 (100%) 24 (100%) 1
1 0 (0%) 0 (0%) 1

22
Osteophytes

0 73 (100%) 24 (100%) 1
1 0 (0%) 0 (0%) 1

23
Avascular necrosis

0 73 (100%) 24 (100%) 1
1 3 (4%) 1 (4%) 0.562

24
Bone remodeling

0 72 (99%) 23 (96%) 0.556
1 1 (1%) 1 (4%) 0.993

* The p-value refers to a comparison of the frequency of the score listed in the first column to the frequency of
all other scores for that feature, for example (2 or 3) for effusion is the comparison of scores (2 or 3) vs. (1 or 0).
Values of one feature do not add up to 100%, because the scores relate to assessment in at least one hip in each
child (as noted in the column header).

Effusion was the most frequent abnormality (Figure 1). Almost all children had joint
effusion of stage 1, 2, or 3 (n = 95, 98%). Stage 1 effusion was most frequently identified
in all children, regardless of diagnosis (i.e., 90% vs. 92% in the JIA vs. non-JIA group,
respectively); thus, it had no discriminatory value (p = 0.825). In contrast, the incidence of
stage 2 and 3 effusion was higher in JIA patients than in the non-JIA group (25% vs. 4%,
respectively), with stage 3 effusion only present in the JIA group. The next most common
abnormalities were BME in the femoral head, synovitis, enthesitis and BME in the neck of
the femur (Tables 2 and 3) (Figures 1 and 2).
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Figure 1. MRI of the hips in a 10-year-old boy with JIA: (A,B) Coronal T2 TIRM, (C) Axial T2 TIRM images. Right hip: joint
effusion (stage 3), synovitis (stage 1) (asterisk), BME in femoral head (stage 1) (white short arrow), BME in the neck of femur
(stage 2) (arrowhead on “C”), erosion in the femoral head (white long arrow). Left hip: BME in the femoral neck (stage 2).
Right sided sacroiliitis (arrowhead on “B”). Involvement of ischiopubic synchondrosis bilaterally (empty arrows on “C”).

Figure 2. MRI of the hips in a 7-year-old girl with JIA. (A–C) Coronal T2 TIRM images. Right hip: BME in the greater
Table 1. (arrowhead) and in the acetabulum (stage 1) (white short arrow). Left hip: BME in the greater trochanter (stage 1)
(white arrowhead), in the acetabulum (stage 2) and triradiate cartilage (stage 1) (white long arrow) and in the femoral neck
(stage 1) (black arrowhead). Obturator internus myositis (stage 1) (black asterisk). Left anterior superior iliac spine (ASIS)
enthesitis (white asterisk). Right sided sacroiliitis.

All lesions were more common in the JIA group than the non-JIA group; however,
none of them was significantly more common in JIA vs. non-JIA group. Several lesions
were approaching the level of significance p< 0.05: in JIA group effusion 2 or 3 were
seen in 23% vs. 4% (p = 0.074), BME within femoral head in 22% vs. 4% (p = 0.094) and
BME of the femoral neck in 16% vs. 0% (p = 0.078). BME within the neck, acetabulum
and greater trochanter, stage 2 BME in the head of the femur, stage 3 effusion, as well as
synovitis, myositis and triradiate cartilage involvement were exclusively seen in the JIA
group (Tables 2 and 3). Destructive lesions were only diagnosed in JIA group and most
frequent were: chondromalacia, followed by JSN, cysts and erosions (Tables 2 and 3). None
of the 97 patients had protrusio acetabuli, ankylosis, physis involvement, or secondary
osteoarthritis features, such as sclerotization and osteophytes. Single cases of AVN and
bone remodeling (widening of the femoral neck) were seen in both groups (Tables 2 and 3).

Sacroiliitis was observed in four (5%) children with JIA and in one (4%) without a
final diagnosis of JIA (p = 0.780) (Figures 1 and 2). Pubitis was present in two children with
JIA (3%) and in none from the non-JIA group (p = 0.993).

There was a very good interobserver agreement for scoring all active and destructive
lesions, except for six features: BME in the head of femur (two cases, kappa 0.94), BME
in the neck of the femur (two cases, kappa 0.91), joint effusion (one case, kappa 0.99) and
gluteus medius tendon enthesitis (one case, kappa 0.98). In all 6 cases of interobserver
disagreements the border scores were provided, including: score 0 was given by one
observer and score 1 by the second in case of discrete BME in the femoral head, score 1 and
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2 when BME was around 50% of femoral head and score 0 and 1 in case of small joint fluid,
that was interpreted as physiology by one observer and as a small effusion by the second.

Due to the fact that any single lesion was significantly more common in children with
JIA compared to the non-JIA group, we decided to build a scoring. The MRI summarized
score was the sum of scorings of all hip lesions in an individual patient. The score included
all 24 lesions presented in Table 1. The frequencies of MRI scores in the whole group of
patients are presented in Figure 3.

Figure 3. The frequency of individual MRI scores in the whole group of patients (n = 97).

The median interquartile range (IQR) of MRI summarized score was significantly
higher in patients with a final diagnosis of JIA compared to the non-JIA group: median
(IQR) 3 (2–5) vs. 2 (2–2), respectively, p = 0.002.

Table 4 shows the properties of diagnostic tests based on MRI summarized score
values. At the cut-off point set at 3, the MRI summarized score has a sensitivity of 48% and
a specificity of 83%. However, if a patient has an MRI summarized score of 6, the specificity
of the method increases to 100%, but the sensitivity drops to 25%. The area under the curve
(AUC) for this diagnostic test amounted to 0.704 (95% confidence interval (CI): 0.595–0.813),
indicating good discriminative ability between JIA and non-JIA (Figure 4).

Table 4. Diagnostic value of the summarized MRI score as a predictor of JIA.

MRI Summarised
Score

JIA Non-JIA True Pos. False Pos. False Neg. True Neg. Sens. Spec. PPV NPV

20 1 0 1 0 72 24 0.014 1.000 1.000 0.250

12 1 0 2 0 71 24 0.027 1.000 1.000 0.253

11 2 0 4 0 69 24 0.055 1.000 1.000 0.258

10 2 0 6 0 67 24 0.082 1.000 1.000 0.264

9 3 0 9 0 64 24 0.123 1.000 1.000 0.273

8 2 0 11 0 62 24 0.151 1.000 1.000 0.279

7 5 0 16 0 57 24 0.219 1.000 1.000 0.296

6 2 0 18 0 55 24 0.247 1.000 1.000 0.304
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Table 4. Cont.

MRI Summarised
Score

JIA Non-JIA True Pos. False Pos. False Neg. True Neg. Sens. Spec. PPV NPV

4 6 1 24 1 49 23 0.329 0.958 0.960 0.319

3 11 3 35 4 38 20 0.479 0.833 0.897 0.345

2 34 16 69 20 4 4 0.945 0.167 0.775 0.500

1 3 3 72 23 1 1 0.986 0.042 0.758 0.500

0 1 1 73 24 0 0 1.000 0.000 0.753

 

Figure 4. ROC curve of MRI score.

4. Discussion

MRI allows hip arthritis in JIA to be differentiated from hip arthralgia of unknown
etiology with good specificity, thus, may be helpful in confirming the diagnosis of JIA.
Despite limited sensitivity, the specificity of MRI is high and for the summarized score 6 it
comes to 100%.

Over the last decade, there has been an increasing move towards earlier and more
aggressive treatment of JIA with methotrexate and biological therapy in the hope of
preventing joint damage [8,34]. However, in the context of coxitis, decisions to escalate
treatment may be limited because of the difficulties in confirming arthritis by clinical
examination [4,11,16,34–36].

Contrary to wrist and knee joints, only a few studies have examined the role of MRI
in evaluating hip disease in JIA [5,6,8,11]. Our findings indicate that MRI is more useful in
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confirming hip arthritis in JIA than clinical assessment. Likewise, a higher sensitivity of
MRI over clinical diagnosis was reported by El-Azeem et al. [4] and Nistala et al. [11].

The most common abnormality was stage 1 effusion, in both JIA-confirmed and non-
JIA groups (90% vs. 92%, respectively) and had no discriminatory value (p = 0.825). Stage 1
effusion, which was a trace of fluid (thickness ≤ 2 mm) was also used in other researchers’
staging systems for hip joint [4,27,37]. At the same time, such small amounts of fluid in
the hip were detected in healthy joints and was regarded as physiologic [22,37]. In a study
performed on adult patients with normal and ischemic hips [37], stage 1 fluid was seen in
the majority of asymptomatic hips (95%), whereas stage 2 fluid (surrounding the femoral
neck) was present in only four hips (5%) and none had stage 3 effusion.

Synovitis, which is a hallmark of joint inflammation, was significantly more common
in the JIA group than in the non-JIA group (15 vs. 0 patients; p = 0.037). We used a score
of 1 if any visible synovium was observed in the hip on non-contrast MRI, regardless of
its thickness. This classification is in contrast to most other MRI studies on different joints
in JIA, where an abnormal synovium was defined as a thickness of ≥2 mm [2,4,8,27], or
the thickness was not specified [5,6,11]. We chose to include any visible synovium as there
is limited data on the normal values for synovium thickness. In healthy individuals, the
synovium comprises an intimal layer, which is 20–40 μm thick in cross-section and an areo-
lar subintima, which can be up to 5 mm in thickness [38]. Meanwhile, El-Azeem et al. [4]
reported that the synovial thickness in clinically active juvenile hips was 3.56 ± 1.81 mm,
indicating that a synovial thickness of less than 2 mm layer can be pathologic. Therefore,
more studies are needed to define normal and pathologic values for the synovium on MRI.

We did not use an intravenous contrast agent in this study, as it not only prolongs
the examination time, increases costs and patient discomfort and has an added (albeit
rarely in MRI) risk of allergic reactions. The most important risks in pediatric JIA patients
are those connected with the accumulation of the contrast agent in the kidneys and basal
ganglia, even after a prolonged period [20,21]. As JIA often involves numerous joints and
contrast agent must be injected for multiple examinations (i.e., for both diagnosis and
monitoring), it can cause a significant burden. Hemke et al. [2] found unenhanced MRI of
the knee joint of low sensitivity (0.62) than Gadolinium-enhanced MRI for the detection of
synovial hypertrophy, but specificity remained high (0.97). On the other hand, Nusman
et al. found enhancing synovium in 52% of the knees in healthy children [39]. The current
study showed that non-contrast MRI of hip joints is satisfactory in discriminating between
JIA and non-JIA patients and—with the use of the proposed MRI summarized score—may
diagnose JIA with a specificity up to 100%. These results are promising; however, more
studies focused on the hip joint are needed to confirm the findings.

Features of advanced hip damage (such as cysts, erosions, chondromalacia and JSN)
were only observed in the JIA group in three patients. The disease duration in these patients
was nine months in one patient and nine years in the other two. AVN was observed in four
children: three in the JIA group and one in the non-JIA group. AVN is more common in
older juveniles [1] and, indeed, our patients were 13 years (two patients) and 16 years (two
patients). Only one patient was taking corticosteroids for three months before MRI. This is
in agreement with observations that AVN in rheumatic patients is not exclusively related
to steroid intake but may also result from the disease itself (i.e., the released cytokines or
vasculopathy) [40].

As for now, the role of imaging is limited for the diagnosis of JIA, because it is based
on the clinical findings and laboratory data. However, the recent classification criteria
proposed by Pediatric Rheumatology International Trials Organization (PRINTO) already
recommend the use of imaging to evaluate sacroiliitis [30,41]. For the hip joint, which is
also difficult to assess by clinical examination, when radiographs and ultrasound findings
are equivocal, an MRI could be performed to confirm the diagnosis and for narrowing
the differential diagnoses [29]. The proposed scoring may have practical applicability in
predicting JIA involvement. Based on results it can be concluded that a child who has the
MRI summarized score of at least 6 has a high probability of suffering from JIA. In future
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studies, these values may be modified and another cut-off value might be proposed based
on the frequency of diagnosed lesions; some features might be deleted whereas others,
e.g., those at the border of significance (effusion, BME) may become significant.

The main strength of this study is the inclusion of a large number of patients. All
children were referred from a single pediatric rheumatology center, indicating the clinical
examination was reliable. Another benefit of this study is a large number of MRI features
(24 altogether) included in the scoring system, which improves statistical characteristics
of proposed diagnostic test. Short time needed to fill the scoring sheet (c.a. 2 min) is
also encouraging.

The main limitation of this study was omitting the contrast agent. This was a conscious
decision reflecting the authors’ everyday practice. Moreover, the study did not include
a healthy control group and only hip joints in children without a final diagnosis of JIA
served for comparison. While it is hard to get pediatric and adolescent control data, these
would be absolutely required for future.

5. Conclusions

MRI is useful in confirming hip inflammatory features in children with clinically
suspected arthritis. Patients with JIA develop more lesions and are more advanced than
children with hip arthralgia of unknown origin. The MRI allows hip arthritis in JIA to be
differentiated from hip arthralgia of unknown etiology with good specificity and, thus,
may be helpful in confirming the diagnosis of JIA. Future studies are needed to validate
this new scoring system and to further investigate for clinical practice.
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Abstract: Background: Cervical spine lesions are a common manifestation of rheumatoid arthritis
(RA). The purpose of this study was to conduct a retrospective analysis of radiological lesions in
cervical spine in patients with RA and to correlate findings with clinical and laboratory parameters.
Methods: Overall, 240 consecutive patients with RA were referred for imaging by clinicians based
on symptoms suggesting cervical spine involvement and/or long disease duration. In each patient,
lateral radiographs and MRI of the cervical spine were performed. The imaging data were correlated
with clinical records and laboratory data. Results: The cervical spine was affected in 179 patients
(75%). The most common lesions were anterior atlanto-axial subluxation (AAS; 58%), subaxial
subluxation (58%), and demineralization (48%). Cervical spine involvement was linked to longer
disease duration (p = 0.007), the presence of rheumatoid factor (RF; p = 0.010), elevated C-reactive
protein (CRP) levels (p = 0.016), and accelerated erythrocyte sedimentation rate (ESR; p = 0.025).
Longer disease duration was associated with anterior AAS (p = 0.005), subaxial subluxation (p = 0.005),
and basilar settling (p = 0.003). Conclusions: As many as 75% of RA patients develop lesions that
can be observed on radiographs and through MRI. The most frequent radiological findings include
anterior AAS and subaxial subluxation. Long disease duration, RF seropositivity, and elevated
inflammatory markers were risk factors for cervical spine involvement.

Keywords: cervical spine; rheumatoid arthritis; atlanto-axial subluxation; radiography; magnetic
resonance imaging

1. Introduction

Rheumatoid arthritis (RA) is an immune-mediated inflammatory disease affecting
numerous joints of the peripheral and axial skeleton. Cervical spine involvement is the
third most common manifestation of RA after hands and feet and may develop in 17–88%
of patients [1]. Atlanto-axial level is the most frequent cervical spine location of RA with
possible life-threating complications. Chronic inflammation at the C1/C2 joint may lead to
the progressive destruction of bones and ligaments causing subluxations [1], with further
cervical spine compression and even sudden death [2]. At the subaxial level, the most
prevalent lesions are subluxations, but bony ankylosis or spinous process erosions may
also occur [1]. The main risk factors for cervical spine involvement in RA include early
onset of RA, advanced disease in peripheral joints, presence of rheumatoid factor (RF), and
chronic use of corticosteroids [3,4].

Imaging plays an important role in the diagnosis of cervical spine pathologies, with
classic radiography being a first-line approach. Magnetic resonance imaging (MRI) and
computer tomography (CT) are used for more precise evaluation of bones and soft tissues.
MRI has the possibility to show early inflammatory changes such as effusions, synovitis,
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bone marrow edema (BME), and the relation of spinal lesions to brain stem, spinal cord,
and nerve roots, whereas CT is the most precise technique for complex bone anatomy.

In the last two decades, biological agents have been introduced, and awareness of
early RA diagnosis and treatment to prevent chronic complications has grown. Some
studies suggest that early aggressive treatment with disease-modifying antirheumatic
drugs (DMARDs) may prevent the development of new lesions but does not prevent
the progression of existing ones [5]. Given the improved RA management over the past
few decades, the aim of this study was to assess the prevalence of RA-specific lesions in
cervical spine on radiographs and MRI and to correlate findings with clinical and laboratory
parameters.

2. Materials and Methods

The study was approved by the Ethics Committee (no. KBT-3/2/2018). Conventional
radiographs in three lateral views (maximum flexion, neutral (resting), and maximum ex-
tension) as well as MRI of the cervical spine of 240 consecutive patients with confirmed RA
performed at our institution from 1 January 2010 to 28 February 2018 were retrospectively
analyzed.

Patients were qualified for imaging by clinicians based on symptoms suggesting
cervical spine involvement (e.g., neck pain, limited motion of the cervical spine, numbness
of upper extremity) and/or long disease duration. Patients with osteoarthritis served as a
control group. Exclusion criteria included past surgery on cervical spine and traumatic
lesions. The maximal time interval between radiography and MRI did not exceed 60 days.

MRI was performed in a 1.5 T Siemens Avanto with the use of an 8-channel neck coil.
The MRI protocol included sagittal T1-weighted (w), T2-w, T2-w TIRM, axial T2-w, and
coronal T2-w sequences as well as postcontrast axial and sagittal T1-w with fat saturation
(fs) sequences in some patients.

MRI and radiographic lesions were scored in a binary way: 0—absence of pathol-
ogy, 1—presence of pathology. On radiographs, the following lesions were scored: (1)
in the whole cervical spine: demineralization, cysts and erosions, bone ankylosis, and
spinal stenosis; (2) at the C1/C2 level: dens erosions, anterior atlanto-axial subluxation
(AAS), basilar settling (vertical AAS), posterior AAS; and (3) at the C2–C7 subaxial level:
subluxations (SAS) (Table 1).

Table 1. Prevalence of pathologies in the study group. * MRI results are presented as a gold standard, # Radiography
findings are presented as a gold standard as a study providing dynamic assessment of subluxations, contrary to static MRI,
$ Ankylosis is present, when detected by at least one method. AAS: atlanto-axial subluxation, BME: bone marrow edema,
MRI: magnetic resonance imaging, ns: not significant (difference between rheumatoid arthritis and control group), SAS:
subaxial subluxation.

MRI Lesions
Radiographic

Lesions
Percentage Control n (%)

Interobserver
Kappa Value

C1/C2 level

BME 11 not applicable 11 (5%) 1 (0.5%) 0.91

Effusions 26 not applicable 26 (11%) 5 (2.5%) 0.89

Pannus 50 not applicable 50 (21%) 1 (0.5%) 0.93

Contrast enhancement 12 not applicable 12 (5%) 0 (0%) 0.83

Dens erosions 36 11 36 (15%) * 2 (1%) 0.89

Anterior AAS 78 140 140 (58%) # 7 (3.5%) 0.79

Posterior AAS 7 0 7 (3%) 0 (0%) 0.83

Lateral AAS 11 not applicable 11 (5%) 0 (0%) 0.84

Vertical AAS 25 27 25 (10%) * 2 (1%) 0.93

Brain steam compression 8 not applicable 8 (3%) 2 (1%) ns 0.95
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Table 1. Cont.

MRI Lesions
Radiographic

Lesions
Percentage Control n (%)

Interobserver
Kappa Value

Subaxial C2-C7 level

BME 11 not applicable 11 (5%) 6 (3%) ns 0.86

Effusions 1 not applicable 1 (0.4%) 0 (0%) ns 0.67

Pannus 1 not applicable 1 (0.4%) 0 (0%) ns 0.67

Contrast enhancement 2 not applicable 2 (1%) 2 (1%) ns 0.66

SAS 102 139 139 (58%) # 78 (39%) 0.83

Whole cervical spine C1-C7

Ankylosis 14 19 23 (10%) $ 3 (1.5%) 0.87

Spinous process erosions 0 14 14 (6%) 0 (0%) 0.83

Demineralization not applicable 114 114 (48%) 35 (18%) 0.76

Myelopathy 14 not applicable 14 (6%) 7 (3.5%) ns 0.92

Cervical spine compression 72 not applicable 72 (30%) 59 (30%) ns 0.95

Spinal stenosis 93 64 93 (39%) * 72 (36%) ns 0.92

Total 138 (58%) 159 (66%) 179 (75%) 95 (48%)

On MRI, bone marrow edema (BME) in the cervical spine, cysts, erosions, bone
ankylosis, spinal stenosis, and the compression of brain stem or spinal cord and myelopathy
were evaluated. In addition, at the C1/C2 level joint effusion, inflammatory pannus and
lateral subluxation were reported, and at the C2–C7 level, the presence of SAS was reported
(Table 1).

Anterior AAS was reported when the distance between the posterior surface of the
anterior arch of the atlas and anterior margin of the dens exceeded 3 mm [1]. The anterior
atlanto-dental interval was calculated in neutral position and if eligible in flexion. A
posterior atlanto-dental interval (PADI) less than 14 mm required prompt neurosurgical
consultation (potential cord compromise, compression) [1]. Lateral AAS was diagnosed
when there was >2 mm displacement or an asymmetry of dens in relation to C1 body [6].
Basilar settling (i.e., vertical AAS, cranial settling) was considered when the apex of dens
was located >4.5 mm above McGregor’s line [7]. SAS was considered when there was
>2 mm displacement between adjacent vertebrae [8].

For assessment of cervical spinal stenosis on radiography, the canal to body ratio (Torg-
Pavlov ratio) was used. The ratio is calculated on sagittal planes dividing the diameter of
the spinal canal by the diameter of the vertebral body. A ratio of below <0.8 is considered
cervical spinal stenosis [9]. Spinal stenosis on MRI was diagnosed when the AP diameter
of the spinal canal was lower than 10 mm [10]. Myelopathy was reported when there was
a high signal of spinal cord in T2-w turbo inversion recovery magnitude (TIRM) images.

Every radiograph and MRI scan was assessed in a blinded and randomized manner
by two independent radiologists—ISS (20 year of experience) and MK (senior radiology
resident). Both readers work in a reference center. The obtained data were analyzed for
inter-reader reliability.

In each case, the following demographic, clinical, and laboratory data were collected:
age, gender, disease duration, current medical treatment, serum concentration of C-reactive
protein (CRP, mg/L), erythrocyte sedimentation rate (ESR, m/h), antinuclear antibodies
(ANA) titer, seropositivity for anti-cyclic citrullinated peptides (anti-CCP antibodies),
and RF. For ANA titer, higher than or equal to 1:160 was considered as significant. A
concentration of >17 IU/mL was considered as positive for anti-CCP antibodies, while
>34 IU/mL was considered positive for RF.
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Statistical Analysis

The statistical analysis was performed using SPSS software. The Shapiro–Wilk test
was used to assess the distribution of continuous variables. Normally distributed data are
expressed as mean ± standard deviation. Non-normally distributed data are presented
as median and interquartile range (IQR). Student’s t-test and Mann–Whitney U-test were
used to evaluate data when appropriate. Categorical Chi-squared test and Fisher’s exact
test were used to assess nominate data when appropriate. p-values < 0.05 were considered
as significant. The sensitivity and specificity of radiography for basilar settling and dens
erosions were calculated relative to the gold standard of MRI and for MRI for anterior AAS
and SAS relative to the gold standard of dynamic radiography. The inter-reader reliability
kappa value was calculated using McHugh’s assumptions [11]. The level of agreement was
classified as follows: almost perfect (kappa value above 0.90), strong (0.80–0.90), moderate
(0.60–0.79), weak (0.40–0.59), minimal (0.21–0.39), none (0–0.20).

3. Results

Overall, 240 patients aged 23–86 years were enrolled (median age 62.0; IQR 53.0–69.0;
86% female), with a median duration of disease of 14.0 years; IQR 7.0–23.0. The mean age
of RA onset was 42.7 ± 14.4 years.

Moreover, 198 patients with diagnosis of cervical spine osteoarthritis were recruited to
serve as a control group. They were age and gender matched to the RA group (83% female,
median age 62.0, IQR 54.0–70.0).

In the RA group, out of all 240 included patients, functional lateral radiographs
were performed in 160 patients, while lateral neutral projection only was performed in
80 patients. Non-contrast MRI was performed in 168 patients and contrast-enhanced MRI
was performed in the remaining 72 patients.

In the control group, functional radiographs were performed in 96 patients, and
neutral projection only was performed in 102 patients. Twenty-one patients from the
control group had post-contrast MRI of the cervical spine.

Out of 240 patients in the RA group, 179 (75%) had RA-related abnormalities of the
cervical spine seen on radiographs and/or MRI. The most common lesions were anterior
AAS (Figure 1) diagnosed in 140 patients (58%) with radiographs and in 78 (33%) with
MRI, SAS seen in 139 patients (58%) on radiographs and in 102 patients (43%) with MRI,
and demineralization diagnosed in 114 patients (48%) entirely with radiographs (Table 1).

 
Figure 1. Lateral flexion view radiograph in a 63-year-old female with rheumatoid arthritis shows
anterior AAS-8.8 mm (between crosses). AAS: atlanto-axial subluxation.
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At the C1/C2 level, the most frequently diagnosed abnormalities (apart from anterior
AAS) were (Table 1) vertical AAS (25 [10%] seen on MRI, 27 [11%] on radiography), poste-
rior AAS (11 [5%]) and lateral AAS (7 [3%]); the latter two were observed only with MRI.
Dens erosions were seen in 36 patients (15%; Figure 2) on MRI, while radiography showed
dens erosions in 11 subjects. With MRI only, pannus was diagnosed in 50 patients (21%;
Figure 3), periodontal effusion in 26 (11%), BME in 11 (5%), and contrast enhancement of
bone (osteitis) and/or synovium in 12 (5%) patients. MRI showed brain steam compression
in eight patients (3%).

Figure 2. Sagittal MRI, T2-w TIRM image in a 65-year-old female with rheumatoid arthritis shows
dens erosions (arrowhead) and periodontal effusion and pannus (long arrow). MRI: magnetic
resonance imaging, TIRM: turbo inversion recovery magnitude.

  
Figure 3. Sagittal postcontrast MRI, T1-w image in a 76-year-old female with rheumatoid arthritis
with pannus formation in periodontal area (arrow). MRI: magnetic resonance imaging.
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Among 140 cases of anterior AAS, 43 were seen on neutral lateral view and confirmed
by functional radiography, while 69 of them were missed on neutral projections and
diagnosed using additional views. Overall, 62% patients of anterior AAS were visible only
on functional radiographs.

At the subaxial level, the most common lesion was SAS (139 (58%) seen on radiography,
102 (43%) on MRI).

The radiography sensitivity compared to MRI in detection of the basilar settling was
76%, while specificity was 96%, respectively. The sensitivity of radiography in the detection
of dens erosions is 25%, while specificity was 99%. The sensitivity of functional radiography
compared to static MRI in the diagnosis of anterior AAS was 50.7%, while specificity is
93%. In the case of SAS, the sensitivity of MRI was 54% and specificity was 73%.

At least one method discovered ankylosis in 23 patients (10%) (MRI in 14 patients,
radiography in 19 patients). Spinal stenosis was seen with MRI in 93 patients (39%)
and with radiography in 63 patients (26%). MRI showed cervical spine compression in
72 patients (30%) and cervical myelopathy in 14 patients (6%).

MRI revealed BME in 11 patients (5%), effusion in one patient, pannus formation in
one patient, and contrast enhancement of bone (osteitis) and/or synovium in two patients.
Spinous process erosions were seen in 14 patients (6%) and demineralization was seen in
114 (48%).

Most (90%) patients were taking at least one DMARD, two or more drugs were taken
by 105 patients (71%), and 20 patients were on biological treatment.

Anti-CCP antibodies were present in 78 patients (78%), RF was present in 51 (51%),
and ANA was present in 34 (34%). The median CRP value was 15 mg/L (IQR 7.0–30.3),
while the median ESR value was 33 mm/h (IQR 16.3–56.8). Table 2 presents detailed
clinical and laboratory data.

Table 2. Characteristics of RA group. ANA: antinuclear antibodies, CCP: cyclic citrullinated peptides,
CRP: C-reactive protein, ERP: erythrocyte sedimentation rate, MRI: magnetic resonance imaging, RA:
rheumatoid arthritis, RF: rheumatoid factor.

Rheumatoid Arthritis
Cervical Spine Lesions on
Radiographs and/or MRI

(n = 179)

No Abnormalities
on Imaging (n = 61)

p

Age (years) 61.0 [52.0–68.0] 59.5 [50.5–66.8] 0.491

Sex (female; %) 154 (86%) 53 (87%) 0.868

Age at onset (years) 41.8 ± 13.6 45.3 ± 16.3 0.229

Disease duration (years) 15.0 [9.0–27.0] 9.0 [4.0–15.8] 0.007

CRP (mg/mL) 19.0 [7.0–32.0] 11.5 [6.3–19.8] 0.016

ESR (mm/h) 35.0 [19.0–58.0] 28.0 [13.3–48.8] 0.025

ANA positivity n (%) 20 (31%) 14 (39%) 0.408

RF positivity n (%) 39 (60%) 12 (35%) 0.010

Anti-CCP positivity n (%) 54 (83%) 24 (67%) 0.060

Cervical spine involvement was linked with longer duration of RA (15 years (range:
9.0–27.0) vs. 9 (4.0–16.0, p = 0.007), presence of RF (39 (60%) vs. 12 (35%); p = 0.010),
elevated CRP (19.0 (7.0–32.0) vs. 11.5 (6.3–19.8); p = 0.016) and ESR (35.0 (19.0–58.0) vs.
28.0 (13.3–48.8); p = 0.025). The longer duration of RA was associated with the presence
of subaxial subluxation (30 years (15.0–40.0) vs. 13 (6.0–21.0); p = 0.005), anterior AAS
(15 years (10.0–27.0) vs. 9.5 (3.0–18.0); p = 0.005) and basilar settling (17 years (9.0–27.0)
vs. 10 (5.0–16.0); p = 0.003). Basilar settling prevalence was lower in patients treated with
methotrexate (6% vs. 17%; p = 0.041). Vertical AAS was also linked with the presence of
demineralization (18% vs. 4%, p = 0.001). No other significant associations were found
between detected abnormalities and treatment.
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Comparing RA and the control group, the majority of lesions had statistically higher
prevalence in RA (Table 1). For the spinal stenosis, myelopathy, cervical cord and brain stem
compression, as well as subaxial lesions (BME, effusion, pannus, and contrast enhancement
of bone (osteitis) and/or synovium), no statistically significant differences were found
between the RA group and the control group.

The overall inter-reader reliability (for the reference method) was usually almost
perfect (kappa value >0.90) or strong (0.80–0.90). For anterior AAS (0.79), demineralization
(0.76), and subaxial lesions (effusion—0.66; pannus—0.66, and contrast enhancement—
0.67), the agreement was moderate (Table 1).

4. Discussion

The current study confirmed the high prevalence of cervical spine pathologies in RA
patients. Out of 240 included patients, 75% developed cervical spine abnormalities, with
71% on DMARDS therapy.

The most common lesions were anterior AAS (58%), followed by SAS (58%) and bone
loss (48%). The cervical spine involvement was linked with long-standing RA, raised
inflammatory markers, and RF seropositivity. Vertical AAS, anterior AAS, and subaxial
subluxation developed late in the course of RA, while the remaining lesions including dens
erosions may occur anytime.

The most serious complication of cervical spine arthritis is subluxations. Recent
studies showed that anterior AAS was present in 18–32% of patients [8,12,13], whereas in
our study, it was diagnosed in 58% of patients by radiographs, most likely because the
study was conducted in a reference center for rheumatic diseases. Usually, AADI (anterior
atlanto-dental interval) higher than 6 mm is considered for surgery [14]. In the current
study, inter-reader agreement for anterior AAS was moderate (kappa—0.79). This usually
resulted from suboptimal visualization/superimposition of anatomical structures due to
destructive lesions of dens or border cases where the AADI was approximately 3 mm.

The second most commonly diagnosed abnormality was SAS, and it was again more
common in our study (139 patients [58%]) than in those published by other authors (6–
16%) [8,12]. SAS is caused by destructive changes in intervertebral, uncovertebral, and
apophyseal joints as well as ligamental damage. In the current study, SAS developed in
patients with a median of 30 years of history of RA. As other subluxations, SAS may also
lead to myelopathy. The severity of subaxial myelopathy may be associated with vertebral
or intervertebral disc destruction, the spinous process, or apophyseal joint erosions. Long-
standing RA, younger age, and treatment with corticosteroids are risk factors for developing
subaxial myelopathy [15].

Vertical AAS occurred in 10% of the RA patients, which is a similar prevalence to
that observed in previous studies [8,12]. The assessment of vertical AAS is challenging
on classic radiography due to the superimposition of anatomical structures and bone
damage in the course of RA. Several methods are used to assess vertical AAS: Chamberlain,
Clark, McRae, McGregor, Redlund-Johnell, Ranawat, Fischgold-Metzger, Wackenheim,
and Kauppie-Sakaguchi [7,16–23]. In the current study, the McGregor method was used,
and vertical AAS was considered when the apex of dens was located >4.5 mm above
McGregor’s line [7]. Riew et al. revealed that no method is ideal [24]. The authors suggest
that combined measurements with Clark, Ranawat, and Redlund-Johnell methods are
preferable. If any of these three methods is positive for the detection of vertical AAS, the
sensitivity reaches 94% [24].

Care must be taken in patients with vertical subluxation, since in significant ligamental
damage with the coexistence of anterior and vertical AAS, the anterior distance between the
C1 arch and dens (AADI) may decrease and even normalize, causing pseudostabilization.

Other types of AAS, such as lateral or posterior, are rare. Only 5% of included patients
developed lateral AAS, while 3% developed severe posterior AAS. The prevalence of these
types of AAS is similar to previous studies [6]. Posterior AAS is usually caused by odontoid
erosions or fracture, while lateral AAS is caused by rotatory deformations. Posterior AAS is
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an indicator for surgery. PADI less than 14 mm requires prompt neurosurgical consultation
due to high risk of spinal cord compressions and is a poor prognostic factor leading to
neurological deficit [14,25].

Dens and spinous process erosions are a hallmark of RA. Dens erosions were seen
in 15% of our patients, in line with published data by Olah et al. [12], which reported
a prevalence of 16%. The prevalence of spinous process erosions in our study was 6%.
Moreover, correlation between dens erosions and destruction in peripheral joints was
found [12].

In the current study, at the C1/C2 level, pannus was seen in 21% of patients, showing
postcontrast enhancement in 5% of the patients, periodontal effusion in 11%, and BME in
5%. Another study showed similar results; the prevalence of pannus formation was almost
25% [13]. Carotti at al. [26] found cervical spine arthritis in 24% of patients in early RA
(less than a year from the diagnosis). The vast majority of lesions included BME, pannus,
and dens erosions [26]. However, in our study, no link between BME, pannus formation or
effusion, and duration of disease was confirmed.

Demineralization was found on radiographs in almost half of the patients. Han et al.
suggested that patients with low bone mineral density (BMD) and lower body mass index
(BMI) have a higher risk of AAS [27]. Rossini et al. suggested that osteoporosis may
be an independent risk factor for bone erosions in RA [28]. In the current study, bone
demineralization was positively linked to vertical AAS only (p = 0.001). Although the
major adverse effect of steroid treatment is reduced BMD, the recent metanalysis revealed
that patients with early RA after 24 months of corticosteroid therapy have no changes
in BMD [29]. For demineralization, the interobserver kappa value was moderate (0.76).
However, radiography is the only axillary method, while the gold standard for assessment
of BMD is dual-energy X-ray absorptiometry.

Apophyseal bony ankylosis in not a specific feature of RA, but it can be observed with
long duration of disease. In the current study, cervical spine ankylosis was diagnosed in
10% of the patients. Iizuka et al. [30] found cervical ankylosis in 24% of RA patients, and it
most commonly affected the atlanto-occipital joint. At the subaxial level, ankylosis may be
the risk factor for instability and stenosis and may even lead to myelopathy. At the upper
cervical level, patients with ankylosis had neurological impairment [30].

Lesions of spinal cord and brainstem were assessed on MRI and included spinal
stenosis (39%), cervical cord compression (30%), cervical myelopathy (6%), and brainstem
compression (3%). It is speculated that the incidence of spinal compression is underes-
timated in clinical practice, which is mainly due to nonspecific symptoms or a lack of
symptoms, and therefore, it may lead to a sudden death [31]. If not operated, myelopathy
deteriorates in 76% of patients. Within 3 years, all patients become bedridden, and the
cumulative survival rate after 7 years was 0% [32]. When operated, 71% of patients with
paralysis improved neurologically [25]. Neva et al. reported that 2% of patients with RA
died due to cervical spine compression, resulting in sudden death, postoperative compli-
cations, and paraparesis or quadriparesis [2]. Cervical myelopathy is usually caused by
mechanical compression or vascular ischemia [33]. With MRI, it manifests as a focal area
of increased signal in fluid-sensitive images; however, very early changes might remain
undetected. Recently, apparent diffusion coefficient (ADC) allows the early identification
of cervical cord pathologies in patients with anterior AAS and normal MRI. This parameter
may be useful for spinal surgery qualification [34]. Compared to a control group of patients
with osteoarthritis, there were no statistically significant differences in prevalence of spinal
stenosis, cervical cord compression, cervical myelopathy, and brain stem compression
between patients with RA and osteoarthritis. In RA, these lesions are caused mainly by
subluxations, while in osteoarthritis, they are caused by degenerative changes such as
osteophytes or disc protrusion/extrusion.

The current study confirmed that a long duration of RA, elevated CRP concentration,
and elevated ESR level as well as the presence of RF are associated with cervical spine
arthritis. Other studies also showed that female sex, long treatment with steroids, extensive
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peripheral joint involvement, and the presence of anti-CCP antibodies may be risk factors
for cervical spine arthritis [4,12]. Although raised CRP and ESR are seen in RA and
correspond with disease activity, both markers are nonspecific and may be elevated in
other inflammatory conditions or RA complications. Furthermore, a recent study found
histological features of inflammation in the synovium of the knee in RA patients with
normal CRP. Thus, relying exclusively on inflammatory markers for disease severity score
may not be ideal [35].

The first-line treatment for RA is methotrexate. One-third of patients on methotrexate
did not show radiological progression, and this positive effect is even greater in combi-
nation with other drugs [36]. The current study showed a lower prevalence of vertical
AAS in patients treated with methotrexate. The intensive use of a combination of three
DMARDs (methotrexate, sulfasalazine, hydroxychloroquine) with prednisolone limited
the development of anterior AAS [37]. Regarding biological treatment, Salii et al. reported
that infliximab therapy reduced periodontal pannus area and spinal cord edema [38]. Sand-
strom et al. [39] focused on the prevalence of cervical spine involvement after 10 years of
follow-up during triple DMARD therapy with prednisolone in patients who also received
infliximab as part of a double-blind randomized study. The incidence of cervical spine
involvement was as low as 4.7% regardless of infliximab use [39]. Biological agents pre-
vented the development of new cervical spine lesions but did not inhibit the progression
of preexisting involvement. Thus, the progressive nature of RA may still be uncontrol-
lable [5]. Other authors reported lower prevalence of cervical spine involvement in the era
of biological treatment, but their study failed to determine the role of biological agents [40].
In addition, metaloproteinase-3 levels predicted bone damage in treated patients [41,42].
Therefore, patients diagnosed with cervical spine instability tend to have progressive
disease even under appropriate medical treatment, whereas patients without cervical
involvement may benefit from the treatment [40–42].

Radiography and MRI are complementary methods. Radiographs remain a first-line
method in imaging of the cervical spine. Neutral view in a standing position, supplemented
by dynamic projections are superior to standard MRI (without flexion and extension) in the
diagnosis of anterior and posterior AAS and SAS. However, MRI with no superimposition
of anatomical structures allows better visualization of vertical AAS and dens erosions.
The current study showed that functional projections detected 62% of all anterior AAS,
which were not seen in the neutral position. This is similar to previous observations [43].
The sensitivity of dynamic radiography compared to static MRI in the supine position in
diagnosis of anterior AAS was 51% and specificity was 93%. For SAS, the sensitivity of
MRI was 54% and specificity was 73% compared to radiography. In the case of anterior
AAS, Hung et al. list a number of features that are seen on MRI and may suggest anterior
AAS, namely: dens erosions, anterior atlantoaxial joint titling (situation where the anterior
tubercle of C1 and the anterior cortex of the odontoid process are not parallel), effusion,
lateral facet arthropathy, abnormalities of spinolaminar line, and cervical myelopathy [44].
Otherwise, MRI is used to assess the activity of inflammation and complications, including
other directions of subluxation (lateral, vertical, rotatory, mixed) and is the method of choice
to visualize spinal cord and brainstem lesions such as compression or myelopathy [45].
Our study showed the superiority of MRI in the diagnosis of dens erosions and vertical
AAS. Radiography showed 25% sensitivity and 99% specificity as a diagnostic modality
for dens erosions and 76% sensitivity and 96% specificity for the detection of vertical AAS.
The major limitation of radiography is the superimposition of anatomical structures used
as reference points for measurements, which obscures anatomical landmarks.

The major advantage of the current study was the large, single-center cohort of 240
patients diagnosed with RA. In the study, both MRI and radiographic methods were
analyzed, and the pros and cons of each modality were shown. The main limitation was
the retrospective nature of the analysis.

103



J. Clin. Med. 2021, 10, 4587

5. Conclusions

The current study showed that RA-related lesions occur in most RA patients (75%),
and they most frequently include anterior AAS (58%) and SAS (58%) followed by bone loss
(48%). Dynamic radiographs and MRI are complementary and should both be performed
for optimal diagnosis. Long disease duration, elevated inflammatory markers, and RF
seropositivity were positively linked with abnormalities. In this cohort, the prevalence of
vertical AAS was reduced in patients taking methotrexate, whereas no effect on remaining
subluxations or RA features was noted.
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Abstract: This study reports the reliability of the juvenile idiopathic arthritis magnetic resonance
imaging scoring system (JAMRIS-SIJ). The study comprised of eight raters—two rheumatologists and
six radiologists—and 30 coronal T1 and Short-Tau Inversion Recovery (STIR) MRI scans of patients
with enthesitis-related juvenile spondylarthritis. The median age of patients was 15 years with a
mean disease duration of 5 years and 22 (73.3%) of the sample were boys. The inter-rater agreement
of scores for each of the JAMRIS-SIJ items was calculated using a two-way random effect, absolute
agreement, and single rater intraclass correlation coefficient (ICC 2.1). The ICC was interpreted
together with kurtosis, since the ICC is also affected by the distribution of scores in the sample.
The eight-rater, single measure inter-rater ICC (and kurtosis) values for JAMRIS-SIJ inflammation
and damage components were the following: bone marrow edema (BME), 0.76 (1.2); joint space
inflammation, 0.60 (1.8); capsulitis, 0.58 (9.2); enthesitis, 0.20 (0.1); ankylosis, 0.89 (35); sclerosis,
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0.53 (4.6); erosion, 0.50 (6.5); fat lesion, 0.40 (21); backfill, 0.38 (38). The inter-rater reliability for BME
and ankylosis scores was good and met the a priori set ICC threshold, whereas for the other items it
was variable and below the selected threshold. Future directives should focus on refinement of the
scores, definitions, and methods of interpretation prior to validation of the JAMRIS-SIJ through the
assessment of its measurement properties.

Keywords: OMERACT; JIA; measurement instrument; outcome measure; MRI; SIJ; reliability

1. Introduction

Juvenile idiopathic arthritis (JIA) is a chronic inflammatory disease of childhood
that affects peripheral and axial joints with onset in a child less than 16 years of age.
It is characterized by persistent arthritis for at least 6 weeks and the exclusion of other
known conditions. Uncontrolled disease activity has the potential to cause joint damage
and growth abnormalities [1–3]. Children within the JIA categories including those with
enthesitis-related arthritis, arthritis and psoriatic arthritis, and undifferentiated arthritis
(often referred to as juvenile spondyloarthritis in case of axial involvement) or juvenile
spondyloarthritis (ERA/JSpA) have frequent involvement of their entheses and joints,
including the sacroiliac joint (SIJ) [3]. Several JIA disease activity measures exist [4–6];
however, their reliability is variable [7], and they often do not represent or include arthritis
in axial joints. Clinical examination of the SIJ is a commonly used measure of SIJ disease
activity in JIA and is often defined as pain with palpation of the SIJ. However, the validity
of clinical assessment is limited by the anatomy and deep location of the SIJ and is not
useful in truly differentiating true arthritis from a normal joint in many cases [8,9].

Magnetic resonance imaging (MRI) is considered a valuable non-invasive tool for
assessing SIJ inflammation and damage, and for monitoring treatment effectiveness and
disease activity in JIA [9–11]. Radiography is a frequently used diagnostic imaging tech-
nique for SIJ, but its utility is limited because it cannot directly detect early features of
disease activity such as bone marrow inflammation [12]. MRI is the most sensitive modal-
ity available to assess inflammation in the SIJ [12–14]. Reliable and valid MRI imaging
instruments have been developed to assess SIJ inflammation and damage in adults [15,16],
with special regards to the application of adult joint imaging instruments for the wrist and
SIJ in children [1,17–20]. The need for an imaging outcome measure that was cognizant of
the nuances of pediatric bone marrow MRI signal and dynamic bone growth underpinned
the development of the preliminary OMERACT juvenile idiopathic arthritis MRI-SIIJ score
(JAMRIS-SIJ). This score is a standardized, objective, semi-quantitative, MRI-based out-
come measurement instrument developed by a multi-disciplinary international group of
experts for the evaluation of SIJ inflammation and structural changes in children with
JIA [21]. We aim to assess the inter-rater reliability of this preliminary score in a cohort of
children with ERA/JSpA.

2. Patients and Methods

Magnetic resonance imaging of boys and girls ≤18 years with confirmed imaging and
clinical diagnosis of ERA/JSpA who had a SIJ MRI study performed at The Hospital for
Sick Children (Toronto, ON, Canada), the Children’s Hospital of Philadelphia (Philadelphia,
PA, USA), or Ghent University Hospital (Ghent, Belgium) comprised the study sample.
The MRI examinations were acquired between January 2017 and December 2018. All
MR images were anonymized, and patient information was extracted from electronic
clinical charts before scoring. All available cases contained at a minimum semicoronal
T1-weighted (T1W), T2-weighted (T2W) fat-suppressed, or Short Tau Inversion Recovery
(STIR) sequences. Details of sequence protocol are reported in Appendix A. Cases with
history of comorbidities such as primary or metastatic bone cancer, SIJ fractures, and not
containing the minimum imaging protocol for this study were excluded. The study MRI
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cases were reviewed for the presence of SIJ pathologies by two pediatric radiologists (JLJ
and NH) who were blinded to the clinical history and other imaging findings. The final
30 cases included in the study were randomly selected following a sample size estimation
using the Donner and Eliasziw sample size estimation formula for reliability study [22].
They were scored by using the JAMRIS-SIJ scoring methods (Table 1, Figure 1A–C) by
8 raters—2 rheumatologists (one adult and one pediatric rheumatologist) and 6 radiologists
(5 pediatric and 1 adult radiologist)—who had between 5 and 33 years of experience
assessing pediatric MRIs, (interquartile range (IQR): 10–20, median 14 years).

Table 1. Features and definitions of inflammation and structural components of an MRI scoring system for sacroiliac joints.

Features Definitions Scores

Inflammation MRI Components Score range/slide

BME
An ill-defined area of high bone marrow signal intensity †

within the subchondral bone in the ilium or sacrum on
fluid-sensitive images

Score 4 quadrant/SIJ 0/1, range 0–8

BME Intensity Hyperintensity of the marrow edema using the presacral
veins as reference Score each SIJ 0/1, 0–2

BME Depth Continues to increase the signal of depth ≥ 5 mm/ ≥ 1 cm
from the articular surface Score each SIJ 0/1, 0–2

Capsulitis High signal on fluid-sensitive and/or post-contrast
enhancement involving the SIJ capsule Score halves / SIJ 0/1, 0–4

JSI
Increased signal on fluid-sensitive or contrast-enhanced

T1-weighted images within the joint space of the
cartilaginous portion of the SIJ

Score halves/ SIJ 0/1, 0–4

Enthesitis

High signal in bone marrow and/or soft tissue on a
fluid-sensitive sequences or a contrast-enhanced

T1-weighted sequence at sites where ligaments and tendons
attach to a bone

Score each case 0/1, 0–1

Structural MRI Components

Sclerosis
A substantially wider than normal area of low subarticular
bone signal on T1-weighted and fluid-sensitive images (of

≥5 mm in adolescents)
Score 4 quadrants/SIJ 0/1, 0–8

Erosion

Bony defect (or irregularity with associated bone marrow
edema, sclerosis, or fatty lesion) at the osteochondral
interface involving both contour and signal on both

T1-weighted and fluid-sensitive images

Score 4 quadrants/SIJ 0/1, 0–8

Fat Lesion Increased homogenous signal intensity on T1-weighted
non-FS image in subchondral bone with a distinct border Score 4 quadrants /SIJ 0/1, 0–8

Backfill

A bright signal on a T1-weighted sequence in a typical
location for an erosion, with signal intensity greater than

normal bone marrow, and meeting the
following requirements.

1. It is associated with complete loss of the dark appearance
of the subchondral cortex at its expected location.

2. It is clearly demarcated from adjacent bone marrow by an
irregular band dark signal reflecting sclerosis at the border

of the original erosion

Score halves/SIJ 0/1, 0–4

Ankylosis
Presence of signal equivalent to regional bone marrow

continuously bridging a portion of the joint space between
the iliac and sacral bones

Score halves/0/1, 0–4

Statement of overarching consideration for all definitions—“[ . . . ] in comparison to physiological changes normally seen in MRIs of
age and sex matched children, and visible in two planes where available”. † Caveat for bone marrow edema—“[ . . . ] compared to the
signal intensity of the iliac crest, edges of the vertebrae, and triradiate cartilage where available”. JAMRIS-SIJ: juvenile arthritis magnetic
resonance image sacroiliac joint scoring system; MRI: magnetic resonance imaging; BME: bone marrow edema; SIJ: sacroiliac joint; FS:
fat suppressed.
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Figure 1. Semicoronal T2 Short Tau Inversion Recovery (STIR) MR images (A,D) and sketches (B,C) through the sacroiliac
joint (SIJ) illustrate the measurement and method and component of the JAMRIS-SIJ. (A) SIJ in a 14-year-old boy shows a
normal SIJ divided into quadrants by a vertical line through the joint space and a horizontal line that intersects at the mid
portion of the joint (red lines) into superior iliac, sacral, inferior sacral and iliac quadrants in clockwise direction on the right
and direction on the left side. (B,C) Corresponding schema of the SIJ, with (B) showing the division of the SIJ into halves
and (C) showing the division into quadrants with a corresponding example of the scoring JAMRIS-SIJ components. (D) SIJ
in a 12-year-old boy with enthesitis-related arthritis/juvenile spondylarthritis (ERA/JSPpA) demonstrates bone marrow
edema (BME) involving the inferior aspect of the right ilium (A—solid arrow). The intensity of the BME signal (arrow) is
equal to the signal of the presacral veins. There is a bony defect in the inferior aspect of the right iliac bone seen on both
T2-weighted (A) and T1-weighted (Figure 2D) images (dashed arrow) with associated BME, consistent with an erosion.

The JAMRIS-SIJ is a dichotomous item-based instrument that assesses the presence
or absence of SIJ inflammation and structural lesions on successive semicoronal T1W,
T2W fat-suppressed, and/or STIR sequences through the cartilaginous portion of the SIJ
(Table 1). The scores for each item of the JAMRIS-SIJ scale were based on the compilation
of information from consecutive semicoronal slices that included the cartilaginous portion
of the joint. The definition and scoring methods for the features of the JAMRIS-SIJ scale are
described in Table 1 and illustrated in Figure 1A–C. Visualizing a minimum of 1 cm vertical
height of the cartilaginous portion of the SIJ is required to meet scoring eligibility. To
standardize bone marrow signal for scoring of bone marrow edema (BME), the iliac crest,
triradiate cartilage, sacral interforaminal area, and ischiopubic synchondrosis were selected
as internal reference comparators for normal pediatric bone marrow signal intensity, and
the presacral vein was used as reference for depth.

The inter-rater reliability was calculated by using the two-way random effects model,
absolute agreement, and single rater intraclass class correlation coefficient (ICC 2.1) [23].
The reliability estimates assume that both raters and subjects (cases) were randomly selected
and represent the population of raters and subjects (cases) from which they were drawn.
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Therefore, results can be generalized to other raters and subjects with comparable
attributes. The ICCs are reported as absolute agreement for all raters, rheumatologists and
radiologists. An a priori determined than an ICC > 0.7 represented an inter-rater reliability
estimate, for α = 0.05 and β = 0.20. ICC values were regarded as < 0.5 (poor), 0.5 to
0.75 (moderate), 0.75 to 0.9 (good), and > 0.9 (excellent) reliability [23]. ICC estimates were
interpreted together with kurtosis, since the ICC is also affected by the distribution of
scores in the sample. Kurtosis is a measure of probability of the tails of a distribution com-
pared to a normal reference kurtosis of 3 (mesokurtic) representing a normal distribution.
Kurtosis > 3 (leptokurtic) indicates more distribution of the data in the tail, whereas kurtosis
< 3 (platykurtic) refers to a data distribution with a wide bell and less data distribution in
the tail.

All raters received initial online training session from an expert developer (NH), com-
prising examples of SIJ pathologies and how the JAMRIS-SIJ scoring system would be used
for the cases, as well as common pitfalls. After the training session, a cognitive debriefing
was conducted through email correspondence to clarify any questions or concerns about
the scoring method. Lesions were recorded directly on a custom-designed web-based
interface (CARE Arthritis) [24] depicting schematics of the SIJ according to SIJ quadrants
or halves. Raters were blinded to all patient information except age.

Figure 2. Semicoronal T2 Short Tau Inversion Recovery (STIR) MR images (A–C) and T1-weighted MR image (D) through
the sacroiliac joint (SIJ) illustrate measurement components of the JAMRIS-SIJ. (A) SIJ in a 17-year-old boy with ERA/JSpA
shows joint space inflammation (JSI) as an increased signal intensity within the superior portion of the right SIJ (arrow)
compared to the normal signal in the left SIJ. (B) SIJ in a 15-year-old boy with ERA/JSpA demonstrates capsulitis as a
high signal intensity (arrow) at the superior aspect of the SIJ and JSI (dashed arrow), which is the most pronounced on the
right side. (C) SIJ in a 17-year-old boy shows edema in the left iliac bone (arrow) inferior and posterior, consistent with
enthesitis. (D) SIJ in a 12-year-old boy with enthesitis-related arthritis/juvenile spondylarthritis (ERA/JSPpA) demonstrates
erosion involving the inferior aspect of the right ilium (dashed solid arrow). The bony defect at the osteochondral interface
in the inferior aspect of the right iliac bone corresponds to the location of bone marrow edema (dashed arrow) seen on
theT2-weighted sequence of the image (Figure 1D), consistent with an erosion.
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3. Results

Out of the 30 patients who had MRI examinations selected for the study 22 (73.3%)
were males. The median age of the patients was 14 years (12.3–15.7, range 6–18 years). The
degree of disease activity at the time of imaging ranged from minimally active, moderately
active, and severe, as 16 (53.3%) cases showed negligible disease burden as reported
by the median count of active joints and tender enthesitis of 1, and the remainder of
cases showed moderate to severe self-reported pain and a physician global assessment
of 5 and 6, respectively. The incidence of JAMRIS-SIJ pathologies among the study MRI
examinations were 17 (56%) erosions, 16 (53%) BME; 11 (36.6%) sclerosis, 10 (33.3%) joint
space inflammation (JSI), 7 (23.3%) fat lesions; 5 (16.6%) capsulitis, 4 (13.3%) enthesitis,
2 (6.6%) backfill and 1 (3.3%) ankylosis. Seven (23.3%) of the MRI examinations were
normal for the patient’s age, exhibiting varying normal growth and age-related variants of
the bone marrow signal in the SI region. Descriptive statistics and ICCs for the JAMRIS-SIJ
items are reported in Tables 2–4. The mean slice count was 8 ± 2 (IQR 7–10), with a
minimum of 1 and maximum of 14. Further details on slice counts and mean JAMRIS-
SIJ item score among radiologist and rheumatologist are reported in Appendix B and
Tables 3 and 4.

The inter-rater reliability ICCs (and kurtosis) of JAMRIS-SIJ for the inflammation
and damage domains were 0.77 (1.0) and 0.60 (6.1), respectively. Among radiologists, the
inter-rater reliability estimates were 0.76 (0.48) for the inflammation domain and 0.60 (5.1)
for the damage domain, and for the rheumatologists, it was 0.73 (0.84) for the inflammation
domain and 0.85 (1.58) for the damage domain.
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4. Discussion

The reliability of a measurement instrument is a prerequisite for the assessment of its
longitudinal and discriminative validity. The final purpose of developing the OMERACT
JAMRIS-SIJ was to detect longitudinal change of the SIJ as a post intervention outcome
in order to assess treatment efficacy in clinical trials and to quantify axial disease severity
in JIA at a given timepoint. Thus, detection of true change is contingent on the optimal
reliability of the instrument. This study is the first in the series of validation steps towards
evaluating the measurement properties of the JAMRIS-SIJ. Domain-wise inter-rater reli-
ability of the JAMRIS-SIJ achieved the pre-specified threshold for reliability in the study
(ICC ≥ 0.7) for inflammation (Table 2, Figures 1D and 2A–C), but not for damage (Table 2,
Figures 1D, 2D and 3A–D). Within the inflammation domain, the inter-rater reliability
for BME achieved the pre-specified threshold for reliability: however, JSI, capsulitis, and
enthesitis did not (Table 2). Within the damage domain, except for ankylosis that reached
an ICC ≥ 0.7, the ICCs for sclerosis, erosions, fat lesion and backfill were all < 0.7. The low
reliability of the JAMRIS-SIJ structural domain scores (SDS) is consistent with that of other
studies [16,19]. Defining an SDS component requires that raters interpret findings based
on the assessment of multiple MRI sequences: nevertheless core and optimal protocols
for data interpretation have not been agreed upon. This is especially important in chil-
dren as many patients are small, and the ability to detect subtle findings, such as erosion,
may be influenced more by the optimization of the MRI imaging than any disagreement
surrounding the definition. At the inception of the JAMRIS-SIJ score, the definitions of
structural domain components (SDC) were ambitious. Although consensus was achieved
during the development of the SDC definitions, these definitions had minority dissent
among the experts. This may have contributed to the low ICC among raters. Of particular
importance is the reliability of scoring erosions, since MRI evidence of erosions, BME, and
inflammation constitute criteria for the use of biologics in children with JIA [25].

Figure 3. Semicoronal T1-weighted MR images (A–D) through the sacroiliac joint (SIJ) illustrate measurement components
the JAMRIS-SIJ. (A) SIJ in a 16-year-old girl with ERA/JSp. (A) shows fat lesions as a homogenous increased T1 signal
intensity within the inferior iliac subchondral bone (arrows), which is the more prominent on the left. (B) SIJ in a 15-year-old
boy with ERA/JSpA, shows an area of backfill in the mid to superior subchondral cortex of the left iliac bone. There is
increased signal (arrow) that is clearly demarcated from the adjacent normal marrow by irregular dark signal. (C) SIJ in a
16-year-old boy with ERA/JSpA shows sclerosis as a low subarticular signal on the superior iliac subchondral bone (arrows).
(D) SIJ in a 13-year-old boy shows the bone marrow signal extending across the right SIJ (arrow), consistent with ankylosis.

115



J. Clin. Med. 2021, 10, 4564

There was a slight difference in ICCs obtained for radiologists and rheumatologists
(Tables 3 and 4), and depending on the JAMRIS-SIJ component, the difference in ICC was
either high or low between the specialties (Tables 3 and 4). Since the scoring method was
equally available to all raters, the differences in ICCs may represent different levels of
experience of the raters in interpreting musculoskeletal findings in pediatric SIJ MRI [26].

BME is an abnormality that appears in most MRI scoring systems [14]. Its definition
had excellent consensus during the development of JAMRIS-SIJ. In this study, inter-rater
reliability of BME was consistent, and the good reliability estimates of BME scores may
partly be due to the fact that a detailed definition was previously available for scoring of
adult and similar description of BME lesions in pediatric SIJs [1,15]. In addition, some of
the raters in this study were already familiar with the definition and scoring process of
BME. Furthermore, the spectrum of BME abnormalities available in this study may have
been limited, which facilitated the decision making of raters during the exercise. Note
should be made, however, that the normal spectrum of SIJ signals varies according to
the degree of skeletal maturation of children and adolescents [27,28]. As a result, atlases
should be developed to address physiologic variation of bone marrow signals across age
groups of children and adolescents in future exercises that involve bone marrow scoring in
growing joints.

The ICC statistic reflects the proportion of the total variance that is due to variability
between subjects in the frequency and extent of the lesion. Consequently, ICC levels
will tend to be lower for structural lesions than for BME and applying the same ICC
cut-off for what constitutes an acceptable level of reliability may not be appropriate [29].
Notwithstanding the extensive subject content experience and training of most of our
study raters, the low ICC performance of some JAMRIS-SIJ items could also be due to the
distribution of pathology among cases. There are pragmatic issues with subject selection
towards providing a comparable distribution of lesion components represented in each
JAMRIS-SIJ domain in opportunity samples such is the case in this study. Noteworthy
is the infrequent presence of SIJ ankylosis (an extreme manifestation of JIA) in our study
sample. These inherent challenges in the JAMRIS-SIJ measurement component distribution
may have adversely affected both subject and component heterogeneity, which, in turn,
would have impacted the study inter-rater reliability estimates.

To investigate the non-uniform distribution of our study subjects and components
of the JAMRIS-SIJ, the kurtosis of the JAMRIS-SIJ scores was calculated and reported in
addition to ICCs. Most JAMRIS-SIJ components were leptokurtic (kurtosis > 3), indicating
a substantial deviation of the scores from a uniform distribution. The positive kurtosis
alters the subject variance, thereby reducing the reliability estimate. ICC is sensitive to
different subject distributions, with optimal ICCs achieved in uniform distributions when
rater variability is constant. The values of ICC in our study had a tendency towards
under uniformity of distribution as the magnitude of non-uniformity decreased. The overt
reliance of ICCs on subject distribution alters the interpretation of ICC as an estimate of
agreement in determining the quality of the measurement instrument when the uniformity
of the sample subjects and instruments components cannot be guaranteed [29]. These
characteristics of the reliability estimates may have contributed to the low reliability in
some JAMRIS-SIJ components.

By summing up the component scores of the JAMRIS-SIJ to report the inflammation
domain score and structural domain score, equal weight is assumed for each component.
However, this may not exactly represent the relative importance of the components in
measuring JIA disease activity in the JAMRIS-SIJ inflammation and damage (structural)
domains. Furthermore, there may have been overrepresentation of individual components
within the domain scores. For instance, within the IDC, the BME item encompasses a
significant part of the inflammation domain score (IDS) and consists of three parts: the
presence of BME, BME intensity, and BME depth. While BME is a relevant component of
the JAMRIS-SIJ, as it signals the beginning of osteochondral inflammation, the appropriate
weighting of BME and other components of JAMRIS-SIJ were not considered in this study.
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Our study has limitations. Chief among them is the non-uniform case distribu-
tion, as noted through the wide variability of score ranges among items of the scale
(Tables 2–4). Since it was a retrospective study design and the cases were non-randomly se-
lected, we were limited by the availability of cases, making it difficult to achieve a uniform
distribution of JAMRI-SIJ pathological lesion. Consequently, uncommon abnormalities
such as ankylosis were underrepresented in the study sample, and common abnormalities
such as erosions and BME were overrepresented. The significant deviation from uniformity
of the case distribution across JAMRIS-SIJ components may have influenced the reliability
estimates. Application of sampling methods that reduce the effect of subject distribution
on ICC should be adopted in future studies. Further, since this was the first data-driven as-
sessment for inter-rater reliability of the JAMRIS-SIJ item definitions, it was not uncommon
for raters to experience challenges to apply the definitions into the scoring methods.

Future directions of research in our study include the utilization of a calibration mod-
ule for raters and the development of an annotated reference atlas of the JAMRIS-SIJ item
abnormalities as a companion measurement aid prior to the next scoring exercise. More-
over, refining the definitions of the JAMRIS-SIJ items based on the challenges encountered
in this reliability scoring exercise is critical. Lessons learned from this study will inform
steps towards such refinement of the JAMRIS-SIJ items.

5. Conclusions

The development of a measurement instrument is an iterative process that follows
several steps, comprising of construct definition, selection, definition of measurement items,
optimization of scoring methods, conduct of pilot studies, and field testing. This reliability
study was a preliminary field testing of the JAMRIS-SIJ, as part of a series of validation
processes towards establishing its measurement properties. In this study, we reported
the results of the initial inter-rater reliability exercise of the JAMRIS-SIJ in children and
adolescents with ERA/JSpA. The JAMRIS-SIJ was originally developed to detect change
after treatment intervention (multi-timepoint) and disease severity at a single timepoint
in JIA, with special consideration for the unique MRI characteristics of the anatomy of
growing SIJs. The JAMRIS-SIJ demonstrated good reliability for the inflammation domain
across radiologist and rheumatologist raters. Future steps should aim at the following:
further defining the parameters of scoring such as the number of slices scored per reader,
improving item-wise scores, item weighting, and item definition refinement; developing a
measurement atlas that aligns with the proposed scale; and developing an objective rater
calibration and training to improve the JAMRIS-SIJ reliability before proceeding to test its
reliability and responsiveness.
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Appendix A

MRI protocols for data acquisition of sacroiliac joints cases in the study sample.
The Hospital for Sick Children (Toronto, Canada) Protocol.

All examinations were performed on a 1.5 Tesla MR scanner (Magnetom Avanto,
Siemens), including semicoronal (parallel to the long axis of the sacrum) and axial (through
the sacroiliac joints) imaging planes. Semicoronal oblique Short Tau Inversion Recovery
(STIR) (repetition time (TR)/echo time (TE): 4500/81 ms, matrix (Ma) 256 ×192, slice
thickness (SL) 4 mm, and gap 4.5 mm), semicoronal T1-weighted turbo spin echo (TR/TE
560/12, Ma 256 × 192, SL 4 mm and gap 4.5 mm), axial T2 (TR/TE: 5680/111, Ma: 256 ×
135, SL: 5 mm and gap: 6), axial T1 (TR/TE: 518/14, Ma: 512 × 180, SL: 5 mm and gap: 6),
and if required, post-contrast sequences, was used Post-contrast images were semicoronal
fat-saturated T1 (TR/TE: 380/12, Ma: 256 × 192, SL: 4 mm and gap: 4.5), coronal (through
the sacroiliac joints) fat-saturated T1 (TR/TE: 520/14, Ma: 320 × 199, SL: 5 mm and gap:
6.0), and axial (through the sacroiliac joints) fat saturated T1 (TR/TE: 456/14, Ma: 288, SL:
5 mm and gap: 6.0. A large field of view (FOV) adjustable to the patient’s biotype was used
for semicoronal images.

Ghent University Hospital (Ghent, Belgium) MRI Protocol.

MR images were acquired with a body flexed array coil in a 1.5 T MRI unit (Aera/Avanto,
Siemens Medical, Erlangen, Germany). The sequence protocol included the following:
semicoronal (along the long axis of the sacral bone perpendicular to the second sacral
(S2) vertebral body) T1-weighted (T1) turbo spin echo (TSE) (slice thickness (ST): 3 mm;
repetition time/echo time (TR/TE): 368/20 ms; field of view (FOV): 320; matrix:
512 × 384; averages: 2; turbo factor (TF): 3), semicoronal Short Tau Inversion Recov-
ery sequence (STIR) (ST: 3 mm; TR/TE/Inversion Time (TI): 5030/67/150 ms; FOV: 320;
matrix: 320 × 320; averages 2; TF: 7), and axial STIR (ST: 5 mm; TR/TE/TI: 7540/67/
150 ms; FOV: 400 mm; matrix: 320 × 320; averages: 1; TF: 7).

Children’s Hospital of Philadelphia (Philadelphia, PA, USA) Protocol.

MR images were acquired on a 3.0 Tesla MR scanner (Siemens Medical Systems,
Erlangen, Germany) and included the semicoronal (parallel to the long axis of the sacrum)
and axial (through the sacroiliac joints) imaging planes. Short Tau Inversion Recovery
(STIR) (repetition time (TR)/echo time (TE): 4000/52 ms, matrix (Ma) 320 × 240, slice
thickness (SL) 3 mm, and gap 0.3 mm), T1-weighted turbo spin echo (TR/TE 650/9, Ma
320 × 240, SL 3 mm and gap 0.3 mm), and 3D Dual-Echo Steady State (DESS) (TR/TE
15.3/4.4, Ma 320 × 240, SL 0.7 mm, and gap 0 mm) were collected on the semicoronal
plane along with T2-weighted turbo spin echo with fat saturation (fs) (TR/TE 5300/90, Ma
320 × 240, SL 3 mm, and gap 0.3 mm). Large field of view (FOV) coronal sequences were
also collected for visualization of both hips (TR/TE 5800/90, Ma 320 × 294, SL 3 mm, and
gap 0.3 mm).
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Abstract: Contrast-enhanced magnetic resonance imaging (MRI) remains the most comprehensive
modality to assess juvenile idiopathic arthritis (JIA)-related inflammation and osteochondral damage
in the temporomandibular joints (TMJ). This study tested the reliability of a new JIA MRI scoring
system for TMJ (JAMRIS-TMJ) and the impact of variations in calibration and reader specialty.
Thirty-one MRI exams of bilateral TMJs were scored independently using the JAMRIS-TMJ by
20 readers consisting of radiologists and non-radiologist clinicians in three reading groups, with or
without a calibrating atlas and/or tutorial. The inter-reader reliability in the multidisciplinary cohort
assessed by the generalizability coefficient was 0.61–0.67 for the inflammatory and 0.66–0.74 for
the damage domain. The atlas and tutorial did not improve agreement within radiologists, but
improved the agreement between radiologist and non-radiologist groups. Agreements between
different calibration levels were 0.02 to 0.08 lower by the generalizability coefficient compared to
agreement within calibration levels; agreement between specialty groups was 0.04 to 0.10 lower
than within specialty groups. Averaging two radiologists raised the reliability above 0.8 for both
domains. Therefore, the reliability of JAMRIS-TMJ was moderate-to-good depending on the presence
of specialty and calibration differences. The atlas and tutorial are necessary to improve reliability
when the reader cohort consists of multiple specialties.

Keywords: juvenile idiopathic arthritis; magnetic resonance imaging; temporomandibular joints;
outcome measure; reliability; generalizability theory

1. Introduction

There is an increasing need to standardize the imaging assessment of temporo-
mandibular joints (TMJ) in children with juvenile idiopathic arthritis (JIA). The involvement
of the TMJ in JIA is frequent yet often difficult to detect clinically at early stages. The re-
ported frequency of TMJ involvement in large series varies between 40 and 70% [1–4]. These
changes often develop without clinical findings, yet may lead to irreversible facial changes
and functional impairments in severe cases [5–8]. The effective use of TMJ imaging is there-
fore important for enabling earlier disease detection and the start of medical, orthodontic,
orthopedic, and physiotherapeutic management to prevent or minimize severe functional
outcomes. Contrast enhanced magnetic resonance imaging (MRI) is currently the most
informative imaging modality, as it allows visualization of both the active inflammatory
disease as well as the extent of structural damage in the TMJ. Other imaging modalities
cannot comprehensively assess both domains of disease burden [1,3,9–15]. However, there
remains great variability in the acquisition and interpretation of TMJ MRI.

An international, multidisciplinary expert group was formed within the Outcome
Measures in Rheumatology (OMERACT) network to develop MRI scoring systems for
JIA (JAMRI working group), with a dedicated subgroup for developing the TMJ-specific
scoring system (JAMRIS-TMJ). A consensus scoring system was drafted based on the
testing of existing TMJ MRI scoring systems and subsequent formal consensus techniques,
including Delphi surveys, nominal group technique, and consensus voting [16]. Relative
importance weights of the items and grades were determined through a discrete choice
experiment method and were shown to possess face validity and construct validity in an
image-based vignette ranking exercise [17]. The present study was undertaken as the next
step in testing the required clinimetric properties of the weighted JAMRIS-TMJ, specifically
its reliability, in line with the instrument appraisal framework of OMERACT [18].

In this study, we examined the reliability of the semiquantitative JAMRIS-TMJ scoring
system with a large multicenter, multidisciplinary group of readers. We tested the impact
of multiple sources of variance on the JAMRIS-TMJ score, estimating not only the impact of
differences in readers, but also the differences in levels of reader calibration (i.e., imaging
atlas [19], with or without tutorial), reader specialty, and patient-level correlation. Specif-
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ically, our primary aim was to compare the scoring system’s inter-reader reliability by
subgroups, at different levels of calibration and by radiologist and non-radiologist clinician
groups. Secondary aims included the assessment of reliability in less controlled scenarios,
where multiple sources of variability coexist in the scoring method. These sources included
within-reader variations, between readers with different levels of calibration, between
radiologist and non-radiologist clinician groups, as well as the score correlation between
the right and left TMJ within the same patient. The analysis was based on generalizabil-
ity (G) theory [20,21], as it is able to produce comparable reliability coefficients that can
integrate these additional sources of variance (for more background information, please
see Appendix A). By comparing the reliability coefficients and the relative impact of these
variances on the overall measurement error, we proposed recommendations on the reading
conditions to improve reliability.

2. Materials and Methods

2.1. Scoring Materials and TMJ MRI Exams

The scoring system tested in this study is developed to evaluate the MRI-observable
changes in the TMJs in children with JIA (named JAMRIS-TMJ) [16]. It consists of
8 weighted items grouped into inflammatory and osteochondral damage domains. The
items are graded in two or three levels, and include bone marrow edema, bone marrow en-
hancement, joint effusion, synovial thickening, and joint enhancement in the inflammatory
domain, and condylar flattening, erosion, and disk abnormalities in the damage domain.
The definitions of items and grades of the JAMRIS-TMJ appear in Appendix . The two
TMJs visualized in the same MRI exam are scored independently of the contralateral side.

The TMJ MRI exams used for the reading were performed on a 1.5 Tesla system
with dual ring coils in 25 patients and larger multichannel surface coil in 6 patients. The
imaging sequences contained T1-weighted, proton density-weighted, and fat suppressed
T2-weighted precontrast sequences in the sagittal oblique plane, and T1-weighted fat
suppressed Gadolinium-enhanced sequences in the sagittal oblique and coronal planes
(Appendix C). A TMJ MRI atlas for JIA that supplements the JAMRIS-TMJ was used in
some of the reading groups to study the difference in reader calibration. The atlas included
ideal representations and descriptions of each of the scored items and grades in relevant
imaging sequences, as well as key image interpretation pitfalls [19]. The reading order of
the exams was randomized for each reader and scoring scenario.

Sample size was estimated using reference tables based on the intraclass correlation
coefficient (ICC). Assuming 5 readers, using 32 cases would achieve a 95% confidence inter-
val width of 0.2 around an expected ICC of 0.8, or 0.3 around 0.6 [22,23]. In total, bilateral
joints from 31 patients were used, with the 62 total joints analyzed in a hierarchically nested
model. Scans were chosen nonrandomly from previously imaged patients with known or
suspected JIA to represent the full range of TMJ pathology in this condition, from normal
appearances to severe inflammation and deformity.

2.2. Reading Exercise and Data Structure

A schematic summary of the study design is shown in Figure 1. Bilateral TMJ MR
studies from 31 patients were read by a total of 20 readers (15 radiologists, 2 surgeons,
2 rheumatologists and 1 orthodontist) in three groups blinded to clinical information:

• Group 1 included five radiologists, one oral-maxillofacial surgeon, and one rheuma-
tologist. These seven readers first scored the 31 cases with just the provided scoring
system (dataset 1A), then scored the same cases again after 1–2 months, using the
imaging atlas (dataset 1B).

• Group 2 included five radiologists and one oral-maxillofacial surgeon. These six read-
ers first scored the same 31 cases using the scoring system and the atlas (dataset 2A),
then scored the same cases again after 1–2 months, following a group calibration
tutorial session (dataset 2B).
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• Group 3 consisted of seven readers including 5 pediatric radiologists, 1 pediatric
rheumatologist, and 1 orthodontist who also scored the same cases, but only once,
after the group calibration session that was held together with the group 2 readers
(dataset 3).

The 13 readers in groups 1 and 2 were randomly assigned to their respective groups.
The group 3 readers were analyzed separately, since they had previously participated in a
reliability exercise using 21 of these 31 cases and three existing TMJ MRI scoring systems
from which this new scoring system was developed [16].

  Reader Group 1 Reader Group 2 Reader Group 3 

  
(31without+31with atlas) 
cases x (5R+2NR) readers 

(31pre+31post-tutorial) 
cases x (5R+1NR) readers 

(31with atlas post-
tutorial) cases x 

(5R+2NR) readers 

Without 
Atlas 

31 cases x 
(5R+2NR) 

readers 

Dataset 1A: 
31 cases x 7 readers 

  

With Atlas 
31 cases x 

(10R+3NR) 
readers 

Dataset 1B: 
31 cases x 7 readers 

Dataset 2A: 
31 cases x 6 readers 

 

With Atlas 
and 

Tutorial 

31 cases x 
(10R+3NR) 

readers 
 

Dataset 2B: 
31 cases x 6 readers 

Dataset 3: 
31 cases x 7 readers 

Figure 1. Schematic representation of the composition and methods of the different reader groups.
All reader groups in this study used the same set of 31 bilateral temporomandibular joint (TMJ)
examinations from patients with diagnosed or suspected juvenile idiopathic arthritis (JIA, clinical
characteristics shown on Table 1). Pooling datasets 1B with 2A, and 2B with 3 enables the calculation of
inter-reader reliability in larger reader groups and within and between reader specialty groups (results
shown on Table 2). Pooling datasets 1A with 1B, and 2A with 2B enables the calculation of intrareader
reliability between levels of calibration and inter-reader reliability between and within levels of
calibration (results shown on Table 3). Abbreviations: R, radiologist; NR, non-radiologist clinician.

2.3. Data Analysis

Reliability of score on a single joint was assessed using G coefficients, which are
extensions of the intraclass correlation coefficient (Appendix A). Two- or three-facet G
coefficients were calculated based on whether a third variable level for each observation
was stratified or pooled, respectively (Figure 1), as described below.

The two-facet G coefficients contain the “Reader” and “Patient” facets and are pre-
sented by stratifying the “Aid” variable in three groups (i.e., baseline, atlas, atlas + tutorial
levels), and also the “Specialty” variable in three groups (radiologists, non-radiologist
clinicians, and total), yielding 3 × 3 matrix of two-facet G coefficients for each domain.

For the three-facet G coefficients, in addition to the “Rater” and “Patient” facets, a third
facet, either the “Aid” or “Specialty”, is included in the calculation. The five datasets are
pooled according to the third facet variable by:

1. Combining the different calibration levels while keeping radiologist and non-radiologist
groups separate, i.e., dataset 1A with 1B for +/−atlas, and 2A and 2B for +/−tutorial
(vertical pooling on Figure 1).

2. Combining the radiologist and non-radiologist data while keeping the calibration
level separate, i.e., dataset 1B with 2A, and 2B with 3 (horizontal pooling on Figure 1).

2.4. Statistical Methods

Multiway ANOVA was performed using the VARCOMP procedure with the restricted
maximum likelihood method in SAS 9.4 (Cary, NC, USA) to determine the variance com-
ponents corresponding to the main effect and interactions of the clustering variables in
this study, which are the joint (J), patient (P), reader (R), the presence or absence of aid
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(A), and whether the reader was a radiologist or non-radiologist clinician (S, for specialty).
Using these variance components, G coefficients corresponding to various types of mea-
surement scenarios were calculated by the formulae in Appendix D, which were derived
from references on G theory analysis [20,21].

3. Results

The clinical characteristics of the patient sample are listed in Table 1. There was a
high prevalence of females (84%) and the oligoarticular subtype of JIA (55%). On MRI,
by median of 13 tutorial-calibrated readers, 71% of joints showed nonzero grade for the
JAMRIS-TMJ inflammation domain (range 55–95%, IQR 68–79%), and 69% for the damage
domain (range 47–81%, IQR 58–74%). Unilateral inflammatory findings, i.e., non-zero
inflammation domain score only on one side, was seen in 19% of patients (range 10–
32%, IQR 13–23%); unilateral osteochondral damage was also seen in 19% of patients
(range 6–35%, IQR 13–26%).

Table 1. Clinical characteristics of the cohort of 31 patients whose MRI examinations of temporo-
mandibular joints (TMJs) were used for the reliability exercise. Laboratory and physical examination
test values are those available at the closest date within three months in relation to the study MRI
date. Abbreviations: JIA (juvenile idiopathic arthritis), SD (standard deviation), HLA-B27 (human
leukocyte antigen B27), ANA (antinuclear antibody), RF (rheumatoid factor), DMARD (disease
modifying antirheumatic drug), anti-TNF (tumor necrosis factor inhibitor).

Clinical Characteristics of Patient Sample

Age at diagnosis (years) 8.0 (SD 4.5, range 0.5–15.3)
Age at MRI (years) 11.6 (SD 3.0, range 6.2–16.9)
Disease duration (years) 3.6 (SD 4.4, range 6.8–15.7)
Sex 5 male, 26 female
JIA subtype

Oligoarticular 12
Oligoarticular extended 5
Polyarticular 9 (all RF−)
Enthesitis related 1
Psoriatic arthritis 1
Undifferentiated 1

No JIA diagnosis 2
HLA-B27+ (n tested, % of tested) 1 (19, 5%)
ANA+ 18 (58%)
RF+ (n tested, % of tested) 1 (30, 3%)
Uveitis 7 (23%)
Facial changes (including asymmetry, decreased condylar
translation, retrognathia) 19 (61%)

Crepitation 4 (13%)
Decreased mouth opening (<10th percentile) 10 (32%)
TMJ pain 7 (23%)
Active treatment (including NSAIDs, DMARDs, anti-TNF, etc.) 20 (65%)
History of DMARD use (past and/or current) 15 (48%)
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3.1. Two-Facet G Coefficients: Reliability by Subgroups of Measurement Aid and Reader Specialty

Table 2 lists the results of reliability in each of the reader subgroups. The inter-reader
reliability coefficients in the typical research setting, where multiple radiologists score
the images with the aid of the atlas and after an interactive calibration tutorial, were
0.73 for the inflammatory and 0.77 for the damage domain (Table 2). These correspond
to a 95% measurement error of +/− 25 percentage points each on the respective JAMRIS-
TMJ domains.

Table 2. Two-facet generalizability coefficients. Agreement on the TMJ score with two sources of
variance—patient and reader. The 95% confidence interval of measurement reflects the measurement
error interval around a given score, in the units of the respective JAMRIS domain.

Inter-Reader Absolute
Agreement Reliability

Generalizability Coefficient
95% CI of Score

(+/− Percentage Points)

Baseline Atlas Atlas + Tutorial Baseline Atlas Atlas + Tutorial

Inflammatory domain
Radiologists (n = 5, 10, 10) 0.71 0.73 0.73 27 26 25
Non-radiologist clinicians
(n = 2, 3, 3) 0.49 0.53 0.45 35 30 37

All readers (n = 7, 13, 13) 0.61 0.66 0.67 32 28 28

Damage domain
Radiologists (n = 5, 10, 10) 0.76 0.77 0.77 24 25 25
Non-radiologist clinicians
(n = 2, 3, 3) 0.44 0.46 0.70 42 42 28

All readers (n = 7, 13, 13) 0.68 0.66 0.74 29 31 27

When the radiologist and non-radiologist clinician groups were pooled together, the
atlas (13 readers) and the atlas + tutorial (13 readers) cohorts showed increasing inter-
reader reliability compared to the baseline cohort (7 readers). For the radiologist subgroups,
the inter-reader reliability did not change with the use of the atlas and with the addition
of a tutorial for both the inflammatory and damage domains. For the non-radiologist
clinician subgroups, the inter-reader reliability for both domains were lower than those of
radiologists.

3.2. Multiway ANOVA: Contextual Impact of Calibration Level and Reader Specialty

The variance components obtained through multiway ANOVA (Appendix E) showed
that the score given to a TMJ was modified non-trivially by the reader rating the images,
their specialty group, as well as the level of reading aid used (calibration level). The main
aid-related variance component by itself was small and insignificant. However, the three-
way interaction terms involving the aid, reader, and patient variables showed statistical
significance (p < 0.0001) for the radiologist readers, suggesting that the atlas and tutorial
caused context-specific changes to the TMJ score in some reader-patient combinations. The
equivalent interaction effect in the non-radiologist clinical group did not reach statistical
significance after Bonferroni correction, despite showing higher variance components to
the radiologists’ data (18 vs. 13% of the total variance for the inflammation score, and 7 vs.
6% for the damage score), likely owing to the lower number of non-radiologist participants.
Furthermore, for the damage domain, the aid*reader interaction was significant, suggesting
that some readers rated all cases higher in general after the tutorial.
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When pooling across different reader specialty groups (i.e., n = 7, 13, or 13 readers
across the three calibration levels), there was a significant systematic difference associated
with the readers for both domains and all calibration levels, meaning some readers sys-
tematically gave higher grades across all patients. However, this was not correlated with
whether the reader was a radiologist or non-radiologist, since the specialty main effect and
patient*specialty interaction were not significant. The interaction terms with reader and
patient were significant, suggesting that some readers scored the two joints of the same
patient more similarly than other readers.

3.3. Three-Facet G coefficients: Reliability When Variations in Calibration or Specialties Exist in
the Dataset

Table 3 describes the reliability when some measurement characteristics are not con-
trolled, such as when not all the readers have attained the same calibration level or that
readers from different specialties are participating in the reader cohort. Agreement be-
tween radiologists belonging to the same calibration level ranged from 0.69–0.81 for the
two domains and two calibration gradients (Table 3, data row 1). The opposite scenario,
which is the agreement within the same reader between the use and disuse of a calibration
aid, was higher, ranging from 0.77–0.88 for the two domains and two calibration gradients
(row 2). The combination of these sources of error, i.e., when comparing different readers
who also differ in their level of calibration, the agreement ranged from 0.68–0.78 (row 3).
When keeping the calibration level variable constant to estimate the impact of reader spe-
cialty, the agreement between radiologists and non-radiologist clinicians ranged between
0.56–0.70 (row 9). Agreement among readers of the same specialty was higher, ranging
between 0.67–0.76 (row 10). In terms of measurement error, the presence of heterogeneity
in the level of calibration and reader specialty widen the measurement error by up to 4%
and 7%, respectively (row 1 vs. 3, and 9 vs. 10).

Agreement on the domain score between the right and left joint of the same patient
was generally low but not absent. In the most reliable measurement scenario, i.e., when
assessed by the same reader within the same level of calibration (rating both joints in the
same sitting), the right−left correlation ranged from 0.30–0.49, or approximately within
45–51% domain score points in 95% of cases (Table 3 rows 8 and 12). In the least reliable
scenario, i.e., when both the reader and the level of calibration or specialty differed, the
agreement still ranged between 0.12–0.39 (contralateral TMJ score within 53–65% points in
95% of cases, rows 7 and 11). In general, the right−left joint correlation was higher for the
damage domain.
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3.4. Variation of Reliability by Study Design Differences

For assessing the impact of sources of variabilities in different study designs, as
well as to calculate the sample size needed to detect a hypothesized level of difference,
the potential level of measurement error of JAMRIS-TMJ can be estimated using the G
coefficient formulas in Appendix D and variance component estimates specific to the
model, such as in Appendix E. Between-reader variance was a much greater source of
measurement variability when compared to within-reader changes due to calibration
aid. The latter consists of both the random intrareader variations over time in addition
to any systematic change in score caused by the atlas or the tutorial. In study designs
where measurements are taken in replicate to reduce measurement error, it will thus be
more beneficial to average scores across different readers, rather than averaging multiple
scores given by the same reader (provided at different states of calibration). For example,
considering the use case where the reliability of readers with different levels of calibration
is 0.78 for the damage domain (95% CI of measurement at +/− 25 percentage points),
averaging two different readers achieves 0.88 (+/−19%), whereas averaging two readings
of the same reader achieves 0.84 (+/−20%).

4. Discussion

Our study assessed the reliability of a tool for the semiquantitative grading of TMJ
arthritis, JAMRIS-TMJ, as well as the relative impact of various potential sources of mea-
surement error in its application. In the most controlled and typical use case, i.e., a group
of radiologists grading with the atlas and after a calibration tutorial, the true score is
expected to be within +/−25 percentage points of any given score 95% of the time (Table 2).
The atlas and tutorial caused significant contextual changes in the reader’s assessment
of the joints as per the ANOVA results. However, the variable presence of this effect did
not further improve the group-level clustering of scores among radiologists. Instead, the
impact of calibration aids was limited to improving the agreement between radiologist and
non-radiologist clinician readers. It is important to note that calibration is nevertheless
required to improve the accuracy of scores irrespective of its effect on improving reliability,
since the two are independent characteristics of measurement error.

The reliability results observed in this study are comparable to the moderate-to-good
range of results seen with other TMJ MRI scoring systems published in the literature [16,24,25].
Compared to larger joints such as the knees and hips, grading change in the TMJ on MRI
may be less reliable due to the limitations in image resolution and the TMJ’s anatomical
complexity. The small size of the TMJ reduces the score range in which the TMJ can be
graded, by limiting both the number of definable disease features as well as the range of
their grading. This quantitative limitation in turn reduces the between-patient variance
relative to other variances in measurement, leading to reduced measurement reliability
coefficients. Furthermore, despite best efforts to specify the definitions and representation
in the JAMRIS-TMJ, it remains challenging to identify, differentiate, and grade the features.
Some specific issues that introduce subjectivity in scoring the inflammatory changes include
the physiological age-related conversion of hematopoietic bone marrow, the nonuniformity
of signal across the surface coil (Figure 2), and differentiating the inflamed synovium from
the joint fluid. The structural changes also remain challenging to score, as the patient-
referenced normal joint shape is often unavailable and would need to be assumed and
imagined by the reader to serve as reference for grading flattening and erosions.
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(a) (b) 

Figure 2. (a) Sagittal T2-weighted fat suppressed MR image of the left temporomandibular joint in a
9-year-old girl. The signal intensity of the bone marrow in the mandibular condyle (solid arrow) is
increased compared to the signal intensity of that in the mandibular ramus (dashed arrow). Following
the exact definition of bone marrow edema in the scoring system would cause this to be scored as
grade 1 (present) bone marrow edema. However, this increased signal intensity is likely secondary to
the generally higher signal in structures at the center of the field of view versus those at the periphery:
notice the higher signal intensity of brain parenchyma nearer the center of the image (lower open
arrow) versus that at the periphery of the image (upper open arrow). If this were true marrow edema,
the signal intensity on the corresponding precontrast T1-weighted image (b) would be expected to
be decreased, which was not the case.

A further step in investigating the reliability of JAMRIS-TMJ is to also quantify the
patient- and imaging-related changes over time. Changes in the TMJ score between repeat
imaging of the same state of disease may be significant when the imaging parameters are
not standardized, or the imaging interval is long enough to introduce physiological changes.
Quantitative methods for scoring the degree of inflammation have demonstrated a high
degree of discriminatory validity [26,27] but are also affected by temporal variations [28]. In
a semiquantitative scoring system such as the JAMRIS-TMJ, these errors may be relatively
low compared to the between-reader variance but should still be accounted for when
using the scoring system in longitudinal evaluation. Another type of variance that may be
important to identify is the impact of comparing to the contralateral TMJ on the score. The
patient variance component in this study does not differentiate how much patient-wise
correlation is due to the pathophysiological factors that cause the two sides to be correlated,
and how much is due to the reader intentionally adjusting the joint score by comparing to
the contralateral side. A more sophisticated study design utilizing artificially paired right
and left TMJ exams would be able to identify the magnitude of this effect, which may be
helpful for improving the grading of items that require a within-patient comparator.

Our study conclusions should be interpreted in the context of several potential limita-
tions. One limitation is that methods for calculating confidence intervals for these more
complex types of G coefficients are not yet available and currently limited to the simplest

134



J. Clin. Med. 2021, 10, 4047

one-facet crossed design [21]. The point estimates of various G coefficients presented in
this paper should be used for identifying trends in the relative impact of quality controls
in the measurement and on the estimation of sample size. Secondly, although the group 1
and 2 readers read the same cases twice, there was a change in the aid they used, which
makes the coefficient a “within-reader, between-aid” agreement, rather than the traditional
intrareader reliability where there are no external changes to the measurement scenario.
However, it is reasonable to assume that the intrareader reliability will be at least as high
as the within-reader, between-aid reliability since the latter is additionally lowered by any
systematic variations attributable to the use and disuse of the aid.

5. Conclusions

In summary, this study demonstrates that semiquantitative MRI scoring of TMJ
arthritis using the JAMRIS-TMJ is reliable in the calibrated setting, particularly when
performed as a double-read by two radiologists, forming the foundation for its potential
use in the clinically important assessment of change over time and with therapy. The
use of atlas and tutorial calibration is recommended when multiple specialty groups are
participating in reading.
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Appendix A. Background Information on Generalizability Theory as Applied

to Imaging

Reliability studies have often used the intraclass correlation coefficient (ICC) deriving
from classical test theory, which models measurements by two components—the true score
and error. This approach is limited to the analysis of a single source of measurement
error. In the typical inter-reader reliability study where multiple readers score the same
set of images, one- or two-way analysis of variance (ANOVA) is used to determine how
much of the variance in the study data is associated with the image variable (the true
score component), and how much is associated with the reader variable (part of the error
component). However, there are often more than one source of variance that may be
important to analyze in an instrument’s typical use case. For example, assessment of
systemic treatments in arthritis may require the scoring of multiple joints from each patient,
especially for the bilateral joints, such as the TMJs. The existence of any patient-level
correlation in the score variance introduces a source of clustering in the data which must
be analyzed as a fixed effect under the assumptions regarding the independence of data for
common statistical tests. Other sources of variance may exist in the study sample, including
differences in the imaging protocols and equipment used to acquire the exams, training
background and experience of the readers, as well as the measurement aids or calibration
tutorials used for the scoring. If using the traditional ICC, the study sample would need to
be stratified at each level of these variations to study these other sources of variance, or
assume such variances do not exist.

A more comprehensive approach called the generalizability theory allows the esti-
mation of an overall ICC that is generalized over multiple sources of variability [20,21].
The generalizability study (G-Study) extends upon the CTT definition of ICC by using
multiway ANOVA, which allows the quantification of more than two sources of variance
(called facets) and their interactions. When these are known, it is possible to calculate
additional reliability coefficients that may be important in order to understand the measure-
ment variability across common variations in measurement methods. The design of such
a G-Study will require measuring the same data under different conditions and pooling
the dataset across the levels of the generalizing variables. For example, in an inter-reader
study where each reader also read the same MRI exam twice, a G-study can calculate
both the inter-reader and intrareader reliability coefficient using the complete set of data,
without the need to create different subgroups for the two coefficients, hence maintaining
study power and improving external validity. Furthermore, the results of the multiway
ANOVA identify the relative impact of the sources of variance to the overall measurement
error, which allows for the optimization of study designs by simulating the measurement
conditions (at an analysis step called the design study, or D-Study). For example, it will
be possible to compare the expected reliability between averaging different readers’ score
for each joint versus averaging multiple readings done by the same readers, allowing the
researchers to choose a design that best minimizes the number of measurements needed to
meet a priori study power and effect size thresholds.
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C. Imaging Protocol

Table 2. Representative MRI protocol for the TMJ exams used in the reliability exercise. Abbreviations: FOV, field-of-view; FS, fat
suppression sequence; FSE, fast spin echo; FSPGR, fast spoiled gradient recalled echo; + Gd, post gadolinium injection; mm, millimeter;
ms, milliseconds; PD, proton density-weighted sequence; SE, spin echo.

Imaging Sequence (in Order of Acquisition from Left to Right)

T1 FSPGR PD FSE T2 FSE FS
T1 FSE FS +

Gd
T1 SE FS + Gd

3D FSPGR +
Gd

Plane Sagittal oblique Sagittal oblique Sagittal oblique Sagittal oblique Coronal Sagittal oblique
Echo time (ms) 4.2 25 86 11 19 10.4

Repetition time (ms) 325 2660 2840 600 600 4.2
Flip angle 80 90 90 90 90 20

FOV (mm × mm) 120 120 120 120 160 100
Acquisition Matrix 384 × 224 256 × 224 256 × 224 256 × 224 256 × 192 256 × 192

Slice thickness (mm) 2 2 2 2 2 2
Slice spacing (mm) 2 2 2 2 2 1
Echo train length - 8 16 3 - -

D. Generalizability Coefficient Formulae

Table 3. Formulae used to calculate the G and Φ generalizability coefficients in Table 3, derived from references [20,21]. Abbreviations:
A, aid or calibration level; J, temporomandibular joint; P, patient; R, reader; S, specialty (binary, radiologist or non-radiologist clinician);
colon (:), nested relation, (e.g., J:P means joint is nested within the patient variable); cross (x), crossed relation (e.g., RxA means each
Reader provides data at all levels of the aid variable).

Coefficient Meaning Formula

J:P × R × A Design—Pooling Across Use or Disuse of Aid, Separately for Radiologist and Non-Radiologist Readers

Between readers of the same calibration (R random, P and A fixed) G(R) = J:P+AJ:P
J:P+AJ:P+R+RJ:P+ARJ:P

Same reader with vs. without aid (A random, P and R fixed) G(A) = J:P+RJ:P
J:P+RJ:P+A+AJ:P+ARJ:P

Between readers with different calibration (A and R random, P fixed) G(R, A) = J:P
J:P+A+R+AR+AJ:P+RJ:P+ARJ:P

Between readers with different calibration, averaging 2 readings per reader (A and
R random, P fixed, A/2) G(R, A) = J:P

J:P+ A
2 +R+ AR

2 + AJ:P
2 +RJ:P+ ARJ:P

2
Between readers with different calibration, averaging 2 readers at a time (A and R
random, P fixed, R/2) G(R, A) = J:P

J:P+A+ R
2 + AR

2 +AJ:P+ RJ:P
2 + ARJ:P

2
Between readers of the same calibration, averaging two readers at a time (R
random, P and A fixed, R/2) G(R) = J:P+AJ:P

J:P+AJ:P+ R
2 + RJ:P

2 + ARJ:P
2

Right-left joint agreement when scored by different readers with different
calibration (J, A and R random) Φ(J, R, A) = P

P+J:P+R+A+PA+PR+AR+PAR+AJ:P+RJ:P+ARJ:P

Right-left joint agreement when scored by the same reader with the same
calibration (J random, A and R fixed) G(J) = P+PA+PR+PAR

P+PA+PR+PAR+J:P+AJ:P+RJ:P+ARJ:P

J:P × R:S Design—Pooling Across Radiologist and Non-Radiologist Readers, Separately for Each Aid

Between radiologists and non-radiologists (R and S random, P fixed) G(R, S) = J:P
J:P+R:S+S+J:PS+JR:PS

Between readers of the same specialty (R random, S and P fixed) G(R) = J:P+J:PS
J:P+J:PS+R:S+JR:PS

Right-left joint agreement when scored by radiologist and non-radiologist (J, S and
R random) Φ(J, R, S) = P

P+J:P+R:S+S+PS+PR:S+J:PS+JR:PS

Right-left joint agreement when scored by the same reader (J random, R and
S fixed) G(J) = P+PS+PR:S

P+PS+PR:S+J:P+J:PS+JR:PS
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Abstract: Background: MRI diagnostic criteria of shoulder adhesive capsulitis (AC) are nowadays
widely used, but there is little information available on the association between MRI findings and
clinical impairment. Purpose: To determine the correlation of MRI findings with the Constant–Murley
Score (CMS), pain duration and symptoms at the one-year follow-up in AC patients. Materials and
methods: This monocentric prospective study included 132 patients with a clinical diagnosis of
shoulder AC who underwent shoulder MRI. Mean patient age was 54.1 ± 9.3 years, and there were
55 men and 77 women. A radiologist examined all patients and completed the CMS just prior to MRI.
Pain duration was assessed along with the signal intensity and measured the maximal thickness
of the inferior glenohumeral ligament (IGHL) by two radiologists. Medical record analysis was
performed in a sub-group of 49 patients to assess prognosis approximately one year after the MRI
examination. Linear regression analysis with the Pearson test and the Fisher exact test were used
to determine the association between MRI findings and clinical impairment. Results: There was a
significant difference in mean pain duration score (3.8 ± 1.2 versus 3.2 ± 0.9 and 3.8 ± 1.2 versus
3.2 ± 0.9, respectively, for readers 1 and 2) and in mean mobility scores (15.7 ± 8 points versus
19.6 ± 10.1 points and 15.8 ± 8.2 points versus 19.4 ± 10 points, respectively, for readers 1 and 2) in
patients with a high IGHL signal compared to those with a low IGHL signal (p < 0.05). IGHL was
thicker in patients with clinical improvement at one-year follow-up compared to those presenting
clinical stability or worsening (p < 0.05). Conclusions: In patients with shoulder AC, the degree of
signal intensity at the IGHL was inversely related to shoulder pain duration and range of motion,
and a thickened IGHL indicated a favorable outcome at one-year follow-up.

Keywords: adhesive capsulitis; MRI; shoulder; constant-murley score; inferior gleno-humeral ligament

1. Introduction

Adhesive capsulitis (AC) of the shoulder is a common condition with an incidence in
the general population varying considerably from 2 to 5.3% for primary and from 4.3 to
38% for secondary AC (e.g., AC preceded by a clinical or surgical event) [1]. Although spon-
taneous resolution is the rule, years can ensue (mean 18–30 months) before joint mobility
returns to normal [2]. Various treatment options exist for AC (e.g., oral anti-inflammatory
drugs, intraarticular corticoid injection, physiotherapy, percutaneous capsular distention,
surgical release, etc.) depending on the level of clinical impairment, and on an accurate
diagnosis. Thus, disease staging and identification of inflammatory changes could have an
impact on patient management [3].

AC is classically diagnosed based on clinical presentation, medical history, and physi-
cal examination. Diagnosing this condition, however, can be challenging as AC may occur
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in various clinical scenarios and has multiple potential differential diagnoses (e.g., rotator
cuff tears, calcifying tendonitis, osteoarthritis, inflammatory tumors . . . ) [2]. Imaging
plays an ever-growing role in the evaluation of patients with suspected AC, ruling out
pathologic conditions that can clinically mimic AC [4], and in diagnostic confirmation when
clinical findings are equivocal [5–14]. AC-suggestive MRI findings are well recognized and
primarily involve inferior glenohumeral ligament (IGHL) (hypersignal and thickening)
and rotator interval (RI) scarring and inflammation [7,9,10,12,15–17].

Patients with AC typically complain of a gradual and progressive onset of pain, sleep-
disturbing night pain, and active and passive limitation at various degrees of ranges of
motion (ROM), both in elevation and rotation, for at least 1 month [18]. The Constant–
Murley Score (CMS) is often used to evaluate the impact of AC in shoulder function,
with potential implications in patient management [19]. Although the correlation of MRI
findings with clinical staging was demonstrated in 2008 by Sofka et al. [20], there is little
information available on the association between MRI findings and clinical impairment,
which could be important for therapeutic decision making [21–27]. We hypothesize MR
imaging signs, particularly the IGHL signal and thicknesses, could serve as biomarkers for
shoulder function impairment and AC progression over time. The aim of our study was to
evaluate the correlation between MRI findings in AC patients, CMS, and symptoms at the
one-year follow-up.

2. Material and Methods

2.1. Study Group

Our institutional review board approved this study, and all patients gave written
informed consent. From 10 October 2013 to 16 October 2017, 170 patients over 18 years of
age were enrolled prospectively and consecutively. These patients had been referred by
orthopedic surgeons or rheumatologists due to the clinical diagnosis of shoulder AC and
underwent shoulder radiographs and MRI.

Patients with MRI contraindications, prior shoulder surgery, severe rotator cuff dam-
age with at least a full-thickness tear of one tendon, shoulder osteoarthritis (osteophytes
on radiographs), calcific tendinosis, shoulder bursitis, biceps tendinosis, and fractures on
MRI were excluded. One patient withdrew from the study; four were excluded because of
missing clinical data, and 33 because of extensive rotator cuff damage. Thus, the final study
population consisted of 132 patients with a mean age of 54.1 ± 9.3 (22–78) years. There
were 55 men (mean age 53.5 ± 8.8 (22–70) years) and 77 women (mean age 54.4 ± 10.8
(22–78) years) with a M/F sex ratio of 0.63. Two patients were suspected of having bilateral
AC, yielding 134 shoulder MRI studies.

2.2. Shoulder Function Assessment

A modified CMS was applied to all patients by a senior radiologist just prior to the
MRI examination [19]. Two subjective variables for a maximum score of 35 were evaluated:
daily living pain (varying from 0—severe pain to 15 points—no pain) and daily living
activity limitation (varying from 0—maximal limitation to 20 points—no limitation). The
patients answered a questionnaire assessing the degree of pain (no pain, slight, moderate,
or severe pain), activity level (pain during work, sports and recreation, sleep) and arm
range of motion (ROM) (arm elevation up to the waist, xiphoid process, neck, top of the
head, above the head). The examiner received prior training on performing the CMS. ROM
was also quantitatively assessed with a goniometer in a seated position, in external and
internal rotation, forward and lateral elevation, and scored in each position by the examiner
(varying 0–30◦ = 0 to 151–180◦ = 10 points for each movement). Thus, the ROM score varied
from 0—minimal mobility to 40—maximal mobility). The final CMS, therefore, ranged
from 0, indicating a highly impaired shoulder function to 75 points, indicating a normal
shoulder function (Table S1). Shoulder strength, which was part of the original CMS, was
not evaluated in this study, because no reliable measurement device was available in our
department.
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In addition to the modified CMS score, the pain duration was graded as follows:

1 = less than 6 weeks
2 = between 6 weeks and 3 months
3 = between 3 and 6 months
4 = between 6 months and 1 year
5 = over 1 year

The presence of diurnal pain, nocturnal pain, and nocturnal pain predominance were
also evaluated.

2.3. Clinical Follow-Up

A clinical follow-up was available in a sub-group of 49 patients with a mean age of
54 ± 8.8 (37–74) years treated by physical therapy. Other patients were lost to follow-up or
were treated in other institutions. There were 17 men (mean age 50.9 ± 6.6 (38–61) years)
and 32 women (mean age 55.7 ± 9.6 (37–74) years) with a M/F sex ratio of 0.53. Based
on medical record data (pain, activities, and ROM), and the symptoms at 9 to 13 months
after the MRI examination were classified as improved, stable, or worsened. None of these
patients had been treated by intra-articular corticosteroid injection.

2.4. Mri Examination

MRI examinations were performed with either a 1.5 T (105 patients) or a 3.0 T (27 pa-
tients) scanner (Signa HDxt, GE Healthcare, Milwaukee, WI, USA) using a dedicated
eight-channel shoulder coil and similar protocols.

All MRI examinations consisted of an axial and oblique sagittal fast spin-echo (FSE)
T1-weighted acquisitions (at 1.5 T: TR/TE, 500/10; echo-train length (ETL), 2; matrix,
352 × 320; NEX, 0.5; FOV, 160 mm; gap, 5 mm; slice thickness, 4 mm; at 3.0 T: TR/TE,
740/minimum full; ETL, 2; matrix, 352 × 256; NEX, 1; FOV, 150 mm; gap, 1 mm; slice
thickness, 3 mm); axial, oblique sagittal and oblique coronal FSE T2-weighted fat-saturated
images (at 1.5 T: TR/TE, 3500/50; ETL, 12; matrix, 384 × 320; NEX, 1.5; FOV, 160 mm; gap,
3.9 mm; slice thickness, 3.5 mm; at 3.0 T: TR/TE, 3040/45; ETL, 11; matrix, 352 × 256; NEX,
2; FOV, 150 mm; gap, 0.3 mm; slice thickness, 3 mm).

2.5. Image Analysis

The images were retrospectively reviewed by two musculoskeletal radiologists with
three (FZ) and seven years (PP) of clinical experience with MRI using a PACS station
(Synapse®, v4.1.600, Fujifilm, Montigny, France). A third radiologist (P.A.G.T.) with 11 years
of clinical experience with MRI performed a training session with the two readers with
20 MRI studies of patients with AC, not included in the study population prior to the
readouts. The readers were blinded to clinical and demographic data.

The signal intensity of the IGHL on oblique coronal T2-weighted fat-saturated images
was graded as follows (Figure 1):

1: normal homogenous low signal intensity
2: partial or foci of signal hyperintensity
3: global signal hyperintensity
4: linear hyperintensity of the peri-articular soft tissues
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Figure 1. (a–d) Frontal oblique non-contrast fat-suppressed T2-weighted fast spin-echo MRI shows method used to grade
glenohumeral inferior ligament signal on its glenoidal (white arrow) and humeral (dotted arrow) insertions, without signal
abnormality in the right shoulder of a 55-year-old woman with adhesive capsulitis graded 1 in (a), a discontinuous glenoidal
side IGHL hypersignal graded 2 in the left shoulder of the same woman with contralateral adhesive capsulitis in (b), a
global both side IGHL hypersignal graded 3 in the left shoulder of a 43-year-old man with adhesive capsulitis in (c) and an
overflow of the hypersignal in adjacent soft tissues (thick white arrow) graded 4 in the right shoulder of a 46 years old man
with adhesive capsulitis in (d).

The whole ligamentous complex was considered in the analysis: the anterior band,
posterior band, and hammock portion. The patients with IGHL scores of 1 and 2 were
considered to have a low IGHL signal intensity, and those with grades 3 and 4 were
considered to have high IGHL signal intensity. The thickness of the IGHL was measured
at the glenoidal and humeral insertions on oblique coronal T2-weighted fat-saturated
images, according to Mengiardi et al. [9] and classified as <4 mm, between 4 and <6 mm
and ≥6 mm (Figure 2) [28]. The thickest portion of the coracohumeral ligament (CHL)
was measured on the sagittal T2-weighted fat-saturated images, according to Mengiardi
et al. [9] (Figure 3). The size of the axillary recess and superior glenohumeral ligament
thickness were not assessed as MR arthrograms were not available.
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Figure 2. Coronal oblique non-contrast fat-suppressed T2-weighted fast spin-echo MRI of the right
shoulder in a 44-year-old woman with adhesive capsulitis shows method used to measure inferior
glenohumeral ligament thickness at its glenoidal (dotted double arrow) (4 mm) and humeral insertion
(double arrow) (4.5 mm).

 

Figure 3. Sagittal oblique non-contrast fat-suppressed T2-weighted fast spin-echo MRI of the left
shoulder in a 55-year-old man with adhesive capsulitis shows method used to measure coracohumeral
ligament thickness (double white arrow) (4 mm). Additionally, note its high signal intensity.
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2.6. Statistical Analysis

The R Development Core Team software (version 3.0.12013, R Foundation for Sta-
tistical Computing, Vienna, Austria) was used to perform statistical analysis. Statistical
significance for all tests was defined as p < 0.05. Quantitative data are presented as mean ±
standard deviation (range).

Linear regression analysis with the Pearson test was used to evaluate the correlation
between the signs of AC studied on MRI and pain, mobility, activity scores, and pain
duration. The association between MRI findings, global modified CMS score, diurnal pain,
night pain, and predominance of night pain was assessed with the Fisher exact test. The
association between MRI findings and clinical follow-up was assessed with the Wilcoxon
test. For each MRI measurement, intraclass correlation coefficients (ICC) were calculated to
assess interobserver variability. ICC values below 0.5 were considered poor, between 0.5
and 0.75 moderate, between 0.75 and 0.90 good, and above 0.9 excellent [29].

3. Results

Table 1 shows demographic characteristics and modified CMS in the study population.
The mean global modified CMS was 31.3 ± 14.2 (2–69) points, and the mean pain duration
grade was 3.5 ± 1.1 (1–5). Clinical pain characteristics are shown in Table 2. Night pain
was frequent and predominant in about half of the concerned patients. Table 3 shows the
pain duration grade in each grade of IGHL signal intensity. IGHL signal intensity was low
in 70 shoulders (52.2%) and high in 64 (47.8%) for reader 1. These figures were 72 (53.7%)
and 62 (46.3%), respectively, for reader 2. Table 4 shows the MRI findings in the shoulders
evaluated.

Table 1. Summary of patients’ ages and clinical impairment items.

Parameter Minimum Maximum Mean Standard Deviation

Patient Age
All patients (n = 132) 22 78 54.1 9.3

Men (n = 55) 22 70 53.5 8.8
Women (n = 77) 22 78 54.4 10.8

Modified Constant-Murray score 2 69 31.3 14.2
Pain Intensity Score 0 15 4 3.8

Activity Score 0 20 9.8 4.5
Mobility Score 0 40 17.7 9.3

Pain Duration Grade 1 5 3.5 1.1

Table 2. Summary of patients’ pain characteristics.

Parameter Effective

Pain Duration Grade n = 112 *
1 4.5% (n = 5)
2 13.4% (n = 15)
3 32.1% (n = 36)
4 24.1% (n = 27)
5 25.9% (n = 29)

Diurnal Pain 94.7% (n = 127)
Night Pain 87.3% (n = 117)

Predominance of Night Pain 46.2% (n = 62)
* 22 data were missing because patients were not able to determine it.
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Table 3. Pain duration grade according to inferior glenohumeral ligament signal intensity grade.

IGHL Signal Intensity Pain Duration Grade

Reader 1 Reader 2 Reader 1 Reader 2

1 (n = 34) 1 (n = 34) 3.9 ± 1.1 3.8 ± 1.2
2 (n = 24) 2 (n = 25) 3.6 ± 1.3 3.7 ± 1.1
3 (n = 21) 3 (n = 34) 3.3 ± 0.9 3.2 ± 0.9
4 (n = 33) 4 (n = 19) 3.1 ± 1 3.1 ± 1

IGHL: inferior glenohumeral ligament, results of pain duration score are presented as mean ± standard deviation.
Range of all sub-groups of pain duration grade was 1–5.

Table 4. Summary of patients’ MRI measurements.

Parameter Minimum Maximum Mean Standard Deviation

R1 R2 R1 R2 R1 R2 R1 R2

IGHL thickness (glenoidal side) 2 2 10 8 4.3 4.5 1.3 1.2
IGHL thickness (humeral side) 2 2 8 7 3.8 3.7 1.3 1.2

CHL thickness 1.5 1 5 4 2.5 2.2 0.6 0.6

Values are given in millimeters. IGHL: inferior glenohumeral ligament, CHL: coracohumeral ligament. R1: Reader 1, R2: Reader 2.

ICC was excellent in grading IGHL signal as low or high (0.96), and moderate when
taking in account all the four grades (0.67). ICC values were moderate for IGHL thickness
(glenoidal insertion: 0.72, humeral insertion: 0.61) and poor for CHL thickness (0.09).

Mobility scores were significantly different in patients with high IGHL signal intensity
compared to those with low intensity for both readers (p = 0.04 and 0.02 for readers 1
and 2). The mean mobility scores between shoulders with low and high IGHL signal
intensity grades were 19.6 ± 10.1 (2–40) points versus 15.7 ± 8 (0–38) points for readers 1
and 19.4 ± 10 (0–40) points versus 15.8 ± 8.2 (0–38) points for reader 2. The variation of
mobility scores with respect to IGHL signal intensity grade is shown in Figure 4.

For both readers, pain duration was significantly shorter in patients with high IGHL
signal intensity compared to those with a low signal IGHL (p = 0.03 and 0.04 for readers 1
and 2). The pain duration grades in patients with low and high IGHL signal intensity were
3.8 ± 1.2 (1–5) versus 3.2 ± 0.9 (1–5) for reader 1 and 3.8 ± 1.2 (1–5) versus 3.2 ± 0.9 (1–5) for
reader 2. Similarly, as the IGHL signal intensity grade increased, there was also a decrease
in mean pain duration for both readers (Table 3 and Figure 5). The presence of high IGHL
signal intensity was also significantly associated with nocturnal pain predominance for
both readers (p = 0.003 and 0.003).

The glenoidal IGHL thickness was significantly correlated with activity limitation
scores for reader 1 (p = 0.005). Patients with IGHL measuring < 4 mm, between 4 and
<6 mm, and ≥6 mm presented a progressive increase in activity limitation scores of 8.9 ± 5
(0–20) points, 9.7 ± 4.5 (0–20) points, and 11.5 ± 3.8 (4–20) points, respectively for reader
1. For reader 2, these figures were 8.4 ± 3.9 (0–20) points, 10.5 ± 4.7 (2–20) points, and
9.9 ± 4.6 (0–20) points, respectively, which suggest a similar tendency for values < 6 mm,
but this variation was not statistically significant (p = 0.09). The IGHL thickness at the
humeral insertion was significantly associated with pain duration for both readers (p = 0.04
and 0.02). For reader 1, with an increasing humeral IGHL thickness, the pain duration
decreased (pain duration grades of 3.6 ± 1.1 (1–5), 3.3 ± 1.1 (1–5) and 3.3 ± 1.2 (1–5)
points for patients with IGHL thicknesses of <4 mm, between 4 and <6 mm and ≥6 mm,
respectively). For reader 2, the same tendency was found for patients with IGHL of <6 mm
in thickness; however, for patients with ligaments ≥ 6 mm, the pain duration was longer
(3.6 ± 0.8 [3–5] points).

CHL measurements are shown in Table 4. This ligament could not be measured confi-
dently in five patients for reader 1 and 20 patients for reader 2. There was no association
between CHL thickness and clinical impairment.
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Figure 4. Box-plot showing mean mobility score (y-axis) according to inferior glenohumeral ligament intensity grade (x-axis)
for reader 1 and reader 2.

150



J. Clin. Med. 2021, 10, 3882

 

Figure 5. Bar plot representing pain score duration (PDS) (number of patients on y-axis) according to inferior glenohumeral
ligament signal intensity (IGHL SI) (x-axis), shown for reader 1 for grade 1 + 2 and 3 + 4 in (a), for each grade (1, 2, 3, 4) in
(b), and for reader 2 for grade 1 + 2 and 3 + 4 in (c), for each grade in (d).

Concerning disease progression, 31 patients (13 men, 18 women, mean age 55 ± 9.1
(38–74) years) showed improvement, 11 patients (2 men, 9 women, mean age 55 ± 10.1
(37–67) years) stability, and 7 worsening (2 men, 5 women, mean age 54 ± 6 (49–67) years).
IGHL thickness was significantly correlated with clinical outcomes on the humeral side for
both readers (p = 0.005 and 0.04 for readers 1 and 2) and on the glenoidal side for reader
1 (p = 0.002 and 0.05 for readers 1 and 2). Patients with clinical improvement had thicker
IGHL on its humeral side (4 ± 1.5 (2–8) mm and 4 ± 1.3 (2–7) mm for readers 1 and 2)
than those with worsening (2.2 ± 0.4 (2,3) mm and 2.7 ± 0.7 (2–4) mm for readers 1 and 2).
For reader 1, patients with a stable clinical outcome also had a thicker IGHL than those
with worsening, on both sides (glenoidal side: p = 0.02, humeral side p = 0.005). The same
tendency was observed for reader 2, but these differences were not statistically significant
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(p = 0.2). For both readers, the presence of high IGHL signal intensity was not significantly
correlated with disease progression (p > 0.05). In patients with worsening, IGHL was found
to be ≤3 mm in 66 to 83% for reader 1, and 83% to 100% for reader 2. IGHL thickness
distribution according to clinical outcomes is shown in Figure 6.

Figure 6. Box plot representing inferior glenohumeral ligament thickness (y-axis) according to clinical outcomes for reader 1
on the glenoidal (a) and humeral side (b), and for reader 2 on the glenoidal (c) and humeral side (d).

For both readers, there was no association between CMS modified global score, pain
intensity grade, diurnal pain, and MRI findings.
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4. Discussion

Our study showed a significant correlation between high IGHL signal intensity and
the pain duration in patients with AC, with a clear high signal predominance in the patients
presenting with pain from three to six months. Additionally, the reproducibility for the
differentiation between low- and high-signal IGHL was considered excellent. Those results
are in agreement with Sofka et al. [20], who stated that capsular high signal intensity in the
axillary pouch was most closely associated with pain from three to nine months. High IGHL
signal was also associated with night pain, which may have a negative impact on sleep
quality and mental health [30,31]. Another important finding was the significant decrease in
mobility scores in patients with high IGHL signal hyperintensity, which was not previously
reported. Prior reports have also indicated that capsular edema and rotator interval
signal abnormalities, were independent predictors of a better outcome for pain relief after
glenohumeral corticosteroid injections, confirming the inflammatory nature of these MR
findings [32]. In light of these results, increased IGHL signal intensity in patients with AC
can be considered as a maker for an early inflammatory disease stage, and is associated with
inflammatory-type pain and limited ROM. Thus, the treatment of patients with such finding
should be aimed at reducing (e.g., intra-articular corticosteroid injection, cryotherapy) or
limiting (e.g., gentle physiotherapy) the capsular inflammatory process [33–37]. Previous
studies demonstrated that MRI could not predict AC prognosis [21] or the outcome after
capsular distension [38]. Our results, however, indicate that patients with a thick IGHL
(4 mm or higher, particularly on the humeral side) were very likely to have a favorable
outcome at follow-up (performed approximately one year after imaging). Conversely, thin
IGHL (3 mm or lower) was associated with clinical worsening. This could be related to
collagen accumulation in the joint capsule in late disease phases [39,40]. As AC is a disease
with a self-limited course, a thicker IGHL could be an indicator of a late disease phase and
hence be associated with a favorable outcome. Similar to signal changes, the IGHL thickness
may have implications in the therapeutic decision-making of AC patients. Although further
studies are necessary, these patients might be more suitable for therapeutic options aiming
at decreasing capsular stiffness (e.g., hydrodilation, physiotherapy with active-assisted
ROM exercises, stretching, and muscle strengthening) [41–43].

Unlike Anh et al. [26], we did not find any correlation between MRI findings and the
degree of pain, but we did not rate IGHL enhancement, as its signal on T2-weighted fat-
saturated FSE images has been shown to be reliable without improvement after gadolinium
injection [6]. Additionally, systematic gadolinium injection is not currently recommended
for the evaluation of patients with AC and should be reserved for patients with equivocal
findings on conventional sequences [44,45]. None of the MRI findings evaluated was corre-
lated with global CMS results, in agreement with Park et al. [23]. Capsule thickness in the
axillary recess has been described as a reliable diagnostic tool of AC when >4 mm [28,46],
but in our study, less than 30% of patients fulfilled this criterion at the humeral insertion.
Contrary to the presented results, some authors indicated that capsular thickness on ultra-
sound and MRI was associated with shoulder function impairment [23,46]. We hypothesize
that these differences are related to patient selection bias, and that IGHL thickness could
be a more reliable diagnostic tool in patients’ later AC phases, whereas in earlier disease
phases the implications of this finding could be less clear.

This study has limitations. Most importantly, AC diagnosis was confirmed neither by
arthroscopy nor histologically. However, clinical findings remain the basis for the diagnosis
of AC, and the diagnostic performance of MRI diagnostic criteria has been previously
evaluated [6–8,10–12,17,46,47]. As the estimation of pain duration provided by patients
may be imprecise, a pain score system with time intervals was used to limit this potential
bias. Since the correlation between MRI findings and the range of motion in each direction
is still debated [23–25,46], we preferred to analyze global motion scores only, which could
be responsible for some of the differences between the presented results and prior reports.
There was no control group and no systematic clinical or MRI follow-up of the patients
included. We did not rate intra-observer agreement. The study population is relatively
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heterogeneous with various disease stages and clinical impairment levels; however, the
study population is one of the largest reported so far and is representative of routine clinical
practice. Finally, the AC etiology (e.g., idiopathic versus secondary) could have an impact
on the natural disease course and was not considered in this study.

In conclusion, two potentially useful MR biomarkers in patients with AC could be
identified. First, the increased T2 signal intensity at the IGHL, which is an indicator of an
early inflammatory phase AC and is associated with recent pain (3–6 months), nocturnal
pain, and decreased ROM. Secondly, the thickness of the IGHL was significantly related to
the clinical outcome (>4 mm is associated with a favorable outcome, whereas <3 mm with
a worse prognosis). These findings should be considered in the MRI evaluation of patients
with AC, with likely therapeutic implications.
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CHL coracohumeral ligament
CMS Constant-Murlay Score
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Abstract: Background: The purpose of this study was to evaluate plantar fasciae of healthy subjects
and patients with plantar fasciitis by shear wave velocity (SWV) and stiffness with correlation to
B-Mode and color Doppler ultrasonography (CDUS) and to establish cut-off values. Methods: This
observational study was conducted with the approval of the Institutional Review Boards (IRBs) of
our institution. 108 unilateral plantar fasciae were evaluated by including 87 consecutive patients
(mean age 51.7; range: 29–82) (66 women and 21 men) with plantar fasciitis and 21 asymptomatic age
matched healthy volunteers (mean age 47.3; range: 32–58) (15 women and 6 men). All patients were
prospectively imaged between July 2018 and March 2019. B-mode US was used to measure thickness
and CDUS to grade vascularity. SWE measurements were repeated 3 times and mean was used
for statistical analysis. Results: Mean SWV value in healthy subjects was 6.94 m/s and in patients
4.98 m/s with a mean stiffness value of 152.88 kPa and 93.54 kPa respectively (p < 0.001). For SWV a
cut-off value of 6.16 m/s had a specificity of 80.95% and sensitivity of 79.31%. For stiffness a cut-off
value of 125.57 kPa had a specificity of 80.95% and sensitivity of 80.46%. No correlation to CDUS
was found. The mean thickness of healthy fascias was 3.3 mm (range 2.4–3.9) compared to 6.1 mm
(range 2.0–22.0) in plantar fasciitis (p < 0.001) with no correlation to SWV or to stiffness (r2 = 0.02,
p = 0.06). Conclusion: SWE allows quantitative assessment of plantar fascia stiffness, which decreases
in patients with plantar fasciitis. No correlation to the thickness of the plantar fascia was found,
therefore it represents an independent factor for the diagnosis of plantar fasciitis and could be helpful
in addition to thickness measurement in unclear cases.

Keywords: color doppler ultrasonography; elastography; plantar fasciitis; plantar fascia; shear wave

1. Introduction

Plantar fasciitis is the most common cause of heel pain in adults [1]. The lifetime
prevalence may reach 10% of the general population worldwide. It has substantial im-pact
on patients’ quality of life, which is shown by a study from Palomo-López et al., where
the significance of health-related quality of life for foot pain, foot function, footwear, and
general foot health, especially in women, was demonstrated [2,3]. Although the etiology
of plantar fasciitis is multifactorial, mechanical overload and degeneration have been
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regarded as the main factors [4]. The plantar fascia seems to be affected even by foot
deformities like hallus valgus deformity [5]. Therefore the importance of the plantar fascia
as a main factor for foot health is evident. A prior systematic review revealed that increased
age was also one of the factors associated with chronic plantar heel pain [6]. Age-related
changes in tendons, as well as specific changes to the elastic modulus with degeneration,
have been reported in prior studies [7–9] and may also occur in the plantar fascia [10].

Sonoelastography (SEL) is an ultrasound (US) imaging technique that allows for a
noninvasive estimation of tissue stiffness [11]. It is based on the fact that softer tissue has
greater tissue displacement than hard tissue when externally compressed. SEL allows
calculation and comparison of tissue displacement before and after tissue compression with
conventional US equipment but modified software and is used in MSK application [12,13].

Ultrasound-based shear wave elastography (SWE) allows for quantitative assessment
of tissue stiffness [14,15]. Although it is well established in imaging of other regions, e.g.,
breast-imaging, the use in MSK imaging is still on the rise [16,17]. In the past 2 decades,
sonoelastography has been progressively used as a tool to help evaluate soft-tissue elasticity
and add information obtained with conventional gray-scale and Doppler ultrasonographic
techniques. Recently introduced, SWE is considered to be more objective, quantitative, and
reproducible than compression sonoelastography with increasing applications to the mus-
culoskeletal system [13]. SWE uses an acoustic radiation force pulse sequence to generate
shear waves, which propagate perpendicular to the ultrasound beam, causing transient
displacements. SWE has a promising role in determining the severity of disease of various
musculoskeletal tissues including tendons, muscles, nerves, and ligaments [12–15,18].

SEL has been applied to assess the stiffness of various tissues. It has been used
to detect tendinopathy in the common extensor tendon of the elbow and the Achilles
tendon [19–21]. Thus, SEL may add information about the mechanical properties of plantar
fascia in addition to B-mode morphology.

SEL has been used previously in plantar fascia showing a softening in patients with
plantar fasciitis [22,23]. SWE results for plantar fascia in healthy volunteers were reported
by Chino et al. [24] and Wu et al. [22,25] however, to our knowledge there are only a few
publication for SWE in plantar fasciitis, e.g., only preliminary results of Gatz et al. in
39 patients with plantar fasciitis [18]. The purpose of our study was to compare SWE of
the plantar fascia between healthy subjects and patients with plantar fasciitis by shear
wave velocity and stiffness with findings obtained by B-Mode and CDUS and to evaluate
objective SWE parameters originating from the US system immanent calculation in a larger
population, to gain new forms of information about the changes of the plantar fascia in
plantar fasciitis, which could help in the diagnosis of unclear cases.

2. Materials and Methods

2.1. Ethical Consideration

All subjects gave their informed consent for inclusion before they participated in the
study. The study was conducted in accordance with the Declaration of Helsinki, and the
protocol was approved by the Institutional Review Boards (IRBs) of our institution (ethical
approval code: 353/4.3).

2.2. Design and Sampling

The study is designed as an observational study with random sampling. The sampling
size was sufficient. When considering 10% of the worldwide population we reached a CI
of 95% with a margin of error of 6%. Healthy volunteers and patients were recruited from
the trauma surgery department of the Medical University Innsbruck. Diagnosis of plantar
fasciitis was based on the patient’s history and on results of the physical examination.
Patients presented with inferior heel pain on weight bearing, pain persisting for ≥6 months
with discomfort improving after further ambulation and worsening with continued activity,
exacerbating pain when walking barefoot, on toes, or upstairs [26]. The participants had no
treatment so far. Alternative diagnosis have been ruled out by trauma surgery specialists.
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If both feet were symptomatic, the more painful one was included in the evaluation.
For healthy volunteers a random assessment of left or right heel was performed. The
sonographer was blinded to clinical diagnosis and patients’ symptoms. US was used as the
first-line imaging examination.

2.3. Study Population

108 unilateral plantar fasciae (81 women and 27 men) with normal physical activity
were evaluated by including 87 consecutive patients (mean age 51.7, range: 29.0–82.0)
(66 women and 21 men) with plantar fasciitis and 21 asymptomatic healthy volunteers
recruited from our hospital staff (mean age 47.3, range: 32–58) (15 women and 6 men). All
patients were prospectively imaged between July 2018 and March 2019.

Inclusion criteria comprised the presence of unilateral heel pain at the origin of the
plantar fascia on the medial tubercle of the calcaneus lasting for more than 6 month.

Exclusion criteria included affected patients because of Morbus Ledderhosen (n = 1),
Achilles tendinosis (n = 1), any treatment for plantar fasciitis (n = 1) or any previous surgery
of the examined foot (n = 2), stress fracture or tumors.

2.4. Data Recollection

US examination: All US studies were performed by a single radiologist with three
years of experience in SWE. The experiments were carried out in the Department of
Rheumatology- and Sports Imaging, Medical University Hospital Innsbruck. Each US
examination was performed using a SuperLinear™ SL12-7 MHz transducer with a band-
width of 7–12 MHz (SuperSonic Imagine’s Aixplorer®, SuperSonic Imagine, 510 rue René
Descartes, Les jardins de la Duranne Bât. F, 13857, Aix-en-Provence, France). Each exami-
nation was performed according to a standardized protocol with patients placed in a prone
position, legs extended with their feet on a positioning role. Feet were kept relaxed during
all measurements, hanging free over the examination bed in a 90 degree angle.

2.4.1. B-Mode US Examination

Maximum thickness (in mm, craniocaudal dimension) of each plantar fascia was
measured in the longitudinal plane (i.e., perpendicular to the direction of the fibers) at the
insertion of the plantar fascia at the calcaneus. (Figure 1).

 

Figure 1. Longitudinal B-mode ultrasound image of a 50-year-old patient with plantar fascia shows
hypoechogenicity and thickening of the plantar fascia of 7 mm.

2.4.2. CDUS Examination

Accompanied hypervascularity modified according to Fenwick et al. was graded as
per a semi-quantitative grading system consisting of 4 grades: Grade 0 = no vascularity
(=normal), Grade 1 = 1/3 hypervascularity in the fascia, Grade 2 = 2/3 hypervascularity
in the fascia, Grade 3 = 3/3 hypervascularity in the fascia [27]. CDUS was performed
with standardized machine settings by using a frequency of 7 MHz with a pulse repetition
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frequency of 750 to 1000 kHz, a low wall filter, and medium persistence. The window
(colour box) was restricted to the plantar fascia. After visualization of colour-flow signals,
pulsed wave spectral Doppler imaging was performed using the lowest filter setting and
the smallest scale available that would display the Doppler waveforms as large as possible
without aliasing. A spectral Doppler tracing was obtained to confirm that the CDUS signals
represented true arterial or venous flow

2.4.3. SWE Examination

For stiffness and shear wave velocity three SWE measures were obtained at the same
session in the longitudinal plane by manual tracking of a ROI which was repeated 3 times
after unfreezing and freezing the SWE result. B-mode was used to longitudinally align the
transducer with the plantar fascia. The transducer was kept stationary with light pressure
on top of a generous amount of coupling gel for 4–5 s during the acquisition of each SWE
sonogram. For each SWE sonogram, the ROI was tracked manually centered on the plantar
fascia, ensuring that the diameter of the ROI was within the thickest part of the plantar
fascia. For further analysis, the mean of the three measurements was used. The stiffness
and SWE values were given in kPa and m/s, respectively, and tabulated. (Figures 2 and 3)

Figure 2. Longitudinal SWE image and B-mode ultrasound image of a 50-year-old patient with
normal plantar fascia demonstrates stiffness of 98.8 kPa and SWV value of 5.7 m/s.

 

Figure 3. Longitudinal SWE image and B-mode ultrasound image of a 30 years old healthy volunteer
with normal plantar fascia demonstrates stiffness of 111.2 kPa and SWV value of 6.0 m/s.

2.5. Statistical Analysis

Statistical analysis was performed using R Project for Statistical Computing 3.4.1.
Core Team, written by Robert Gentleman and Ross Ihaka of the Statistics Department
of the University of Auckland. For the three repeated SWE measurements, intra-rater
variability was determined by calculating the intra-class correlation coefficient using the
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irr package for R (Various Coefficients of Interrater Reliability and Agreement. R package
version 0.84, by Matthias Gamer). The Shapiro-Wilk normality test was used to check for
normal distribution. As patient data turned out to be normally distributed but not data for
healthy subjects a Wilcoxon signed rank was used for group comparisons. To obtain cut-off
values to distinguish between healthy and patient group receiver operating characteristic
(ROC) analysis was applied using the pROC package for R (Robin X, Turck N, Hainard
A, et al. (2011) pROC: an open-source package for R and S+ to analyze and compare ROC
curves. BMC Bioinformatics (12:77). For analyzing correlation between SWE data and
thickness values as determined by B-mode US a linear model was fitted to the data and the
coefficient of determination (r2) calculated. A coefficient (r) of <0.3 showed no correlation,
0.3–0.5 a weak correlation, 0.5–0.7 a moderate correlation and 0.7–1 a high correlation.
p-values of <0.05 were considered statistically significant.

3. Results

We found a mean thickness in healthy plantar fasciae of 3.28 mm (SD: 0.41, range:
2.4–3.9) compared to 6.07 mm (SD: 2.37, range: 2.0–22.0) in plantar fasciitis (p < 0.001)
(Figures 1 and 4). There was no correlation between SWV and plantar fascial thickness
(r2 = 0.02, p = 0.06) or between stiffness and plantar fascial thickness (r2 = 0.02, p = 0.06)
(Figure 5).

Figure 4. Box blot diagram showing plantar fascial thickness in healthy volunteers compared to
patients with plantar fasciitis.

 
Figure 5. SWV and thickness for Patients with plantar fasciitis and Healthy volunteers, showing
no correlation.

For thickness the obtained cut-off upper normal limit was 4.0 mm (AUC: 0.97, 95% CI:
0.94–0.99) with a specificity of 100% (95% CI: 100–100%) and a sensitivity of 90.8% (95% CI:
83.91–96.55%). No concomitant plantar fascia tears were found by B- mode US.
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CDUS showed no correlation to stiffness and SWV (r2 < 0.007, p = 0.4) and there
was no significant difference for stiffness or SWV values between e.g., CDUS grade 0 and
grade 3 (p = 0.2).

Mean SWE and stiffness values for healthy plantar fascia and plantar fasciitis are
shown in Figures 6 and 7, and Figures 2 and 3 with an intra class correlation of 0.43–0.64
for SWE and 0.42–0.63 for SWV.

Figure 6. Box blot diagram showing SWV in healthy volunteers compared to patients.

 
Figure 7. Box blot diagram showing Stiffness in healthy volunteers compared to patients.

There was a statistically significant difference in SWV and plantar fascial stiffness
between healthy subjects and patients with plantar fasciitis (p < 0.001).

For SWV, ROC analysis resulted in a cut-off value of 6.16 m/s (AUC: 0.87, 95% CI:
0.80–0.94), giving a specificity of 80.95% (95% CI: 61.9–95.24%) and a sensitivity of 79.31%
(95% CI: 70.11–87.36%). For stiffness a cut-off value of 125.57 kPa (AUC: 0.85, 95% CI:
0.77–0.92) was found with a specificity of 80.95% (95% CI: 61.9–95.24%) and a sensitivity of
80.46% (95% CI: 72.39–88.51%)

4. Discussion

Our results by using SWE confirmed softening of the plantar fascia in the patient
group when compared to healthy volunteers, which already has been demonstrated by
using SEL in recent studies [22,23,25].

Sconfienza et al. [23] demonstrated that the use of real-time SEL increases the diagnos-
tic performance of B-mode US and may also be helpful in some cases in which the results
of B-mode US are inconclusive. Their study confirmed that B-mode US can demonstrate
specific signs of plantar fasciitis. Of those, fascia thickening and hypoechoic echotexture
were more typical in plantar fasciitis than blurring of the fascial borders, which seems to be
a less reproducible finding.
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Our study confirms that B-mode US is still the most reliable diagnostic tool for plantar
fasciitis diagnosis. Our thickness measurement results are in line with the literature, where
a plantar fascial thickness greater than 4 mm has been postulated to be consistent with
plantar fasciitis. A lack of standardization of the measurement process for plantar fascia
thickness might limit the measurements. In particular, there are no universal guidelines
existing on the positioning of the metatarsophalangeal (MTP) joints during the procedure
and the literature also has inconsistent protocols [28]. We used the relaxed feet positioning,
which is comfortable for the patient and examiner on the one site and minimizes errors
through muscle tension on the other site [24].

Wu et al. showed that SEL was helpful in the diagnosis of plantar fasciitis in patients
presenting with normal B-mode US thickness measurements [22,25]. In our study we found
no correlation between SWE and plantar fascial thickness (r2 = 0.02, p = 0.06) or between
stiffness and plantar fascial thickness (r2 = 0.02, p = 0.06). This is in line with the results of
Wu et al.

CDUS has already been found with poor sensitivity in plantar fasciitis patients, which
is in line with our results [29].

Putz et al. 2017 found that contrast enhanced US (CEUS) improved detection of
hyperemia in 75% of patients and advocated CEUS as well as SWE as new diagnostic
tools in the assessment of plantar fasciitis proving helpful for quantitative parameters and
monitoring therapy [30].

Gatz et al. 2019 showed that SWE can improve the diagnostic accuracy in patients
with plantar fasciitis compared to B-mode US. He found in healthies with a thickness of
3 mm and in patients, where the plantar fascia was thicker than 4.2 mm a cut off of 51.5 kPa
and 4.14 m/s. He also showed lower values for plantar fasciitis of 31.9 kPa and 3.26 m/s
and statistical significant higher values in asymptomatic of 93.3 kPa and 5.58 m/s with
a sensitivity of 85% and specificity of 83% for SWE and a B-mode US sensitivity of 61%
specificity of 95% [18].

One limitation of the study by Gatz et al. is that healthy volunteers were statistically
significant different in age compared to the 39 fasciitis patients, therefore an age dependency
might explain the difference to our results, which has already been demonstrated by
Wu et al. showing that plantar fascia softens with age and in subjects with fasciitis [25].
Gatz also stated, that he worked with a relatively small sample group. Therefore our study
adds valuable data. Our study had several limitations:

SWE values obtained on an Aixplorer system may not be equivalent to the SWE values
obtained on other systems.

A small area analyzed on the color histogram does not represent the entire insertion
of the plantar fascia. This would have been covered by axial transducer placement.

However, the thickest part of the plantar fascia was evaluated by SWE as detected by
B-mode in longitudinal plane which is usually the proximal central band. Furthermore,
because of the not parallel course of the fascia in that area, we adjusted the position and the
tilting angle of the transducer to avoid anisotropy on B-mode sonogram and to obtain SWE
measurements. Furthermore, no histologic testing was performed in this study. Further
histopathologic and biomechanical examinations is required confirm our results. Our study
has demonstrated SWE to be a reliable, in vivo noninvasive technique for examining the
stiffness of the plantar fascia.

We did not have any other imaging as a reference. No measurements of the contralat-
eral plantar fascia as an intern standard have been performed. We did not calculate a ratio.
Finally, the healthy volunteers were referred from Hospital staff without any symptoms at
the feet, what might have been a bias in the sampling.

5. Conclusions

SWE proved to be a valuable tool in the detection of plantar fasciitis and may be
helpful in addition to B-mode US thickness measurement in unclear cases.
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Abstract: Hip arthroplasty is a frequently used procedure with high success rates. Its main indications
are primary or secondary advanced osteoarthritis, due to acute fracture, osteonecrosis of the femoral
head, and hip dysplasia. The goals of HA are to reduce pain and restore normal hip biomechanics,
allowing a return to the patient’s normal activities. To reach those goals, the size of implants must suit,
and their positioning must meet, quality criteria, which can be determined by preoperative imaging.
Moreover, mechanical complications can be influenced by implant size and position, and could be
avoided by precise preoperative templating. Templating used to rely on standard radiographs, but
recently the use of EOS® imaging and CT has been growing, given the 3D approach provided by
these methods. However, there is no consensus on the optimal imaging work-up, which may have an
impact on the outcomes of the procedure. This article reviews the current principles of templating,
the various imaging techniques used for it, as well as their advantages and drawbacks, and their
expected results.

Keywords: hip; arthroplasty; CT; radiographs; 3D parameters

1. Introduction

Hip arthroplasty (HA) is a frequently used procedure with high success rates. Its main
indications are primary or secondary advanced osteoarthritis [1]. The goals of HA are to
reduce pain and restore normal hip biomechanics, allowing a return to the patient’s normal
activities [2]. To reach those goals, the size of implants must suit, and their positioning must
meet, quality criteria, such as maintenance of leg length and femoral offset (FO), antever-
sion and inclination of the cup, and antetorsion of the femoral stem [2]. Those factors can
be determined by preoperative imaging, and when they are not respected, patient dissatis-
faction and mechanical complications can occur. Moreover, accurate pre-operative implant
sizing could reduce surgical time and inventory needs [2]. HA preoperative planning used
to rely on standard radiographs, suffering from magnification factor-induced errors, but
recently the use of EOS® imaging and CT is growing, given the 3D approach provided
by these methods [2–10]. Especially, 3D printing offers an improvement in understanding
patient-specific anatomy, thus enhancing patient outcomes (operation time, intra-operative
blood loss, X-ray frequency, post-operative drainage), particularly in complex cases and for
less experienced surgeons [11–13].

We present a narrative review of preoperative templating in HA, focusing on its
classical aspects and emerging techniques, with their own advantages and drawbacks,
driven by the hypothesis that those techniques have the potential to reinforce radiographic
templating, but not yet to replace it.

J. Clin. Med. 2022, 11, 5465. https://doi.org/10.3390/jcm11185465 https://www.mdpi.com/journal/jcm
167



J. Clin. Med. 2022, 11, 5465

2. Preoperative Planning

2.1. Background

Digital preoperative planning enables the surgeon to determine which prosthesis size
to use and where to place it within the bone, aiming at optimal postsurgical functional
restoration [14]. As oversized prostheses can increase the risk of periprosthetic fractures,
and undersized prostheses can lead to dislocation, instability, and loosening, reliable pros-
thetic sizing and positioning is mandatory [5]. Thus, the aim of templating is to restore
normal anatomy, especially the hip rotation center, femoral lateralization, and inferior limb
length. Inadequate restoration of hip biomechanics is known to be a frequent cause of
patient dissatisfaction. For example, 15–30% of patients complain of limb length discrep-
ancy and up to 60% of THAs result in inadequate femoral offset (FO) [15]. Templating was
classically performed on conventional radiographs, which are 2D and have a magnification
factor that needs to be compensated. In this context, EOS® and CT imaging represent valid
alternatives with good reproducibility [16].

2.2. Hip Deformities
2.2.1. Measurements and Their Implications

According to some authors and until recent years, surgery goals were to deepen the
acetabular socket by reducing the AO, making room for the acetabular component, and
increasing the FO to keep the GO constant [9,16]. Currently, the literature is not conclusive
that the cup should be medialized and the femoral offset increased in compensation. In
practice, cup placement should rather be anatomical [17]. A fully medialized reconstruction
cannot be justified for now, especially in young patients who need to conserve their bone
stock in case of revision surgery, as only small biomechanics gains were noted in a whole-
body simulation of a gait cycle by De Pieri et al. [18]. Moreover, the acetabular offset should
not be reduced, as it requires the use of stems with greater offsets than the natural femoral
one, which induces a risk of impingement [17]. When severe hip joint deformity is present,
the contralateral hip can be used for templating [19], but no clear recommendations exist
in the case of bilateral severe deformity. Amongst preoperative measurements, some can
also be used to evaluate postoperative outcomes in HA, among which are lower limb
length, global offset (GO) (sum of acetabular (AO) and FO), and femoral neck antetorsion
(FNA). These parameters can be measured on pelvic AP radiographs or EOS® imaging, and
on coronal CT-reformatted images in the plane created by the femoral neck axis and the
femoral mid-shaft axis [15]. Femoral offset measurement is more precise using 3D CT-scan
reconstruction as it does not depend on test conditions, because the frame is placed within
the femoral axis and is not influenced by position inconsistencies or hip pathologies [20].

AO corresponds to the distance between the femoral head center and the acetabular
floor or the midline, FO to the distance between the femoral head center and the femoral
mid-shaft axis. The cervico-diaphyseal angle (CDA) should also be reported (Figure 1).

FNA measurements have traditionally been done on radiographs but are not suffi-
ciently precise for templating. EOS® imaging or CT-based measurements are therefore
recommended (Figure 2) [16].

Hip function depends on the proper orientation of the muscles about the center of
rotation of the joint (i.e., limb length imbalance and offset correction) [16]. An imbalance in
GO may lead to limping due to abductor dysfunction. Reduced FO can lead to acetabular-
polyethylene wear, dislocation, and loosening [15], whereas an increase can lead to residual
pain and limping by exacerbation of muscle and soft-tissue tension. However, it is still
unclear which of these parameters (GO, FO, or AO) should be taken into account for offset
correction. FNA below 10◦ is supposed to be deleterious to the long-term outcome for
cemented stems [16].

168



J. Clin. Med. 2022, 11, 5465

Figure 1. Preoperative measurements. Those values can be measured on (a) an anteroposterior pelvic
radiograph and on (b) a coronal CT image, in the plane established by the femoral neck axis and
the femoral midshaft. AO corresponds to the acetabular offset (white line: distance between the
femoral head center (blue circle) and the acetabular floor), FO to the femoral offset (little-dotted line:
distance between the femoral head center and the femoral midshaft axis (mild transparent white
line)), CDA to the cervico-diaphyseal angle (large-dotted white line). A measurement of AO from the
pelvic midline is shown on (c) an AP pelvic view [21], as it is more suitable in case of hip prosthesis,
especially in case of cup protrusion.

Figure 2. Femoral neck antetorsion measurement. Three axial CT slices must be selected: one shown
in (a) at the femoral head center, one in (b) at the femoral neck to measure the femoral neck axis
(yellow line), then one in (c) at the level of the roman arch to determine the intercondylar axis (green
line). In (d), a global illumination reformat is shown to illustrate the 3D rendering of this measure,
corresponding to the angle between the yellow and green lines.
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Much less attention has been given to the sagittal orientation of the stem. With the
recently increased use of the anterior surgical approach, and the rise in popularity of the
femoral short stems, the femoral component might get implanted in a flexed position.
Yoshitani et al. did not find significant differences concerning radiological and clinical
follow-up at approximately 5 years between flexion and neutral alignment, but long-
term studies are required [22]. This measurement is difficult to assess precisely on lateral
radiographs [22]. As for FNA, CT represents a valuable tool (Figure 3). EOS® must
be evaluated in this setting. An anterior acetabular offset can be measured (distance
between the center of the femoral head and the retrocondylar axis in the axial plane), but
its usefulness remains to be determined.

Figure 3. Representation of the flexion/extension of the femoral stem, using 3D CT-scan reformat,
adapted from Abe et al. [23]. The dotted white line represents the retrocondylar axis, the white line
the sagittal femoral tilt, and the colored line the stem axis. A theoretical neutral position is shown in
(a) with the orange line; a negative value superior to −3◦ between the femoral tilt and the sagittal
stem tilt is defined as flexion in (b) with the yellow line, which is the actual axis of this prosthesis;
and a positive value superior to 3◦ is defined as an extension in (c) with the red line.
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2.2.2. Types of Architectural Deformities and Their Implications

A recent classification has been proposed by Kase et al. to distinguish different types of
architectural hip deformities and their associated abnormalities, according to femoral head-
translation patterns, using the distance between the femoral head center and the acetabular
center [15]. In this study, femoral heads were centered in 61% of the patients studied. In
26% of patients, hips were lateralized and often presented femoro-acetabular osteophytes.
There were only 4% of medialized hips (often accompanied by acetabular protrusion), 3% of
proximally displaced hips (flattening of the femoral head or acetabular deformation), and
6% of proximo-lateral displacement (femoral head and acetabular superolateral deformity)
(Figure 4).

Figure 4. Hip deformities. Five types of hip deformities are shown, adapted from Kase et al. [11]. On
each scheme, the femoral head is colored in grey, the acetabulum in dark grey, and the acetabular
cavity in transparent grey. The blue lines correspond to the acetabular center and the green dotted
line to the vertical and horizontal axis of the femoral head. In (a), a centered hip is shown as both axes
are superimposed; in (b), a medialized (medialization of the vertical axis of the femoral head with
respect to the acetabular one); in (c) a lateralized (lateralization of the vertical axis of the femoral head
with respect to the acetabular one); in (d) a proximalized (cephalic displacement of the horizontal
axis of the femoral head with respect to the acetabular one); and in (e) a proximo-lateralized (cephalic
displacement of the horizontal axis of the femoral head with respect to the acetabular one, and lateral
displacement of the vertical axis of the femoral head with respect to the acetabular one). An arbitrary
cut-off of 3 mm was used by the authors to consider a displacement in each plane.

Proximal and proximo-lateralized displacement induced considerable limb shortening.
Femoral head translation on radiographs or CT has to be taken into account to correct
limb shortening and/or pathologic offset [15], as it allows surgeons to restore preoperative
anatomy. More precisely, in centered hips, AO was similar to healthy hips [24], and
reproducing native anatomy could restore the hip rotation center [15]. On the other hand,
in medialized hips, one should consider rotation center lateralization to avoid impingement
and FO reduction to avoid excessive soft-tissue tension with a potential clinical impact [15].

2.3. Principles and Methods
2.3.1. Radiographs Technical Aspects

Templating has conventionally been made by applying tracing papers on radiographs
but has become impractical with the implantation of digital radiographs, which presents a
similar reproducibility [25]. The different measurements necessary for hip templating are
summarized in Table 1.

In the authors’ institution, radiographs include an anteroposterior pelvic view, from
the iliac crest to the femoral proximal third, to visualize the femoral stem destination.
The patient should be standing with 15◦ of internal hip rotation if he can, whereas, in
case of fracture, he might be lying down on his back. The X-ray beam is centered 2 cm
under the pubic symphysis and its source at 1.50 m, which corresponds to a magnification
factor of 1.15, like the tracing papers supplied by the manufacturers. The magnification
factor might be variable amongst the distance X-ray source/detector, and femoro-acetabular
joint/detector; therefore, it is dependent on the patient body habitus and position variations
induced by pain, potentially leading to limitations in radiographic templating [26].
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Table 1. Measurement to be made on preoperative radiographs for hip arthroplasty templating.

Parameter Utility

Magnification Measurement adaptation

Pelvic axis (teardrop sign) Limb length discrepancy

Frontal inclination of the acetabular component

Femoro-acetabular joint rotation center Acetabular component positioning and size
determination

Width of the endosteal diaphyseal and
metaphyseal canal diaphysis

Size of the femoral component

Femoral offset determination

Matching of femoral head and joint centers

Positioning of the femoral component

Femoral neck resection length
Positioning of the femoral componentCervico-diaphyseal angle

Height and diameter of the femoral head

While standing radiographs are obtained without difficulties in most ambulatory
patients, it might be impossible in emergency situations or in case of advanced disease.
This issue is largely compensated by the fact that it is reasonable to consider the pelvic
position in the supine position, as the acetabular component had an optimal orientation
in 90% of the cases in the study by Nishihara et al. [27]. Those results were recently
confirmed by Uemura et al., since the pelvic sagittal inclination changes from supine to
standing were smaller than 10◦ in approximately 80% of the cases in their study [28], and
pelvic positions in supine and standing postures were reproducible in a second recent
study by the same team [29]. The pelvic position in the supine position at 10 years of
follow-up was shown to be a good functional reference by Tamura et al., as it did not
show variation over time, unlike the standing pelvic sagittal inclination [30]. On the other
hand, in some patients with developmental dysplasia of the hip, the acetabular version
differed between the supine and standing positions, so that Tani et al. recommended the
use of the values obtained in the standing position for preoperative planning [31], and
Tachibana et al. [32] and Bhanushali et al. [33] recommended assessing postural changes
(radiographs in both standing and supine positions) in the sagittal pelvic tilt in case of
dysplasia and called for other studies to determine how those postural changes affect the
biomechanical environment of the acetabulum. Therefore, in the authors’ opinion, even
though radiographs have tended in the last years to be realized in the standing position to
reproduce functional position, supine radiographs can be obtained in any patient with good
confidence in pelvic position, especially in the emergency setting. However, both standing
and supine radiographs should be obtained, if possible, in patients with hip dysplasia.

With radiographs, the first step is to determine the magnification factor by using an
existing body implant or a radiographic marker of known dimensions [14].

Then, the pelvic axis must be determined, most commonly by drawing a line between
the iliopubic branch contours on anteroposterior pelvic radiographs (e.g., teardrop sign)
(Figure 5). On radiographs, limb length discrepancy can be calculated by drawing a line
perpendicular from the inter-teardrop axis to the top of the lesser trochanter. One should
consider 5 mm as a cut-off, as symptoms are infrequent beyond this value [34–36].

If available, an EOS® acquisition can be performed and the inter-teardrop axis will
also be used to calculate the appropriate inclination angle of the acetabular component [14].
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Figure 5. Inter-teardrop axis. The inter-teardrop axis shown on an anteroposterior pelvic radiograph
(white line), the teardrops being represented by the dotted lines.

Acetabular Cup Templating

The femoro-acetabular joint rotation center can be determined by placing a digital
acetabular template at an angle of approximately 40–45◦ to the pelvic axis [14], or by
applying different tracing papers to match acetabular morphology, so that the acetabular
component can be positioned with an inclination of 40–50◦ and an anteversion of 20–30◦ to
avoid bony impingement [37]. Concerning hip stability, the “acetabular safe zone” initially
described by Lewinneck et al.—of 40 ± 10 degrees and 15 ± 10 degrees, respectively [38]—
has been refuted and is more likely to be multifactorial and patient-specific, so that new
unique values have not yet been clearly defined [39,40] and the hypothesis of a static
safe zone is simplistic [41]. More precisely, the optimal positioning of the acetabular
cup is thought to depend on sagittal pelvic mobility. Some authors, therefore, call for
the development of standardized algorithms for the placement of kinematically aligned
acetabular components [42].

However, important variations between operative and radiographic angles have been
reported [17]. Cup inclination can be visualized on an AP pelvic view or with an EOS®

imaging system. Cup anteversion measurement is more variable. CT with multi-planar
reformation has been shown to be more accurate than intraoperative measurements or
radiographs [43]. EOS® imaging can also be used. Several methods exist using radiographs.
The most common method used to be the one proposed by Woo and Morrey [44], corre-
sponding to the angle formed by a line drawn tangential to the face of the acetabulum, and a
line perpendicular to the horizontal plane, as seen on a lateral view of the pelvis. However,
recently Lee et al. demonstrated that using AP radiographs (pelvic or hip), the methods
by Pradhan et al. [45], Liaw et al. [46], and Lewinnek et al. [38] might provide accurate
anteversion measurements with high reliability, regardless of the type of radiographs (hip
or pelvis) [47]. All those imaging data do not seem sufficient, as Grammatopoulos recom-
mended implanting the cup in 5◦ less inclination and 8◦ more anteversion than planned to
achieve the target radiographic position [48]. To guide angular positioning, a jig or a proc-
tator placed on the inserter handle can be used. Presently, patient-specific measurements
are being developed, and classical approaches are clearly called into question.
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Femoral Stem Templating

The size of the femoral component is determined by measuring the width of the en-
dosteal canal distally within the femoral diaphysis and metaphysis; its position is chosen by
placing it within the femur in a position to reproduce limb length or correct any discrepancy,
obtain an appropriate FO, and match the center of the femoral head with the center of
rotation of the joint. This positioning must consider the length of femoral neck resection
(measured proximal to the lesser trochanter or distal to the greater trochanter), which can
vary to achieve postoperative goals, as the prosthetic neck length, cervico-diaphyseal angle
in the case of a modular implant, and height and diameter of the femoral head can be
adjusted if needed. Osteointegration depends on several factors, including bone quality.
The Dorr classification [49] aims to guide indications for the type of femoral component
fixation (e.g., cemented or uncemented) and evaluates the risk of perioperative fracture
of the proximal femur. It is based on the cortical index, corresponding to the ratio of the
canal diameter, 10 cm distal to the midportion of the lesser trochanter divided by the inner
canal diameter at the midportion of the lesser trochanter (Figure 6), and the femoral cortical
aspects on radiographs (AP and lateral views) [50,51].

Figure 6. Cortical index calculation. Cortical index is calculated by measuring the ratio between the
diaphyseal diameter between the cortices at the level (orange double-headed arrow) and the inner
canal diaphyseal diameter 10 cm below the lesser trochanter (yellow double-headed arrow).

The Singh index analyzes the trabecular pattern of the proximal femur, classifies
osteoporosis into six grades (grade 6 represents normal bone density and grade 1 reflects
severe osteoporosis), and is available for routine use and mass screening [52]. It has
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been shown that Dorr types were correlated with occult osteoporosis in postmenopausal
women with osteoarthritis, and these radiographic features have been postulated to be
determinants of fracture risk and prosthesis longevity [53]. However, a clearly defined role
of the Singh classification has not yet been described for HA templating.

2.4. Perspectives
2.4.1. CT-Scan
Background

Even though radiographic templating is a well-known process in HA planning, it
is also admitted that surgeons need better methods due to the magnification factor and
patients’ position differences using standard radiographs [54]. CT has gradually gained
interest and will probably complement radiographs in templating as it is more accurate
in planning implant size, component alignment, and postoperative leg length than radio-
graphs. Additionally, with recent advances in CT technology and image reconstruction
algorithms—including deep-learning reconstruction—radiation dose exposure can be po-
tentially reduced to values similar to radiographs [55]. CT can also provide 3D information
and assist surgeons intraoperatively [7–9,16,55,56]. Furthermore, it allows a precise eval-
uation of bone stock and of the osteophytes that should be resected. Inoue et al. stated
that CT-based 3D templating made it possible to achieve reproducible stem antetorsion
(between pre- and postoperative CT scans) and choose accurate stem and cup sizes in the
case of developmental dysplasia of the hip [6]. Madadi et al. underscore that if inclination
and anteversion were crucial for acetabular cup placement, which can be performed consid-
ering four directions (e.g., inward, outward, upward, and downward), osteophytes might
displace the femoral head and acetabular fossa. These latter were well depicted on CT (e.g.,
central osteophytes and hypertrophic OA) and their preoperative depiction was deemed
crucial for planning [57]. For the diagnosis of acetabular bone loss in revision surgery, an
expert panel stated that an AP pelvis radiograph is sufficient only in the case of minimal
bone loss. CT should be considered in more severe cases, especially in case of fracture,
concomitant rotation of the hemipelvis, extensive osteolysis, and medial migration of the
acetabular component [58].

Finally, one should be aware that CT for preoperative planning rather than radiographs
might lead to the discovery of incidental findings (e.g., acute diverticulitis, masses, osseous
tumors, aneurysms, or abdominal wall hernias), which lead to delay or cancelation of
arthroplasty in 5% [59].

CT could therefore be systematically performed preoperatively for standard measure-
ments, especially in the case of the presence of osteophytes and for revision surgery, and if
specific low-dose reconstruction algorithms are available. CT-based navigation systems
and 3D-printed templates still need more studies to be systematically recommended as
they might be costly and time-consuming.

Technical Aspect

CT scan measurements have been defined in Figures 1 and 2.
In practice:

(1) the hip can be classified as mentioned above (e.g., centered, medialized, lateralized,
proximalized, or proximo-lateralized);

(2) the pre-arthritic centers of the femoral head and acetabulum must be determined
(potentially using the contralateral hip if healthy), and the optimal diameter of the
acetabular cup measured on a transverse CT slice, so that its template can be posi-
tioned at the level of the true acetabular floor medially and of the subchondral bone
proximally, slightly superior and medial to the center of the native acetabulum to
simulate reaming;

(3) the stem size and model can be determined, such that the templated head center can
match the templated cup center craniocaudally, with the native mediolateral center
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maintained original even if pathologic, except in case of medialized head, which has
to match templated cup center in both axis [60].

CT-based preoperative planning usually relies on 3D templating software, but
Chinzei et al. demonstrated that templating using CT multiplanar reconstructions alone is
more available and may be useful as a complementary tool without additional costs [4].
Practically speaking, a multiplanar reconstruction can be constructed without additive
software, as most picture archiving & communication systems (PACS) include 3D reformat
options. First, the femoral shaft axis has to be determined in the frontal and sagittal planes,
then this image is reproduced on the plane passing through both the axis and the center
of the femoral head [4]. This technique also allowed the authors to measure femoral head
cup diameter, stem size, length of the modular neck, and distance from the neck osteotomy.
Then, transparent template sheets were applied to the screen and the image externally
rotated until the lesser trochanter was displayed, to finally determine the neck osteotomy
level [4]. However, this procedure was time-consuming and does not seem practical, in our
opinion. Moreover, its inter- and intraobserver correlation were not assessed.

Geijer et al., using a 3D templating software and low-dose CT with an acquisition from
hip to knee, showed near-perfect inter- and intraobserver agreement in measuring AO, FO,
and FNA. These authors stated that using 3D datasets practically eliminated the need for
exact patient positioning, in pre- and postoperative CT scans [16]. One must keep in mind
that there are various methods for FNA measurement described in the literature hampering
the comparison of different studies [16]. Regardless, CT scan measurements of femoral
antetorsion remain the gold standard, as shown in Figure 2 [61]. Automated measurement
algorithms might be available in the near future, as Veilleux et al. showed an effective
automated technique for determining pelvic and acetabular orientation, using 3D images
from CT scans, as an aid in preoperative planning, which is therefore less time-consuming
than manual calculation [62].

CT-based templating has improved imaging measurements and postoperative results
in terms of component placement. Nishihara et al. stated that the use of a CT-based
navigation system improved cup positioning compared to freehand cup placement, even in
the supine position with a direct anterior approach, though it is thought to be as reliable as
CT-based navigation [8]. Scheerlinck et al. even declared that based on CT-3D templating
in non-deformed femora, the non-modular femoral stem could restore the anatomical
hip rotation center so that failure to restore anatomy might be due to surgical inaccuracy
rather than lack of implants matching the patient’s native anatomy [9]. More than classical
imaging measurements and standardized values, 3D data obtained from CT have been
shown effectively in intraoperative simulations using 3D-printed materials [7,56]. Those
advantages are also advocated in revision surgery in the case of acetabular bone loss, as
CT allows a 360◦ assessment of bone loss with a pelvic 3D rotation, a better assessment
of osteolysis, a segmentation to evaluate the pelvis with the implant subtracted, and the
generation of 3D-printed materials which can help in implant choice and design [58].

Three-dimensional printing technology, also called rapid prototyping, allows to create
3D scale models of physical objects quickly, using imaging data and thermoadhesive mate-
rials such as thermoplastic or liquid metals. It is supposed to improve osteointegration in
acetabular implants, developmental dysplasia of the hip, and generally help the surgeon in
their operative planning, but it is not yet available for soft tissue preoperative imaging [63,64].

Main Strengths

In our opinion, the main strengths of CT are its ability to provide precise measurements
and its 3D capacities, allowing the use of software and reducing the need for optimal patient
positioning, which could improve patient workflow and reduce image post-treatment
additional work time.
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Limitations

3D CT templating remains complex, costly, and not widely available [60]. Its indication
also remains controversial, as to whether it should be limited to special issues such as hip
dysplasia or advanced degenerative changes, or recommended for all HA procedures [60].
Direct costs of a preoperative CT were reported to range from 53 to 116 euros in a German
study, and thus considered low [65], but remained more expensive than radiographs.
The radiation dose used to be of concern, but is nowadays decreasing, and tends to
approach that of radiographs [16,60,66]. Kobayashi et al. combined the reliability of
CT with the simplicity of acetate templating, by applying templates on real printed CT
images in adjusted coronal and axial planes (parallel to the neck axis and to the femoral
shaft axis), including the lesser trochanter in the frontal plane and the femoral head maximal
diameter in the axial plane. Even though they recognized CT advantages, they could not
demonstrate the superiority of CT scans over radiographs. Therefore, they stated that high-
quality radiographs are sufficient for now until reliable surgical tools and post-operative
image acquisition become available and affordable in the surgeon’s routine using CT but
mentioned that they would continue CT-based templating as it remains more accurate in
their opinion [60].

2.4.2. EOS® Imaging
Background

It has recently been shown that planning software, based on radiographs obtained with
the EOS® imaging system (EOS® imaging, Paris, France), could also be useful in templating,
as it was more accurate than 2D radiographs and equal to CT [2]. It corresponds to a low
dose biplanar digital radiographic imaging system involving gaseous photon detectors,
used in over 400 medical centers worldwide. It takes approximately 20 s for an adult
full-body scan [67], therefore a little bit longer than CT, and quite shorter than radiographs,
as several views are acquired one at a time. Contrary to CT and radiographs, the EOS®

imaging system allows the simultaneous acquisition of two orthogonal radiographic images
without magnification factor, and considers lower limb deformities, with a patient in a
functional standing or sitting position inside the system [68], allowing to study the variation
of the sagittal acetabular version. This system then creates a 3D reconstruction for parameter
calculation [68], so that it is used as a gold standard in limb length discrepancy compared to
radiographs [69]. The same study can provide femoral length, tibial length, and hip, pelvic,
and spine parameters (beyond the scope of this paper) (Figures 7 and 8). Mayr et al. showed
a strong overall correlation between the EOS® imaging system and CT scan measurements,
and high inter- and intrareader reliability in measuring the femoral antetorsion angle,
but in case of torsional malalignment, EOS® did not correlate with CT, and presented an
advantage as it does not depend on legs’ positioning [61]. It is also proposed to be used in
the postoperative follow-up, as measurements are relatively quickly realized [67], coupled
with the low-dose advantage [2,26] and the absence of metallic artifacts from implants [70].
Some authors have even proposed to replace standard radiographs with the EOS® imaging
system [2], in the pre- and postoperative setting, but this attitude requires more studies
to be sustained, for as another study points out, difficulties exist in defining reference
points on the 3D images provided by EOS® imaging after THA [71]. Of note, this technique
can also be used in limb length discrepancy measurement in children, knee architectural
disorders, and spine disorders analysis. It has recently been used to show altered hip
functional outcomes postoperatively when femoral malrotation occurred after femoral
shaft intramedullary nailing in patients with fractures [72].
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Figure 7. EOS® imaging example showing pelvic and lower limbs measurements. In this example,
pelvic parameters are shown (PS: sacral slope, IP: pelvic incidence, VP: pelvic version), and multiple
lower limbs measurements are available (femoral and tibial length, femoral head diameter, femoral
neck length, cervico-diaphyseal angle, femoral offset, femoral and tibial version/torsion, knee
valgus/varus, hip-knee shaft angle, femoral flessum/recurvatum).

Figure 8. EOS® imaging example showing spine parameters and their relationship with pelvic
parameters. Spinal kyphosis and lordosis angles are provided along with the sagittal vertical axis
measurement, as well as pelvic parameters, to provide a global appreciation of the spinopelvic
complex, considered well balanced in this example.
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Concerning radiation dose, it is 4–30 times lower than that of CT [73] and 6–9 times
lower than that of radiographs [74]. In the United States, its cost is about 1

4 to 1/6 relative
to CT [68].

In our opinion, this technique could be performed in conjunction with hip radiographs
or CT to study the spinopelvic complex, the spine, and the lower limbs, and to consider the
hip in its whole environment, especially in the case of lower back pain or prior surgery.

Practical Aspect

Practically speaking, preoperative images are modeled in 3D using sterEOS® software,
in which different points are manually positioned to obtain automatic data-sets [61], and
the hipEOS® planning software (EOS® imaging, Paris, France) integrates the manufacturers’
3D component templates into the modeled bones [2]. Using this software, surgical planning
can be performed by the surgeon, with the determination of the size of the femoral stem and
of the acetabular cup, the change in leg length, and FO [2]. For primary THA, Knafo et al.
showed that, in conjunction with a navigation system, the EOS®-based planned acetabular
and femoral component size corresponded with that implanted ± 1 size in 100% and 94%
of the cases, respectively. They also found a postoperative leg length of 1.9 ± 5.9 mm
compared to the planned value, and an agreement between the postoperative and the
planned FO value of 0.3 mm (SD ± 5.6), which was also acceptable and inferior to that of
CT [2,66].

Huang et al. also described better performances of EOS® preoperative planning
compared to radiographs, using a digital-templating system without any software [5].

Main Strengths

In our opinion, this technique should be increasingly used as it provides 3D informa-
tion based on 2D acquisition, also to be used with software, at a price lower than that of CT
and similar to that of radiographs, with a dramatically decreased radiation dose. It also
allows a potential whole-body acquisition on a single occasion, highlighting a combined
approach of lower limbs, hips, and spinopelvic complex, which may be key in acetabular
cup templating in the near future, especially with the possibility of combined imaging in
the standing and sitting position.

Limitations

The soft-tissue analysis is impossible with an EOS® imaging system. EOS®-based
templating has not yet been investigated in the case of hip dysplasia, previous acetabular
surgery, and revision surgeries. Its use is limited in the case of previous hip or knee
prosthesis, as the sterEOS® software cannot be used in the presence of implants [2]. It
also features limitations in patients who cannot stand and is susceptible to movement
artifacts [61]. In those cases, CT remains a valuable alternative.

Rationale for Preoperative Planning

Even though surgeons are responsible for implant choice and preoperative templating,
radiologists must be aware of the different measurements required and not solely rely
on the manufacturer’s software’s automatic measurement. Radiologists are guarantors
of the quality and reliability of imaging studies, which must provide adequate support
for templating without increasing radiation dose. Even though radiographic templating
remains the reference, its limits are well-known and can be reduced with the use of CT and
EOS® imaging, which are both thought to be more precise without increasing radiation
dose [2,5,61,67–73,75]. Strengths and limitations of 2D and 3D techniques are summarized
in Table 2. Therefore, to improve functional results and avoid HA complications, radiolo-
gists must be aware of the advantages and limitations of the measurement methods of each
imaging technique, keeping in mind that even using CT, which is thought to be the most
reliable, templating should still be used as a guide rather than an absolute model [60]. For
example, the preoperatively measured and planned stem orientation was never achieved
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in Belzunce’s study with CT (discrepancy of −1.4± 8.2 degrees with a 95% confidence
interval of [−16.9, 13.8]) [76], and the preoperatively determined femoral stem and acetab-
ular component are reliable in almost all cases, but within one size with EOS imaging, for
example [2]. Moreover, Cech et al. stated that implanting components of different sizes
than planned did not compromise THA outcomes, whereas medialized hips had worse
outcomes, therefore underscoring the need of considering the hip in its whole geometry
rather than in terms of strict quantitative measurements [3]. Concerning shoulder arthro-
plasty, CT-based templating has become a standard procedure and is now well-known
to improve patients’ outcomes [77–80]. Tridimensional data have even been shown to be
more effective than 2D datasets [79,80]. In the same way, knee arthroplasty templating
using 3D data is becoming more and more popular, derived from 2D radiographs [81] or
CT [82], sometimes with printed templates [83] and even machine-learning contributions
in implant choice [84]. In this context, it seems reasonable to believe that technological
advances in imaging will also improve patients’ care and the technical aspects of HA.
Regardless of the other methods used for templating (CT and/or EOS®), radiographs
remain fundamental for HA preoperative templating for comparison purposes with a
postoperative radiographic follow-up. In our opinion, for straightforward situations such
as non-deformed centered hips without limb length discrepancy or lumbar spine pathology,
conventional radiographs are generally sufficient, as this strategy might be cost-effective.
Hip structural deformities require CT, including the femoral condyles in the acquisition
to assess acetabular morphology and FNA [12,56], even though it remains costly, as EOS®

imaging has not yet been investigated in this context, and post-operative complications
might induce many more additional costs than an optimal preoperative imaging work-up.
3D CT-based templating seems to be the most promising technique in implant choice,
while standard CT is essentially useful in depicting hip anatomy and degenerative changes.
If a CT-based navigation system is available, it might be considered for acetabular cup
placement. In both scenarios, EOS® imaging should be performed, if available, to acquire
weight-bearing information concerning both the lower limbs and spinopelvic complex, and
3D templating using software must likewise be considered [2,5,68,70,73,75,85]. If EOS® is
not available, one must keep in mind that CT-based measurements tend to limit positional
variations. Finally, in our opinion, to clearly define if those techniques should replace
radiographs or not, their use for the postoperative follow-up should be investigated and
compared to radiographs.

Table 2. Strengths and limitations of 2D and 3D templating imaging techniques.

Radiographs (2D) CT and EOS Imaging (3D)

Advantages/Strenghts

- Reference technique
- Commonly and widely used
- Still considered essential for

follow-up
- Used for Dorr classification
- No metal artifact

EOS imaging:

- Considers spinopelvic complex mobility
- More precise and reproductive than radiographic measurements

(lower limb length+++)
- Semi-automated
- No metal artifact
- Lowest radiation dose

CT:

- Osteophyte depiction (acetabulum)
- Bone stock analysis, reconstruction with substraction of the

implants, vascular analysis, for revision surgery +++
- More precise implants design and positioning
- More precise for sagittal inclination of the stem, femoral offset

and femoral neck antetorsion measurement
- 3D printing: patient-specific design, effective intraoperative

simulation
- Not depending on patients’ position
- Preoperative soft tissue (muscle and tendons) partial analysis
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Table 2. Cont.

Radiographs (2D) CT and EOS Imaging (3D)

Drawbacks

- Magnification factor
- Variation between operative and

radiographic measurements
- Femoral and limb length

measurements depending on
patient’s position and lower limb
rotation

- No soft tissue analysis

EOS imaging:

- Less reproducible in the postoperative setting
- No soft tissue analysis

CT:

- No acquisition in standing position
- Radiation dose exposure (without low dose reconstruction

algorithms)
- Cost
- Time consuming post-treatment
- Metal artifacts

3. Conclusions

The HA preoperative imaging work-up classically relies on pelvic and hip radiographs,
but two main evolutions seem to delineate, potentially improving postsurgical functional
outcomes: the EOS® imaging system, which evaluates the whole physiological environ-
ment of the hip, including the spinopelvic complex and lower limbs, and seems to replace
radiographs in lower limb discrepancy; and CT, allowing optimal assessment of acetabular
morphology, FNA, and femoral flexion/extension, and supporting dedicated software
to propose patient-specific implant designs, especially with the recent development of
3D-printing, which has been shown to be helpful in complex cases and developmental
dysplasia of the hip and to increase postoperative outcomes. To date, those procedures
might not yet replace radiographs but should be considered as complementary imaging
technique, to improve patients’ outcomes. Even though preoperative templating remains a
guide and should not be considered ideal in any case, we believe that for non-deformed
centered hips without excessive degenerative changes, lower limb, or lumbar spine pathol-
ogy, conventional radiographs might remain sufficient, whereas deformed and frankly
degenerative hips, revision surgery, cases with concomitant lumbar spine, or lower limb
discrepancy should be more widely explored (CT and/or EOS® imaging), as preventable
complications might occur in case of insufficient imaging procedures in the preoperative
work-up.
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AO acetabular offset
AP anteroposterior
CDA cervico-diaphyseal angle
CT computed tomography
FNA femoral neck antetorsion
FO femoral offset
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GO global offset
HA hip arthroplasty
PE polyethylene
THA total hip arthroplasty
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Abstract: Systemic lupus erythematosus (SLE) is an autoimmune disease involving multiple organs
and organ systems. Musculoskeletal (MSK) involvement is one of the most frequent and the earliest
locations of disease. This disease affects joints and periarticular soft tissues, tendon sheaths and
tendons, bones, and muscles. Multimodality imaging, including radiography, ultrasound (US), and
magnetic resonance imaging (MRI), plays a significant role in the initial evaluation and treatment
follow up of MSK manifestations of the SLE. In this paper, we illustrate MSK imaging features in
three clinical forms of SLE, including nondeforming nonerosive arthritis, deforming nonerosive
arthropathy, and erosive arthropathy, as well as the other complications and features of SLE within
the MSK system in adults and juveniles. Advances in imaging are included. Conventional radiog-
raphy primarily shows late skeletal lesions, whereas the US and MRI are valuable in the diagnosis
of the early inflammatory changes of the soft tissues and bone marrow, as well as late skeletal
manifestations. In nondeforming nonerosive arthritis, US and MRI show effusions, synovial and/or
tenosynovial hypertrophy, and vascularity, whereas radiographs are normal. Deforming arthritis
clinically resembles that observed in rheumatoid arthritis, but it is reversible, and US and MRI show
features of inflammation of periarticular soft tissues (capsule, ligaments, and tendons) without the
pannus and destruction classically observed in RA. Erosions are rarely seen, and this form of disease
is called rhupus syndrome.

Keywords: lupus arthritis; systemic lupus erythematosus; juvenile lupus erythematosus; lupus hand;
rhupus; imaging; radiography; ultrasonography; magnetic resonance imaging

1. Introduction

Systemic lupus erythematosus (SLE) is a chronic, autoimmune, multisystem inflam-
matory disease which affects multiple organs and organ systems. The pathogenesis of this
disease is only partially understood [1–4]. Antinuclear antibodies (ANA) are present in all
patients [5], and almost one third of patients have antiphospholipid antibodies, which may
cause thromboembolic complications [6]. SLE mainly affects women of reproductive age,
and is characterized by heterogeneous degrees of severity as well as unpredictable flares
and remissions [7].

Involvement of the skin and the MSK system are the most common manifestation
of SLE, occurring in up to the 94% of patients [1,4,7]. Involvement of the MSK system is
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also often (in c.a. 50% of patients) the earliest manifestation of SLE [1,4,7,8]. Any joint
may be affected, however, like in rheumatoid arthritis (RA), but most commonly, there
is symmetric polyarthritis or oligoarthritis involving the hands, wrists, knees, and less
frequently, the feet, ankle, shoulder, and elbow joints [2,6,9]. A hallmark of this disorder
are articular deformities without fixed contractures [5].

The three main clinical manifestations of MSK SLE imaging features include: non-
deforming and nonerosive arthritis (NDNE), deforming nonerosive arthropathy, called
Jaccoud’s arthropathy (JA), and erosive arthropathy, called rhupus.

1.1. Nondeforming and Nonerosive Arthritis (NDNE)

The incidence of arthritis in patients with SLE of different races ranges from 69% to
95% [2]. About 78% of patients with lupus have arthritis at the initial diagnosis, and about
58% of patients with SLE relapses have active arthritis [2]. The typical manifestation of
SLE arthritis is symmetrical, classically described as nonerosive, migratory, and reversible
polyarticular inflammation. Most commonly, metacarpophalangeal (MCP), proximal inter-
phalangeal (PIP), distal interphalangeal (DIP) joints, as well as knees and shoulders, are
involved (2, 1). Only Iagnocco et al. [7] found that foot joints were the most frequently
involved. Clinically, symptoms of arthritis can last from several hours to several months.

Ultrasound (US) and MRI show effusions and synovial and/or tenosynovial hyper-
trophy. Power and color doppler US, including newer microvascular techniques and
contrast-enhanced MRI, show active synovial inflammation [2] (Figure 1). Compared with
RA, the swelling caused by effusion and synovial hyperplasia and vascularity in SLE
arthritis is relatively light [2]. Pathology reveals widespread vasculitis affecting capillaries,
arterioles, and venules, and—unlike pannus in RA—villous hypertrophy of the synovium
covered by fibrin and low-grade lymphoplasmacytic inflammatory cell infiltrates in the
subintima [5].

  
(a) (b) 

 
(c) 

Figure 1. Cont.
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(d) 

 
(e) 

Figure 1. A 34-year-old female with systemic lupus erythematosus. (a) Posterior–anterior and
oblique (b) radiographs of the bilateral hands show a non-united fracture of the right scaphoid
waist, with increased sclerosis of the proximal pole and proximal waist consistent with osteonecrosis
(arrow), possibly steroid-induced, and with no additional deformities. (c) Long-axis power Doppler
ultrasound images at the volar aspect of the ring finger, (d) dorsal ulnar aspect of the wrist, and
(e) volar aspect of the wrist show increased synovial vascularity involving the ring finger in (c) and
the 6th extensor compartment tendon sheath in (d), consistent with tenosynovitis (arrows). Synovitis
at the volar aspect of the radiocarpal and midcarpal joints without erosive bone changes is seen in
(e) (arrowheads).

1.2. Deforming Nonerosive Arthropathy/Jaccoud’s Arthropathy (JA)/Lupus Hand

This deforming arthritis without erosions, called Jaccoud’s arthropathy (JA), is pathog-
nomonic for SLE [5]. As recently as the early 2000s, it was observed in up to 35% of
patients [6], and now, as a result of more effective treatment, JA occurs far less frequently.
This form of deforming arthritis resembles that observed in RA, but it is reversible [1,6].
This means that unlike in RA, where malalignments result mainly from intraarticular
inflammation with destructive synovitis leading to articular bone damage, in SLE, the de-
formities occur secondary to a loss of support from the ligamentous and capsular structures
around the joint, ligamentous laxity, and muscle contractures, and at least in the early stage
of disease, they are completely reducible [5]. This reversible finding may be missed if only
PA radiographs of hands are obtained (Figure 2). However, when hands are freed, different
deviations become evident (thus the name reversible). They all result from inflammation
followed by fibrosis of the periarticular soft tissues, including joint capsule, ligaments, and
tendons without the pannus, which is classically observed in RA [1,10]. Deformities in the
“lupus hand” include contractures in the MCP and interphalangeals joints, subluxation
of MCP joints (aka ulnar deviation/ulnarization—the earliest pathology), swan-neck and
boutonniere deformities, hitchhiker’s thumb, known as the “Z” deformity of the thumb,
scapholunate dissociation, and ulnar translocation of the carpals [6,9]. Carpal instability as
recently as the 1990s was found in 15% of SLE patients [11] and current data are not known.
In feet, the deformities include contractures, the lateral deviation of metatarsophalangeal
joints, hallux valgus and hammer toes [6,9]. Deformities may involve any other joint, such
as the knees and shoulders [1].
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(a) (b) 

 
(c) 

Figure 2. A 63-year-old male with systemic lupus erythematosus and Jaccoud’s deformities on
clinical examination. (a) Posterior–anterior and (b) oblique radiographs of the bilateral hands
show ulnar deviation of the lesser finger phalanges of the right hand, with malalignment of the
3rd–5th digits proximal interphalangeal (PIP) joints that are more apparent in (b). They also show
contracture at the 3rd PIP joint of the left hand, osteoarthritis of the bilateral wrists and scattering of the
metacarpophalangeal (MCP) joints, bilateral positive ulnar variance, and posttraumatic deformities
of the bilateral distal radial metaphysis and of the distal right 5th metacarpal. (c) Axial postcontrast
T1-weighted magnetic resonance image with fat saturation of the right hand shows MCP joints 2, 4,
and 5 synovitis (short arrow pointing to MCP 4), MCP 2, 4, and 5 capsular enhancement (long arrow
pointing to MCP 5), and 2–5 flexor tendons tenosynovitis (arrowhead pointing to middle finger flexor
tendon sheath).

Spronk et al. developed criteria to describe the severity of Jaccoud deformities [6],
primarily based on the metacarpal axis deviation, and whether they are reversible or not
based on the so-called Jaccoud’s index [12] (Table 1). Three different forms of deforming
arthropathy in this disease were later proposed as follows: Jaccoud’s arthropathy (JA), mild
deforming arthropathy (with less deformities), and the erosive form of SLE, called rhupus
(Figure 3) [1].

1.3. Erosive Arthropathy, Called Rhupus

Rhupus syndrome (rhupus disease) is a rare form of SLE with malalignments and
erosions, representing a type of SLE resembling RA [6] or an overlap syndrome, when
RA coexists with SLE [1] (Figure 4). According to publications from the 1980s and 1990s,
it accounts for c.a. 1–25% of SLE patients [6], and current data are lacking. Rhupus
is indistinguishable from RA or RA patterns of psoriatic arthritis on imaging [10]. In
all, articular erosions, tenosynovitis, tendon tears, and bone marrow edema (BME) are
seen [9,10]. In SLE, Bywaters described hook deformities at the MCP joints [6], and Reilly
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et al. found ulnar styloid erosions [6]—in both locations, postulated due to adjacent
tenosynovitis/tendinitis—so called compressive erosions [6].

Table 1. Diagnostic criteria according to Spronk. Jaccoud’s arthropaty is considered present if the
scoring (Jaccoud’s index; JI) achieved is >5 [6].

Jaccoud’s Arthropaty Index (JI) Number of Affected Fingers Score

Ulnar deviation
1–4 2
5–8 3

‘Swan-neck’ deformity 1–4 2
5–8 3

Boutonniere deformity 1–4 2
5–8 3

‘Z’ deformity of thumb 1 2
2 3

Figure 3. Algorithm with the forms of classification of joint involvement in SLE [13].

The imaging features of three types of SLE described above are summarized in Table 2.

Table 2. Imaging findings in three types of systemic lupus erythematosus on radiographs, ultrasound,
and magnetic resonance imaging.

Magnetic Resonance
Ultrasonography Radiography

Imaging

Effusions Joint effusions Periarticular bone
demineralization

Nondeforming
and nonerosive

arthritis

Synovial thickening Synovial thickening
Hyperemia Soft tissue swelling

Postcontrast enhancement

Periarticular BME

Capsular inflammation
(synovitis) Inflammation of

the ligaments, tendon
sheaths, tendons

(tenosynovitis, tendinitis)

Capsular inflammation
(synovitis) Inflammation of the
ligaments, tendon sheaths and

tendons (tenosynovitis,
tendinitis)

Reversible
malalignments

Deforming non
erosive

arthropathy/JA

Periarticular BME

Erosions, synovitis and
tenosynovitis, tendinitis,

Periarticular BME

Erosions, synovitis,
tenosynovitis, tendinitis

Erosions and
malaligments

Erosive arthropa-
thy/rhupus
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(a) (b) 

 

(c) (d) 

Figure 4. A 64-year-old female with SLE diagnosed in 1980 with Jaccoud’s arthropathy for hands and
feet. (a) Posterior–anterior and (b) oblique radiographs of the hands show bone demineralization;
soft tissue swelling at the wrists; periarticular calcifications; malalignment at the distal radioulnar,
radiocarpal, and midcarpal joints; dislocation of the 1st carpometacarpal and subluxation of the
1st metacarpophalangeal joints; and joint space narrowing with cyst-like and erosive/destructive
changes consistent with rhupus syndrome. Note the reversible contractures at the proximal in-
terphalangeal joints, apparent in (b) and resolved or less apparent in (a). (c) Anterior–posterior
standing radiograph of the bilateral feet and (d) lateral standing radiograph of the left foot show
bone demineralization, bilateral hallux valgus deformities, and bilateral 2nd and 3rd hammer toes, as
well as a right foot with moderate lateral subluxation.

2. Update on Imaging of SLE on Radiography, Ultrasonography, and MRI

2.1. Arthritis
2.1.1. Radiography

Arthritis in SLE is usually non-erosive in radiography, even in the 5–15% of patients
with a long-standing disease who develop hand and foot deformities as hallmarks of
Jaccoud’s arthropathy [14]. Radiographs are usually the first method in the imaging work-
up. Bilateral radiographs are performed to evaluate the location and spectrum of imaging
features and to differentiate between SLE and other rheumatic diseases [10]. SLE, like RA,
involves the hand and wrist in a bilateral manner, whereas unilateral involvement is typical
for Still’s disease [10].

In the case of hand and wrist involvement, the posterior–anterior (PA) view is sup-
plemented with oblique radiographs in supination or the Nørgaard view (the ball-catcher
view) [10]. This is especially appreciated in SLE, where, in addition to detecting more
erosions in an additional view, reversible malalignment may not be apparent on a PA
radiograph, corrected by the pressure of the hand against the radiographic cassette [5,9].
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Radiographic features in SLE typically include [5,6,9]:

• Periarticular bone demineralization
• Periarticular soft tissue swelling
• Symmetrical polyarthritis, most commonly involving hands, wrists, knees, feet, and

shoulders
• Preserved joint spaces
• Deforming, non-erosive arthropathy (Jaccoud’s arthropathy)
• Occasionally erosive arthropathy (rhupus)
• Acral sclerosis, acroosteolysis in some patients;
• Frequent osteonecrosis, most commonly of the femoral head, as the result of vasculitis

and steroid therapy;
• Insufficiency fractures, possible due to disuse demineralization or osteopenia;
• Bacterial and fungal joint infections due to steroid administration and renal disease;
• Myositis, in a small number of patients, sometimes with the presence of calcifications;
• Uncommon spine manifestations, with atlanto-axial subluxation.

2.1.2. Ultrasound and Magnetic Resonance Imaging

The imaging findings in US and MRI are nonspecific for many rheumatic diseases
because synovitis, tenosynovitis, and BME can be seen in many of them, such as RA,
juvenile idiopathic arthritis (JIA), PsA, and SLE [10]. In SLE, however, US and MRI
improve understanding of the erosive disease and joint pathology [2] (Figures 2 and 5).
These advanced imaging methods identify articular and periarticular abnormalities in the
early disease phase with high sensitivity, allowing for a more appropriate and accurate
management and follow-up [3].

  
(a) (b) 

  
(c) (d) 

Figure 5. A 57-year-old patient with systemic lupus erythematosus. (a) Short-axis power Doppler
and (b) superb micro-vascular imaging (SMI) ultrasound (US) images of the distal radioulnar joint.
(c) Long-axis power Doppler and (d) SMI US images at the dorsal aspect of the radiocarpal and
midcarpal joints show joint effusions and hyperemia consistent with synovitis with more vessels seen
with SMI (b,d). Note an intra-osseous cyst-like change (short arrow) and cortical erosion (long arrow
in (d)) in the carpal bone related to rhupus syndrome.

A literature search conducted by Ceccarelli et al. [3] in a number of databases on SLE
imaging [3] found reported synovitis in almost 60% of patients with SLE, and the presence
of erosions with a frequency ranging from 2% to 87% [3]. As expected, 87% of rhupus
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patients showed US-detected erosions. Patients with rhupus not only had a greater number
of erosions, but also larger erosions than those with JA or NDNE arthritis, with prevalent
involvement of the MCP joints [14]. US appeared more sensitive than conventional ra-
diography in detecting bone erosions in SLE, although, comparing it with CT, the overall
reliability of US in detecting bone erosions was moderate for rhupus syndrome (0.55) and
JA (0.58) and poor for NDNE arthritis (0.10) [14].

Iagnocco et al., in a prospective study on 62 consecutive SLE patients, reported that
the MTP joints were the most commonly affected site, with joint effusions, synovial hyper-
trophy, or synovitis (72.6 %) compared with the wrist, MCP, and PIP joints [7,15]. Synovitis
was most commonly detected in MTP 2 and 4 [7,15]. The MTP synovial hypertrophy was
present in 80% of the SLE cases, but with power Doppler signals seen in only 10% of cases,
which was attributed to mechanical tissue irritation [7]. In the same study [7], at least a
single US abnormality was detected in the majority of patients (87.1%), supporting the
concept of a high prevalence of joint involvement in SLE [7]. However, only 40% of patients
presented as having clinical features of joint involvement [7]. This dissociation between
clinical and US imaging findings suggests a condition of subclinical inflammation.

The prevalence of subclinical synovitis in heterogenous studies, including—in most
of them—consecutive, both symptomatic and asymptomatic, patients with lupus, ranges
between 10% and 95% [8]. Honghu et al. [2], in a retrospective study, aimed to compare
the role of hand and wrist US in diagnosing subclinical synovitis in SLE patients. Out
of 41 included patients, 95.1% had joint abnormality. The most common US finding was
synovitis (with a frequency of 19.7%), followed by tenosynovitis (7.1%), joint effusion
(5.7%), and bone erosions (0.6%). Among the MCP joints, the most commonly affected
joint was the MCP 3, followed by the MCP 4, MCP 2, MCP 1, and MCP 5 joints. Almost
32% of patients had wrist joint involvement, 4.8% had interphalangeal joint involvement
of the thumb, 24.4% had PIP 2 involvement, 41.5% had PIP 3 involvement, 29.3% had PIP
4 involvement, and 7.3% had PIP 4 involvement. Twelve patients (29.3%) demonstrated
knee joint involvement. Guillen et al. [8], in a multicenter cross-sectional study, found US
features of arthritis in hands in about one-third of asymptomatic SLE patients with synovial
thickening on gray scale images, while synovial hyperemia on power Doppler US was seen
in one-fifth of the patients. The global prevalence of subclinical synovitis in the group with
arthralgias was 38.2%. In the group without joint symptoms, that prevalence was 30%.
No erosions or tendon ruptures were found in any patient [8]. Subclinical synovitis was
reported in one study in 58.3% of SLE patients without joint involvement, through the US
of the wrist and second and third MCP joints [8], and in 77% of SLE asymptomatic patients,
with synovial hyperemia in 23% [8]. In another study identified in this cross-sectional
study, 25% of patients with arthralgia of the hands had synovial effusion or hypertrophy.
Iagnocco et al. [7] studied prospectively the foot and wrist of 62 consecutive SLE patients
who were mostly asymptomatic during the US, demonstrating synovitis in about 20–32%
of MCP and 8–11% of PIP joints.

The advantage of MRI is an ability to visualize BME and the additional location of
inflammation, as well as the ability to detect more erosions with the benefit of multiplanar
imaging and access to all bone surfaces. In SLE patients, BME at the wrist level, as
found in Ceccarelli et al. from a literature search quoted earlier [3], ranges from 13% to
35% of the cases [3]. Ostendorf et al. [6] found that MRI of the hands of 14 SLE patients
showed periarticular capsular swelling in all cases, joint effusion in 7, and mild synovial
hypertrophy in 10 cases.

Recent application of US and MRI have probable influenced revision of the current
Systemic Lupus International Collaborating Clinics (SLICC) criteria introduced in 2012 [3].
According to these criteria, patients with no swelling but positive US synovitis may benefit
from escalating immunosuppressive therapy [16]. Conversely, a negative US may indicate
that it is safe to taper corticosteroids, which is important given the toxicity of long-term
corticosteroids [16]. Mahmoud et al. [16], in their longitudinal multicenter study involving
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133 SLE patients, showed that 20% of patients with swollen joints upon clinical assessment
do not have active synovitis.

Despite the clear advantages of US and MRI, SLE-specific quantification of inflam-
mation is lacking. In 2003, early investigations with MRI noted the different features of
SLE arthritis compared with RA, particularly the presence of edematous tenosynovitis and
capsular swelling. Since that time, a few new evaluations of lupus arthritis using MRI have
been reported [4]. One study [4] assessed the utility of Rheumatoid Arthritis Magnetic
Resonance Imaging Score (RAMRIS) in the quantification of lupus arthritis scoring, as well
as identified features of lupus arthritis that are incompletely captured by the RAMRIS. The
authors compared patients who had objective findings of swelling upon clinical exami-
nation and low RAMRIS component scores, and found joint effusions that would not be
scored as there was no enhancement with a gadolinium-based contrast and no synovial
proliferation. They also noted tenosynovitis throughout the hand and fingers seen in these
patients with SLE, even when tenosynovitis was minimal in the wrist. It is worth recalling
that RAMRIS is the Rheumatoid Arthritis MRI Scoring system, and perhaps there is a need
for an SLE MRI scoring system.

2.2. Tendons

Spontaneous tendon ruptures are a rare complication of SLE. US is the foremost imag-
ing modality for tendon pathologies, since it is more sensitive than clinical examinations
and MRI for detecting pathological structural changes within tendons [17]. The degree of
tendon inflammation in rheumatologic diseases, namely tenosynovitis, paratenonitis, or
tendinitis, as well as the extent of tendon damage, can be evaluated [17]. In such cases,
US is able to depict tenosynovial effusion, tenosynovial thickening, and hyperemia, as
well as tendon tears (partial, full-thickness, incomplete, or complete) [7,10]. In a literature
search by Ceccarelli et al. [3], the prevalence of tenosynovitis ranged between 4% to 57%.
Ostendorf et al. [6] in the MRI of the hands of 14 patients with SLE, found tendon sheath
effusion (“edematous tenosynovitis”) in 42%.

Typical for SLE are spontaneous tendon ruptures (Figures 6–8), most commonly of
the patellar and Achilles tendons. In SLE, inflammatory changes as well as tears may be
observed not only on the background of tenosynovitis, but also involving the tendon in the
absence of tenosynovitis, even along the intramuscular segment [10] (Figure 8).

Contrary to RA, where tendon ruptures occur almost always in the hands as a result
of tendinitis secondary to tenosynovitis and/or tendon tears against the eroded bone, in
SLE, tears are most frequently seen in the lower limbs, affecting the patellar, Achilles, and
quadriceps tendons, frequently associated with corticosteroid therapy with a superimposed
mechanical component [1,10]. Tendon tears result mainly from corticosteroid’s antimycotic
effect and fibroblasts’ inhibition of collagenase stimulus and consequential structural fiber
disorganization [1]. Less frequently, tears are secondary to tenosynovitis, like in RA [1].
A systematic review using the MEDLINE, Scielo, and LILACS databases (1966 to 2009)
demonstrated that almost one-third of the SLE patients with tendon ruptures also have JA;
thus, this arthropathy may be recognized as a risk marker for tendon ruptures [18].

2.3. Myositis

In 5% to 10% of SLE patients, inflammatory myopathy is diagnosed based on labora-
tory findings, and muscular disease may be present in up to 50% of cases [1]. The main
presenting symptoms are muscle weakness and myopathy detected by electromyogra-
phy and muscle functional tests (i.e., MMT8—the Manual Muscle Test 8—diminished).
Inflammatory myositis may be caused by the disease itself, but more commonly, SLE
patients suffer from non-inflammatory myositis associated with the use of corticosteroids,
chloroquine, or hydroxychloroquine [1]. The diagnosis is confirmed by muscular biopsy.
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(a) (b) 

 
(c) 

Figure 6. A complete spontaneous tear of the right posterior tibialis tendon (PTT) 2 cm above the
medial malleolus in a 46-year-old female with systemic lupus erythematosus. (a,b) short-axis gray-
scale ultrasound (US) images of the medial aspect of the bilateral ankles show the normal echogenic
fibrillar appearance of the healthy left PTT (a, arrow) compared to an enlarged, torn right hypoechoic
PTT in the same region between calipers in (b). (c) Short-axis power Doppler US image of the affected
right side shows hyperemia in the PTT tendon stump, with additional hyperemia in the tendon
sheath consistent with tendinopathy and tenosynovitis. Two tiny red dots at the periphery of green
Doppler box represent normal vessels.

 
(a) (b) 

  
(c) (d) 

Figure 7. A complete tear of the proximal part of the bare tendon of the distal biceps brachii bilaterally
in the same patient as in Figure 6. Short-axis (a,b) and long-axis (c,d) gray-scale ultrasound images of
the bilateral elbow/distal arms show rupturing of the bilateral distal biceps tendons at the level of
the myotendinous junction with hypoechoic proximal stums consistent with tendinopathy (arrows).
In (c,d), note the retracted bilateral biceps muscles.
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Figure 8. A long-axis gray-scale ultrasound image shows a complete tear of an extensor digitorum
tendon of the middle finger at the level of the wrist (between calipers) in the same patient as in
Figures 6 and 7.

MRI is the most appropriate modality for the evaluation of muscle involvement, de-
spite its low specificity, and US plays a complementary role [1,19] (Figure 9). MRI is used
in the differential diagnosis and as a follow-up to a therapeutic response, and is useful to
define the biopsy site [1,19]. Fat-saturated, fluid-sensitive MR sequences with long time
until echo recovery are the most sensitive for identifying acute inflammation, manifesting
as areas of high signals within the muscle [19]. Inflamed muscles also demonstrate con-
trast enhancement (Figure 9). In the chronic phase, involved muscles may undergo fatty
infiltration with or without a loss of muscle bulk. These are seen on MRIs on T1-weighted
sequences as areas of high signal intensity, replacing the normal intermediate signal of
muscle fibers [19].

 

 

 

(a) (b) 

Figure 9. Magnetic resonance (MR) imaging of lower legs of a 34-year-old male with systemic lupus
erythematosus with myositis. (a) Coronal T2 turbo inversion recovery magnitude and (b) axial
postcontrast T1-weighted MR images with fat saturation show increased signals in the muscles of the
lower left leg (arrows), especially peroneus brevis and the lateral head of gastrocnemius, and to a
lesser extent, soleus musculature, with heterogeneous enhancement in (b) after the administration
of a gadolinium base contrast agent. In (a), note the subcutaneous edema around the left lower
leg (arrowhead).

US may assist with the diagnosis and characterization of disease activity in inflam-
matory myopathies, with reported 82.9% sensitivity for detecting histologically proven
myositis [17]. Inflammation and edema cause patchy or diffusely increased echogenicity of
muscles, which may also appear swollen [17,19]. Increased vascularity on power Doppler
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may be seen [19]. In chronic diseases, the muscles appear atrophic with reduced volume
and further increased echogenicity due to the progressive infiltration of fatty tissue [1,17,19].
In addition, by shear-wave elastography (SWE), US is able to evaluate muscle stiffness [20].
Di Matteo et al. [20] performed SWE on the quadriceps muscles in 30 SLE patients (without
previous/current myositis or neuromuscular disorders) as well as 15 healthy subjects that
matched the patients in age, sex, and BMI. SWE was significantly lower in SLE patients
compared with the healthy subjects (1.5 m/s vs. 1.6 m/s respectively, p = 0.01).

2.4. Adipose Tissue and Lupus Panniculitis

Lupus panniculitis (LP), also referred to as lupus erythematosus profundus (LEP), is a
chronic recurrent inflammation of the subcutaneous fat. It occurs in 1% to 3% of patients
with SLE [21].

LP affects the deep dermis and subcutaneous adipose layer, and mainly involves the
proximal extremities (lateral aspects of the arms and shoulders), thighs, buttocks, trunk,
face, and scalp [21]. Patients usually present with persistent, often tender and painful skin
lesions, or subcutaneous nodules, that range from 1 to 5 cm in diameter.

The imaging features of facial LP are extremely scarce in the literature (Figure 10).

  
(a) (b) 

Figure 10. A 48-year-old female patient with systemic lupous erythematosus and a long history
of lupus panniculitis and post-inflammatory atrophy of the subcutaneous tissues of the left cheek
without active inflammation (arrow), seen in (a) the axial T2-weighted time spin echo and (b) T2
turbo inversion recovery magnitude MR images.

US will likely show inflammatory changes and hyperemia along the involved and
surrounding subcutaneous adipose layer. However, the main role of US is to exclude an
underlying abscess, drainable fluid collection, or mass.

If US is unrevealing, MRI is the imaging modality of choice. The hallmark of LP on
MRI is the loss of the normal T1 bright signal within the subcutaneous adipose layer. In
active stages, a high signal intensity is seen on the fluid-sensitive sequences with bright,
hazy enhancement on the post contrast T1-weighted images with fat saturation. It is
important to distinguish LP from lymphoma, which unlike LP, does not track along the
fatty tissue planes.

2.5. Bones
2.5.1. Osteonecrosis

The prevalence of osteonecrosis (ON, avascular necrosis) in SLE according to the differ-
ent authors ranges from 2% to 50% [1,11]. High-dose corticosteroid therapy (>20 mg/day)
is undoubtedly the main determining factor, and AVN can develop within the first months
of the initiation of treatment [1,6]. In SLE patients, ON occurs more frequently than in
patients with other diseases that are treated alike [11]. Only 5–10% of patients are symp-
tomatic [6]. The hips (femoral head accounts for >70%), knees, and shoulders are most
commonly affected, but the ON of small bones can also occur [1,6].
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Conventional radiography typically does not show any distinct pathology in the early
phase of the disease, whereas the presence of subchondral sclerosis already infers irre-
versible osseous damage [1] (Figure 1). Abnormal findings in ON include a ‘crescent sign’,
representing subchondral collapse; cyst-like or sclerotic changes; an abnormal contour; and
the collapse of the femoral head with subsequent secondary degenerative changes [22].
MRI is the most sensitive modality in the diagnosis and quantification of the extent of
ON [2,11,22]. Classic findings of medullary bone edema are observed on the fluid-sensitive
sequences with fat saturation, with linear areas of low signal intensity inside representing
the separation of normal and necrotic bones and the outer increased linear signal related
to the vascularity of granulation tissue [11,22]. Whole-body MRIs may detect multifocal
ON. Bone scans are less specific for the diagnosis of ON. Other limitations include the
radiation dose, poor spatial resolution, and inability to quantify the lesion for prognostic
purposes [22].

2.5.2. Osteoporosis and Insufficiency Fractures

Many factors, such as renal failure, amenorrhea, early menopause, chronic inflam-
matory cytokines, and mainly, the chronic use of corticosteroids and anticoagulants, are
involved in the genesis of osteoporosis in SLE [1]. Particularly in patients with SLE, the
latter is a determining factor in the development of insufficiency fractures of the spine
and other sites (particularly lower limbs). The prevalence of upper osteoporotic vertebral
fractures in a study of Bultink et al. on 107 SLE patients was >20% [23].

Imaging modalities used in the assessment of osteoporosis include conventional
radiography, conventional computer tomography (CT), dual-energy X-ray absorptiometry
(DXA), quantitative CT, quantitative US, and MRI [24]. Today, radiography and DXA are
the techniques of choice for vertebral fracture identification, whereas CT and MRI are used
for characterization (dating and differential diagnosis) [25] (Figure 11).

  
(a) (b) 

Figure 11. MRI of the spine in a 61-year-old patient with systemic lupus erythematosus with multiple
compression fractures. (a) Sagittal T1-weighted and (b) T2-weighted Time Spin Echo MR images of
the thoracic spine show a loss of height in nearly all thoracic and L1 and L2 vertebral bodies without
significant bone marrow edema in (b). This is consistent with chronic compression fractures with
associated disc dehydration and marginal endplate osteophytes, but without significant retropulsion.

2.5.3. Calcifications and Acro-Osteolysis

Two types of periarticular calcifications occasionally occur in patients with SLE [6]
(Figure 5). The first is dystrophic, like in dermatomyositis (DM), polymyositis (PM), sys-
temic sclerosis, and mixed connective tissue disease (MCTD). The second is skin calcifica-
tions, like in calcinosis cutis [6].

Acro-osteolysis/acral resorption of distal phalanges and acral sclerosis may occur
and are nonspecific for SLE. The acro-osteolysis is more frequently seen in scleroderma,
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hyperparathyroidism, and psoriatic arthritis (PsA) [6]. Acral sclerosis is seen in 10–12% of
SLE patients, as found on radiographs by Braunstein et al. [26], but also may occur in RA,
scleroderma, DM, sarcoidosis, and normal individuals [6].

3. Special Features of Juvenile Systemic Lupus Erythematosus

Childhood/juvenile systemic lupus erythematosus (jSLE, juvenile-onset SLE) has its
onset before 18 years of age and accounts for up to 20% of SLE patients [11,27]. In contrast to
the adult form, the adolescent onset of lupus is more aggressive and has worse outcomes, as
found by a matched, multi-ethnic case–control study by Tucker et al. [28]. MSK symptoms
were present in 60–90% of jSLE patients, depending on the study type, as analyzed by
Levy et al. [24]. They include—like in adults—SLE-specific features (arthritis, tenosynovitis,
myositis, osteitis, calcifications), disease-associated complications (osteoporosis and ON
with insufficiency fractures), and infections [29].

3.1. Artricular and Periarticular Abnormalities

The most common, and usually the first, sign of arthritis is transient joint inflammation,
most often involving the knees, ankles, hands, wrists, and less often, the elbow joints [11]. The
arthritis is almost always nonerosive and nondeforming, migratory, and reversible [11,29].

Out of the three forms of deforming arthropathy concerning the hand, including
mildly deforming arthropathy, Jaccoud’s arthropathy (JA), and rhupus hand, the last is
not observed in children [11]. Moreover, JA is extremely rare, and epidemiology for the
pediatric population is not available [11].

The imaging approach, like in adults, is based on radiography and US. Reversible
deformities may be seen on PA and on the oblique views. US findings are similar to those
seen in adults [11]. The prevalence of wrist synovitis found in a prospective study on
30 juveniles with SLE is 10.3%, as compared to 80% in adults [30].

Over time, ligamentous laxity and the instability of supporting structures may become
fixed, resulting in contractures and muscle atrophy [11]. Dynamic US has the ability
to differentiate contractures from tendons tears, although the latter is very rarely seen
in children.

3.2. Myositis

Inflammatory myopathy is more common in children than adults. It is unclear if
myositis is secondary to SLE, or is primary and only coexists with SLE [11]. MRI is the
imaging method of choice with a supplementary application of US, including an assessment
of vascularity and tissue elasticity with SWE.

3.3. Osteonecrosis and Insufficiency Fracture

In jSLE, ON is also observed, but less frequently than in adults [31]. Low bone mineral
density related to corticosteroid use is frequent, and it is associated with an increased
fracture risk, with a higher prevalence of upper spine vertebral fractures as well as at
other sites, particularly the lower limbs [11]. However, risk factors for jSLE-related bone
impairment are poorly understood [32]. Dual-energy X-ray absorptiometry (DXA) is the
most widely used clinical tool for the assessment of bone density in children [33].

Diagnosis of ON and fractures is based on MRI in early stages (Figure 12) and radiog-
raphy in advanced stages, like in adults.
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(a) (b) 

Figure 12. Magnetic resonance (MR) imaging of the femoral head osteonecrosis (ON) in a 14-year-old
female with juvenile systemic lupus erythematosus. (a) Coronal and (b) axial proton density-weighted
with fat saturation (right) MR images of the pelvis and right hip show a geographic serpiginous
lesion in the right femoral head, with a bone marrow edema irregular contour and demarcation line
consistent with ON (arrow).

4. Conclusions

Conventional radiography, US, and MRI have their specific applications in imaging
of the MSK system’s involvement in SLE. Radiography is an important modality for
differential diagnosis and treatment monitoring, including post-operative evaluation [3].
US is helpful in the case of an early disease or clinically evident synovitis. Both radiography
and US are important tools in the differentiation between JA and RA, clinically presenting
the same malalignments. MRI is useful in the assessment of soft tissue inflammation, BME,
and erosive bone changes, and it is the imaging modality of choice in the early diagnosis of
some complications such as ON, insufficiency fractures, or osteomyelitis.

Despite the clear advantages of US and MRI, an improved description and quan-
tification of lupus arthritis is needed to move lupus treatment into an era of precision
medicine [4]. In 2003, early investigations with MRI noted the different features of SLE
arthritis compared with RA, particularly the presence of edematous tenosynovitis and
capsular swelling. Since that time, a few new evaluations of lupus arthritis using MRI
have been reported [4]. Still, contrary to RA, there is no scoring to measure the intensity
of the inflammation of SLE on imaging. Further research is therefore needed to address
specific imaging characteristics of SLE, in order both to increase the awareness of such
findings among the radiological community and to be able to better serve clinicians in early
diagnosis and treatment follow-ups.
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Writing—original draft, I.S.-S.; Writing—review & editing, E.Ż., M.O., P.G., D.J.P. and M.S.T. All
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Abstract: Hip arthroplasty (HA) is a frequently used procedure with high success rates, but 7% to 27%
of the patients complain of persistent postsurgical pain 1 to 4 years post-operation. HA complications
depend on the post-operative delay, the type of material used, the patient’s characteristics, and the
surgical approach. Radiographs are still the first imaging modality used for routine follow-up, in
asymptomatic and painful cases. CT and MRI used to suffer from metallic artifacts but are nowadays
central in HA complications diagnosis, both having their advantages and drawbacks. Additionally,
there is no consensus on the optimal imaging workup for HA complication diagnosis, which may
have an impact on patient management. After a brief reminder about the different types of prostheses,
this article reviews their normal and pathologic appearance, according to each imaging modality,
keeping in mind that few abnormalities might be present, not anyone requiring treatment, depending
on the clinical scenario. A diagnostic imaging workup is also discussed, to aid the therapist in his
imaging studies prescription and the radiologist in their practical aspects.

Keywords: hip; arthroplasty; CT; MRI; loosening

1. Introduction

Hip arthroplasty (HA) is a frequently used procedure with high success rates, its main
indications being osteoarthritis, acute fracture, osteonecrosis of the femoral head, and hip
dysplasia. Despite its good clinical outcomes, 7% to 27% of patients complain of persistent
postsurgical pain 1 to 4 years post-operation, with approximately 12% of the patients
describing it as a significant issue [1–4]. Follow-up surgery is necessary for about 1.3% of
all total hip arthroplasty (THA) cases per year, including all types of complications [2]. HA
complications depend on the post-operative delay, the type of material used, the surgical
approach, and the patient’s comorbidities and activities [5,6]. Imaging in THA patients has
several purposes: normal follow-up (to detect complications without clinical symptoms),
patients’ complaints (to determine or help to determine the cause of the patients’ symptoms),
biopsy or fluid collection guidance, and planning for the treatment of complications (i.e.,
implants positioning, bone stock evaluation). Therefore, clinicians must be aware of these
factors to comprehensively evaluate patients with HA [7] and order prompt imaging
workup for an optimal diagnosis. Radiographs are the first imaging modality used for
routine follow-up in asymptomatic and painful cases [7]. CT and MRI used to suffer from
metallic artifacts, but are nowadays central in HA complications diagnosis [8–39]. Nuclear
medicine studies are helpful when CT and MRI are inconclusive when a complication is
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suspected [40] but are beyond the scope of this paper. Ultrasonography is often limited to
evaluating periprosthetic soft tissues and image-guided procedures, especially joint fluid
aspiration [13]. All imaging modalities should be considered complementary in terms of a
diagnostic strategy. In this review, after a brief reminder about the different types of HA
implants, we will focus on HA post-operative normal appearance and complications, via
an imaging approach, according to each imaging modality. Each imaging technique’s place
and technical aspect will also be discussed.

2. Types of HA

2.1. Type of Prosthesis and Implants

Acknowledging the prosthesis type is an essential prerequisite to its imaging
analysis, concerning its anticipated appearance and potential complications. If not
present in the medical file, this information can be reached by a systematic study of the
implant’s appearance.

A hip replacement can be either a hemi-prosthesis or a total prosthesis (THA), de-
pending on which part of the joint is replaced [37], with different designs of implants,
components, bearing surfaces, fixations, and surgical approaches (posterior, direct-lateral,
anterolateral, and anterior [8]).

THA can be conventional or resurfacing types and replaces both the femoral and
acetabular sides of the hip. The component’s analysis must include the acetabular cup, the
femoral head, and the femoral stem. Acetabular and femoral components may themselves
be modular (neck-head and/or neck-stem junctions) or nonmodular (one piece), the latter
being currently uncommon [13]. Therefore, the femoral component might be composed
of one, two, or three parts (stem, collar, head) and the acetabular component of one or
two (metal-back and insert) pieces. Dual mobility works by containing a three-component
system: a socket, a free polyethylene (PE) liner, and a head, allowing mobility between the
femoral head and the liner and between the liner and the acetabular cup [41]. “Sandwich”
liner refers to a PE insert outlined in its inner face by a ceramic or metallic layer to combine
PE elasticity and metal or ceramic resistance, and in its outer surface by an acetabular metal
back so that the PE finds itself in a “sandwich” position between two “hard” layers [42]. A
resurfacing prosthesis only replaces the proximal femoral head, leaving the native femoral
neck and a part of the femoral head intact. This kind of prosthesis is mostly used in
younger patients as it preserves bone stock and allows for easier revision than conventional
THA [14,32] (Figure 1).

A hemi-prosthesis only replaces the femoral head and can be unipolar (femoral com-
ponent articulating with the native acetabulum) or bipolar (femoral component articulating
with a non-fixated acetabular cup) (Figure 2). Distinguishing a hemi-prosthesis from THA
is crucial and can be completed by analyzing acetabular native cartilage and subchondral
plate, both preserved in hemiarthroplasty. One must keep in mind that the acetabular
cartilage might wear down, leading to a protrusion of the acetabular modular piece, which
might be confused with an acetabular THA component. Additionally, a bipolar femoral
head has a slightly greater than hemispheric shape, lacks screw holes, and has a smooth
outer surface rather than a textured one in case of THA [37].

According to Gulow et al., THA femoral components can be classified as: (1) resurfac-
ing endoprostheses anchoring on the epiphysis, (2) collum endoprostheses solely anchoring
on the metaphysis, (3) short collum preserving stems anchoring on the metaphysis with
short anchorage on the diaphysis, and (4) conventional stems anchoring on the metaphysis
with a long diaphyseal anchorage [43].

Conventional stems can be associated with peri-prosthetic fractures, thigh pain, and
proximal stress shielding and expose to the loss of bone stock in case of revision surgery.
Therefore, short stems (length inferior to 120 mm) have been developed, as they are thought
to induce less stress shielding, preserve bone stock, restrict proximo-distal mismatch,
and reduce pain. Even though no long-term data are available, clinical and radiological
outcomes are promising [44].
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Figure 1. Total hip arthroplasties. A resurfacing arthroplasty is shown on (a) an antero-posterior
hip radiograph and a conventional arthroplasty on (b) an antero-posterior hip radiograph and
(c) a frontal CT-scan reformat. On (a), note the neutral position of the stem of the femoral component
(white line). One should consider that slight valgus can be tolerated (little-dotted white line) and
that varus positioning should not occur (large-dotted white line). On (b,c), also note the cement (thin
arrow) and a metallic marker at the distal part of a cement restrictor (thick arrow).

Figure 2. Hip hemi-arthroplasties. A unipolar arthroplasty is shown on (a) an antero-posterior hip
radiograph and (b) a coronal slice of CT-MAR. A bipolar arthroplasty is shown on (c) an antero-
posterior hip radiograph and on (d) a coronal slice of CT-MAR. Note that the native acetabulum can
be seen on all imaging modalities in both cases (white arrowhead).
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2.2. Type of Fixation

HA components can be fixed with or without cement, the latter being predominant.
Hybrid THA refers to a cemented femoral stem and a cementless acetabular piece, and
reverse hybrid THA to the contrary [45].

In cemented femoral components, intramedullary plugs are commonly used and
are available in a wide variety of materials and shapes, both biodegradable and non-
resorbable. Osteolytic changes around biodegradable models have even been described [46].
Some types of restrictors have a metallic marker that can appear at the tip of the stem
(Figure 1). Additionally, a proximal and/or distal centralizer can be used to obtain a
uniform cement mantle and neutral alignment of the femoral stem [47]. It is composed of
polymethylmethacrylate [48] and can appear as a radiolucent zone not to be mistaken for
osteolysis (Figure 3).

Figure 3. Distal centralizer in a cemented femoral stem. A centralizer is shown on an anteroposte-
rior radiograph (a), a tomosynthesis (b), and a CT-scan reformat (c) (white circle). Note its radiolucent
and hypodense aspect.

In cementless fixation, components stimulate osseous incorporation by their geometry
or surface texture and coating. They are impacted for primary fixation, then screws can be
added for additional security.

It has recently been shown that stem design and cementation impacted post-operative
femoral ante-torsion, the cemented ones showing the less variability and lowest rates of
retro-torsion [49]. On the other hand, acetabular fixation failure was not encountered in ce-
mentless implants in Coden’s study, revision being essentially secondary to dislocation [50].
In case of femoral neck fracture in elderly patients, cemented prostheses have better func-
tional outcomes (higher Harris Hip score) and lower rates of revision, fracture, and disloca-
tion than uncemented implants, even though no difference exists in terms of visual analog
pain scale, loosening rate, and heterotopic ossification [51].

2.3. Bearing Surfaces

Multiple combinations are possible depending on the joint side. Polyethylene (PE),
metal, and ceramic might be used on the acetabular side, whereas, on the femoral side,
only ceramic and metal can be. Combinations including PE and ceramic or metal are called
“hard-on-soft” (most commonly used) and those without PE “hard-on-hard”. The bearing
surface is a significant factor in determining the longevity of THA, as worldwide concerns
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regarding expanding burden for revision procedures are emerging, secondary to loosening
and osteolysis, depending on the type of bearing couples [52].

The four couples used are metal–PE (MoP), ceramic–PE (CoP), metal–metal (MoM),
and ceramic–ceramic (CoC) (Figure 4). However, the optimal bearing surfaces are still
under debate. PE liners are often used on the acetabular side, regardless of the artificial
head [52]. MoM THA with large femoral head diameters have led to a high rate of adverse
reactions to metal debris and pseudo-tumors, leading to an almost worldwide cessation
of their use and reinforced surveillance [53]. MoP bearing was known to lead to particles
disease secondary to contact pressure-induced wear, but recent data showed that the use
of an acetabular ultra-high molecular weight PE cup in association with a titanium alloy
femoral head could reduce the wear rate compared to cobalt chromium molybdenum and
stainless steel so that it can extend the life of THA, in developing countries, especially
for Indonesian and, more widely, Asian people [6]. Additionally, to decrease the amount
of PE wear debris, alumina ceramics can be used with newer PE, with good long-term
functional and radiologic outcomes, so that CoP is thought to be an excellent bearing
couple and accounts for more than half of THA in the USA [52]. CoC bearings have
been widely used in Korea for economic purposes but can lead to ceramic fractures and
squeaking. Those specific complications rate might be dramatically decreased by the use of
CoP bearing surfaces [52].

Figure 4. Bearing surfaces. Coronal slices of CT-scan showing on (a) a metal–polyethylene couple,
(b) a ceramic–polyethylene couple, on (c) a metal–metal couple, and on (d) a ceramic–ceramic couple.
The material can be recognized by its density with a «visual» scale as polyethylene is less dense than
ceramic which is itself less dense than metal.
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3. Imaging Follow-Up of HA

3.1. Initial Imaging Assessment

As for preoperative planning, radiographic follow-up includes an anteroposterior
pelvic view, ideally standing, and an anteroposterior and profile (urethral, surgical, or
Lequesne) hip view, ideally in the supine position, covering the whole material. The
Lequesne view offers the possibility to measure cup inclination. Radiographs are performed
for the standard follow-up and in case of complications, which may require further imaging
techniques. CT is indicated in case of normal or equivocal radiographic findings in case of
painful hip, for the assessment of osteolysis when revision is considered, for the evaluation
of periarticular masses, fluid collections, and soft-tissue ossifications, and to measure
component placement [37]. MRI is mainly used in case of complications, especially for
imaging soft tissues around the prosthesis, but its place is not clearly defined yet [37].

3.2. Technical Aspects
3.2.1. Computed Tomography

CT acquisition should extend from a few centimeters above the acetabulum to at least
1 cm distal to the tip of the femoral stem (or to the femoral condyles if implant positioning
must be checked) with the lowest thickness slice possible and a FOV of approximately
32 cm, concerning the hip. The patient should be placed with a lower limb extended,
without pelvic version or rotation, without hip flexion, and foot neutrally rotated [54].
Multiplanar reconstructions must be provided in soft tissue, prosthetic, and bone kernels,
with and without metal artifact reduction (MAR) techniques [55]. MAR and native images
should both be analyzed as algorithms might change bone and metal appearance (Figure 5).
In case of bilateral prostheses, one hip can be elevated during the acquisition to minimize
artifacts [54]. Narrower collimation, low pitch (inferior to 1), higher kilovolt peak, and
milliampere seconds value improve image quality [37]. At the author’s institution, a single
volume is acquired starting 3 cm proximal to the acetabular roof, with the parameters
acquisition determined by the patient’s body mass index: tube rotation time 0.75–1 s,
120–135 kVp, 100–450 mAs, slice thickness 0.5 mm, FOV 32 cm, and matrix 512 × 512. In
case of infection or pseudo-tumor suspicion, iodinated IV contrast media is used for a sec-
ond acquisition approximately 2 min after injection, allowing a subtraction reconstruction
to assess better contrast uptake (subtraction of the non-contrast-enhanced (CE) images from
the CE images). Arterial and or venous-angio-CT (subtracted CT angiography if available)
can also be practiced in case of suspicion of vascular pathology [56].

3.2.2. Magnetic Resonance Imaging

MRI used to suffer from metal artifacts but has become a part of the routine workup
for patients with THA in many institutions. A pelvic acquisition with a large FOV can
be acquired with a body coil or a multichannel surface body coil system. Then, a hip
acquisition with a small FOV can be obtained with a multi-channel surface coil, a two-
part shoulder coil, or a wrapped coil, extending from the anterior to the posterior skin
surface, transversally from the pubic symphysis to the skin surface, and craniocaudally
from above the acetabulum to the distal end of the prosthesis [57]. To minimize metal
artifacts, the amplitude of the gradient must be increased. Therefore, one should prefer a
1.5 T scanner to a 3 T one (as susceptibility artifacts are proportional to the magnetic field
strength) and fast spin-echo (FSE) to echo-gradient (EG) sequences, using high receiver
bandwidth and thick sections [57]. Adjusting the direction of the frequency-encoding
gradient along the axis of the prosthesis can also diminish artifacts [11]. Slice encoding
metal artifact correction (SEMAC) (Siemens Healthcare, Erlangen, Germany) and multi-
acquisition variable resonance image combination (MAVRIC) (GE Healthcare, Waukesha,
WI, USA) have been shown to reduce metal artifacts and improve the depiction of the
synovium and bony interfaces with the implant. Notably, isotropic MAVRIC sequences
improve the signal-to-noise ratio, conspicuity of lesions, synovium, and periprosthetic
bone depiction with less blurring than conventional MAVRIC sequences, at the price of
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a slightly longer acquisition time [39]. A MAVRIC-SEMAC fusion sequence, MAVRIC
SL, can acquire proton density, T1 weighted, and STIR images [58]. To improve image
quality, an intermediate echo time should be used to obtain fluid-sensitive images, so are
a large matrix in the frequency direction (e.g., 512), a high number of excitations, and an
inversion-recovery fat suppression (e.g., STIR) [57].

Figure 5. Peri-prosthetic osteolysis. Radiolucent zones are shown on (a) an anteroposterior hip
radiograph, (b) an anteroposterior tomosynthesis view, (c) a coronal CT image, and (d) a coronal
metal-artifact reduction CT image. All imaging modalities depict true osteolysis in the superomedial
acetabulum (grey circle). Superior femoral neck osteolysis (grey arrow) is doubtful on (a,d) but is
depicted on tomosynthesis (b) and CT with metal-artifact reduction (d). On the other hand, artefactual
osteolysis is seen in (d) (grey triangle), underscoring the need for a combined interpretation of all
imaging modalities.

Practically speaking, according to the Radiological Society of North America,
intermediate-weighted FSE sequences with a high spatial resolution (periprosthetic bone
and soft tissues analysis) and STIR or fat-saturated heavily T2-weighted sequences (fluid
and bone marrow edema depiction) should be used [13,57]. T1-weighted and CE sequences
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are not always recommended. European teams usually perform T1-weighted sequences,
and so does the author’s team. The French Society of Musculo-Skeletal Imaging (SIMS)
proposes a 3D-T1-weighted MAVRIC sequence (FOV 40 cm, matrix 352 × 352, slice thick-
ness 1.4 mm) or axial and coronal T1-weighted images (MAVRIC or SEMAC), then axial
and coronal ± sagittal STIR images (FOV 46 cm, matrix 3384 × 362, slice thickness 3 mm),
for a total acquisition time of approximately 19 min [59], without systematic CE sequences,
which should be discussed case by case.

3.3. Implants Positioning and Their Implications

The initial placement of prosthetic components must be checked. A good implant
position is mandatory from a functional point of view, but mispositioning can also lead to
complications, such as dislocation, impingement, and peri-prosthetic fractures. Therefore,
radiologists must assess leg length, acetabular inclination and anteversion, the acetabular
center of rotation position, femoral offset (FO), femoral neck anteversion (FNA), and femoral
stem position (i.e., varus, valgus, or femoral stem position centered, no displacement over
time) (Table 1) [14,31–33,37,60–62].

Table 1. Prosthetic implant positioning and their implications.

Measurement Normal Value Consequences of Mispositioning

Leg Length
<0.5–1 cm of differences
between both sides Increased discrepancy: gluteal and iliopsoas muscles affection

Acetabular side

Frontal acetabular
inclination

40 ± 15◦ - Decreased: hip abduction limitation
- Increased: dislocation risk

Sagittal acetabular
inclination

35–40 ± 10◦ in standing position - Increased: posterior impingement, anterior dislocation

52 ± 11◦ in sitting position - Decreased: anterior impingement between the cup and the
neck, posterior dislocation

Acetabular anteversion 5–25◦
- Lack of anteversion or retroversion: posterior dislocation,
iliopsoas impingement
- Excessive anteversion: anterior dislocation

Acetabular center of
rotation position

Similar to the contralateral hip Lateralized: dislocation risk

Femoral Offset
41–44 mm (or similar to
contralateral hip)

- Decreased: limping, mobility limitation, and dislocation by
gluteal muscles weakness
- Increased: gluteal muscles pain and polyethylene wear

Femoral side

Femoral Stem position Neutral or slight valgus Periprosthetic fracture and stress reaction in case of varus

Femoral Neck Anteversion 10–15◦
- Increased: anterior dislocation and ischio-femoral impingement

- Decreased: posterior dislocation

Femoral Head
Centered or slightly
inferiorly located - Particle disease if located upwards (wear)

Leg length discrepancies should not be superior to 0.5–1 cm, as an excessive difference
can affect gluteal and iliopsoas muscles [63–65]. In this setting, an EOS-imaging should be
performed if available [66].

It has recently been proposed (1) to consider the spine and hip relationship (beyond the
scope of this review) and (2) to realize a profile radiographic acquisition in the standing and
sitting positions on an EOS system, if available, in the preoperative setting in case of lumbar
degenerative pathology, and in case of painful or unstable prosthesis before revision [67].
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3.3.1. Acetabular Side

The acetabular vertical center of rotation corresponds to the vertical distance between
the center of the femoral head and the trans-ischial tuberosity line, and the horizontal center
of rotation to the distance between the center of the femoral head and the teardrop shadow
(Figure 6). Those values should be similar to the contralateral hip [32], as a lateralized
horizontal center might favor dislocation.

Figure 6. Acetabular centers of rotation. Pelvic anteroposterior radiograph. The horizontal center
(black line) corresponds to the distance between the femoral head (dotted circle) center (grey point)
and the teardrop (large black dotted curve) shadow, the vertical one (yellow line) to the distance
between the center of the femoral head and the transischiatic line (dotted yellow line).

The frontal acetabular inclination is the angle between the lateral edge of the cup and
a transischial tuberosity line in the frontal plane and should be of 40 ± 15◦, as a lesser
angulation would limit hip abduction, whereas a greater one would increase the risk of
dislocation [32] and premature wear. The inferomedial border of the acetabular component
should be aligned with the bottom of the teardrop on an AP pelvic view (Figure 7).

Acetabular anteversion is the angle between the acetabular axis and the coronal plane.
It is usually measured on a profile radiograph and corresponds to the angle between the
edge of the acetabulum and a perpendicular line to the horizontal plane [32]. It also can be
measured on a CT-scan, at the level of the center of the femoral head, on an axial oblique
plane perpendicular to the pelvic axis (defined by the middle of the superior plate of S1
and the center of the femoral heads), regarding the transischiatic line [68]. Its value should
be 5–25◦, as lack of anteversion or retroversion can lead to posterior dislocation or iliopsoas
impingement and excessive anteversion to anterior dislocation (Figure 8).

Sagittal acetabulum inclination corresponds to the angle between the edges of the cup
and the horizontal axis in the sagittal plane. Its value should be 35–40 ± 10◦ (Figure 8)
and 52 ± 11◦, respectively, in the standing and sitting positions. In the sitting position,
a low inclination leads to an anterior impingement between the cup and the neck and a
compensative augmentation of hip flexion at risk of posterior dislocation, also favored by a
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femoral retroversion. Inversely, in the standing position, an excessive inclination might
lead to a posterior impingement and a risk of anterior dislocation [67].

Figure 7. Acetabular frontal inclination and femoral stem position. Pelvic anteroposterior radio-
graph. The acetabular inclination corresponds to the orange angle between the acetabular piece
contour (orange circle) and the transichiatic line (dotted yellow line). Additionally, note that the
acetabular piece is aligned (green line) with the bottom of teardrop shadow (dotted black curve).
The femoral stem should be placed in a neutral position (blue line). A slight valgus (red line) can be
tolerated, but varus (yellow line) should not occur.

Bendaya investigated anatomical pelvic (beyond the scope of this paper) and implant
positioning measurements in patients with good versus poor THA outcomes. The only
significantly different parameter was acetabular implant position, essentially with lower
frontal inclination in the poor prognosis patients’ group. Femoral implant and pelvic
parameters did not significantly differ between the two groups, but the poor patient’s
group showed a higher number of parameters deriving from typical values in the standing
position only. Those data underscore the need for a global patient analysis better than cor-
recting single parameters to improve planning for both primary and revision surgery [69].
From a functional point of view, a retroversion of the pelvis occurs from standing to sitting
position, which also affects the anteversion and inclination of the acetabular implant (6–10◦
increase for each parameter) [69]. It has been shown that patients who underwent THA
without spine disorder had more changes in acetabular implant orientation due to greater
adaptability of the spinopelvic junction than patients who had spine fusion, who might be
at risk of posterior dislocation because of less femoral head coverage and less acetabular
anteversion. Additionally, the more fused levels, the more acetabular anteversion and
inclination decrease (about 1◦ for each fused group for each value) [70]. Therefore, it has
been proposed by Lazennec et al. to evaluate lumbosacral junction using standing and
sitting EOS imaging or radiographs in patients with spine fusion in THA planning and
follow-up [71–73], but this attitude is not yet officially recommended.
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Figure 8. Acetabular cup anteversion and sagittal inclination. The radiographic angle of antever-
sion is shown on (a) a hip profile radiograph and corresponds to the angle between the vertical axis
and the acetabular piece edges (yellow angle). The sagittal acetabular inclination is shown in (a) and
corresponds to the angle between the horizontal axis and the acetabular piece edges (green angle). A
CT method is then proposed to calculate anteversion: on (b) a sagittal CT slice, one should restore the
femoral head center, then align it within the middle of S1 superior plate as shown on (c) in the sagittal
plane. The anteversion can be measured in the so-created plane (red lines) on (d), as the yellow angle
between the cup edges and the perpendicular line to the transischiatic line (white line).

3.3.2. Femoral Side

The femoral stem position must be analyzed on a pelvic anteroposterior view and a
profile hip view. It should be aligned within the femoral shaft with its tip well centered.
Varus mispositioning is associated with pejorative outcomes and can lead to lateral pain
with a femoral lateral cortical thickening. Valgus positioning can be tolerated [54] (Figure 7).

The FO should be like the contralateral hip and measure 41–44 mm. This value must
be measured on an anteroposterior hip view in neutral rotation, as rotation might induce
significant measure variation. It can also be obtained with the EOS system or CT-scan (a
method proposed in Figure 9) [54]. A low FO can lead to limping, mobility limitation,
and dislocation by gluteal muscles weakness. A loss of FO negatively influences patients’
satisfaction after THA [74]. A too high FO might induce gluteal muscle pain because of
exacerbated tension and PE wear.

FNA should be 10 to 15◦ to allow a good hip flexion and can be measured on EOS imag-
ing or CT-scan [75] (by applying the method proposed in part 1 of this paper). An excessive
FNA increases the risk of anterior dislocation and ischio-femoral impingement [76]. An
insufficient one, or a retroversion, increases the risk of posterior dislocation. It has recently
been shown that surgeons should be cautious with the expectation of achieving the femoral
stem version of an uncemented prosthesis from the preoperative 3D-CT planning, as the
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preoperatively measured and planned stem orientation was never achieved in Belzunce’s
study (discrepancy of −1.4 ± 8.2 degrees with a 95% confidence interval of (−16.9, 13.8)),
also with a 2 mm larger FO than the planned one. The latter, however, remained in a
normal range [10].

Figure 9. Femoral offset (FO). The radiographic method is shown on (a) an anteroposterior hip view
and corresponds to the perpendicular distance (white line) between the femoral head (white circle)
and the femoral axis (dotted white line). A CT method is also proposed. First, on (b), in the sagittal
plane, the femoral inclination is considered, then on (c) in the frontal plane, and the level of the center
of the femoral head is repaired in (d). Finally, in (e), the FO can be measured (green line) as the
perpendicular distance between the resulting femoral axis (white vertical line) and the center of the
femoral head.

Resurfacing arthroplasty responds to specific issues. Even though the acetabular
component position does not differ from other types of prosthesis (lateral inclination of
30–50◦ and anteversion of 5–25◦), the femoral component must be placed in a relative
valgus position of 5–10◦ to avoid notching the neck (in case of excessive valgus) and to
adequately cover the femoral neck [32] (Figure 1).

The prosthetic femoral head should be centered within the acetabular cup or slightly
inferiorly located as the PE liner has a thicker superior rim. In case of PE liner, wear of
0.1 mm/year is considered normal [54]. Therefore, if it is located upwards, it indicates PE
wear and should raise suspicion for granulomatous osseous resorption (Figure 10).
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Components should not displace over time, and components, screws, or cement should
not become fractured. Ensuring the absence of material displacement requires a careful
comparison of all available radiographs, including the early post-operative ones. One
should know that some types of the prosthetic stem can subside from 1–2 mm, especially
superolaterally, but no longer than two years or greater than 1 cm [77].

Figure 10. Polyethylene wear. Normal polyethylene appearance is shown in (a) a frontal CT-scan
slice, with a regular thickness as all double arrows are equal, whereas wear is shown in (b) a similar
frontal CT-scan slice, with asymmetric thickness as the superior yellow double arrow is smaller than
the inferior green one.

3.4. Normal Imaging Findings
3.4.1. Radiolucent Zones (Radiographs, Tomosynthesis and CT)

With radiographs or CT, the presence of periprosthetic radiolucent zones (RLZ) might
be a normal finding if it meets strict criteria. Pathologic or regular, they should be described
according to the classification of De Lee and Charnley for the acetabular component and
with the Gruen zones for the femoral component (Figure 11). Concerning resurfacing
arthroplasty, three zones are described around the peg [78] (Figure 11). RLZ around the
metaphyseal stem of a resurfacing prosthesis are often asymptomatic, and a neck narrowing
can be found without clinical significance [79].

A thin linear RLZ in femoral zone 1 is a frequent finding at the component–cement
interface; it results from a lack of contact between these structures during surgery and is
thought to be expected if stable over time [32]. An irregular interface between cement and
cancellous bone, especially in the greater trochanteric region, and a thin radiolucent line
outlined by a sclerotic line parallel to the stem along with the bone–cement interface or
around the surface of a cementless component (corresponding to a fibrous membrane) are
also considered normal, if non-evolutive [32]. Thin RLZ inferior to or equal to 2 mm are
considered normal, but one should know that RLZ superior to 2 mm might be acceptable if
stable over time, and RLZ inferior to 2 mm might indicate loosening if they appear during
follow-up [37]. Air bubbles into the cement are acceptable and should not raise suspicion
of infection if isolated [37].
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Figure 11. Acetabular and Femoral Zones to be described for osteolysis. The De Lee and Charnley
acetabular zones and Gruen 1–7 femoral zones are shown on (a) an anteroposterior hip view, the
Gruen 8–14 femoral zones on (b) a profile hip radiograph. The three zones to consider for femoral
stem in resurfacing arthroplasties are shown on (c) an anteroposterior hip radiograph.

3.4.2. Adaptative Changes (Radiographs, Tomosynthesis and CT)

Mechanical loading of the hip is assumed by the femoral component in case of HA
and transferred distally to the host bone. This results in proximal femoral bone demineral-
ization. Adaptative atrophy also occurs with cementless components in the superomedial
acetabulum and in the proximal medial femur within the first two post-operative years
and must remain stable. For the same reason, cortical thickening and periosteal reaction
at the distal point of the stem reflect successful fixation and appear to be homogeneous
and circumstantial in typical cases (Figure 12). Below the tip of the stem, a bone pedestal
can occur as a sclerotic transverse line in zone 4, bridging the medullary canal, and can
be associated with loosening if it appears or disappears throughout follow-up. Such bone
density changes, called “stress shielding”, are secondary to a non-optimal osteointegration
and might be asymptomatic or painful (Figure 13). Therefore, follow-up radiographs are
mandatory to ensure they do not move into an authentic loosening. In case of uncemented
implants, spot welds refer to bone formation from the endosteal surface reaching the
prosthesis and indicate stability (Figure 12) [37].

3.4.3. MRI

MRI interpretation is challenging because of an overlap between asymptomatic pa-
tients’ imaging findings and clinically relevant ones. The standard post-operative appear-
ance depends not only on the type of implant but also on the post-operative delay. Synovitis,
extensive edema or fluid in the implant area, and tracking along soft tissue planes may be
encountered in the immediate post-operative time. Over months, soft tissue anomalies tend
to regress but may persist along with the surgical incision site or transform into seromas
without signs of infection [13]. Signal perturbation related to metal susceptibility often
occurs at the superior aspect of the acetabular component and at the femoral stem [13].
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Figure 12. Successful fixation of an uncemented total hip arthroplasty. Regular and circumferen-
tial cortical thickening (white arrow) and bony pedestal (double white arrow) are seen on (a) an
anteroposterior hip view and (b) a coronal CT-scan slice. Additionally, note spot welds (white dotted
arrow) better depicted on CT-scan, and the slight valgus position of the femoral stem, better depicted
on the radiograph.

The intact periprosthetic cortex and periosteum appear hypointense on STIR and
intermediate-weighted fast SE sequences [57]. Complete osseous integration corresponds
to direct contact between a sharply demarcated implant or cement and the surrounding
bone without separation [57]. A fibrous membrane at the prosthetic interface can be present
and manifest as a hyperintense layer of 1–2 mm thickness, suggesting closer surveillance as
its effect on implant fixation is poorly known, to make sure it does not move to loosening
(Figure 14) [57]. The normal pseudo-capsule should be thin, of low signal intensity, and
closely applied to the neck of the implant. Still, a small amount of post-operative fluid
without synovitis is standard [57]. In the author’s experience, the pseudo-capsule is not
always seen because of artifacts and its interpretation should remain cautious.
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Figure 13. Stress shielding. Post-operative (a) and one-year follow-up (b) radiographs show proxi-
mal femoral (white arrows) and superomedial (white star) acetabular demineralization. Additionally,
note the subtle lateral unilamellar periosteal reaction (dotted white arrows) on (b), which might be
favored by the slight varus position of the stem.

Germann et al. investigated normal MRI findings after uncemented THA for two
years and found that:

• Bone marrow edema was frequent all over the femoral stem and in the central acetab-
ular zone at 3 and 6 months after surgery, decreased during follow-up, and sometimes
persisted in Gruen zones 1 and 7 overtime, but often in only one area;

• Inferomedial edema in the acetabulum was infrequent and should raise suspicion
for pathology;

• Periprosthetic bone resorption was frequent during the second post-operative year in
Gruen zones 1 and 8 but never thicker than 2 mm;

• Periosteal edema was shared on the femoral side with a decrease over time, rarely
present at two years, and only in non-adjacent Gruen zones, without acetabular
side attempt;

• In the first six months, soft-tissue edema was a constant feature in the surgical access
route but never occurred in the second year;

• Joint effusion was decreasing over time but could be present in the lateral aspect of
the joint capsule at two years [19].

On the other hand, one should know that bone marrow edema in the proximal aspect
of the stem is frequent in asymptomatic and symptomatic patients, that osteolysis is thought
to be more frequent in symptomatic patients in Gruen zone 7, and periosteal reaction is
more frequent in symptomatic patients in Gruen zones 5 and 6 [16].
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Figure 14. Acetabular fibrous membrane. A thin STIR hyperintense layer (white arrows) is shown
close to the acetabular piece on (a) a frontal STIR image, without osteolysis in the corresponding zone
on (b) a coronal CT-scan slice.

4. Complications

HA revision mainly concerns instability (dislocation), loosening, and infection. Other
complications include periprosthetic fractures, hardware failure, adverse local tissue re-
actions, component wear-induced synovitis, tendino-muscular pathologies, heterotopic
ossification, and neuropathy.

Complications can be classified as common to all kinds of arthroplasties (loosening,
dislocation, peri-prosthetic fractures, psoas impingement, heterotopic ossification, implant
failure, neurovascular and muscle pathology), and specific to bearing surfaces (MoP: wear
and osteolysis; MoM: metallosis, pseudo-tumor, and trunnionosis; CoC: squeaking and
prosthetic fracture; CoP: ceramic fracture and wear). Resurfacing arthroplasty compli-
cations are developed in a separate section. An imaging-based algorithm is proposed
in Figure 15 [80,81].
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Figure 15. Imaging diagnostic algorithm proposition, adapted from Blum et al. [80,81].

4.1. Dislocation
4.1.1. Background

Dislocation can be early (within three months), of good prognostic with a low rate of
recurrence, or late (above three months), with high recurrence risk.

Early dislocations, diagnosed on radiographs, might be secondary to post-operative
gluteal muscle weakness and/or articular capsule laxity, non-compliance with post-operative
restrictions, trauma, and implant mispositioning [19]. They are also favored by a posterior
or anterior approach (respectively, posterior and anterior dislocation) [33]. In patients with
femoral neck fractures, the use of the posterior approach increases the risk of dislocation,
while a non-significant risk is present in cases of dual mobility cup implantation via the
lateral approach [82]. In case of single-event dislocation, radiographs are sufficient. It may
be treated with “hip precautions” (exercises and positions to avoid) if components are
well-positioned on radiographs and proper hip biomechanics are restored. If no trauma or
abnormal movement is declared prior to dislocation, muscular weakness can be suspected.
On the other hand, if two or more episodes happen, a CT-scan should be performed to
determine implant positioning. However, surgery will be required in about one-third of
the patients, with a remaining risk of 21–30% of dislocation after revision [83]. Surgical
procedures commonly used include increasing femoral head size, correction of implant
mispositioning, use of a dual mobility implant, constrained liner, and soft tissue repair,
with various efficacities and proper complications (for instance, increased PE wear for
larger femoral head) [83].

Late dislocations are often multifactorial. The main causes are PE wear, loosening
of implants, trauma, non-compliance with post-operative restrictions, trochanteric pseu-
darthrosis, or amyotrophy. After five years post-operative, soft tissue progressive laxity is
also incremented [33]. Primary implant mispositioning is not probable if no dislocation
occurred in the post-operative period, but it can be secondary to loosening, which makes
implants move into a wrong position, prone to dislocation. The first episode can also be
treated with “hip precautions” if trauma or abnormal movements are found in the medical
history prior to dislocation and if radiographs are normal, as muscular weakness can also be
suspected. In case of recurrent dislocation, even if muscular weakness is possible, a CT-scan
is necessary to search for radiographic occult loosening, to evaluate implant positioning
and to plan an eventual revision procedure. MRI can also be prescribed to evaluate gluteal
muscle and tendons.

Concerning dual mobility cup, dislocation can be of two types: a loss of contact
between the PE insert covering the head and the acetabular piece (classical) or an intra-
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prosthetic PE dislocation [84], defined as a loss of contact between the head and the PE.
The latter can occur during the reduction of a classical dislocation in the early setting and
lately secondary to wear [85] (Figure 16).

Figure 16. Polyethylene dislocations. An intra-prosthetic dislocation is shown on (a) an anteropos-
terior radiograph and (b) a coronal CT-scan with bone kernel where out-of-round of the femoral head
is seen. Using soft tissue kernel in (c) frontal and (d) axial CT-scan slices, no polyethylene is seen in
its usual position in (c) but is depicted behind the great trochanter in (d) (white arrow). In another
patient, an intra-prosthetic dislocation is shown on (e) an anteroposterior hip radiograph where
exenteration of the femoral head is seen, and on (f) a frontal CT-scan slice where the polyethylene
(double white arrow) is located downwards.
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Dislocation is thought to be related to impingement between bone, implants, or soft
tissues, as a dynamic process driven by multiple factors, including hip offset, implant
design, component position, and bony geometry [83]. Therefore, evaluating all those
factors is mandatory to treat this condition properly.

Posterior dislocations might be secondary to posterior capsule dehiscence, short exter-
nal rotator dysfunction, and anterior dislocation to excessive acetabular cup anteversion
and anterior capsule lesion [57].

4.1.2. Imaging

Therefore, radiographs and/or CT-scan can be realized to assess implant position,
especially looking for an excessive acetabular frontal inclination and an inadequate antev-
ersion, an incorrect FO and/or FNA, or a lower limb length discrepancy. CT also allows for
studying gluteal muscle trophicity. MRI is better for studying periprosthetic soft tissues,
especially the posterior joint capsule and the short external rotator muscles. An intact
posterior capsule is in contact with the greater trochanter but is rarely clearly seen in the
author’s experience. A fluid gap indicates failed repair of the posterior capsule and/or
muscles, and scar tissue can be seen with high or intermediate signal intensity. Muscle
atrophy and fatty infiltration might indicate a nonfunctioning tendon unit [57]. The anterior
joint capsule can undergo plastic deformation due to instability and appear thickened, hy-
perintense, and scarred. CT and MRI may also indicate additional findings after dislocation
as component fractures, displacement of the acetabular liner, and persistent dislocation [57].
In the author’s opinion, radiographs and CT are sufficient, and MRI should be realized
only in selected cases.

4.1.3. Imaging Perspectives

As dislocation is mostly posterior and occurs during rising from a chair or bending
over, frontal and lateral radiographs (EOS imaging or standard) from the spine to the ankles
might be performed to assess pelvic alignment and implant position in different functional
situations [73,83]. Additionally, Sutphen et al. have proposed an algorithm for recurrent
posterior dislocation treatment based on 3D models from CT-scan allowing to simulate of
hip kinematics during dislocation (i.e., flexion, adduction, internal rotation) using dynamic
modeling software. This procedure allowed to identify bone-on-bone or material–bone
impingement in half of the patients, and allowed to properly plan reorientation of the
acetabular component, revision of the femoral head to increase hip offset, reorientation
of the femoral stem, increasing femoral neck length, and removing impinging bone (i.e.,
anterior inferior iliac spine and anterior aspect of the proximal femur) to increase hip
range of motion. In the other half of their patients, no impingement or limited range of
motion were found, suggesting a soft tissue cause [83]. Those data seem to encourage
the realization of EOS images or radiographs in different positions and 3D CT-based
templating but additional studies are required before recommending their systematic use,
in our opinion.

4.2. Ergonomics
4.2.1. Background

Prosthetic mispositioning and spinopelvic mobility troubles might lead to femoro-
acetabular impingement, pain, wear, and instability. In the majority of revision procedures
for unstable prosthesis, Marchetti et al. found macroscopic signs of impingement [86].
Additionally, spinopelvic unbalance can destabilize a hip prosthesis and vice versa, caus-
ing a “spine–hip syndrome” or a “hip-spine syndrome” [87]. In the sitting position, an
insufficient cup anteversion can lead to an anterior impingement between the cup and
the femoral neck with a compensatory hyperflexion of the hip, at risk of posterior dislo-
cation. Contrarily, in the standing position, an excessive anteversion of the cup can lead
to a posterior impingement, at risk of anterior dislocation. In case of rigid spinopelvic
junction, the cup might be positioned with more inclination and anteversion, but in case of

224



J. Clin. Med. 2022, 11, 4416

spinopelvic hypermobility, it should be placed with less inclination and anteversion [67].
Some authors recommend anteversion and inclination values in function of the sagittal
spinal deformity [88].

Even if THA implantation does not narrow the ischio-femoral space, ischio-femoral
impingement can occur. It has been recently shown to be associated with a high femoral
ante-torsion (approximately of 20◦, compared to 15◦ in a control group). Of note, pa-
tients often present non-specific hip pain, so that imaging signs should help radiolo-
gists to raise suspicion of ischio-femoral impingement rather than affirm its diagnosis on
imaging alone [89].

4.2.2. Imaging

Some mispositionings are obvious on standard radiographs or CT-scans, such as a
frankly vertical or horizontal cup, a medialized femoral pivot, or a limb length discrepancy.
In other cases, anterior and lateral pelvic and hip radiographs should be realized in the
standing and sitting positions (if available with an EOS system imaging), taking into
account all the pelvic parameters, prosthesis positioning, and limb length. A CT-scan can
also be performed, as it allows to depict an anterior or posterior offset of the cup and to
rule out another complication [67].

In the case of ischio-femoral impingement syndrome, CT can be realized to measure
femoral ante-torsion, and ischio-femoral and quadratus femoris space. MRI is the best
imaging modality, as it can achieve the above-mentioned measurements (respectively,
positive if inferior to 15 and 10 mm) and identify edema and fatty infiltration of the
quadratus femoris muscle. Abductors’ tears might also be ruled out as they could play a
role in this setting [89].

4.3. Osteolysis and Loosening
4.3.1. Background

Even though complete osseous integration leads to the highest probability of implant
fixation, limited osseous integration might be sufficient to achieve solid fixation without an
amount clearly defined [57].

Most of the failures occurring at five years or later result from osteolysis, leading to
aseptic loosening and peri-prosthetic fractures. Loosening corresponds to the loss of fixation
of a cemented prosthesis or the absence or loss of osteointegration of an uncemented one.
In imaging studies, loosening, therefore, corresponds to implant mobilization over time,
raising the need to visualize previous radiographs, even the post-operative in the best-case
scenario. Infection must be ruled out by punction in case of doubt. Loosening can be
“mechanical” (implant mispositioning or miss-dimensioning, poor primary fixation) or
“biological”, secondary to almost all kinds of particles released (bone, cement, PE, metal,
ceramic) by mechanical wear leading to granulation tissue formation in the osteolytic
zones (Figure 17).

Those osteolytic zones have the appearance of RLZ around the prosthesis at the bone–
cement or bone–prosthesis interface, may appear or increase during follow-up, and should
be described as mentioned above. In case of cemented prosthesis, the Barrack classification
appreciates the quality of the femoral stem cementation [90] (Table 2).

Table 2. Barrack classification.

Stage Radiological Aspect

A Complete filling of the medullary canal
B RLZ inferior to 50% of the cement-bone interface
C RLZ of 50–99% of the cement-bone interface
D Complete RLZ at the cement-bone interface

RLZ: radiolucent zone.
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Figure 17. Mechanical and granulomatous loosening. An acetabular mechanical loosening is shown
on (a) a frontal CT-scan slice with regular acetabular osteolysis (white arrows). A granulomatous
loosening is shown on (b) a frontal CT-scan slice and consists of bulky osteolysis (white stars)
both on the femoral and acetabular sides, with a displacement of the acetabular metal-back (white
curved arrow).

4.3.2. Imaging

Even though radiographs have been described sufficient for loosening diagnosis, to-
mosynthesis might increase its diagnostic value and is superior to CT without MAR [55,91].
CT-scan with state-of-the-art MAR better depicts peri-prosthetic osteolysis, especially on
the acetabular side [55], and implants complications. CT-angiography of the pelvis should
be performed before revision surgery in acetabular piece pelvic protrusion to study the
iliofemoral vascular pedicle [54].

4.3.3. Radiographs, Tomosynthesis, and CT

On the acetabular side, the loosening risk becomes higher when the number of RLZ
increases (71% in case of 2 zones and 94% in case of 3 zones) [92], and the presence of an
RLZ in zone 1 should raise suspicion for loosening and call for close surveillance [80]. In
the case of uncemented prosthesis on the femoral side, the apparition of an RLZ of more
than 2 mm is always pathologic, except in zone 1 and 7 [80].
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Component displacement (i.e., cranial for the acetabular side, distal and varus incli-
nation for the femoral side), pedestal regression, and cement or component fractures are
also indicators of loosening, but the only finding indicating definite loosening is excessive
component movement, the others being associated with loosening but remaining nonspe-
cific [37]. For those reasons, composite scores have been developed to assess prosthesis
stability and fixation [93–95] but are beyond the scope of this paper.

Concerning treatment, in cases of acetabular bone defects, the Paprosky classification
should be used (Table 3), as it is composed of imaging and surgical findings, and includes
treatment recommendations [40]. Before revision surgery, the radiologist must check for
acetabular loosening and the amount and type of bone stock loss, the amount and direction
of component migration, and liner wear [40]. A 3D-CT reformats whit removal of the
femoral head can improve acetabular visualization, in the author’s opinion. Cavitary
defects at the acetabular roof and walls, segmental defects of the acetabular rim, lysis of the
medial or posterior ischial wall (with or without pelvic discontinuity), and an estimated
percentage of host bone in contact with the acetabular cup might be described, as both hip
center of rotation and bone stock must be restored. Of note, bone stock loss areas are usually
located away from the acetabular rim and are large. In contrast, pre-existing degenerative
cysts are smaller and often found at the acetabular roof [40]. Bone grafts or additional
acetabular hardware (acetabular cups, rings and cages, metallic acetabular augments)
can be used. Revision surgery complications include neuro-vascular damages, infection,
fractures, dislocation, bone graft failure, and dislocation of the prosthetic liner [40].

Table 3. Paprosky classification.

Type Imaging and Operative Findings

I
Acetabular rim and columns intact

Almost complete host bone support of the component

II

Superior migration inferior to 3 cm

Distorted acetabular rim withtout columns attempt

Host bone support superior to 50%

IIA Superior and medial cavitation. Intact rim

IIB Segmental supero-lateral defect (less than 1/3 of circumference)

IIC Medial wall lysis with acetabular protrusion

III Migration superior to 3 cm

IIIA

Missing bone in the 10 AM-2 PM positions, teardrop lsysis

Walls compromised

Columns nonsupportive

Superior migration

IIIB

Missing bone in the 9 AM-5 PM positions, teardrop lysis

Walls compromised

Columns nonsupportive

Superior or medial migration

Pelvic Discontinuity

Fracture line through columns

Obturator foramen asymetry on AP pelvis radiograph

Superior and inferior hemipelvis separation

4.3.4. MRI

MRI has gained more and more attention with the amelioration of the sequences
previously mentioned. The axial plane would be the most useful for evaluating the bone-
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implant interface [57]. A hyperintense layer between the host bone and the implant or
cement indicates fibrous membrane formation when inferior to 2 mm thickness (Figure 14)
or periprosthetic bone resorption when superior to 2 mm and irregular [57]. One must
keep in mind that the evaluation of acetabular component fixation is complex because of
the convex surface of the implant, exaggerating artifacts [57]. For uncemented prosthesis,
STIR hyperintense margin at the metal–bone interface (i.e., osteolysis) indicates loosening
(>1.5 mm for the acetabular side and >3.5 mm for the femoral side). Additional contrast
enhancement at the metal–bone interface and STIR signal hyperintensity are indicators of
prosthetic joint infection (PJI). The magnitude of bone resorption is also an essential factor,
as circumferential bone resorption may suggest loosening [57]. Mechanical loosening may
be inferred if blood tests for infection and imaging findings for wear-induced synovitis
are negative and circumferential osseous resorption is present, as wear-induced synovitis
rather induces bulky osteolysis, particularly in case of implant displacement [57]. Therefore,
serial MR scans may be necessary to prove loosening [57].

Periprosthetic soft tissue edema can be found in aseptic loosening or PJI. Still, soft
tissue anomalies (including edema, abscess, and enlarged lymph nodes of more than
17 mm) and the involvement of both sides of the joint are more frequent in infectious cases.
Schwaiger et al. proposed a two-stage approach [38]. First, radiologists should evaluate
the presence of signal changes at the periosteum: any signal changes on the acetabular
side and the diameter of the signal anomalies adjacent to the metal–bone interface using
the cut-offs mentioned above are indicators of PJI or aseptic loosening. Then, soft-tissue
abnormalities must be evaluated: enlarged regional lymph nodes and/or both joint sides’
affection might be in favor of PJI. The IV contrast media administration is still debated and
might not be indispensable if such findings can be seen on non-CE images.

When conventional imaging techniques are nondiagnostic, bone SPECT-CT can be
used as a second-line imaging modality, mainly due to its high negative predictive value,
allowing the stopping of investigations in cases of regular exams [96].

The occurrence of primary bone or soft-tissue neoplasms at the site of HA is rare. Still,
one must keep in mind that soft tissue tumors are more frequent than osseous and that
a mass arising from the bone with bony destruction and extension in the soft tissue or a
soft-tissue mass invading the bone is more likely to be a tumor than a “simple” osteolysis
from loosening [57]. Differential diagnosis might be challenging when the mass is adjacent
to the synovium.

4.4. Infection
4.4.1. Background

There are four types of PJI: positive intraoperative cultures, early post-operative
infection, late chronic infection, or acute hematogenous infection [89]. No test offers great
sensibility or specificity for diagnosing PJI. The diagnosis of PJI is based on a combination
of clinical findings, laboratory evaluation of blood and synovial fluid, and intraoperative
findings [97]. The gold standard remains articular fluid aspiration and culture. A recent
study showed that almost 30% of PJI were culture-negative after intra-operative sampling.
In those cases, next-generation sequencing showed infection in 66% of the cases, which was
polymicrobial in 91% [97]. Blood tests are often negative and should not be mistaken for
aseptic loosening before articular fluid analysis [97].

Significantly, imaging findings might range from standard to frank bone destruction,
mimicking loosening or particle disease [33]. Several definitions of PJI exist, but imaging
techniques are lacking in most scoring systems. For example, the Musculoskeletal Infection
Society has established a scoring system, not considering imaging techniques, that requires
at least two positive cultures of the same organism (even in case of commensal micro-
organism) or sinus tract with evidence of communication to the joint or visualization of the
prosthesis to diagnose PJI, or composite scores with pre- and peri-operative items [98].
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Nuclear medicine techniques (beyond the scope of this paper) and MRI are more
specifically concerned with the imaging workup of this condition [36], but in the authors’
experience, a CT-scan is often required in the first place by the referring physician.

4.4.2. Septic versus Aseptic Loosening Imaging Signs

Nonetheless, septic loosening is faster than aseptic using previous radiographs and
can be associated with femoral periosteal reaction and soft tissue collections [33]. In the
author’s institution, when a joint-fluid aspiration is required, a CT-arthrogram is realized
at the same time to depict better sinus tracts and loosening zones, often opacified by
contrast media.

MRI signs have been described above and mainly concern synovitis (more precisely
lamellation of a thickened hyperintense synovium), extracapsular tissue and bone edema
and enhancement, extracapsular collections and sinus tracts, osteolysis, and lymphadenopa-
thy [57]. According to Guerini, the association of a triple hypersignal (i.e., intra-osseous
at the contact of the prosthesis, cortical, and peri-osseous in the soft tissues) is of great
significance for infection [59] (Figure 18). Galley et al. compared patients with PJI and
controls who underwent MRI at least six weeks after THA and found that periosteal reac-
tion, capsular edema, and intramuscular edema were more frequent in PJI [18]. In addition
to conventional MRI features, Albano et al. stated that lymph nodes indices, especially
concerning their number, compared between the affected and the unaffected side, might be
biomarkers of THA infection [99].

 

Figure 18. Infectious loosening (staphylococcus lugdunesis). An infectious loosening is shown on
(a) a frontal CT-scan slice with irregular femoral endosteal osteolysis (white arrows) and periosteal
reaction (dotted arrows), (b) a frontal SPECT-CT slice with diffuse hyperfixation, (c) a frontal T2 STIR
image with a peri-prosthetic, cortical, and soft tissue hypersignal (white stars).

One should be aware of the aspect of temporary cement spacer, impregnated with
antibiotics, temporarily used when revision surgery is performed to allow functional
hip movement while locally treating an infection (Figure 19). Dislocation, periprosthetic
fractures, and secondary infection can occur [100].
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Figure 19. Spacer appearance. A spacer is shown on an AP radiograph (a) and a coronal CT-scan
slice (b). Note the cerclage wires (thick arrows), the trochanteric lysis (white star), and the femorotomy
sequelae (thin double arrows). NB: “D” in (a) means “droite” and is referred to the right side.

4.5. Synovitis
4.5.1. Background

Joint fluid can be seen either on MRI or CT with metal-artifact reduction, but MRI is
more useful in detecting, characterizing, and defining synovitis [57].

4.5.2. Classification and Contribution of Imaging Methods

Nonspecific synovitis appears as a simple joint fluid of uniform fluid signal intensity
with a thickened synovial wall lining, but its clinical importance in the absence of symptoms
is unknown [57]. In capsular disruption, fluid might extend into the greater trochanteric or
iliopsoas bursae.

PE wear-induced synovitis is secondary to contact pressure between the PE and the
femoral head, leading to its wear and intra-articular particle release [6]. On imaging, it
manifests as the expansion of the hip pseudocapsule by thick and particulate-appearing
synovitis of low to intermediate signal intensity, often isointense to muscles, that might
communicate and extend into other bursae. Extra-articular deposits from capsular de-
compression might result in pseudo-tumors formation, resembling those associated with
adverse local tissue reactions of metal debris. Bulky osteolysis is often present, with partic-
ulate debris in periprosthetic trabecular bone [57]. CT allows a good depiction of osteolysis
and osseous granuloma formation, but MRI is superior in soft tissue involvement analysis.
MRI should also be interesting before revision surgery in case of frank PE wear for “soft
tissue mapping” or if a stable or tiny granuloma depicted on other imaging techniques
does not seem sufficient to explicate the patient’s symptoms [59].

When a histologic diagnosis is available, adverse local tissue reaction (also called
pseudo-tumors or aseptic lymphocytic vasculitis-associated lesions) corresponds to
arthroplasty-related metal products, including metallosis caused by metal debris, reactive
tissue inflammation to metal ions, and corrosion products, or a combination of those. MRI
plays a key role in diagnosing this condition, which must be precocious because of the
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aggressiveness of soft-tissue destruction. Implant wear contributes to metallic products in
joint fluid and periprosthetic soft tissues in well and mispositioned implants (abrasion and
corrosion, edge loading secondary to mispositioning, neck-on-cup impingement). Although
metal ion levels alone should not be relied on as the sole parameter to determine revision
surgery, serum cobalt level of >1 ng/mL and a Cobalt/Chromium ratio > 2 thresholds are
thought to be associated with adverse local tissue reaction in MoP THA [101]. Those values
were, respectively, 2.8 and 3.8 for dual modular taper THA in Kwon’s study [102].

• Metallosis results from the shedding of metallic debris (secondary to a MoM prosthesis
with corrosion, a conflict between a metallic acetabular cup and the prosthetic neck,
or a contact between a metallic head and an acetabular metal back in case of PE
wear or dislocation) that induces synovitis and an indolent pattern of osteolysis,
potentially leading to loosening (i.e., potentially looking similar to osteolysis and PE
wear). Synovitis may contain low-signal intensity or metallic density debris, causing
MRI artifacts and bone erosion, best depicted on CT-MAR (Figure 20). Such debris
might also be located in periprosthetic soft tissue and lymph nodes [54,57]. Metallic
debris presence might also accentuate PE wear (i.e., third fragment wear) [54]. Of
note, high serum metal-ion levels can be found in symptomatic and asymptomatic
patients and would be associated with pseudo-tumors, so that such a biological
finding should lead to the prescription of an MRI to rule out a pseudo-tumor even in
asymptomatic patients [6,103].

Figure 20. Metallosis. Contact between the acetabular metal-back and the femoral head (dotted
white circle) is shown on (a) a frontal CT-scan slice, secondary to polyethylene wear. A pseudo-tumor
extending into the iliopsoas bursae is shown on (b) a sagittal T2-weighted image, (c) an axial T1
MAVRIC and STIR (e) images as hypointense. Additionally, note on (d) an axial CT-scan slice the
presence of metallic debris (dotted white arrows) into the pseudo-tumor.
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• Additionally, referred to as trunnionosis, trunnion corrosion corresponds to a soft-
tissue reaction to metal debris released from micromotion and mechanical wear at the
head–neck or neck–stem junction of modular MoP HA. On MRI, it manifests as an
adverse local reaction associated with medial calcar resorption [11,104].

4.5.3. MRI Focus

MRI is the best imaging technique for monitoring adverse reactions to metal
debris [12,105]. Its findings range from expansion of the pseudo-capsule with homogenous
joint fluid to amounts of synovial proliferation, potentially extended into bursae, and debris
causing pseudo-tumors. Peri-synovial soft tissue edema and nodal pathology can also be
present and call to rule out infection [57]. A synovial thickness superior to 7 mm and a
mixed solid–cystic synovial pattern is thought to be the best predictors of moderate or
severe adverse local tissue reaction [106]. MRI findings of metallosis and local adverse
tissue reaction may coexist [57]. Three pseudo-tumor grading systems have been described
by Anderson [107], Matthies [108], and Haupftfleisch [109], but using MRI with MAR
techniques, all showed limited interobserver reliability [110]. In the author’s country, the
Hauptfleisch classification is the most used: type I (cystic lesion with a thin wall), type
II (cystic lesion with a wall thicker than 3 mm), and type III (predominantly solid lesion
containing necrosis and metallic debris) [109], the severity of the symptoms and the revision
rate becoming higher from type I to III. Cystic lesions might be challenging to differentiate
from infectious lesions, especially in the Anderson classification [85,107].

4.6. Psoas Impingement
4.6.1. Background

In the early post-operative months, during the physical activity recovery, pain sec-
ondary to impingement between psoas muscle-tendon unit and the uncovered acetabular
can occur. This impingement leads to tendinous lesions and can be accompanied by local
bursitis, inconstant and nonspecific. Blood tests are negative, and no infectious symptoms
are present. As the psoas bursae and the joint capsule might communicate [111,112], care
must be taken not to overlook an articular pathology, especially in cases of PJI.

4.6.2. Imaging

Imaging purposes are to rule out loosening in the first place, then to confirm the
diagnosis, and to look for anatomic predisposition.

Radiographs can show an oversized acetabular or femoral head component, a lack
of acetabular anteversion, a screw in the projection of the iliopsoas tendon, an anterior
acetabular offset, or an insufficient acetabular covering on a profile view.

A CT-scan is considered the reference exam. It can easily depict anterior acetabular
offset, considered pathologic when superior to 12 mm in the axial plane and usually well
seen in the sagittal plane [54]. This offset can be due to a lack of acetabular anteversion or
retroversion. Impingement might also result from a screw or a cement leak. One should
know that the extension of screws beyond cortical margins can be asymptomatic and,
therefore, be cautious when mentioning this finding in the imaging report [57].

Ultrasounds can show the anterior offset and the musculotendinous abnormalities,
reproduce the pain, and especially guide a local test injection.

Concerning MRI, the iliopsoas muscle and tendon are best depicted in the axial plane,
but the tendon can be obscured by metallic artifacts and, therefore, better seen in the
coronal and sagittal planes. In tendinosis, a partial or full-thickness tendon tear can be
seen, and atrophy and fatty infiltration can be indirect signs of tendon dysfunction or
prior release [57].

4.7. Squeaking

Although its origin is still debated, this phenomenon, occurring in CoC (in 1–21% of
the cases) or MoM THA, might be favored by implant mispositioning (i.e., a too vertical-
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ized acetabular component, excessive or insufficient acetabular cup anteversion) [113]. A
component fracture must be ruled out.

4.8. Muscle Pathology
4.8.1. Background

Concerning most of the gluteus medius and minimus, tendinopathy can be favored by
a trans-gluteal approach, a too early reeducation, a lower limb length discrepancy, or an
excessive FO. Those tendons’ pathologies can cause lateral hip pain, abductor insufficiency,
limpness, and anterior dislocation [57]. In the preoperative setting, asymptomatic gluteus
medius and minimus pathology diagnosed on MRI has been shown to correlate with
inferior 2-year post-operative outcomes [114], so they should be described even in the
post-operative setting in the author’s opinion. Additionally, isolated open repair or THA
and concomitant repair of gluteal tendon tear have been shown to be safe procedures with
high levels of satisfaction at short- to mid-term follow-up (visual analog scale of pain and
satisfaction), even though the presence of a full thickness tear was a predictor of worst
outcomes in Requicha’s study [115].

The rectus femoris tendon analysis must be careful, especially in the case of the anterior
surgical approach.

4.8.2. Imaging

MRI and US are usually performed, can confirm the diagnosis, study bursae, and
quantify amyotrophy or fatty degeneration. Imaging findings must be strictly correlated to
symptoms, typically occurring in hip abduction with limping, as an abnormal aspect of
those tendons is frequent with age. Gluteus medius tendon tears are the more clinically
relevant, and the gluteus minimus tendon may be released at the time of surgery and/or
denervated, diminishing its attempt clinical relevance [57]. On MRI, in the acute setting,
peritendinous edema can be found [57] and help to promote tendon pathology to explain
patients’ symptoms, as partial tears are frequently encountered in clinical practice in
symptomatic and asymptomatic patients.

MRI can depict a surgical approach, and Agten et al. showed that anterior and direct
lateral approaches resulted in less muscle and tendon damage than the posterior and
direct lateral approaches [116]. The anterior approach results in less muscular atrophy
than the others [117], even though the posterior approach seems to be the most frequently
used [118], and some authors do not find differences in clinical outcome scores at one year
between the different methods [117]. Wang et al. showed, using 3D MRI images, that
the posterior approach seriously damages external rotator muscle and function and that
effective muscle repair is beneficial to the muscular morphological insufficiency, therefore
calling for an effective valuable repair of the external rotators to improve early post-
operative recovery [118]. Via the posterior approach, the piriformis might lose half of its
volume, and the root of the internal obturator be damaged, the latter being involved in
pelvic organ support and urinary incontinence [118].

4.9. Neurovascular Complications

The superior gluteal nerve innervates the gluteus minimus and medius and the tensor
fascia lata muscles. Postsurgical damage of this nerve should be suspected in case of
atrophy of those abductor’s muscles, especially in limps. In contrast, fatty atrophy of the
anterior gluteus minimus fibers with an intact tendon is often found in asymptomatic
patients due to selective denervation without clinical relevance. On the other hand, fatty
atrophy of the posterior fibers of the gluteus minimus and medius should raise suspicion
of a tendon tear [119].

In the immediate post-operative period, edema might involve the sciatic nerve and
irritate it but typically resolves over time. An unexpected evolution should raise suspicion
for an impingement related to hardware malposition or collection. Deep vein thrombosis
related to hardware may also occur [13].
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In the chronic setting, neurovascular complications are often related to synovial ex-
pansions, and periprosthetic neuroma may be detected by MRI [13].

4.10. Peri-Prosthetic Fractures and Stress Reactions
4.10.1. Background

With an overall incidence of 18%, they occur during component implantation or after
surgery and are favored by periprosthetic bone resorption, osteolysis, implant loosening,
osteoporosis, femoral stem varus positioning, and trauma [57].

Mainly concerning the femoral side, fractures are classified according to the Vancouver
classification, based on the location of the fracture, the amount of available proximal
bone stock, and the stability of the stem. Type A fractures are peri-trochanteric fractures
(subtypes: AL = lesser trochanter and AG = greater trochanter). Type B fractures occur
around or just below the tip of the stem (subtypes: B1 = well-fixed stem, B2 = not-well-fixed
stem, B3 = poor bone stock in the proximal femur and not-well-fixed stem). Type C fractures
occur below the femoral stem. These fractures can be peri-operative during femoral stem
placement (especially for uncemented prosthesis), secondary to minor trauma, or varus
positioning. They need to be detected as they can require further treatment.

Acetabular fractures are rare and usually result from trauma or osteolysis. Radio-
graphically occult acetabular fractures can occur during cup fixation, especially at the
superolateral wall, but do not require further treatment if secure fixation has been con-
firmed during surgery [120]. Acetabular, femoral, or pelvic stress fractures are rare, difficult
to diagnose on radiographs, and justify a CT and/or MRI pelvic acquisition whenever they
are suspected [54,57].

Trochanteric pseudarthrosis can result from revision procedures or technical difficul-
ties, is favored by gluteal muscle tension, and lead to a risk of dislocation. On imaging,
they might appear as metallic wires rupture, fracture, and trochanteric ascension and
fragmentation [54]. Femoral neck fractures only occur in resurfacing arthroplasty [33].

4.10.2. Imaging

The above-mentioned findings are variably depicted with radiographs but are
clearly visible with CT-scan in the author’s experience, which is often required for
pre-operative planning.

On MRI, stress reactions are localized signal hyperintensity of the marrow cavity and
endosteum, thickening and hyperintensity of the cortex and periosteum without fracture,
and adjacent soft-tissue edema (Figure 21). Marrow signal hyperintensity can be a normal
finding after several months, secondary to implantation of surgical technique. In this
setting, the lack of periosteal reaction and the typical appearance of soft tissues help to
make it commonplace [57].

4.11. Heterotopic Ossification

In up to half of the patients during post-operative weeks, they correspond to the
formation of new lamellar bone within periprosthetic soft tissues. During the osseous mat-
uration phase, local pain and swelling with body temperature may occur and be difficult to
differentiate from infection. On MRI, immature bone manifests as heterogeneous processes
with mass effect on the surrounding tissue, but CT easily depicts mineralization [57]. On
radiographs, the Brooker classification ranges from stage 1 (small ossifications) to stage
4 (bony ankylosis); CT and MRI are helpful for precise anatomical relationships with soft
tissues and vascular structures [54].

4.12. Implant Failure

The femoral stem can break, its modular component dissociate, and its sintered beads
shear off (opaque micro-fragments separated from the porous-coated femoral stem) [33].
Additionally, the acetabular liner can wear, break, or dissociate.
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Figure 21. Stress reaction. A stress reaction is shown on (a) a coronal CT-scan slice with a varus stem
position and asymmetric periosteal reaction (arrows). Periprosthetic bone marrow edema (dotted arrows)
is doubtful on (b) a coronal STIR image but is depicted on another (c) coronal and (d) axial STIR image.
Additionally, note the small amount of joint fluid (double arrow) on (c), considered nonspecific.

Prosthetic fractures are rare, secondary to misleading conception or trauma, essentially
concern CoC HA (head or acetabular insert), and require careful analysis of the components
and of their environment as they can lead to particles reactive synovitis [54].

Still concerning CoC prosthesis, femoral head fracture is secondary to trauma or
hyperactivity [85] and leads to functional impairment, whereas acetabular fractures are
rare, non-secondary to trauma, and might become symptomatic only in case of displace-
ment [13,113,121]. Acetabular fractures may be favored by excessive anteversion and poor
implantation of the insert in the metal back [85]. Ceramic debris might lead to osteolysis
and need to be carefully overlooked as it must be resected in case of revision before a new
prosthesis becomes implanted (Figure 22).

As acetabular bone loss is a significant challenge in HA revision surgery, all the
components used to reconstruct an acetabular socket might be carefully analyzed, as local
constraints might favor their breaking and displacement. In the author’s opinion, CT offers
the best depiction of implant integrity.

4.13. Resurfacing Arthroplasties

Those prostheses, usually composed of cobalt/chrome components, can be considered
apart. Complications are rare and mainly related to suboptimal surgical procedures leading
to impingement or femoral neck fracture [3]. Uncomplicated components should have
an abduction of about 40◦ and an anteversion of about 20◦ on the acetabular side, and a
neutral or slightly valgus position on the femoral side. No notch should be seen at the
neck. Minor RLZ around the femoral stem is normal. Femoral neck thinning adjacent to the
femoral prosthesis is frequent, and about 70% of patients show narrowing without clearly
defined significance [3].

A femoral neck fracture is an early complication. Infection and loosening rates are
poorly known but thought to be rare. Dislocation is very rare. Mispositioning can lead to
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impingement and pain on the acetabular side. An excessive femoral piece valgus position
exposes to the risk of notching, and an excessive varus to the risk of fracture (Figure 1).
Pseudo-tumors occur in approximately 1% of patients [3].

Figure 22. Ceramic fractures. An acetabular liner fracture is shown on (a) an anteroposterior hip
radiograph, (b) a coronal CT-scan slice, and (c) a global illumination reformat with femoral head
exenteration. The fracture is better depicted in (b,c) (white arrow), and ceramic debris can be seen
on (a–c) (dotted circle). A femoral head fracture in a case of sandwich ceramic liner is shown on
(d) an anteroposterior hip radiograph, (e) a coronal CT-scan slice (thick white arrow), and (f) a global
illumination reformat. Note the interposition of a radiolucent space between the metal back and the
ceramic liner due to the presence of PE, best seen on the CT-scan image.

5. Limitations

This paper brings a comprehensive and extensive literature review concerning THA
imaging workup, concerning all imaging studies and implants design. However, to date, no
consensus exists concerning the optimal imaging diagnostic strategy, and we are not able to
bring clear evidence-based recommendations. After radiographs, imaging studies are often
prescribed depending on the availability of each imaging technique in each institution and
depending on the referring physician’s habits. Concerning asymptomatic patients’ follow-
up, it is impossible to state that EOS imaging (if available) could replace radiographs. Nor
can we recommend systematical standing and sitting radiographs in case of asymptomatic
or symptomatic prosthesis. The use of MRI is growing, especially with MAR sequences,
and for soft tissue analysis, but it is still considered a procedure that “may be useful to
evaluate hip arthroplasties with suspected soft-tissue or periprosthetic abnormalities” by
the American College of Radiology, which does not recommend MRI as a first intention
procedure [122]. CT is readily available and has good diagnostic performances. In our
experience, it is the best imaging technique to assess mechanical complications when
considering implant integrity and osteolysis, but still exposes patients to ionizing radiations
and IV contrast media, the latter being less frequent with MRI. However, depending on the
local technical conditions, the clinical suspicion, and the patients’ comorbidities, different
imaging strategies might still be applied. In this context, one should be aware of each
technique’s advantages and drawbacks, to improve patient care.

6. Conclusions

HA follow-up requires systematic and standardized radiographic follow-up, even in
asymptomatic patients, to assess bone stock and implant positioning. First, the type of HA,
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its bearing surfaces, and fixation method must be recognized. Then, its position and the
bone–prosthesis interface must be compared to previous radiographs if available to detect
silent complications in case of systematic follow-up. Normal imaging findings, including
radiographs, CT-scans, and MRI, might not be mistaken for complications and should be
interpreted with caution and correlated to the clinical context. In cases of complication, a CT-
scan used to be the standard reference, but MRI has gained more and more prevalence and
technical improvement and might be part of the routine imaging workup in such patients,
especially when it comes to soft tissue depiction and infectious loosening. Concerning
implant mispositioning, even though CT-scan remains a valuable alternative, standing
and sitting position radiographs seem to delineate as a useful tool to assess the patient-
specific safe zone and include spine and lower limbs in the referring physician’s reflection
when evaluating a painful hip prosthesis, especially in cases of instability. Proper imaging
workup and diagnosis relies on acknowledging the type of prosthesis, the post-operative
delay, the clinical history, and eventual blood tests. All these elements should be put
together, leading to a robust and systematic analysis. Further studies comparing CT and
MRI, both with MAR, in case of complications, and radiographs and EOS-imaging for
standard follow-up should be realized. Additionally, “CT-like” MRI sequences could be
evaluated in HA imaging.
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Abbreviations

AO Acetabular offset
CE Contrast-enhanced
CoC Ceramic-on-ceramic
CoP Ceramic-on-polyethylene
CT Computed tomography
FNA Femoral neck anteversion
FO Femoral offset
FOV Field of view
FSE Fast-spin echo
HA Hip arthroplasty
MAR Metal artifact reduction
MoM Metal-on-metal
MoP Metal-on-polyethylene
PE Polyethylene
PJI Prosthetic joint infection
RLZ Radiolucent zone
SE Spin echo
SPECT-CT Single-photon emission computed tomography
STIR Short TI inversion recovery
THA Total hip arthroplasty
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Abstract: Gout, a crystalline arthropathy caused by the deposition of monosodium urate crystals in
the articular and periarticular soft tissues, is a frequent cause of painful arthropathy. Imaging has an
important role in the initial evaluation as well as the treatment and follow up of gouty arthropathy.
The imaging findings of gouty arthropathy on radiography, ultrasonography, computed tomography,
dual energy computed tomography, and magnetic resonance imaging are described to include
findings of the early, acute and chronic phases of gout. These findings include early monosodium
urate deposits, osseous erosions, and tophi, which may involve periarticular tissues, tendons, and
bursae. Treatment of gout includes non-steroidal anti-inflammatories, colchicine, glucocorticoids,
interleukin-1 inhibitors, xanthine oxidase inhibitors, uricosuric drugs, and recombinant uricase.
Imaging is critical in monitoring response to therapy; clinical management can be modulated based
on imaging findings. This review article describes the current standard of care in imaging and
treatment of gouty arthropathy.

Keywords: gout; monosodium urate crystals; crystalline arthropathy; imaging; magnetic resonance
imaging; sonography; radiography; CT; dual energy CT; treatment

1. Introduction

Gout is the most common cause of inflammatory arthritis in adults [1–13]. It affects ap-
proximately 1–2% of the population of industrialized countries and is more common in older
males [1,6,13–21]. Gouty arthropathy occurs secondary to abnormal purine metabolism,
the end product of which is uric acid, combined with underexcretion or overproduction of
uric acid, resulting in sustained hyperuricemia. Hyperuricemia, above the local solubility,
can lead to monosodium urate (MSU) crystal deposition (Figure 1) in joints, on the surface
of the hyaline cartilage and within periarticular soft tissues such as tendons, ligaments,
retinacula, and bursae, with resulting inflammatory response [7,13,14,16,17,19,22–32]. Gout
predominantly affects the peripheral joints, but the axial skeleton may also be affected [33].

Imaging has an important role in the initial evaluation, differential diagnosis, and the
treatment follow-up of gouty arthropathy. Imaging is also essential when the presentation
is atypical or involves deep structures such as the spine, hip, or sacroiliac joint [15]. The
imaging findings of gouty arthropathy on radiography, ultrasonography (US), computed
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tomography (CT) (both conventional and dual energy computed tomography (DECT)),
and magnetic resonance imaging (MRI) (Figures 2–14) are described, to include findings
of the early, acute and chronic phases of gout. These findings include early MSU crystal
deposits as well as later osseous erosions and tophi, which may involve periarticular tissues,
tendons, and bursae.

Figure 1. Image from polarizing microscopy 100× shows phagocytosed needle-shaped monosodium
urate (MSU) crystals with strong negative birefringence. Image courtesy of Nadja Falk MD; Albu-
querque, NM, USA.

 

Figure 2. A 74-year-old man with gouty arthropathy involving bilateral hands. PA radiograph of
the right hand shows erosive and cyst-like changes about multiple joints of the hand and ulnar
styloid with adjacent dense soft-tissue nodules (arrows) consistent with gouty arthropathy. Several
erosions have overhanging edges, most notable at the radial aspect of the index finger proximal
interphalangeal joint. Note faint calcifications within the nodular thickening adjacent to the ulnar
styloid erosion.
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(a) (b) 

(c) (d) 

Figure 3. Tophaceous gout of the posterior elbow in 3 different patients. (a) Initial lateral radiograph
of the left elbow in a 57-year-old man shows cortical erosion of the posterior olecranon (black
arrow) with marked distension and somewhat increased density of the overlying olecranon bursa
(white arrow). Note increased density of the distal triceps tendon (dashed black arrow). (b) Lateral
radiograph of the left elbow of the same patient obtained after surgical debridement redemonstrated
cortical erosion at the posterior olecranon (black arrow) and increased density of the distal triceps
tendon (dashed black arrow) with interval marked improvement of posterior soft-tissue thickening.
(c) Lateral radiograph of the right elbow in a 62-year-old man shows a soft-tissue mass involving the
olecranon bursa with associated calcifications (arrow). (d) Sagittal T2-weighted with fat saturation
MR image in a 60-year-old man shows a large bone erosion involving the posterior olecranon (white
arrow) with associated mild bone marrow edema subjacent to a markedly thickened and irregular
distal triceps tendon of heterogeneous increased signal intensity (black arrow). Note mildly distended
irregular shaped, heterogeneous, predominantly high-signal-intensity olecranon bursa extending
into the distal triceps tendon (white arrow) and additional high-signal-intensity subcutaneous edema
at the posterior aspect of the elbow.
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(a) (b) 

(c) (d) 

(e) (f) 

Figure 4. Cont.
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(g) 

Figure 4. 60-year-old man with tophaceous gout of the right foot. (a) AP radiograph of the right
foot shows dense nodular soft-tissue thickening at the medial aspect of the first metatarsophalangeal
and first tarsometatarsal joints and at the lateral aspect of the fifth tarsometatarsal joint (arrows).
(b) Axial and (c) sagittal STIR and (d) axial and (e) sagittal T1-weighted MR images show multiple
areas of intermediate-to-low signal intensity in the periarticular regions of the forefoot and midfoot
related to MSU deposits and tophaceous gout (white arrows), cortical erosion at the medial aspect
of the first metatarsal head (white arrowheads) and cortical erosions between the third and fourth
tarsometatarsal joints (dashed white arrows) which show heterogeneous enhancement on the (f) axial
and (g) sagittal T1-weighted with fat saturation post-contrast MR images. In (b) note high-signal-
intensity lobulated adventitial bursal collection at the lateral aspect of the proximal fifth metatarsal
bone (open white arrowheads) which shows intermediate-to-low signal in (d) and rim enhancement
in (f). Additional adventitial bursae (white block arrows) are seen at the dorsal and plantar aspect
of the first metatarsophalangeal joint, which show high signal in (c), intermediate-to-low signal in
(e) and rim enhancement in (g).

(a) (b) 

Figure 5. A 60-year-old man with gouty arthropathy of the right first metatarsophalangeal joint, also
known as podagra. (a) Oblique radiograph and (b) axial CT image of the right foot shows erosive
bone changes at the medial aspect of the great toe metatarsal head and proximal phalangeal base
with overlying mass-like dense soft-tissue nodularity with faint calcifications consistent with MSU
crystal deposition (arrows). Similar less pronounced findings are seen at the lateral aspect of the first
metatarsophalangeal joint.
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(a) 

(b) (c) 

Figure 6. A 54-year-old man with tophaceous gout of the right knee. (a) Patellofemoral radiograph
shows a well-marginated osseous erosion at the anterior aspect of the patella (arrow) with overlying
soft-tissue edema (dashed arrow). Sagittal (b) proton density-weighted with fat saturation and
(c) T1-weighted MR images show osseous erosion with soft-tissue deposit at the anterior surface of
the patella (arrows) subjacent to the thickened heterogeneous quadriceps continuation in continuity
with the heterogeneous thickened patellar tendon (dashed arrows). The affected extensor mechanism
and the soft-tissue deposit at the anterior patellar osseous erosion site show heterogeneous increased
signal in (b) and heterogeneous decreased signal in (c) consistent with MSU crystal deposition.

Gout can be successfully treated with urate-lowering therapy, which involves of-
ten inexpensive, well-tolerated medications focusing on either reducing serum uric acid
formation or increasing the renal excretion of uric acid [22,34]. Early diagnosis and treat-
ment are essential to prevent the long-term sequelae of joint damage and tophus for-
mation, and to prevent other comorbidities such as renal failure and cardiovascular dis-
ease [9,10,12,24,27,35,36]. Imaging is critical in monitoring response to therapy; drug ther-
apy can be modulated based on imaging findings to optimize patient outcomes. This review
article describes the current standard of care in imaging and treatment of gouty arthropathy.
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(a) 

(b) 

Figure 7. Gouty arthropathy in a 66-year-old woman. (a) Long-axis power Doppler US image
along the dorsal aspect of the third metacarpophalangeal joint shows a moderate distension of
the joint capsule (arrows) with numerous small echogenic foci related to MSU crystals (dashed
arrows), creating “snowstorm” appearance. Note associated mild-to-moderate hyperemia (red). MC
= metacarpal head. PP = proximal phalanx. (b) Obliquely oriented power Doppler US image along
the posterior aspect of the right olecranon shows a heterogenous moderately distended olecranon
bursa (arrows) with numerous small echogenic foci related to MSU crystals (dashed arrows). Note
associated mild hyperemia (red). The distal triceps tendon (TT) is hypoechoic with scattered tiny
hyperechoic foci consistent with tendinopathy and MSU crystal deposition.
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(a) 

(b) 

(c)

Figure 8. Tophaceous gout in a 73-year-old woman. (a) Panoramic transverse/short-axis gray-scale
US image along the dorsal aspect of the right wrist shows markedly thickening and heterogeneous
hyperechoic extensor carpi ulnaris tendon (ECU) related to tendinopathy with associated MSU crystal
deposition (arrow). Note a large echogenic mass with posterior acoustic shadowing between the ECU
and the fourth extensor compartment (4EC) related to a hard tophus (dashed arrow). (b) Long-axis
gray-scale US image along the lateral aspect of the right elbow shows multiple small intra-articular
echogenic foci related to MSU crystals (dashed arrows), undersurface erosion at the periphery of the
capitellum (arrowhead) and cortical irregularity of the lateral humeral epicondyle subjacent to the
heterogeneous common extensor tendon suggestive of chronic tendinopathy (arrow). C = capitellum.
RH = radial head. (c) Long-axis gray-scale US image along the anterolateral aspect of the right elbow
shows “double contour sign” along the radial head and capitellum articular cartilage related to MSU
crystal deposition (arrows).
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Figure 9. Gouty arthritis of the 1st metatarsophalangeal joint of 45-year-old male. Long-axis color
Doppler US image along the dorsal aspect of the first metatarsophalangeal joint shows moderate
distension of the joint capsule with moderate hyperemia consistent with synovitis. Note hyperechoic
line that parallels the hyperechoic line of the subchondral bone, separated by anechoic cartilage along
the metacarpal head (arrow) producing a “double contour” sign related to MSU crystal deposition.
MT = metatarsal head. PP = proximal phalanx.

(a)

Figure 10. Cont.
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(b) 

(c) 

Figure 10. Gout of the tibialis anterior tendon. (a) Long-axis color Doppler US image along the
dorsal aspect of the ankle and (b) short-axis gray scale US image of the tibialis anterior tendon in the
same region show marked thickening and heterogeneous echogenicity of the tibialis anterior tendon
consistent with severe tendinopathy and MSU crystal deposition (dashed arrows) with a more discrete
echogenic focus of tophaceous gout (arrows) with posterior shadowing in (b). (c) A 3D reformatted
dual energy CT (DECT) image of the ankle shows green encoded foci in the tibialis anterior tendon-
related MSU crystal deposition concordant with US findings. DECT image acquired at 0.8–1.5 mm on
a dual energy Siemens Somatom Force helical CT scanner using Syngovia post-processing software
to demonstrate MSU crystals encoded in green.
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(a) 

(b) 

Figure 11. Tophaceous gout at the right second metatarsophalangeal joint in a 49-year-old man.
(a) Long-axis gray-scale US image along the dorsal aspect of the second right metatarsophalangeal
joint shows heterogeneous intra-articular gouty tophus (arrow) abutting the metatarsal head (MT).
PP = proximal phalanx. (b) Color elastogram of the same region shows low shear-wave velocity
(arrow) (mean, 3.54 m/s) consistent with a soft gouty tophus. SWE data were collected using an
Acuson S3000 US scanner with an L9–4-MHz linear transducer.
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(a) (b) 

(c) (d) 

Figure 12. A 58-year-old female with extensive gouty arthropathy of the bilateral ankles and feet and
decreased burden of MSU crystal deposition on the post-treatment 13-month follow-up DECT study.
Pre-treatment (a,b) 3D reformatted DECT images of the bilateral ankles and feet show multiple green
encoded foci of periarticular and articular MSU crystal deposition in both feet and distal Achilles
tendons (arrows). Note green encoded foci about the great and little toenails related to imaging
artifact (dashed arrows). (c,d) Three-dimensional reformatted DECT images of the bilateral ankles and
feet obtained 13 months after initiation of treatment show interval decreased burden of periarticular
and articular MSU crystal deposition in the same regions (arrows). Note green encoded foci about
the great toenails related to imaging artifact (dashed arrows). All images acquired at 0.8–1.5 mm on a
dual energy Siemens Somatom Force helical CT scanner using Syngovia post-processing software to
demonstrate MSU crystals encoded in green.
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(a) (b) 

  
(c) (d) 

Figure 13. A 67-year-old male with extensive gouty arthropathy of both knees with decreased burden
of MSU crystal deposition on the post-treatment 2-year follow-up DECT study. Pre-treatment (a) 3D
and (b) 2D axial reformatted DECT images of the bilateral knees show multiple green encoded foci
of extensive periarticular and articular MSU crystal deposition (arrows); (c) 3D and (d) 2D axial
reformatted DECT images of the bilateral knees obtained 2 years after initiation of treatment show
interval decreased burden of periarticular and articular MSU crystal deposition of both knees (arrows).
All images acquired at 0.8–1.5 mm on a dual energy Siemens Somatom Force helical CT scanner using
Syngovia post-processing software to demonstrate MSU crystals encoded in green.
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(a) (b) 

Figure 14. A 65-year-old female with spinal gout. (a) Three-dimensional and (b) two-dimensional
sagittal reformatted DECT images of the lumbar spine show numerous green encoded foci of MSU
crystal deposition along the lumbar and visualized lower thoracic spine, sacrum and sacroiliac joints.
All images acquired at 0.8–1.5 mm on a dual energy Siemens Somatom Force helical CT scanner using
Syngovia post-processing software to demonstrate MSU crystals encoded in green.

2. Clinical

Risk factors for gout include hyperuricemia, diet, alcohol consumption, fruc-
tose consumption, medications, age, sex, genetics, acute illness, and several chronic
diseases [1,7,16,23,24,35,36]. Diets high in purines, which are found in red meat and
seafood, can exacerbate gout [7,35]. Consumption of alcohol, especially beer and hard
liquor, less so wine, is associated with gout, including recurrent gout attacks [2,7,35,37].
Several medications, including certain diuretics, β-blockers, angiotensin-converting en-
zyme inhibitors, non-losartan angiotensin II antagonists, cyclosporine, tacrolimus, and
low-dose aspirin have been linked to gout [1,24]. The incidence of gout is 2–6 times higher
in men than in women [1,18]. Menopause is associated with an increased risk of gout,
particularly in surgical menopause and early-onset natural menopause [38]. The risk of
gout is increased in postmenopausal women who are not treated with hormone replace-
ment therapy [1,38]. Additionally, while higher levels of serum uric acid levels increase
the risk of gout among women in a graded manner, women have a lower risk of gout than
men at the same uric acid level [39]. Approximately 80 percent of patients with gout have
a positive family history of gout or hyperuricemia [6,7,15]. MSU crystal deposition can
result in end-organ damage in the kidneys and heart [40]. Gout has been associated with
diabetes, obesity, hyperlipidemia, metabolic syndrome, insulin resistance, hypertension,
renal disease, stroke, neurodegenerative diseases, and cardiac disease, and can lead to
premature death [1,7,13,17,22,23,35,39,41–46]. Gout is not associated with an increased risk
of fractures [47].

There are four phases of gout: asymptomatic hyperuricemia, and acute, intercritical,
and chronic gout. Acute gouty arthropathy is typically monoarticular and most commonly
involves the lower limb, particularly the first metatarsophalangeal (MTP) joint, known as
podagra, which is seen in greater than 50 percent of patients [4,13,14,16–19,22,23,36,48–51].
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The hands, tarsal joints, knees, elbows, ankles, and bursae are other common sites of
involvement [16,17,22,23]. MSU crystals also frequently deposited in and about the tendons
and at the entheses [13,52].

In acute gout, patients present with rapid onset of severe pain, swelling, and erythema
of the affected joint, tendon or bursa. An acute gout attack may mimic infection, but is
self-limited, usually resolving within a few days or 1–2 weeks [1,23,48]. Serum uric acid
may be normal during an acute attack of gout, whereas inflammatory blood parameters
may be elevated [22]. Intercritical gout is the asymptomatic interval between episodes of
acute gouty attacks.

Repetitive attacks of acute gout eventually lead to chronic arthropathy, with
chronic synovitis, tophus formation and deposition, and finally, erosions and joint
destruction [1,14–16,23,48]. If left untreated, about a third of patients will develop topha-
ceous gout within 5 years [17,53]. Tophi are non-tender soft-tissue masses found in
the subcutaneous soft tissues, intra-articular or periarticular soft tissues, tendons, lig-
aments, retinacula, and bursae, secondary to chronic granulomatous reaction to MSU
crystals [15,19,22,36,53–55]. They have a fibrovascular matrix with a center of MSU crystals
surrounded by granulation tissue [36,56]. Tophaceous gout often occurs in the hands and
wrists and along the extensor surface of the knees and elbows and may eventually result in
osseous erosions [14,16,17,22]. Tophi tend to occur in areas of mechanical stress, such as
adjacent to the first MTP joint, the Achilles and patellar tendons, and the olecranon and
prepatellar bursae [36,56]. The cruciate ligaments, peroneal tendons, popliteus tendon, and
infrapatellar fat pad are common sites of MSU deposition [6,7,21,52,55]. Tophi can also
occur in the auricular appendages and the tip of the nose [21]. They result in cosmetic
deformity and can cause impaired joint mobility [53,54].

Gout is often a clinical diagnosis. Patients with gout may have normal serum urate
levels and hyperuricemia can be present in patients without gout. Aspiration of the affected
joint or bursa is the gold standard for diagnosis. Joint aspirate is evaluated for crystals, as
well as white blood cells to exclude infection. Macroscopically, MSU crystals are white in
color [48]. They are needle shaped and have negative birefringence on polarized microscopy
(Figure 1) [7,17,22,23,46,48,49,57]. The American College of Rheumatology (ACR) and
European League Against Rheumatism (EULAR) created the 2015 Gout Classification
Criteria, a useful diagnostic and classification algorithm for gout [3,58]. This algorithm
utilizes clinical, laboratory, and imaging findings. In 2018, the EULAR provided updated
evidence-based recommendations for the diagnosis of gout, recommending joint aspiration
or tophus biopsy in every patient with suspected gout, and imaging in patients with atypical
presentations when aspiration is not possible [8]. The differential diagnosis includes septic
arthritis, acute calcium pyrophosphate arthropathy, reactive arthritis, and psoriatic arthritis.
Chronic tophaceous gout may mimic rheumatoid arthritis, or rarely, tumor or other tumor
like lesions [21]. Clinical history and laboratory evaluation are helpful to differentiate
gouty arthropathy from infectious or other inflammatory arthropathies. Arthrocentesis
and fluid evaluation remain the gold standard for the diagnosis of both gouty arthritis
and septic arthritis. US has been shown to have a high specificity (greater than 90%)
for the diagnosis of gout in patients with a symptomatic joint when compared to joint
aspiration [59]. It should be remembered that septic arthritis and acute crystal arthritis can
occur simultaneously. The presence of tophi on imaging suggests gouty arthropathy rather
than an infectious or inflammatory arthropathy. Imaging, particularly DECT, can help
differentiate acute calcium pyrophosphate arthropathy from gouty arthropathy, although
a recent study showed that DECT may have a lower sensitivity for acute gout flares than
previously described, and that DECT sensitivity for acute calcium pyrophosphate crystal
arthritis is lower than that of US [60].

Although joint aspiration is the gold standard of diagnosis, aspiration is a mildly
invasive procedure with complication risk, which may not be readily available and may be
inaccurate in the setting of small volume joint effusion [5,9,24,46,50,57].
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3. Imaging

3.1. Radiographs

Radiographs (Figures 2, 3a–c, 4a, 5a and 6a) are often the initial imaging modality in a
patient suspected of having gout, as they are readily accessible and inexpensive. However,
in early gout, radiographs are often normal or show only soft-tissue swelling. Erosions
may not be apparent until 5–10 years after the initial acute gout attack [5,22,23,28,61,62].
The classic radiographic findings of longstanding gout include marginal and juxta-articular
erosions (Figures 2, 3a,b, 5a and 6a) with overhanging edges and sclerotic margins. Erosions
may also be intra-articular. In chronic gout, tophi are seen as dense soft-tissue nodules
(Figures 2, 3a–c, 4a, 5a and 6a) in the periarticular soft tissues or within the bursae with
or without amorphous calcifications. Tophi may be radiographically occult if less than
5–10 mm [18,36]. Juxta-articular erosions are usually seen adjacent to tophi, as they fre-
quently represent intraosseous extension of tophi [18]. Joint spaces and periarticular bone
density are maintained until late disease. Radiography has a reported sensitivity of 31%
and specificity of 93% in the diagnosis of gout [19,28].

3.2. Ultrasound (US)

Diagnostic US (Figures 7, 8, 9, 10a,b and 11), utilizing high frequency linear transducers
(12 MHz and higher) is useful in the evaluation of gout. US can provide a diagnosis of
gout, can be used to guide joint aspiration or soft-tissue biopsy, and can be used to monitor
response to therapy. US has high spatial resolution and is multiplanar, uses no ionizing
radiation, is a dynamic examination, is widely available, is relatively low cost, and is
portable. However, US is operator-dependent, with a steep learning curve, and is limited to
more superficial joints. US findings include joint effusion, synovitis, MSU crystal deposition,
tophi and erosions [7,17]. A meta-analysis by Lee et al. in 2018 showed that US has an
overall specificity of 89% and sensitivity of 65.1% for the diagnosis of gout [57].

The Outcome Measures in Rheumatology Clinical Trials (OMERACT) task force sub-
group created consensus-based definitions on the US elementary gout lesions of double
contour, aggregates, tophi, and erosions [63]. OMERACT defined aggregates as “hetero-
geneous hyperechoic foci that maintain their high degree of reflectivity even when the
gain setting is minimized or the insonation angle is changed and which occasionally may
generate posterior acoustic shadow” [63]. A new consensus definition was created in 2021,
defining aggregates as “bright hyperechoic, isolated spots too small to fulfil the tophus
definition and characterized by maintaining their high degree of reflectivity when the
insonation angle is changed” [64].

Joint effusions in gout may range from simple, anechoic fluid to heterogeneous hy-
perechoic collection with synovitis (Figures 7a, 8b, 9, 10a,b and 11a) [17,28,65]. MSU
crystal aggregates/microtophi can be seen in the joint as floating echogenic foci, known
as the “snowstorm appearance” (Figure 7a) [7,9,13,15,17,18,28,29,31,36,59,65–67]. These
echogenic foci could represent joint bodies, and US cannot differentiate MSU crystals from
calcifications; DECT can be utilized for this [13]. Synovitis occurring in gout is usually
heterogeneously hyperechoic due to MSU crystal deposition [7,15,18]. Intrinsic hyperechoic
streaks and a hypoechoic peripheral rim with increased vascularity are also often present
within the synovium in gout [7,28]. Synovial hyperemia, visualized on color or power
Doppler imaging, may be secondary to active inflammation or may be due to the fibrovascu-
lar matrix of tophi, and may also be present in subclinical disease (Figures 7 and 9) [18,36].

MSU crystals also precipitate on the superficial layer of the hyaline cartilage, producing
an irregular hyperechoic line over the anechoic cartilage. This hyperechoic line parallels the
hyperechoic line of the subchondral bone, separated by anechoic cartilage, producing the
“double contour sign” (Figures 8c and 9) [7,9,13,15,17,18,29,31,36,46,57,59,65–67]. OMER-
ACT defined the double contour sign as “abnormal hyperechoic band over the superficial
margin of the articular hyaline cartilage, independent of the angle of insonation and which
may be either irregular or regular, continuous or intermittent and can be distinguished from
the cartilage interface sign” [63]. The sensitivity of the double contour sign in patients with
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gout ranges from 25–95% [7,17,25,66–69]. The double contour sign should not be confused
with hyperechoic foci within the cartilage, as in calcium pyrophosphate deposition, or with
the normal cartilage interface sign [7,13,15,29,65,66].

In chronic gout, erosions (Figure 8b) can be visible on US [7,9,13,17,18,31,70]. OMER-
ACT defined erosions as “an intra- and/or extraarticular discontinuity of the bone surface
(visible in 2 perpendicular planes)” [63]. Post-traumatic changes, degenerative changes,
and normal variants can mimic erosions. Adjacent tophi, synovitis, and hyperemia with
color Doppler imaging suggest active erosions [7]. US has been shown to detect erosions
in gout earlier and at smaller size than radiography [15,17,25,26,66]. However, US can
underestimate the extent of erosions compared to MRI [15,71].

OMERACT defined tophi as “a circumscribed, inhomogeneous, hyperechoic and/or
hypoechoic aggregation (that may or may not generate posterior acoustic shadow)
which may be surrounded by a small anechoic rim” [63]. On US, tophaceous deposits
(Figures 8a and 10a,b) in chronic gout have a hyperechoic center, representing the MSU
crystals, with an anechoic rim, representing the granulation tissue, and may have either
a nodular or an infiltrative appearance (“soft tophi” (Figure 11)), or posterior acoustic
shadowing (“hard tophi” (Figures 8a and 10b)) [7,15,17,18,21,29,36,65–67]. Tophaceous
deposits within tendons are usually hypoechoic with scattered hyperechoic foci (Figure 7b),
resulting in disruption of the normal fibrillar tendon echotexture; if chronic, hyperechoic
bands with posterior shadowing are often present (Figures 8a and 10a,b) [17,65].

Shear wave elastography (SWE) (Figure 11b) uses ultrasound to obtain quantitative
measurements of tissue elasticity to assess intrinsic tissue stiffness [72]. Forced acoustic
radiation force from a linear US array generate shear waves which propagate perpendic-
ularly to the primary US wave to produce local tissue displacement. Displacement and
velocity are tracked as the shear waves propagate, and the tissue displacements are used
to calculate shear wave velocity and shear modulus [72]. Quantitative shear modulus
maps are produced to show shear wave velocities (meters per second) and tissue elasticity
(kilopascals) [72]. SWE has been shown to be able to quantitatively differentiate gouty
arthropathy from non-gouty arthropathy in patients without acute gout [73]. Wang et al.
showed that the stiffness of the synovium is higher in the intercritical phase of gout than in
the acute phase, and thus increases diagnostic performance in differentiating acute from
intercritical gout in comparison with conventional US [74]. In gouty tophi, shear wave
velocities are dependent on consistency, with harder tophi having higher velocities than
soft tophi [72].

3.3. Computed Tomography (CT): Conventional and Dual Energy (DECT)

Both conventional CT (Figure 5b) and DECT (Figures 10c, 12, 13 and 14) are useful in
the evaluation of gout. CT has high spatial resolution, is multi-planar and can visualize
deep structures. This imaging modality is limited by cost, use of ionizing radiation, and
lack of portability. Conventional CT is more widely available than DECT.

Conventional CT can be used to detect erosions and tophi in chronic gout [15]. Topha-
ceous nodules have a density of approximately 170 Houndsfield units [15]. Hyperdense
deposits can be seen in the joints in acute gout (Figure 5b) [51].

DECT utilizes the photon-energy-dependent attenuation of different materials to
identify MSU crystals. It uses two different energies (80 and 140 kVp) to determine the
composition of materials using the properties of differing atomic number and mass density,
which can be color coded during post-processing, to differentiate urate acid crystals/tophi
from other calcifications [7,10–15,18,31,36,46,49,62,75,76]. DECT directly images MSU
crystal deposition, and thus is independent of the current serum urate level [14]. DECT is a
part of the 2015 and 2018 ACR/EULAR classification criteria for gout [3,8,76]. Quantitative
measurement of tophi can be obtained with DECT [10,12,13,18,31,36,46,49,75]. Peripheral
limbs may be scanned to create urate maps (Figures 12 and 13) [12,50,75]. Subclinical
disease can also be detected with DECT, often within the joints and tendons, without
tophi [14,36,46,77].
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DECT is both sensitive (78–100%) and specific (89–100%) in identifying MSU deposi-
tion [5,10–12,14,31,50,75]. The sensitivity of DECT is lower for acute gout than for chronic
gout [76,77]. In early gout, false-negative imaging can result if the MSU volume is low or
the tophi are very small (less than 2 mm) [7,18,31,62]. Lee et al. showed that sensitivity of
DECT for early gout can be increased when combined with conventional CT [51]. In this
study, conventional CT was used to evaluate for the presence of hyperdense deposits in
patients with suspected early gout. These deposits are nonspecific, and could represent
MSU crystals or other crystal arthropathies such as calcium pyrophosphate deposition
disease, which can be differentiated by DECT.

DECT is useful in patients with atypical clinical presentations and unusual site of
involvement [14,49,78]. Gout in the axial skeleton (Figure 14) can be a challenging diagnosis
due to rarity of presentation and difficulty of obtaining tissue sampling, and DECT can
guide diagnosis when gout is suspected [24,79]. Zhu et al. showed that DECT is more
accurate in the diagnosis of gout than US in the joints of the upper limb, thought to be
due to the complex anatomy and smaller size of the upper-limb joints compared to the
lower-limb joints [40]. Klauser et al. also showed that the percentage of gouty deposits
detected by US was significantly lower than that by DECT, particularly within the extra-
articular spaces [30]. DECT may be very useful when joint aspiration is either non-feasible
or non-diagnostic.

Artifacts are prevalent in DECT [7]. These artifacts include green pixels in the skin
particularly the heels, and in the nails and nail beds (Figure 12), due to keratin in callous
and thickened nails, and artifactual pixilation from motion and metal [7,10,18,24,36,46,76].
False-positive imaging can occur in areas of apposed skin [75]. It is uncertain if urate-like
pixilation uptake in vasculature represents true MSU crystal deposition or artifact, and it
is under further investigation for the cardiovascular system [24,45,76]. DECT has lower
specificity for gout in osteoarthritic knees [11,18,31].

A recent study shows promising results in the use of DECT to detect cardiovascular
MSU deposits in the coronary arteries and the aorta of gout patients compared to con-
trols [45]. MSU crystal detection on DECT has been shown to be predictive of developing
new cardiometabolic disease and for increased mortality [80].

3.4. Magnetic Resonance Imaging (MRI)

MRI (Figures 3d and 4b–g) has high-contrast and spatial resolution, permitting detailed
evaluation of the bone marrow, periarticular soft tissues, and articular cartilage, without
the use of ionizing radiation. Limitations of MRI include long examination times, high cost,
limited availability, lack of portability, claustrophobia, and restrictions by some implanted
medical devices.

MRI is useful in evaluating gout in the spine and other deep areas not amenable
to clinical or US evaluation [15]. In early gout, MRI can show bone-marrow and soft-
tissue edema as well as simple or complex joint effusions and synovitis [18]. MSU crystal
deposition on the surfaces of the hyaline cartilage is not visible by MRI [15].

On MRI, erosions (Figures 3d and 4b–g) have cortical disruption with overhanging
edges with associated intra-articular and extra-articular soft-tissue tophi that may calcify.
Acute erosions will have irregular margins with adjacent enhancing active synovitis while
chronic erosions will appear more well-marginated with cortication, often without adjacent
active synovitis [17]. Minimal bone marrow edema is present around erosions until late
disease, and cartilage surfaces are spared from erosive changes until late disease [18,36,81].
The presence of tophi predicts eventual erosions, but the presence of bone marrow edema
and synovitis do not [18,82].

MRI can demonstrate the extent of tophi, including within the bursae and tendons
(Figures 3d and 4b–g) [15]. Tophi show intermediate-to-low signal on T1-weighted (T1W)
MR images and heterogeneously high-to-intermediate signal on fluid-sensitive images, with
heterogenous enhancement following intravenous administration of gadolinium-based
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contrast (Figures 3d and 4b–g) [7,15,18,31,36,55]. Areas of low signal and non-enhancement
suggest the presence of calcifications, especially if small can be missed on MR images.

3.5. Nuclear Medicine

Nuclear medicine imaging studies are not the preferred modalities for evaluation
of gouty arthropathy. However, as gouty arthropathy is common, it may be encoun-
tered on these studies. On bone scintigraphy, gout can manifest as articular, periarticular,
and soft-tissue radiotracer uptake [83,84]. Gouty tophus has been shown to be moder-
ately hypermetabolic on fluorodeoxyglucose positron emission tomography CT (FDG PET
CT) [85–87]. Tophaceous gout in the spine will show uptake on Gallium-67 imaging [88].

4. Laboratory Evaluation

Blood tests may show elevation of the erythrocyte sedimentation rate (ESR) or C-
reactive protein (CRP) during a gout flare. These markers of inflammation can be elevated
due to other diseases that can cause inflammatory arthritis, however. Serum urate levels
may be elevated but can also be low or normal during a flare [89]. An elevated serum urate
level may suggest gout but is not enough to make a diagnosis.

Analyzing an aspirated synovial fluid, on the other hand, can confirm a gout diagnosis.
The synovial fluid in gout is typically inflammatory in nature, with a white blood cell
count of at least 2000 per mm3. A flare is characterized by the presence of MSU crystals
in synovial fluid found by examination of the fluid using compensated polarized light
microscopy. MSU crystals are negatively birefringent and are needle shaped. Sensitivity of
laboratory crystal analysis for MSU crystals ranges from 63–78%, and specificity ranges
from 93–100% [90].

5. Medical Management of Acute Gouty Arthritis

The primary goal during an acute gout flare is quick and safe termination of pain.
While a gout flare may resolve untreated within days or weeks, symptoms may resolve
more quickly with the use of various different treatments.

5.1. Glucocorticoids

Oral glucocorticoids are often used in patients with a typical gout flare who are
able to take oral medications but have contraindications to the use of nonsteroidal anti-
inflammatory drugs (NSAIDs). A typical regimen would be prednisone initiated at
30–40 mg per day. This is then tapered over 7–10 days, but duration of the taper may be
needed for up to 21 days. Glucocorticoids are similar (or even better) in efficacy and have
no greater risk of adverse effects compared to other agents used to treat acute gout [91–93].
However, other treatment options may be preferred among those with suspected infec-
tion, prior glucocorticoid intolerance, or uncontrolled diabetes mellitus. Common adverse
effects of glucocorticoid use include mood changes, hyperglycemia, hypertension, and
fluid retention.

Intra-articular glucocorticoid injection may be an indication among those who are
unable to take oral medications and with one or two active inflamed joints. Typically,
triamcinolone acetonide (up to 40 mg for a large joint and 20 mg for medium joint) or
methylprednisolone acetate is used. While the evidence for its use in the treatment of
gout flares is limited, it can be a relatively safe and efficacious treatment [94]. In addition,
parenteral glucocorticoids may be indicated among those who cannot take medications
orally and are not candidates for intra-articular therapy (e.g., with >2 active inflamed
joints) [95]. Intravenous methylprednisolone (20 mg) may be helpful among those with
polyarticular involvement, with an intravenous access, and with no contraindication to
glucocorticoids. Intramuscular triamcinolone acetate treatment (40–60 mg) may be an
alternative treatment for patients with similar conditions.
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5.2. Nonsteroidal Anti-Inflammatory Drugs (NSAIDs)

NSAIDs are very good alternatives to oral glucocorticoids in the treatment of acute
gout [96–99]. They are particularly appropriate among younger patients who do not
have renal, cardiovascular, or active gastrointestinal disease. Naproxen (500 mg twice
daily) or indomethacin (50 mg three times a day) are traditionally used. However, other
NSAIDs such as ibuprofen (800 mg three times daily), diclofenac (50 mg two–three times
daily), celecoxib (100 mg twice daily), and meloxicam (15 mg daily) are probably as
efficacious [96–98]. NSAIDs work best when initiated within 48 h of symptom onset
and can be discontinued two to three days after clinical symptoms have resolved. There
are contraindications to NSAID use, however, including: chronic kidney disease (typically
creatinine clearance < 60 mL/min), active gastrointestinal ulcer, cardiovascular disease
(especially heart failure), or concomitant treatment with anticoagulants. Adverse effects
from short-term use of NSAIDs are rare but include gastrointestinal disturbances and
worsening renal function.

5.3. Colchicine

Low-dose oral colchicine can be used for acute gouty flare, especially among patients
with intolerance or contraindications to glucocorticoid and NSAID use. A typical dosage is
a total of 1.8 mg during the first day of therapy, and treatment is indicated for the duration
of the flare at 0.6 mg once or twice daily [100]. It works best when taken at the initial onset
of gout symptoms. Common adverse effects include diarrhea and abdominal cramping,
especially with high dose therapy. Colchicine would be contraindicated among those with
significant renal or hepatic insufficiency, and among those taking medications that may
inhibit the cytochrome P450 system component CYP3A4 (e.g., HIV protease inhibitors,
azole antifungals) or medications that inhibit the P-gp efflux pump (e.g., macrolide antibi-
otics, tacrolimus, cyclosporine) [100,101]. Severe side effects, including blood cytopenias,
myopathy, and peripheral neuropathy, are relatively rare.

5.4. Interleukin-1 (IL-1) Inhibitors

While IL-1 inhibitors may benefit certain patients with an acute gouty attack, they
are typically reserved for those for whom other available treatments have failed or who
have contraindications to them [91,102,103]. Anakinra (100 mg daily) is the preferred IL-1
inhibitor treatment for acute gout due to its short half-life and its relatively modest cost
compared to other IL-inhibitors. It is given subcutaneously daily until symptoms of the
gout flare improve, and can be useful among hospitalized patients with an active infection
or who are in the perioperative setting [102]. Recurrent flares are not uncommon among
anakinra-treated patients, however.

5.5. Urate-Lowering Therapies

Lifestyle modifications that may decrease patient urate levels include weight reduction,
cessation of excessive alcohol consumptions, and moderation in the consumption of purine-
rich food. However, lifestyle modifications may not be adequate, and pharmacologic
therapies may be indicated in patients with chronic gout. Specific indications for the
initiation of pharmacologic urate-lowering therapies in gout are as follows: (1) frequent
(≥2 annually) gout flares; (2) evidence of radiographic damage due to gout; and (3) presence
of ≥1 subcutaneous tophi [104]. Upon initiation of urate-lowering therapy, patients also
receive prophylactic treatment to decrease and prevent recurrent gout flares. Prophylactic
treatment options include colchicine, a NSAID, or a low-dose glucocorticoid [104,105].
Achieving a serum urate level of <6 mg/dL is the recommended goal according to the 2020
ACR Guideline for the Management of Gout [104].

5.6. Allopurinol

Allopurinol, a xanthine oxidase inhibitor, is the first-line urate-lowering therapy for
most patients [104]. The starting dose is typically ≤100 mg/day with dose increase by
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100 mg every two to four weeks to reach and maintain the target serum urate level. Patients
of Southeast Asian descent (e.g., Chinese, Korean, Thai) and African-Americans should
be tested for the HLA-B*5801 allele; HLA-B*5801 positive individuals have a much higher
risk of developing severe cutaneous adverse reactions (SCARs) [106]. For a similar reason,
patients with moderate-to-severe chronic kidney disease (stage ≥ 3) can be started on a
lower dose. Doses up to 300 mg/day and even higher are often used. Mild adverse effects
include rash, leukopenia or thrombocytopenia, and diarrhea. Severe reactions, which are
rare, include DRESS (drug reaction with eosinophilia and systemic symptoms) syndrome
and SCARs.

5.7. Febuxostat

Febuxostat is an alternative xanthine oxidase inhibitor that can also be used for
treatment of hyperuricemia. A daily dosage (40 mg or 80 mg) produces a reduction
that is equivalent or better than that seen in patients treated with allopurinol 300 mg
once daily [107,108]. It can be given safely to those with renal insufficiency, but the
cost of treatment tends to be higher compared to allopurinol. Potential adverse effects
include transaminitis, nausea, arthralgia, and rash. Of particular concern, febuxostat,
compared to allopurinol, is associated with higher risk of cardiovascular mortality and
all-cause mortality. The medication currently carries a boxed warning for increased risk of
death [109].

5.8. Probenecid

Probenecid is the only uricosuric medication that has been approved by the United
States Food and Drug Administration for the purpose of promoting renal uric acid clearance.
It is used uncommonly in the United States, however, as it is only appropriate for gout
patients with relative renal underexcretion of uric acid. Multiple daily dosing (250–1000 mg)
is also required, and the medication is not effective among those with moderate-to-severe
kidney disease [110]. Potential side effects include gastrointestinal intolerance, rash, and
kidney stones. A combination xanthine oxidase inhibitor and probenecid, however, can be
effective when monotherapy with an oral urate-lowering drug fails [110].

5.9. Pegloticase

A recombinant form of the enzyme uricase, pegloticase can cause a rapid reduction of
serum urate level. However, due to its cost and potential adverse effects, the ACR recom-
mends against its use as first-line therapy for gout [104]. It is administered intravenously
every two weeks (8 mg), and is associated with more rapid reduction of gout signs and
symptoms compared to other urate-lowering therapies [111]. However, its efficacy and
safety are influenced by the development of antidrug antibodies, which are associated with
a rise in serum urate levels and the appearance of infusion reactions [112]. Hence, the med-
ication is often reserved for patients with advanced gout and when other urate-lowering
therapies are ineffective or contraindicated.

6. Surgical Management of Chronic Gouty Arthritis

Despite medical treatment, some patients may eventually need surgical intervention.
Common indications for surgical intervention include restoration of function, treatment of
symptoms such as pain and infection, and restoration of cosmesis, particularly of the hand
and wrist [113]. Dissection and curettage can be used for infiltrative lesions of tendons [113].
In advanced disease, resection of the affected tendon with either primary repair or tendon
transfer may be necessary [113]. Other surgical interventions include tenosynovectomy,
tophectomy, hydrosurgery, and arthrodesis [113]. In the MTP joints, several surgical options
are available, including both joint-sparing and joint-destructive procedures [114]. Surgical
interventions in patients with advanced disease have high morbidity. These patients
are at high risk of delayed postoperative wound healing due to poor circulation to the
overlying skin and potential leakage of inadequately removed urate deposits through the
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skin [113]. Some surgeons endorse earlier debulking surgery to decrease involvement of
vital structures, decrease risk of infected or ulcerated tophi, and thus decrease morbidity
and increase the ability to restore function [113].

7. New Horizons in the Treatment of Gouty Arthritis

Recent research on the anti-inflammatory effect of electromagnetic fields (currently
used to promote bone healing) to decrease chronic inflammation and synovitis and thus
prevent the progression of joint destruction appears promising [115–117].

8. Imaging of Treatment Response

The OMERACT working group established guidelines in 2015 for research on the
role of imaging in gout therapy to include MSU deposition, joint inflammation, and bone
erosion [32,118]. OMERACT endorses the following chronic gout domains: serum urate,
tophus, pain, flares, and patient global assessment in assessing remission [119,120].

Radiographs can be used to monitor tophus size as an indicator for response to
therapy [19,61].

US may be used to monitor therapy. With successful therapy, the double-contour
cartilage sign can resolve, and tophi can reduce in size [7,9,20,26,27,31,32,67,118,121,122].

US can show resolution of urate deposits in patients on urate-lowering therapy with
greater decrease of US tophus size and resolution of double-contour cartilage sign occurring
in patients with lower serum urate levels than in those patients with higher serum urate
levels [123]. It has been shown that the MSU crystal burden on US can predict fulfilling
remission criteria for gout: the lower the baseline MSU burden estimated by US, the higher
the chance to fulfil the remission criteria at 12 months, with the double-contour cartilage
sign being the most useful measure [124]. Christiansen et al. showed that US can detect
decreases in urate crystal deposition (double contour sign, tophi, aggregates and erosions)
in patients on successful urate-lowering therapy [125]. Hammer et al. showed that patients
treated with urate-lowering therapy to attain target serum urate levels (treat-to-target) had
reduction of crystal deposition, with decreased double contour sign, decreased tophi, and
decreased MSU aggregates on US [126]. Ebstein et al. found that a high reduction in US
tophus size is associated with lower probability of relapse following the cessation of gout
prophylaxis therapy [127].

DECT provides accurate and reproducible quantification of MSU crystal deposits and
can be used to evaluate change in size and burden of tophi in response to therapy and provide
quantitative measurement of response to therapy (Figures 10c, 12, 13 and 14) [7,14,31,32,54,62,118].
Greater number and volume of MSU crystal depositions on DECT correlate with greater
disease severity, but even patients with controlled gout (target serum uric acid levels and
no palpable tophi) can have crystal deposition on DECT, suggesting the need for increased
urate-lowering therapy [128]. Dalbeth et al. showed that in patients with gout treated with
allopurinol, remission as defined by these criteria (with the exception of flares and pain)
is associated with less DECT urate crystal deposition [119]. The Gout in Norway study
(NOR-Gout) showed that patients with gout treated to target with urate-lowering therapy
had sustained reductions in urate deposition on DECT [129]. Dalbeth et al. also showed
that treating to target led to decreased erosion scores and decreased urate deposition on
DECT [130].

MRI can detect change in size of tophi as well as resolution of bone marrow edema [15,31].
US and MRI can detect resolving joint effusions and synovitis [15].

9. Conclusions

Imaging shows both the soft-tissue and osseous changes that occur in gout secondary
to inflammatory changes from the deposition of MSU crystals. Current EULAR recommen-
dations state that US is helpful in establishing a diagnosis of gout by detection of either
a double contour sign on cartilage surfaces or non-clinically evident tophi [8]. DECT can
help differentiate MSU crystal deposition from other calcifications. US and DECT may
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provide an alternative to joint aspiration or soft-tissue biopsy in the diagnosis of certain
cases of suspected gout, when joint aspiration or soft-tissue biopsy are not available. Goals
of management include: (1) treatment and prophylaxis of acute attacks and (2) lowering of
serum urate levels with the intent of avoiding flares and suppressing progression of joint
damage. Advanced imaging such as US, DECT, and MRI are useful in the assessment of
disease burden and response to treatment.
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Abstract: Posttraumatic osteoarthritis of the ankle and hindfoot is a common and frequently debil-
itating disorder. 70% to 90% of ankle osteoarthritis is related to prior trauma that encompasses a
spectrum of disorders including fractures and ligamentous injuries that either disrupt the articular
surface or result in instability of the joint. In addition to clinical evaluation, imaging plays a sub-
stantial role in the treatment planning of posttraumatic ankle and hindfoot osteoarthritis. Imaging
evaluation must be tailored to specific clinical scenarios and includes weight bearing radiography
that utilizes standard and specialty views, computed tomography which can be performed with a
standard or a weight bearing technique, magnetic resonance imaging, and ultrasound evaluation.
This review article aims to familiarize the reader with treatment rationale, to provide a brief review of
surgical techniques and to illustrate expected imaging appearances of common operative procedures
performed in the setting of posttraumatic ankle and hindfoot osteoarthritis, such as joint-preserving
procedures, ankle fusion, subtalar fusion, tibiotalarcalcaneal fusion and ankle arthroplasty. Pre-
operative findings will be discussed along with the expected postoperative appearance of various
procedures in order to improve detection of their complications on imaging and to provide optimal
patient care.

Keywords: ankle and hindfoot osteoarthritis; ankle arthroplasty; subtalar fusion; tibiotalarcalcaneal
fusion

1. Introduction

Osteoarthritis of the ankle and hindfoot is a common and frequently debilitating
disorder. Although joint deterioration may result from a variety of disease processes, such
as developmental, inflammatory and neoplastic conditions, 70% to 90% of ankle osteoarthri-
tis is related to prior trauma [1,2]. Posttraumatic osteoarthritis (PTOA) of the ankle and
hindfoot may be generated by a spectrum of disorders including fractures and ligamen-
tous injuries that either disrupt the articular surface or result in instability of the joint. In
addition to clinical evaluation, imaging plays a substantial role in the treatment planning
of posttraumatic ankle and hindfoot osteoarthritis. This review article aims to familiarize
the reader with treatment rationale, to provide a brief review of surgical techniques and to
illustrate the expected imaging appearance of common operative procedures performed in
the setting of the posttraumatic ankle and foot osteoarthritis, such as osteotomies, fusion
procedures, and ankle arthroplasty.
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2. Anatomic Considerations

The ankle or talocrural joint is a synovial joint formed by the trochlear surface of
the talus, the inferior articular surface of the tibia, and the articular facets of the medial
and lateral malleoli [3]. The bones are connected by a fibrous capsule lined by synovium
and reinforced medially and laterally by collateral ligamentous complexes. The distal
tibiofibular joint is a fibrous joint, united by the syndesmotic ligamentous complex that
includes the interosseous ligament and the anterior and posterior tibiofibular ligaments.
The subtalar joint, also referred to as the posterior subtalar or posterior talocalcaneal joint,
is a synovium-lined articulation between the posterior calcaneal facet of the talus and the
posterior talar facet of the calcaneus [3]. Ligamentous structures stabilizing the posterior
subtalar joint include the talocalcaneal ligaments as well as components of the medial and
lateral ligamentous complexes of the ankle, such as the superficial deltoid ligament medially
and the calcaneofibular ligament laterally. The subtalar joint may communicate with the
ankle joint in approximately 10 to 20% of persons [3,4]. This anatomic communication
may provide a pathway for the spread of pathological processes, such as infection or
inflammation, as well as therapeutic injections between these two joints. In addition,
physiologic communication may exist between the ankle joint and tendon sheaths of the
flexor hallucis longus or the flexor digitorum longus, or both in approximately 20% of
patients. The anterior subtalar joint, also referred to as the talocalcaneonavicular joint, is
separated from the posterior subtalar joint by the tarsal canal and sinus tarsi. The anterior
subtalar joint is a synovium lined joint that encompasses articulation between the talar
head and posterior surface of the navicular bone and articulations between the anterior
and middle facets of the calcaneus and plantar aspect of the talar head [3]. Some variations
in joint communications may exist, which may lead to a distinction of a separate middle
subtalar joint.

3. Spectrum of Traumatic Disorders and Clinical Presentation

PTOA may result from cartilage damage sustained at the time of injury or chronic
cartilage overloading that is caused by articular incongruity and instability [5]. Intraartic-
ular fractures, such as tibial plafond fractures, may directly disrupt the articular surface,
whereas extraarticular fractures may produce deformities resulting in abnormal joint me-
chanics, and avulsion fractures that involve supporting capsuloligamentous structures may
lead to joint instability. In the absence of a fracture, a ligamentous disruption during ankle
sprain may have a profound effect on the joint biomechanics causing malalignment and
instability that lead to abnormal loading and rapid development of secondary degenerative
arthritis. Classic studies demonstrated that even 1 mm of lateral displacement of the talus
on the tibia reduces the tibiotalar contact area by 42 percent [6]. In addition, it has been
shown that up to 95% of severe ankle sprains have concomitant chondral injuries [7]. Al-
though chronic abnormal loading and residual incongruity contribute to joint degeneration,
it is the extent of injury to the articular cartilage during initial trauma that is believed
to be the major predisposing factor in the development of PTOA of the ankle [1]. PTOA
of the subtalar joint may result from subtalar dislocations, talar and calcaneal fractures,
and fracture-dislocations. Fundamentally, anatomic reconstruction of joint congruity is
essential for functional recovery after intraarticular fractures; however, despite adequate
management, subtalar arthritis may develop as a result of primary cartilage damage at the
time of injury [6].

The onset of clinical symptoms of pain and dysfunction may occur years or decades
after the original injury [1,8]. Patients present with ankle and hindfoot joint pain that is
worse with activity or weight bearing, and instability, stiffness, or swelling that is initially
relieved by rest. The onset of symptoms is usually insidious with slow progression over
time. Ankle PTOA is a potentially debilitating disorder that may significantly impact a
patient’s mobility and quality of life. Compared to osteoarthritis of other joints, patients
with PTOA of the ankle are an average of 14 years younger at the time of diagnosis and
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progress more rapidly to end-stage disease, resulting in increased duration of pain and loss
of function [1,8].

4. Imaging Evaluation

Imaging assessment of PTOA of the ankle and foot begins with radiography. Os-
teoarthritis is depicted by usually asymmetric joint space narrowing, osteophyte formation,
subchondral bone sclerosis and cyst-like changes [9]. Chronic posttraumatic osseous defor-
mities and malalignment may also be evident. Standard radiographic views include weight
bearing anteroposterior (AP), mortise, and lateral views of the ankle [10]. Additional
radiographic views are employed to visualize the posterior subtalar joint [11,12]. Broaden
views are obtained to depict various parts of the subtalar joint on lateral projection using
10 degrees beam increments. The Harris-Beath view, or axial calcaneal projection, can
demonstrate the posterior subtalar joint, the middle facets of the anterior subtalar joint and
the sustentaculum, which allows assessment of calcaneal deformities in the axial plane.
Hindfoot alignment evaluation is performed to detect varus or valgus malalignment and
consists of either the long axial view or the hindfoot alignment view [13,14]. Compared to
radiographs, computed tomography (CT) provides a superior assessment of the articular
surfaces of the ankle joint and, in particular, the subtalar joint, depicting articular surface
deformity, degenerative changes and joint incongruity [11]. Reformations in the coronal
and sagittal planes can be reconstructed with different obliquities. Weight-bearing CT
(WBCT) of the foot and ankle is an emerging technology that is increasingly being used
by orthopedic surgeons for diagnostic and preoperative planning purposes. In contrast
to standard CT scans, WBCT scans demonstrate the alignment of the bones and joints
during loading and are superior in the characterization of posttraumatic deformities and
instability [15] (Figure 1). Similar to CT, magnetic resonance imaging (MRI) provides
multiplanar imaging that allows a better depiction of the complex anatomy of the ankle
and subtalar joints. CT is also the study of choice for pre-operative planning for a total
ankle arthroplasty. Scanning is obtained from the knee to the ankle and three-dimensional
reconstructions are used to create patient specific instrumentation (PSI) for a total ankle
arthroplasty. MRI also provides the unique ability to identify ligamentous injury, sub-
chondral marrow abnormalities and cartilage lesions [16]. In the setting of osteoarthritis,
ultrasound examination helps assess the joints for the presence of effusion and synovitis
and can be used to target therapeutic intraarticular injections. It must be emphasized that
radiographic evaluation remains the first and principal imaging modality in the setting of
advanced osteoarthritis. Moreover, obtaining weight bearing radiographs is essential for
both initial assessment and postoperative evaluation.
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(a) (b) 

  
(c) (d) 

Figure 1. (a–d). A 25-year-old female with posttraumatic osteoarthritis of the right tibiotalar and
subtalar joints. AP (a) and lateral (b) weight bearing radiographs and coronal (c) and sagittal (d)
reformatted weight bearing CT images of the right ankle show an ununited medial malleolus fracture
(arrowheads) and severe osteoarthritis of the tibiotalar (arrows) and subtalar joints (dashed arrows)
with asymmetric joint space narrowing, subchondral sclerosis and small cyst-like changes. In (b)
note the external fixator pin track in the calcaneal tuberosity. In (c,d) note a platform underneath of
the foot (open arrowheads) with the CT images acquired in a cone-beam CT scanner dedicated to
extremity imaging that allows the assessment of the alignment. Case courtesy of Imran Omar MD,
Chicago, IL.

5. Treatment

5.1. Non-Operative Treatment

Currently, no effective treatments are available to prevent the progression of PTOA
and evidence indicates that therapeutic interventions must occur early in order to modify
the course of disease [1]. Nonoperative treatment of PTOA of the ankle includes bracing
and intraarticular injections. Brace treatment of ankle arthritis is aimed at limiting motion
and reducing axial loading [17]. Therapeutic joint injections most commonly are performed
with corticosteroids or anesthetics [18]. Injections of the ankle and subtalar joints can be
successfully performed under ultrasound or fluoroscopic guidance. Corticosteroids are
used to provide short- to medium-term pain relief. The clinical duration of effect is con-
sidered to be inversely proportional to the solubility of the injected steroid. Intraarticular
injections may serve both as therapeutic and diagnostic procedures [19,20]. Injection of
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local anesthetic, while giving very short-term pain relief, may assist in determining the
patient’s source of pain in the presence of multiple confounding factors. In addition to
confirming the placement of the needle during fluoroscopically guided joint injection,
intraarticular administration of contrast may demonstrate the presence of communication
between the ankle joint and the subtalar joint. Such communication results in medications
being delivered to both joints and needs to be considered when interpreting symptom relief
and when planning further surgical procedures, such as ankle fusion or subtalar fusion.

5.2. Operative Treatment

Several surgical options are available for patients with different stages of ankle PTOA
and can be broadly categorized as joint-preserving and joint-nonpreserving procedures.

5.2.1. Joint-Preserving Procedures

Joint-preserving procedures include arthroscopy or arthrotomy with debridement,
distraction arthroplasty, osteochondral ankle joint resurfacing, and corrective osteotomies.

Open or arthroscopic joint debridement with removal of loose bodies, synovectomy, and
resection of osteophytes may provide temporary relief of symptoms and is performed with
variable success rates in patients with early osteoarthritis.

Distraction arthroplasty, or arthrodiastasis, is a technique where distraction force is
applied to the joint for approximately 12–17 weeks using rigid external fixation by an
Ilizarov apparatus or an anatomically located hinge to allow for a range of motion exercises.
Current literature suggests that ankle joint distraction arthroplasty is a viable alternative
treatment option in patients younger than 45 years with posttraumatic ankle osteoarthritis
and preserved hindfoot motion. These procedures have been shown to reduce pain and
improve mobility in patients with advanced osteoarthritis and delay the need for arthro-
plasty or fusion [21–23]. The therapeutic effect is considered to be due to the change in the
metabolism of proteoglycans and the improvement of intra-articular inflammation [24].
Pain relief is generally incomplete. In patients with persistent pain and progressive ankle
osteoarthritis, further therapeutic options can be later pursued [25].

Supramalleolar osteotomy is a realignment procedure reserved for eccentric cartilage
loss secondary to excessive varus or valgus malalignment of the tibiotalar joint. Abnormal
alignment results in focal increased pressure at the talar dome and tibial plafond, leading
to asymmetric cartilage loss. Supramalleolar osteotomies are indicated for patients with at
least 50% preservation of joint space [26]. The terms “closing” or “opening” in regard to
osteotomies refer to either resecting or adding a wedge of bone, respectively, in order to
correct the deformity.

Medial closing wedge osteotomy is used to correct valgus ankle deformity. A wedge-
shaped fragment is resected from the medial distal tibial metadiaphysis, and stabilizing
plate and screws are applied. Pre-existing shortening of the fibula due to malunion may
affect tibiotalar joint alignment, necessitating a corrective lengthening osteotomy of the
fibula [27] (Figure 2).

In patients with remaining valgus position of the calcaneus and abduction deformity
of the mid- and forefoot, the deformity may be corrected by lateral lengthening calcaneal
osteotomy [28].

Varus deformity of the tibiotalar joint can be corrected by medial opening wedge
osteotomy or lateral closing wedge osteotomy. The medial opening wedge osteotomy is
indicated in cases with a varus deformity less than 10◦ [26]. In patients with varus deformity
of more than 10◦, medial opening wedge osteotomy correction may be restricted by the
fibula. This can be overcome by performing a lateral approach osteotomy of the fibula
when a block of bone is removed. Subsequently, tibial lateral closing wedge osteotomy is
performed [29].
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(a) (b) (c) (d) (e) 

Figure 2. (a–e) A 47-year-old female with a history of remote trimalleolar right ankle fractures and posttraumatic tibiotalar
joint osteoarthritis, treated with tibial wedge opening osteotomy and oblique fibular lengthening osteotomy. (a) Mortise and
(b) lateral weight-bearing radiographs and (c) coronal reformatted CT image of the right ankle show a healed posttraumatic
deformity of the medial malleolus with tibial valgus malunion transfixed by an interfragmentary screw (white asterisk
in (c)) and healed posttraumatic deformities of the fibula (white arrow) and of the posterior malleolus (dashed white arrow).
Note the asymmetric narrowing of the tibiotalar joint consistent with advanced posttraumatic osteoarthritis (black arrows).
(d) Mortise and (e) lateral 3 months postoperative weight-bearing radiographs show improved alignment of the distal tibia
(white arrow) and fibula (dashed white arrow) status post osteotomies with decreased tibiotalar joint space narrowing
(black arrows). Osteotomy sites demonstrate partial union at 3 months, a normal finding.

5.2.2. Arthrodesis

Ankle arthrodesis is a well-documented surgical treatment of end-stage ankle arthritis.
It has been a preferred treatment of ankle arthritis because of its predictable outcomes.
Besides PTOA, indications for primary ankle arthrodesis include osteonecrosis of the talus,
symptomatic osteochondral lesions of the talus, neuroarthropathy, and failed total ankle
arthroplasties. The goals of ankle arthrodesis are to decrease pain, improve function, and
provide stability and alignment to allow the patients to return to their functional activity.
When the pain originates within the ankle joint, a successful arthrodesis usually eliminates
it, and pain relief is more reliable with fusion than with most other techniques. Short-term
results and complication rates have been markedly improved by modern techniques of
limited periosteal stripping, rigid internal fixation, and meticulous attention to alignment
and position. Secondary operations, other than occasional hardware removals, are rarely
needed [17]. The patient’s age, weight, compliance, comorbidities, and expectations are
taken into account when considering arthrodesis.

Over 30 various ankle arthrodesis techniques have been developed since the first
description by Albert in 1879. Ankle arthrodesis is commonly performed via an open
approach, however, arthroscopic ankle arthrodesis, while limited to minimal angular
deformities, has become increasingly popular during the past decade due to the advantage
of minimizing significant soft tissue stripping. The classic open procedure described in 1948
involves resection of the distal fibula approximately 2 cm proximal to the ankle joint, which
is used for autologous graft material [30]. Articular cartilage of the distal tibia and talar
dome is removed to the vascular bone. The intervening gap is closed, ensuring the optimal
plantigrade position of the foot. A fibular onlay graft is applied to the lateral aspect of the
talus and tibia and stabilized by screws. The fibular graft can be split longitudinally and
applied to both the anterior and lateral surfaces of the talus and tibia [31]. This technique
has evolved for several decades and included the using lateral malleolus as a graft source,
a change in the number of implants used in tibiotalar stabilization, and a variation in the
direction of screw insertion. Additionally, anterior, posterior and medial transmaleollar
approaches have been described [32]. Currently, an anatomic ankle fusion with fibular-
sparing technique is widely utilized as it offers several advantages. An intact fibula allows
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increased surface area for union, preservation of the peroneal groove, prevention of valgus
malalignment and lateral translation in cases of non-union and facilitates the possibility of
conversion to a total ankle arthroplasty in the future [33]. The most frequent complications
after tibiotalar and tibiotalocalcaneal arthrodesis involve nonunion, malunion, infection,
and delayed wound healing. Additional complications include neurovascular injuries,
adjacent hindfoot joint arthroses or laxity, malalignment, chronic edema, stress fractures,
painful scars, and calluses [34].

Tibiotalocalcaneal arthrodesis is an effective salvage procedure used for the treatment of
conditions that affect both the ankle and subtalar joints. Indications include failed tibiotalar
arthrodesis, extensive osteonecrosis of the talus, failed total ankle arthroplasty, Charcot
arthropathy, and gross instability presenting as flail ankle. This type of fusion is usually
accomplished by retrograde intramedullary nail placement [35] (Figure 3). Compression
at the site of arthrodesis may be lost due to bone resorption or settling. In order to
improve healing by maintaining compression at the fusion sites, new techniques, such
as the placement of internal pseudoelastic elements, have been implemented [36]. Limb
shortening due to structural bone loss in tibiotalocalcaneal arthrodesis can negatively
impact the patient’s gait and weight-bearing. Structural bone deficit of the talus and ankle
and hindfoot malalignment, often seen in end-stage degenerative joint disease, present
complex reconstruction challenges that may necessitate the use of structural allograft [37].
A structural femoral head allograft (FHA) can be successfully used to maintain the height
of the limb and correct the deformity during tibiotalar fusion [38] (Figure 4).

     
(a) (b) (c) (d) (e) 

Figure 3. (a–e) A 58-year-old male with tibiotalar and subtalar osteoarthritis with varus alignment treated with tibiotalocal-
caneal arthrodesis with intramedullary nail and iliac crest bone marrow aspirate. (a,b) Coronal reformatted preoperative CT
images of the right ankle show advanced osteoarthritis of the tibiotalar (black arrows) and posterior subtalar (white arrows)
joints with associated varus deformity. (c) Six weeks postoperative lateral weight-bearing radiograph shows a retrograde
tibiotalocalcaneal intramedullary nail with interlocking screws in the calcaneus and distal tibial diaphysis transfixing the
subtalar (white arrows) and tibiotalar (black arrows) joints with associated bone graft material. (d) Coronal and (e) sagittal
reformatted CT images obtained 2.5 months after surgery show markedly improved alignment with progressive fusion
across the subtalar (white arrows) and tibiotalar (black arrows) joints.
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(a) (b) (c) 

Figure 4. (a–c). A 58-year-old male with a complex medical history including diabetes mellitus, infected right Charcot
midfoot and hindfoot as well as advanced secondary osteoarthritis, treated with staged fusion: first external fixation with
antibiotic spacer and intravenous antibiotics followed by tibiotalocalcaneal fusion with a structural femoral head allograft.
(a) Fluoroscopic lateral intraoperative image of the right ankle shows a retrograde tibiotalocalcaneal intramedullary nail
with two distal screws in the calcaneus and across the posterior calcaneal facet, and a structural femoral head allograft placed
at the talar dome bone void and resection site (white arrows). (b) Sagittal reformatted CT image obtained 3.5 months after
surgery shows the structural femoral head allograft (dashed white arrows) replacing the talar dome, between the calcaneus
(white arrows), talar head and tibial plafond (black arrows). Partially visualized is tibiotalocalcaneal fixation hardware.
(c) Seven months postoperative lateral weight-bearing radiograph status post hardware removal shows complete solid bony
fusion across the subtalar and tibiotalar joints with complete incorporation of the structural femoral head allograft.

Subtalar arthrodesis may be performed as a primary procedure for subtalar arthrosis,
usually secondary to calcaneal fracture, rheumatoid arthritis, primary osteoarthritis, or a
non-resectable talocalcaneal coalition. Advantages of this procedure include preservation
of hindfoot motion and lower risk of arthritis in adjacent joints [39]. During the procedure,
cartilage and subchondral bone are removed from the talar and calcaneal articular surfaces;
hindfoot alignment can be corrected by using wedge resection or graft application. One or
two large caliber cannulated screws are placed to traverse the talocalcaneal articulations
(Figure 5). Subtalar fusion may be paired with talonavicular fusion in a so-called double
hindfoot arthrodesis. This procedure leaves the calcaneofibular joint free which is believed
to act as a “force-dissipating” factor during ambulation [38] (Figure 6).

Triple arthrodesis is a fusion of the talocalcaneal, talonavicular, and calcaneocuboid
joints (Figure 7). This procedure is reserved for cases when available conservative measures
have failed, and a more limited surgical procedure will not provide appropriate pain relief
and reduction of the deformity. The indications for triple arthrodesis include severe
subtalar, talonavicular and calcaneocuboid degenerative disease, sequelae of talar neck
fractures with subtalar joint involvement, posttraumatic hindfoot instability, and non-
resectable calcaneonavicular or talocalcaneal coalition. Triple arthrodesis can be used to
treat painful deformities due to inflammatory arthritides, neurogenic, and neuromuscular
disorders. Triple arthrodesis is used for the treatment of fixed hindfoot deformity in the
setting of adult-acquired flatfoot deformity (AAFFD, stage 3) [40]. The subtalar joint is
fixated through the use of either one or two partially threaded cancellous screws. The
talonavicular and calcaneocuboid joints are fixated using a combination of screws, staples,
or plates [41].
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Figure 5. (a–c) A 67-year-old female with a history of remote comminuted right calcaneus fracture treated with plate
and screws fixation with subsequent hardware fracture and subtalar osteoarthritis with subfibular impingement treated
with calcaneal hardware removal, calcaneal exosteoectomy and subtalar arthrodesis with cellular allograft. (a) Lateral
weight-bearing radiograph of the right foot shows a healed calcaneus fracture status post plate and screws fixation.
Note marked asymmetric narrowing of the subtalar joint consistent with advanced posttraumatic osteoarthritis (white
arrows). (b) On the axial Harris weight-bearing radiograph note fracture of multiple fixation screws (dashed white arrows).
(c) Sagittal reformatted CT image shows advanced posttraumatic osteoarthritis of the subtalar joint with asymmetric joint
space narrowing, scattered subchondral sclerosis and cyst-like changes. (d) Broden and (e) lateral radiographs obtained
2.5 months after subtalar arthrodesis show interval removal of the calcaneal plate and multiple screws with three broken
screw fragments remaining (white dashed arrows). Note two retrograde partially threaded cannulated screws transfixing
the subtalar joint (white arrows) with early fusion about the fixation screws.
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(a) (b) 

Figure 6. (a,b) A 72-year-old male with pes planus and severe talonavicular greater than subtalar
osteoarthritis was treated with double hindfoot arthrodesis. (a) Preoperative weight-bearing lateral
radiograph of the right foot shows severe osteoarthritis of the talonavicular (dashed white arrow)
greater than subtalar joints (white arrows) and mild osteoarthritis of the tibiotalar joint (black arrow).
(b) Weight-bearing lateral radiograph obtained 3 weeks after surgery shows three smaller partially
threaded cannulated screws transfixing the talonavicular joint (dashed white arrow) and two larger,
partially threaded cannulated screws transfixing the posterior subtalar joint (white arrow). Note the
significant improvement of hindfoot alignment.

  
(a) (b) 

Figure 7. (a,b) A 64-year-old female with a history of traumatic right talonavicular dislocation
several months prior presented with continued pain, pes planus with plantar valgus and equinus
contracture and posttraumatic osteoarthritis, subsequently treated with triple arthrodesis. (a) Lat-
eral weight-bearing radiograph of the right foot shows per planus with dorsal subluxation of the
talonavicular joint and superimposed advanced osteoarthritis (dashed white arrow). Note the asso-
ciated mild asymmetric narrowing of the subtalar (white arrows) and calcaneocuboid joints (black
arrow). (b) Postoperative weight-bearing lateral radiograph shows interval triple arthrodesis with
two Herbert screws transfixing the posterior subtalar joint (white arrow), three partially threaded
cannulated screws transfixing the talonavicular joint (dashed white arrow) and a short plate with
two screws transfixing the calcaneocuboid joint (black arrow) with solid bony bridging across the
arthrodesis sites.

Complications can occur with these various surgical procedures, as with any opera-
tive intervention, including edema, hematoma, seroma, dehiscence, ulceration, infection,
and nerve damage. Specific complications of the osteotomy procedures and arthrodesis
include nonunion, delayed union, malunion, and graft failure. With successful arthrode-
sis procedures in the long term, when movement at the joint is eliminated, accelerated
secondary osteoarthritis of the neighboring joints often develops because of increased
motion [39,42]. General principles of postoperative imaging evaluation include assessment
of position and hardware integrity, graft incorporation, the adequate fusion of the joint
with gradual obliteration of the joint space, presence of bone loss and zones of avascular
sclerotic bone. All of these parameters are principally evaluated with serial weight bearing
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radiography and additionally with CT. Nuclear medicine studies including single photon
emission computed tomography (SPECT) scan with technetium and Indium-111 tagged
white blood cells serve to determine the extent and activity of nonunion, infection, and
osteonecrosis. In cases of suspected infection, a bone biopsy for cultures may be needed
before a definitive procedure.

5.2.3. Ankle Arthroplasty

Traditionally, ankle arthrodesis has been a primary surgical option for patients with
PTOA who have failed conservative treatment. However, ankle arthrodesis produces
gait dysfunction and increased stress on the neighboring joints that frequently leads to
accelerated osteoarthritis in these joints. Total ankle arthroplasty (TAA) represents an
alternative to arthrodesis offering an advantage of preservation or improvement of mobility
of the tibiotalar joint while reducing pain. Historically, ankle arthroplasty has not been as
successful as replacement of other joints and early TAA designs had unacceptably high
rates of failure. Newer generation designs combined with improved surgical technique and
level of training among the surgeons have demonstrated substantially improved results
that lead to a gradual increase in the utilization of TAA in the treatment of PTOA [43–45].
However, the rates of complications and failure with TAA remain greater than those
seen in total knee and hip arthroplasty [46]. The most common indication for TAA is the
treatment of advanced ankle arthropathy, failed prior ankle surgery, and ankle arthropathy
with prior hindfoot or midfoot fusion for whom preserved functional range of motion is
desired [47]. Appropriate patient selection is very important for a good clinical outcome of
ankle arthroplasty [45,48]. Ideally, TAA is to be performed in middle-aged to older patients
without significant comorbidities, with normal to low body mass index (BMI), adequate
tibial and talar bone stock, stable and well-aligned hindfoot, and no lower extremity
neurovascular impairment [45]. In the past decade indications for TAA have expanded
and now include the presence of correctable deformities and less restrictive age and BMI
criteria. TAA is contraindicated in the presence of active bone or soft tissue infection,
neurovascular compromise, inadequate soft tissue support and poor bone stock. Designs
of ankle prostheses have evolved towards improving osteointegration, decreasing the
extent of bony resection and decreasing the degree of constraint allowing rotation and
sliding motions in addition to flexion and extension (Figure 8). Two general categories
of TAA implants are currently in use: two-component design, also referred to as “fixed
bearing” (Figure 9), and three-component design, referred to as “mobile bearing” [43,49].
A polyethylene (PE) spacer is locked to the tibial base plate in a two-component prosthesis
and is freely mobile in a three-component design. Prostheses are further distinguished by
the composition and configuration of the metallic component, and the surgical approach
for insertion, which may necessitate fibular osteotomy and syndesmotic fixation.
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(a) (b) (c) 

   
(d) (e) (f) 

Figure 8. (a–f) A 36-year-old male with posttraumatic osteoarthritis of the left tibiotalar joint and equinus contracture
resulting from open distal tibia fracture treated with open reduction internal fixation and free flap, with previous hardware
removal, subsequently treated with ankle arthroplasty and gastrocnemius resection. (a) Mortise and (b) lateral weight-
bearing radiographs of the left ankle show marked asymmetric narrowing of the tibiotalar joint (white arrows) with marginal
osteophytes and intraarticular bodies consistent with severe osteoarthritis. Note tracts in the calcaneus and talus related to
removed surgical hardware and retained laterally placed screw transfixing the distal tibiofibular syndesmosis. Numerous
vascular clips overly the soft tissues of the lower leg. (c) Coronal fluid sensitive MR image shows asymmetric narrowing of
the tibiotalar joint (white arrows). (d) Mortise and (e) lateral postoperative radiographs show interval placement of total
ankle arthroplasty (Wright Medical Infinity with an Inbone talus). Note well seated tibial (white arrow) and talar (dashed
white arrow) prosthesis components. (f) The intraoperative image shows tibial (white arrow) and talar components (dashed
white arrow) in place.
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(a) (b) (c) 

  
(d) (e) 

Figure 9. (a–e) A 57-year-old female with a history of remote open reduction and surgical fixation of the right ankle
fractures, revision posterior malleolus 2 years prior and posttraumatic osteoarthritis with 2 cm devitalized bone at the
central tibial plafond; patient subsequently treated with hardware removal and total ankle arthroplasty (Wright Medical
with Inbone tibia and talus). (a) Mortise radiograph and (b) coronal and (c) sagittal reformatted CT images of the right
ankle show asymmetric narrowing of the tibiotalar joint (black arrows) consistent with advanced osteoarthritis. In (a,b) note
two retained screws in the distal tibia. In (b,c) note marked irregularity of the tibial plafond with scattered foci of sclerosis
corresponding to devitalized bone (white arrow). (d) Mortise and (e) lateral postoperative weight-bearing radiographs
show total ankle arthroplasty with well seated tibial (white arrow) and talar components (white arrowhead).

The overall complication rate in TAA has been reported as high as 20%. The most
common reason for implant failure is aseptic loosening, followed by persistent pain and
periprosthetic infection [48]. Overall TAA complications may be categorized based on
several parameters, such as level of risk of development of implant failure or based on
the time of occurrence [50,51]. Depending on the time since surgery, complications may
be categorized as intraoperative, early postoperative, or delayed [47,51]. Early postop-
erative complications include infection, delayed wound healing, medial malleolar stress
fracture and distal tibial or fibular fractures. Late complications consist of periprosthetic
fracture, aseptic loosening, expansile osteolysis, impingement, polyethylene spacer wear
and migration, subsidence, syndesmotic nonunion, heterotopic ossification, osteoarthri-
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tis in neighboring joints, and chronic regional pain syndrome. Imaging evaluation of
TAA includes several modalities, such as radiography, CT, MRI, and nuclear medicine
studies, with serial weight bearing radiographs being the mainstay of the imaging follow-
up. Imaging surveillance may detect early findings of aseptic loosening or infection by
demonstrating subtle abnormalities, such as subsidence, early osteolysis, and angular
deformities [47].

6. Conclusions

Posttraumatic osteoarthritis of the ankle and hindfoot is a common and frequently
debilitating disorder that compromises quality of life. Several non-operative treatments and
surgical options may be considered with respect to the individual patient’s therapy goals.
In addition to clinical evaluation, imaging plays important role in treatment planning,
monitoring treatment results and early diagnosis of surgical complications. Weight bearing
radiographs are essential for both initial assessment and postoperative evaluation.
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Abstract: Loss of elbow motion can lead to disability in everyday gestures, recreational activities, and
work. Unfortunately, the elbow joint is particularly prone to stiffness because of its complex anatomy
and biomechanics. The etiology of elbow stiffness is varied and must be diagnosed accurately in
order to allow optimal treatment, which may be challenging for surgeons and physiotherapists. Its
treatment can be either conservative, arthroscopic or surgical, with a trend for arthroscopic procedures
when conservative treatment fails. There is no consensus on the optimal imaging workup for elbow
joint stiffness, which may have an impact on patient management. This article reviews the current
classification systems of elbow stiffness and the various imaging techniques used for diagnosis.
Report checklists and clarifications on the role of each imaging method, as well as the imaging
findings of normal and stiff elbows, are presented, leading to a proposed diagnostic algorithm.
The main concern in imaging is to determine the cause of elbow stiffness, as many concomitant
abnormalities might be present depending on the clinical scenario.

Keywords: elbow stiffness; MRI; CT; 4D-CT; elbow osteoarthritis

1. Introduction

The elbow joint is a complex hinge-type synovial joint with an important role in the
mobilization of the upper limb, linking the hand, wrist, and shoulder. The elbow allows
precise hand positioning and serves as a forearm fulcrum maximizing grip strength [1].
Loss of elbow motion can lead to disability in everyday gestures, recreational activities,
or work [1]. Unfortunately, the elbow joint is particularly prone to stiffness because
of its complex anatomy and biomechanics [2,3]. Post-traumatic changes in the elbow’s
peri-articular tissues predispose to capsular calcification and ossification [4–6]. Fractures
around the elbow, even if non-displaced and adequately treated, may require sustained
immobilization due to difficulties in obtaining a stable osteosynthesis, which may also
contribute to joint stiffness [6]. Histologically, elbow joint stiffness is thought to result from
post-traumatic capsular thickening with disorganized collagen fibers, altered cytokine
levels, and elevated myofibroblasts [7].

The etiology of elbow stiffness is varied and must be diagnosed accurately in order
to allow the best therapeutic management, which may represent a challenge for surgeons
and physiotherapists. Its treatment can be either conservative (e.g., physiotherapy and
splinting), arthroscopic (e.g., most frequently: anterior capsular resection, cleansing the
humeral fossae, osteophyte and loose bodies ablation) or surgical (e.g., open elbow arthrol-
ysis and prosthetic joint replacement) [8,9]. Although a well-defined therapeutic algorithm
has not yet been proposed, the frequency of postsurgical complications has led to favor
arthroscopic procedures when conservative treatment fails [8,9].

There is also no consensus on the optimal imaging workup for elbow joint stiffness,
which may have an impact on patient management. Radiographs and CT scan allow a
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good analysis of osseous structures and joint spaces, while CT arthrography improves
loose body detection and cartilage assessment. Although MRI excels in demonstrating
capsular and periarticular soft tissue anomalies, its role in elbow stiffness workup is not
well defined. In this article, after a key anatomical and biomechanical review, the different
etiologies of elbow stiffness are reviewed, and a practical diagnostic and pretherapeutic
imaging approach is proposed.

2. Anatomy and Biomechanics

The elbow encompasses three joints within a single articular capsule: humeroradial,
humeroulnar, and proximal radioulnar. The distal humerus presents two condyles: the
trochlea, medially, which articulates with the greater sigmoid notch of the proximal ulna,
and the capitellum, laterally, which articulates with the radial head. The trochlea and the
capitellum are anteverted by 30◦, and they have a 5◦ medial rotation and a 6◦ valgus with
respect to the humeral long axis. Anteriorly, radial and coronoid fossae lodge the radial
head and coronoid process, respectively, during elbow flexion. Posteriorly, the olecranon
fossa lodges the olecranon during extension. The radial head articulates medially with the
radial notch of the ulna allowing forearm pronosupination.

The two humeral epicondyles harbor the insertions of various ligaments and tendons.
The ulnar collateral ligaments and flexor–pronator tendon group insert onto the more
prominent medial epicondyle while the lateral collateral ligament and extensor–supinator
tendon group insert onto the less prominent lateral epicondyle [1].

Stability, mobility, and alignment are essential prerequisites for elbow function [3].
The maximal elbow flexion–extension range is from 0◦ to 150◦ with 75◦ forearm pronation
and an 85◦ supination [1]. However, the minimal functional range of motion needed for
daily living tasks is 30–130◦ of flexion–extension with 50◦ of pronosupination [10]. Tasks
such as using a cell phone or a keyboard require at least 142◦ of flexion–extension and 65◦
of pronation [11]. Elbow stiffness is defined by a flexion–extension range from 30 to 120◦
or a forearm pronosupination inferior to 45◦. Stiffness in flexion is less tolerated than in
extension. Loss of supination is more devastating than the loss of pronation, which may be
partially compensated by shoulder abduction [4,12]. Patient activity should also be taken
into account, as athletes, musicians, and manual workers may require a greater superior
limb range of motion than the general population.

The two main mechanisms that contribute to elbow stiffness are blocks, corresponding
to compressive resistance in the direction of the motion, and tethers, corresponding to
tensile resistance in the opposite direction of the motion [13]. Anterior tethers and posterior
blocks can cause extension deficit, while posterior tethers and anterior blocks may lead to a
flexion deficit (Table 1). According to Sun et al., tethers can be found alone, but blocks are
often associated with tethers [13].
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Table 1. Flexion–extension stiffness etiologies.

Extension Dysfunction

Anterior Tether Posterior Block

Thickened anterior capsule Entrapped synovium

Contracture or HO of the anterior band of the
medial collateral ligament Osteophytes of the olecranon process or fossa

Contracture or HO of the flexor muscle/tendon Loose bodies in the olecranon fossa

Anterior scarred skin Posterior elbow ho

Posterior articular osteochondral lesion

Flexion Dysfunction

Posterior Tether Anterior Block

Thickened posterior capsule Entrapped synovium

Contracture or HO of the posterior band of the
medial collateral ligament Osteophytes of the coronoid process or fossa

Triceps contracture or HO Loose bodies in the coronoid fossa

Posterior scarred skin Anterior elbow ho

Anterior articular osteochondral lesion
HO: heterotopic ossification.

3. Clinical Presentation

Acute or repeated trauma remains the most frequent cause of elbow stiffness, followed
by osteoarthritis (OA). Elbow pain is usually mechanical in origin and appears in extreme
degrees of motion limitation. Spontaneous elbow pain is unusual. In such cases, an
infection should be considered and lead to prompt patient management (e.g., blood work,
articular puncture/lavage, and antibiotics if septic arthritis is confirmed).

Several classifications of elbow stiffness have been proposed according to the struc-
tures involved, anatomic location, mechanism of injury, or severity of motion loss [2,3].
One of the most relevant classification systems from an imaging and clinical perspective
is the one described by Morey et al., which divides elbow pathology into extra-articular;
intra-articular, or mixed (the most frequent pattern) [4]. More recently, Sun et al. proposed
a motion-based classification system. Elbow flexion–extension dysfunction is divided
into four categories—tethers alone, tethers with blocks, articular malformation, or bony
ankyloses, while forearm pronosupination dysfunction is divided into three—contracture
alone, radial head malunion/nonunion, or proximal radioulnar bony ankyloses [13].

3.1. Extra-Articular Elbow Stiffness

Extra-articular elbow stiffness may be related to periarticular tissue pathology (e.g., ar-
ticular capsule, muscles, ligaments, and skin), heterotopic ossifications, extra-articular bone
malalignment or a combination of these. Extra-articular stiffness is frequently posttrau-
matic, in particular dislocations and complex elbow fractures, although simple nondis-
placed radial head fracture or elbow subluxation could lead to stiffness especially after
prolonged immobilization. Increased cast immobilization time, alcohol abuse, and prior
joint surgery are also considered risk factors [12].

The diagnosis of skin involvement (usually treated by skin plasty), whether it is a
large scar or burn, is clinical and does not necessarily require imaging, unless other asso-
ciated lesions are suspected, in particular heterotopic ossifications (HO), in the setting of
neurogenic paraosteopathy [13,14]. The latter consists of the formation of mature bone
lamellae in soft tissues, which should be differentiated from capsular or ligamentous calci-
fications or ossifications (Figure 1). Periarticular HO occurs after direct elbow traumatism
(up to 3% in simple dislocation and 20% in fracture–dislocation) and may affect elbow
flexion–extension but also lead to a forearm pronosupination deficit due to radioulnar
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synostosis formation [15] (Figure 2). HO risk factors include local burn, concomitant head
or spinal injury, prolonged immobilization, and delays before surgery [16]. There is no
consensus on HO treatment, which can be conservative or surgical. Botulinum toxin in-
jections have been shown to be efficient [17]. Radiation therapy has also been proposed
for HO prevention [16,17]. Joint capsule contractures can be secondary to trauma, arthritis
(whether inflammatory, septic, or secondary to repetitive hemarthrosis in hemophilia), and
surgery. The anterior capsule seems to be more frequently thickened than the posterior,
explaining the preferential loss of extension rather than flexion (Figure 3). Other soft tissues
such as muscle and ligaments can also be involved. Finally, bone malalignment can lead
to stiffness especially in cases of extra-articular elbow fracture malunion or congenital
anomalies (e.g., congenital dislocation of the radial head or arthrogryposis). Treatment is
usually surgical [13].

 

Figure 1. Heterotopic ossification forming a bony bridge between the humerus and the radial

neck. Heterotopic ossification (white arrow), leading to severe loss of flexion in a 54-year-old man
who suffered from a complex fracture–dislocation, shown (a) on a profile view radiograph, (b) a
sagittal CT-scan reformat, and (c) a global illumination 3D reformat.

3.2. Intra-Articular Stiffness

The mechanisms of Intra-articular stiffness are multiple and can be combined. The
most frequent are chondropathy (whether of posttraumatic origin, related to osteochondri-
tis or as part of an OA), primary or secondary synovial chondromatosis, posttraumatic joint
surface incongruence, and intra-articular adhesions. Proximal radioulnar joint arthritis, an
incongruent radial head (Figure 4), or adhesions between the radial head and the annular
ligament may lead to pronosupination deficits.
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Figure 2. Proximal radioulnar synostosis. Proximal radioulnar synostosis (white arrow), leading
to complete loss of forearm rotation in the same patient than in Figure 1, is shown on (a) an axial
CT-scan view and (b) a global illumination 3D reformat. Note that the proximal radioulnar joint
space (dotted line) can be considered normal and is shown (c) on an axial CT-scan view and (d) a
global illumination 3D reformat.

 

Figure 3. Anterior capsular thickening. (a) Profile view radiograph shows posttraumatic humeroulnar arthrosis (big white
arrow), in a 45-year-old woman who suffered from a humeral fracture and presented an extension deficit. (b) Sagittal fat sat-
urated T2-weighted images and (c) fat saturated T1-weighted gadolinium-enhanced images show anterior capsular fibrous
thickening (white arrow). Additionally, note the posterior recess synovitis (dotted arrow), with a notable enhancement in
(c), whereas no capsular thickening is seen, which also participates in the extension deficit.
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Figure 4. Posttraumatic radial head vicious bone callus. A vicious posttraumatic radial head bone callus (white arrow),
causing forearm rotation dysfunction in a 47-year-old woman, is poorly defined on (a) an anteroposterior radiograph. The
callus and its particular location are better seen on (b) an axial and (c) sagittal CT-scan reformat, and clearly defined on (d) a
global illumination 3D reformat (ulna is voluntarily shown transparent).

OA remains one of the main causes of intra-articular stiffness. It is more often sec-
ondary to a traumatic injury, regardless of its severity; however, it can rarely be primitive,
especially in manual laborers, weight lifters, and throwing athletes [18]. Distal humeral
fracture and elbow fracture–dislocations are more prone to lead to OA than olecranon
or radial head fractures [19]. In OA, the first mechanism of stiffness is mechanical im-
pingement related to osteophytes at the extremes of flexion and extension (Figure 5) rather
than cartilage surface damage. These osteophytes typically appear in the early stages of
osteoarthritis and will classically develop on the tips of the olecranon and the coronoid or
fill the coronoid and olecranon fossa (Figure 6) [5]. As for extra-articular causes, treatment
is usually surgical or arthroscopic [13]. A total elbow arthroplasty is an option for joint
ankyloses or advanced arthropathy [20].

 

Figure 5. Loss of extension secondary to a bony osteophytic impingement. A bone block secondary to a trochlear
osteophyte (white arrow) in a 51-year-old man, manual worker, is shown on (a) a profile view radiograph (not depicted),
(b) a sagittal CT-scan reformat, and (c) a global illumination 3D reformat.
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Figure 6. Olecranon fossa osteophytic filling. Osteophytic filling (white arrow) of the olecranon fossa (white dotted line) is
shown on (a) a profile radiograph and (b) a sagittal CT-scan in a 26-year-old man who suffered from a humeral fracture
and presents extension dysfunction when its corresponding normal aspect is shown in (e,f). The filling is also seen on
(c) an extension global illumination 3D reformat and (d) in flexion (white arrows), when the normal aspect is shown in
(g,h) (dotted white star).

4. Imaging Assessment of Elbow Stiffness

The aim of imaging is threefold: confirm the etiology of stiffness, determine which
anatomic elements are involved, and allow optimal treatment planning (procedures and
arthroscopic or surgical approaches). Therefore, the following elements should be evaluated
in the standard imaging workup:

Remaining bone stock;
Bone alignment;
Articular congruency;
OA location and severity;
Presence of osteophytes: presence and repercussions (impact on articular mobility

and relation to neurovascular structures);
Loose bodies (embedded in the synovial membrane or free);
Presence of surgical implants (articular protrusion?);
Soft tissue pathology.

5. Imaging Workup

5.1. Conventional Radiographs

The initial assessment of a stiff elbow should always begin with standard radiographs,
with at least anteroposterior (AP) and lateral views. For the AP view, the patient is
positioned with the elbow in full extension and the forearm in supination. It allows optimal
visualization of the medial and lateral epicondyles, the radiocapitellar joint, and the coronal
bones alignment. In case of inability to fully extend the elbow due to contracture, two
anteroposterior views should be performed—one perpendicular to the distal humerus and
one perpendicular to the proximal radius and ulna. CT is an option if those views cannot
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be obtained. For the lateral view, the patient is positioned with the elbow in 90◦ flexion and
the forearm in a neutral position, allowing a good assessment of the humeroulnar joint,
coronoid, and olecranon. Humeral anteversion (30◦) and articular congruency can also be
checked with this view.

Additional oblique views can be performed according to the clinical suspicion. The
medial oblique view consists of an AP view with a 45◦ medial rotation of the arm and
forearm, improving the visualization of the trochlea, olecranon, and coronoid processes.
The lateral oblique view is obtained with a 45◦ lateral rotation of the arm and forearm,
improving the visualization of the radiocapitellar joint, medial epicondyle, radioulnar joint,
and coronoid process. The radial head view consists of a lateral view with a 45◦ cranial
angulation of the incident beam with respect to the humerus, allowing better visualization
of the radial head and radiocapitellar joint. CT is gradually replacing these complementary
radiographic views, which may be an advantage in the author’s opinion.

One must keep in mind that non-ossified articular loose bodies (i.e., cartilaginous)
and soft tissues cannot be seen on standard radiographs and that filling of the olecranon
and coronoid fossa can indicate the presence of osteophytes, which are better depicted on
CT (Table 2).

Table 2. Radiographic checklist.

Items to be Checked on Radiographs

Anteroposterior view Profile

Malunion Malunion

Malalignment in the frontal plane Malalignment

Loose bodies Loose bodies (olecranon and coronoid fossae)

Joint space narrowing Radial head subluxation or dislocation

Periarticular calcification Drop sign * (instability?)

Heterotopic ossification Heterotopic ossification

Osteophytes (radial head) Capsular ossification (anterior +++)

Osteophytes (olecranon and coronoid +++)

Olecranon, coronoid, or radial fossae
osteophytic filling

*: The drop sign corresponds to an irregular humeroulnar joint space, superior to 3 mm in width [21].

5.2. Ultrasonography

Ultrasonography can be recommended for the evaluation of ligamentous, tendinous,
nerve pathologies, and synovitis (Table 3). It is not the method of choice for the evaluation
of loose bodies and osteochondral traumatic lesions and should only be used for this
purpose when other imaging methods are not available [22]. The ulnar nerve deserves
special attention, as it is often involved in traumatic or degenerative processes. Additionally,
a “stretching” neuropathy can occur after treatment when the patient recovers normal
motion. Radial and median nerves are less susceptible to injury but can be affected by scar
formation, heterotopic ossification, or iatrogenic injury [3]. As their pathology can lead
to instability, collateral ligaments should be checked if signs of instability are clinically
present [23].
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Table 3. Ultrasonographic checklist.

Ulnar neuropathy +++

Heterotopic ossification vasculonervous relations, if present

Cartilaginous lesions

Joint effusion and synovitis

Loose bodies (and their mobility)

Ligamentous pathology in case of instability

Osteophytes’ location

5.3. CT and CT Arthrography

CT is superior to radiographs in identifying and characterizing the osseous causes of
elbow stiffness [24]. It allows a better assessment of osteophytes, which are almost always
present in OA patients at the trochleo-ulnar compartment (e.g., anterior coronoid area and
medial part of the trochleo-ulnar joint) and in about 25% of the cases at the radiocapitellar
compartment (e.g., both at the anterior and posterior portions). It also allows a precise joint
space delineation, which permits the diagnostic of severe OA, defined by any degree of
joint space narrowing by Kwak et al. [25]. Late elbow OA has been shown to present worse
clinical and radiologic outcomes when treated by arthroscopic osteocapsular arthroplasty
with respect to early OA. Severe OA is also a contraindication to isolated contracture
release procedures, and in these cases, elbow arthroplasty should be considered [7]. The
number and location of ossified intra-articular osteochondromas, the location and anatomic
relations of HO (including their relations to neurovascular structures), and also study of
complex fractures are facilitated by CT. A 3D volume rendering or preferably global illumi-
nation reconstructions should be performed to provide the surgeon with the cartography
and relations of the ossified pathologic processes necessary for optimal surgical planning.

CT-arthrography is minimally invasive and allows an optimal evaluation of the car-
tilage articular surface (Figure 7), and is recommended prior to treatment of elbow os-
teoarthritis [26]. If such cartilaginous lesions are present, osteophytes treatment alone may
not totally improve elbow function, and pain may remain after surgical management [5].
Outcomes after arthroscopic treatment are better when no cartilaginous lesion is observed,
but current classification systems cannot be used as prognostic factors before treatment [5].
Finally, signs of impingement (osteophytes and filling of fossa) are more common than
cartilaginous lesions and could be considered as a pre-arthritic stage.

CT arthrography should be preceded by a non-contrast acquisition to detect calcified
loose bodies that by be obscured by the intra-articular iodinated contrast. As regards the
evaluation of intra-articular osteochondromas, CT has two main purposes—location and
mobility assessment (e.g., mobile after arthrography or not) (Figure 8). CT arthrography
is particularly useful for the identification of non-ossified intra-articular loose bodies
(e.g., cartilage fragments). Patients with loose bodies and no cartilaginous lesions on
CT-arthrography have been shown to be good candidates for arthroscopic treatment of
OA [26]. Moreover, CT-arthrography can also lead to capsular retraction diagnosis if the
articular capacity is reduced to around 6 ± 3 mL. An intra-articular corticosteroid injection
can be coupled with CT arthrography, serving as a diagnostic and therapeutic test (e.g.,
reduction of capsular inflammation).
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Figure 7. Elbow osteoarthritis. Elbow osteoarthritis in a 57-year-old man suffering from posttraumatic stiffness since she
was 12 years old is seen on (a) a profile radiograph, with humeroradial (white arrow) and humeroulnar (dotted white
arrow) joint space narrowing; humeroradial chondrolysis is depicted on (b) a frontal CT-arthrography view (white arrow),
and humeroulnar cartilaginous erosions are shown on (c) a frontal CT-arthrography view (dotted white arrow). Normal
corresponding aspects are shown in (d) a profile radiograph, (e) a frontal CT-arthrography view of the humeroradial joint
(white circle) and (f) a frontal CT-arthrography view of the humeroulnar joint (dotted white circle).

 

Figure 8. Articular loose bodies. Olecranon loose bodies are shown, not depicted on (a) a profile radiograph but well seen
on (b) an axial CT-scan view (arrows). (c) CT arthrography allows identifying a free lose body (dotted white arrow) and a
synovial-embedded one (white arrow), in a 57-year-old woman presenting osteoarthritis secondary to a radial head fracture.

A CT and CT-arthrography checklist is presented in Table 4.
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Table 4. CT and CT-arthrography checklist.

Loss of flexion

CT/CT-Arthrography

Posterior tethers/anterior blocks

HO

Anterior synovitis

Loose bodies

Osteophytes/fibrosis in the radial or coronoid fossa

Osteophytes around the coronoid

Joint space narrowing

Loss of extension

CT/CT-Arthrography

Posterior blocks/anterior tethers

HO

Posterior synovitis

Free bodies

Osteophytes/fibrosis in the olecranon fossa

Osteophytes around the olecranon

Joint space narrowing

Forearm rotation dysfunction

CT

Proximal radioulnar bony ankylosis

Malunion or nonunion of the radial head

Posttraumatic sequelae of the radial head

Any stiffness

CT-Arthrography

Humeroulnar joint cartilaginous lesion
(absent/mild/moderate/severe)

Humeroradial joint cartilaginous lesion
(absent/mild/moderate/severe)

HO: heterotopic ossification.

5.4. MR Imaging

MRI has a limited role in the assessment of elbow stiffness and may not be required [27].
Its main interest is soft-tissue evaluation, especially searching for capsular and/or liga-
ment thickening, as the loss of soft tissue elasticity is thought to be the result of bleeding,
edema, granulation tissue formation, and fibrosis, which may translate to a low signal
intensity (e.g., in both T1 and T2 weighted images) capsular thickening on MRI (Figure 3).
Depending on the amount of joint fluid, intra-articular adherences can also be seen as tissue
bands connecting the joint capsule to osseous structures. Non-fat-saturated T1 weighted
sequences are also useful to identify fibrotic changes in the intra-articular fat-pads (e.g.,
low signal intensity bands and peripheral thickening). MRI should be performed when
CT arthrography does not provide a clear explanation for joint stiffness or when soft tis-
sue involvement is suspected (e.g., synovitis, ligament dysfunction, neuropathies) [13].
Moreover, intra-articular space-occupying lesions such as cystic ganglia may not be iden-
tified on CT and may cause neuropathies or induce elbow stiffness when located at the
anterior joint compartment [28]. Neuropathies around the elbow constitute another MRI
indication. For instance, the ulnar nerve is superficially located and susceptible to trauma
and impingement due to degenerative joint changes [29]. Unexplained atraumatic elbow
contracture with negative radiographs may be at times related to elbow benign and ma-
lignant soft tissues tumors that should be evaluated on MRI [30] (Figure 9). A particular
situation should be noted: when the patient’s primary complaint after trauma is pain
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rather than stiffness without osseous lesions on radiographs or CT, type 1 complex regional
pain syndrome should be considered and ruled out, as those patients may not respond
to conventional therapeutic strategies [7]. MR arthrography is also an option, allowing a
combined evaluation of capsular and periarticular soft tissues, cartilage articular surface,
and intra-articular loose bodies.

 

Figure 9. Vascular malformation of the forearm. Vascular malformation of the forearm causing
elbow stiffness in a 12-year-old boy. (a,b) No phleboliths or bony anomalies are visible on radiographs.
(c) Angio-MR sequence, (d) axial T1-weighted, (e) T2-weighted fat-saturated, and (f) T1-weighted
gadolinium-enhanced fat-saturated show a fatty and heterogeneous lesion (white arrow), with high
vascular enhancement, in the anterior forearm compartment.

An MRI diagnostic checklist is presented in Table 5.

Table 5. MRI checklist.

Loss of Flexion

Anterior tethers/posterior blocks

Capsular scarring (lateral and medial ligament complex)

Brachialis scar

HO

Anterior synovitis (consider IV contrast media if needed)

Loose bodies

Osteophytes in the radial or coronoid fossa

Osteophytes around the coronoid

Joint space narrowing

Loss of extension

Posterior blocks/anterior tethers

Capsular scarring (lateral and medial ligament complex)
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Table 5. Cont.

Triceps scar

HO

Posterior synovitis

Loose bodies

Osteophytes in the olecranon fossa

Osteophytes around the olecranon

Joint space narrowing

Forearm rotation dysfunction

Not initially indicated

Chondropathy of the radial head

Annular ligament scar

Radioulnar synostosis

Any stiffness

Humeroulnar joint impingement (absent/partial/severe)

Humeroradial joint impingement (absent/partial/severe)

Soft tissue lesion

Ulnar nerve injury
HO: heterotopic ossification.

5.5. Dynamic and Kinematic CT

Dynamic CT should be performed in the preoperative evaluation of patients with
elbow stiffness caused by bone lesions, intra-articular loose bodies, and periarticular
ossifications/calcifications, particularly when multiple anomalies are present. Indeed,
multifactorial joint blocks are frequent in clinical practice, and identifying the origin of
the impingement with static imaging methods can be difficult (Figure 10). In this context,
step-and-shoot acquisitions in maximal flexion and maximal extension may be helpful
when dynamic CT is not available. Similarly, acquisitions in full pronation, neutral position,
and full supination can be used for the evaluation of pronosupination deficits.

Wide-area detector scanner models allow the acquisition of kinematic 4-D datasets of
the elbow during motion, by repeating low-dose acquisitions for about 7–8 s with a high
temporal resolution (e.g., inter volume delays as low as 0.27 s). This method has been used
for the evaluation of dynamic pathologic processes in various joints and can be used for the
evaluation of the elbow during flexion–extension and pronosupination maneuvers [29–35].
Elbow kinematic CT can be seen as a problem-solving tool recommended for the evaluation
of bony impingement when acquisitions in the extremes of joint position are not sufficient
to clearly determine the nature of the impingement.

5.6. Rationale for Determining the Optimal Imaging Workup and Diagnostic Algorithm

Medical history, physical examination, and initial imaging workup with conven-
tional radiography and ultrasonography usually allows differentiating between intra- or
extra-articular origin of elbow stiffness but are rarely sufficient if surgical treatment is
being considered (arthrolysis, interposition arthroplasties, and prosthetic replacements) [6].
Non-surgical treatment would be more effective in case of the absence of advanced joint
derangements usually identified on conventional radiographs and ultrasound [6]. Ad-
ditionally, both Kay’s and Morreys’ classification systems include soft tissue and bony
anatomy, underscoring the need for a proper analysis of both articular and periarticu-
lar anatomy, which may require CT-arthrography or MRI. Thus, based on the presented
information a diagnostic algorithm is proposed (Figure 11).
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Figure 10. Osteophytic bone block on 4D cinematic CT. (a–d) Images obtained from a 4D-CT-scan,
from maximal extension to maximal flexion, in a case of posttraumatic flexion–extension loss in a
56-year-old woman who suffered from a complex fracture–dislocation years ago. Posterior radial-
head and capitellar osteophytes (white arrow) cause an extension bone block, whereas the anterior
osteophytes (dotted white arrow) do not contact, suggesting a capsulous cause to the loss of flexion.
Those osteophytes are better depicted on (e) a global illumination 3D reformat in extension and
(f) flexion, also clarifying their anatomic relationships.

Figure 11. Diagnostic imaging studies prescription proposal. AD: alternative diagnosis; AP: anteroposterior; US: ultrasonog-
raphy; LOM: loss of motion. The term doubt refers to an unsure diagnosis or a possible alternative diagnosis, requiring
other imaging tests.
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6. Conclusions

Although the etiology of elbow stiffness is multifactorial, it is most frequently caused
by an association of tethers and/or blocks, essentially secondary to trauma and OA. Elbow
stiffness can involve multiple intra-articular or extra-articular structures, such as capsular,
and periarticular soft tissues and the imaging workup is paramount for optimal patient
management. In addition to medical history and physical examination, radiographs and CT
(ideally with acquisitions in the extremes of joint motion) represent the cornerstone of the
imaging workup, illustrating and characterizing bony impingement. CT-arthrography is
an effective tool in the preoperative setting allowing an optimal evaluation of the cartilage
articular surface. Finally, MRI can be recommended when conventional radiographs and
CT are inconclusive, especially if patients with atraumatic joint stiffness searching for a
soft-tissue origin for joint stiffness.
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