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Abstract

Objectives To perform a systematic review and meta-analysis to identify magnetic resonance imaging (MRI) features that will aid in
the diagnosis of adhesive capsulitis of the shoulder (ACS) and provide a summary of the diagnostic accuracy of the identified features
Methods The MEDLINE and EMBASE databases were searched for studies assessing the diagnostic accuracy of MRI features
of ACS. Overlapping descriptors used to denote the same imaging finding in different studies were subsumed under a single
feature. The pooled accuracy including the diagnostic odd ratios (DORs) with 95% confidence intervals (Cls) of the identified
features was calculated using a bivariate random-effects model.

Results In total, 15 studies were included, and 74 overlapping descriptors were subsumed under six features. All six features were
found to be informative for ACS diagnosis [coracohumeral ligament thickening: DOR, 13; 95% CI, 6-29; fat obliteration of the rotator
interval (RI): DOR, 8; 95% CI, 3-24; RI enhancement: DOR, 44; 95% CI, 14-141; axillary joint capsule enhancement: DOR, 52; 95%
CI, 27-98; inferior glenohumeral ligament (IGHL) hyperintensity: DOR, 31; 95% CI, 8-115; IGHL thickening: DOR, 28; 95% CI, 11-
70]. The sensitivity and specificity of enhancement of the RI and axillary joint capsule and IGHL hyperintensity were > 80%.
Conclusions Six informative MRI features for ACS diagnosis were identified in this study with RI and axillary joint capsule
enhancement and IGHL hyperintensity showing the highest diagnostic accuracy. Informative features observed on non-
arthrogram MRI can be as helpful as features observed on direct magnetic resonance arthrography for ACS diagnosis.

Key points

* Six informative MRI features for ACS diagnosis were identified (diagnostic odds ratio > 1).

* RI and axillary joint capsule enhancement and IGHL hyperintensity showed high sensitivities/specificities (> 80%).

* The use of non-arthrogram MRI is recommended for ACS diagnosis.
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Abbreviations CI Confidence interval

ACS  Adhesive capsulitis of the shoulder DOR  Diagnostic odds ratios

CE Contrast enhanced IGHL [Inferior glenohumeral ligament
CHL  Coracohumeral ligament RI Rotator interval
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Introduction

Adhesive capsulitis of the shoulder (ACS), also known as fro-
zen shoulder, is a condition with an uncertain etiology and is
characterized by painful, gradual loss of both active and passive
glenohumeral motion. Although the etiology is controversial,
the underlying pathology is thought to be a combination of
synovial inflammation and capsular fibrosis [1]. The prevalence
of ACS in the general population is 2%-5%, with most patients
over 40 years of age and slight female predominance.
Contralateral shoulder involvement is uncommon [2].

ACS is usually diagnosed on the basis of clinical symptoms
and imaging. The clinical diagnostic criteria for ACS include
shoulder pain and a limited passive and active range of motion
for > 3 months, without other causes that can explain the
symptoms [3]. However, the clinical diagnosis of ACS is often
challenging because several shoulder joint conditions mani-
fest with overlapping clinical features. Thus, the role of imag-
ing in the workup of patients with shoulder pain is critical
from the perspective of treatment planning [4].

Magnetic resonance imaging (MRI) and magnetic reso-
nance arthrography (MRA) are widely used for ACS assess-
ment [5]. However, studies for ACS diagnosis have assessed
the sensitivities and specificities of disparate MRI features. In
addition, some features used for ACS diagnosis were often
missing, nonspecific, or confusing because of inconsistent de-
scriptions. As a result, despite the volume of reported data,
there is no real consensus regarding the most reliable MRI
features for ACS diagnosis. In this systematic review and
meta-analysis, we aimed to identify the MRI features of pa-
tients with clinically or surgically confirmed ACS and sum-
marize the diagnostic accuracy of these features.

Materials and methods

This meta-analysis followed the guidelines of the Preferred
Reporting Items for a Systematic Review and Meta-analysis of
Diagnostic Test Accuracy Studies (PRISMA-DTA) statement [6].

Literature search strategy

A computerized search of MEDLINE and relevant studies
captured in only the EMBASE databases through 1 February
2018 was performed to identify relevant original literature
concerning the diagnostic performance of MRI features of
ACS. Search terms related to “adhesive capsulitis” or “frozen
shoulder” were combined with “magnetic resonance
imaging” or “magnetic resonance arthrography” as follows:
[(““adhesive capsulitis”) OR (“frozen shoulder”)] AND [(mag-
netic resonance imaging) OR (MR imaging) OR (MRI) OR
(magnetic resonance arthrography) OR (MR arthrography)].
The bibliographies of identified articles were screened to

determine additional relevant studies. The search was limited
to studies in English. However, there were no restrictions for
the publication date, species, or study setting. Two investiga-
tors (C.H.S. and S.J.Y.) screened the titles and abstracts for
potential eligibility, and disagreements were resolved by dis-
cussion. Inclusion and exclusion criteria were described in the
Supplemental materials.

Data extraction

The following data were extracted into standardized data
forms: demographic and clinical characteristics of patients,
including the mean age, sex, patient number, patient popula-
tion, and clinical features; study characteristics, including au-
thors, publication years, affiliations, patient recruitment dura-
tions, the study design, the reference standard, and blinding to
the reference standard; MR characteristics, including the scan-
ner type, technical parameters, and interpretations; and the
diagnostic performance of MRI features of ACS, which was
based on a 2 x 2 table including the number of true-positive,
false-positive, false-negative, and true-negative results. If two
or more reviewers independently assessed the diagnostic ac-
curacy, the result with the highest accuracy was extracted. One
reviewer (S.J.Y.) extracted data, while the second reviewer
(C.H.S.) double-checked the accuracy of the extracted data.

Quality assessment

The methodological quality of the included studies was inde-
pendently assessed by two reviewers (W.J. and S.Y.P.) using
tailored questionnaires and criteria provided by Quality
Assessment of Diagnostic Accuracy Studies-2 (QUADAS-2)
[7]. Any disagreement was resolved by consensus.

Data synthesis and analyses

Patient demographic characteristics and extracted covariates
were summarized using standard descriptive statistics.
Continuous variables were expressed as means and 95% confi-
dence intervals (Cls), while categorical variables were expressed
as frequencies or percentages, unless stated otherwise.

We used a bivariate random-effects model for analyzing
and pooling the diagnostic performance measures (sensitivity
and specificity) for identified MRI features. To derive summa-
ry estimates of the diagnostic performance of each feature, we
plotted estimates of the observed sensitivities and specificities
in forest plots and hierarchical summary receiver-operating
characteristic (HSROC) curves derived from individual study
results [8]. These results were plotted using HSROC curves
with 95% confidence intervals (CIs) and prediction regions. In
addition, pooled sensitivities, specificities, diagnostic odds ra-
tios (DORs), areas under the curve, and positive and negative
likelihood ratios were calculated. Features showing a pooled
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DOR with a 95% CI not including 1 were considered to be
informative. If a feature was analyzed in < 4 studies or not
clearly defined, a narrative description without data pooling
was presented.

Heterogeneity among studies was determined using the I
inconsistency index (0%-40%, might not be important; 30%-
60%, might represent moderate heterogeneity; 50%-90%,
might represent substantial heterogeneity; 75%-100%, repre-
sents considerable heterogeneity) [9]. When heterogeneity
was noted, heterogeneity by a “threshold effect” was analyzed
by visual assessment of the coupled forest plots of the sensitiv-
ity and the specificity. A meta-analysis of diagnostic test accu-
racy studies simultaneously evaluates a pair of outcomes (i.e.,
sensitivity and specificity). Sensitivity and specificity are com-
monly inversely correlated and influenced by the threshold
(cutoff value) [8]. In addition, the correlation between the sen-
sitivity and false-positive rate was assessed using Spearman’s
correlation coefficient; a coefficient that was > 0.6 was consid-
ered to indicate a considerable threshold effect [10].

A meta-regression analysis was performed to further explore
the reasons for heterogeneity by including covariates in the bi-
variate model. We considered the following covariates: study
design, total number of patients, percentage of patients with
ACS, percentage of female patients with ACS, non-ACS group
characteristics, MR technique, contrast enhancement, magnet
strength, slice thickness, and reader consensus.

We omitted Deeks’ funnel plots [11] of individual studies
to check for publication bias according to the PRISMA-DTA.
We used the Midas and Metandi modules in Stata version 10.0
(StataCorp, College Station, TX) and R version 3.0.2 (R
Foundation for Statistical Computing) with the Mada package
to perform the statistical analyses.

Results
Literature search

Figure 1 shows a flow diagram summarizing the literature
search. During the initial search, 269 studies were identified.
After removing seven duplicates, we reviewed 262 titles and
abstracts and excluded 235 studies for the following reasons:
case reports/letters/editorials/conference abstracts (n = 87), re-
view articles/guidelines/consensus statements (7 = 62), not
related to the field of interest (n = 85), and animal study (n =
1). After reviewing the full text of 27 eligible articles, we
excluded 12 for the following reasons: insufficient data for 2
x 2 table reconstruction (n = 7) and no focus on the diagnostic
performance of MRI features of ACS (n = 5). Eventually, 15
studies [12-26] evaluating the diagnostic performance of MRI
features of ACS in 921 patients were included.

Study and patient characteristics

In total, 455 and 466 patients with and without ACS, respec-
tively, were included. The proportion of ACS patients was
42.5%-76.2%, while that of female patients with and without
ACS was 27.3%-88% and 0%-77.5%, respectively. One study
[13] did not document the female patient number. The mean
patient age in the ACS and non-ACS groups was 48-57.9
years and 41-62.3 years, respectively (Table 1).

The study design was prospective in five studies [13, 14,
23,25, 26] and retrospective in ten [12, 15-22, 24]. All studies
were single-center studies. Four studies [12—14, 24] involved
consecutive patient enrollment, while 11 [15-23, 25, 26] in-
volved nonconsecutive enrollment. Three studies [16, 17, 22]

Fig. 1 Flow diagram showing the 5 Records identified through databases searching (n=269):
study selection process = Pubmed (n=130), EMBASE (n=139)
&
-
- v
S
Removed duplicate articles (n=7)
Records excluded (n=235):
Case reports/letters/editorials/conference
b= abstracts (87)
‘c ) Review articles/guidelines/consensus/
] Records screened based on title and 3| statements (62)
g abstract (n=262) Not in the field of interest (85)
3 ¢ Animal study (1)
> Full-text articles as_s2e7ssed for eligibility | Records excluded (n=12)
= (n=27) Insufficient data (7)
2 ¢ Not in the field of interest (5)
2
w
Studies included in qualitative synthesis
(n=15)
3 v
3 Studies included in quantitative
g synthesis (n=15)
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used surgical findings as the reference standard, while 12 E
[12—15, 18-21, 23-26] used either clinical or radiologic find- é §
ings (Table 2) EE|preyprzereze 22
The MRI characteristics are summarized in Table 3. E q% 22 E z E Z E :é g EEE EEE
Twelve studies [12—-19, 23-26] used non-contrast-enhanced A | oD AAEAEAEAE @E@A
(non-CE) or contrast-enhanced (CE) MRI and three [20-22]
used direct MRA. Four studies used 3-T scanners, nine
[13-18, 20-22] used 1.5-T scanners, one [26] used a 0.5-T E g
scanner, and one [19] used a 1.5-T or a 3-T scanner. The slice S -.: ~
thickness was 3 mm in ten studies [12, 15, 16, 18-22, 24, 25], éﬂéé %éﬁ ; g é’b‘é’b éoé’néb
4 mm in three studies [14, 17, 26], and not reported in two .é é < é é gg é ‘: &“é .§ é
studies [13, 23]. T |E5F SSEE SEESEC
T | EiciwwiizswEEiEEE
Categorization of MRI features ‘z § g é::é E g i:g Zé) E § g% g g é:
. A . ® |233%3328333I<317
There were 73 overlapping descriptors in the 15 studies 5 EEEYPREERYPEECEESE
. ~ VLDV, »rnLU VOO
[12-26]. Of these, 22 were excluded from the meta-analysis
because they referred to MRI features investigated in < 4
studies. In addition, nine descriptors were excluded because R,
there was insufficient information for 2 x 2 table reconstruc- EEEEEEEE o Loz
tion. Finally, similar descriptors referring to the same imaging s 2 2 g 2 % g ::3 %‘é = 53,
finding were merged and subsumed under a single MRI fea- §§ 858888885 % 8 % %%
ture. Specifically, 42 descriptors were subsumed under six % “2 é § § § § § § § g § é g %
MRI features: coracohumeral ligament (CHL) thickening, fat 5 ] Eg ﬂé g g g g g g ig =z f
obliteration of the rotator interval (RI), RI enhancement, axil- 3 g g g g g g g % g g g g £ B E
lary joint capsule enhancement, inferior glenohumeral liga- %‘ & %g 22828888 %é % % %
ment (IGHL) hyperintensity, and IGHL thickening. These & RELRE IR EY ALA
were included in the meta-analysis. Supplemental Figure S1
presents a flow diagram showing the MRI feature categoriza-
tion. Supplemental Table S1 presents a narrative summary of - S 9x R ©
the descriptors excluded from the meta-analysis. 2 Zewz 2 = 2828 <8
£ |3555  § 5339 &9
Study quality 2 |EcZ8gzExs82E =S¢
N AAA=ZZQZQ~=QaaQa aQaaZ
Supplemental Figure S2 shows the risk of bias and applicability
concerns for the included studies. Regarding patient selection, 11 . o = o
studies [15-23, 25, 26] were considered to have a high bias risk § - 5 ;‘5’ :§ ;‘s’ §
because they were case-control studies with nonconsecutive en- Lsf g .« g < E‘ Sgg8ges 588
rollment. The index test in all studies [12-26] was evaluated after S GELZLEE332588 ZEE
blinding from the reference standard. An unclear bias risk was
considered for 12 studies [12—15, 18-21, 23-26] using clinical
or radiological criteria for reference standard assessment and 14 5 nICaL-agAaTS = Sag
studies [12—15, 17-26] that did not report the time interval be- 8 = SRESF2RESRS®T |R=
tween MRI and the reference standard. E
Regarding patient selection, the applicability concern was 2
high for three studies [17, 23, 26] including volunteers in the 3 o
non-ACS group, while it was unclear for one study [21] that 8 =1
did not describe the non-ACS group characteristics. g - H_Hz gﬁﬁ =
Regarding the index test, the applicability concern was high § SRty ; = éi;; Sl g 8 o e % '!g
for 11 studies [12, 15, 17-25] that used different cutoff values 5 =5 % 5 g ;‘f % E% @ g g —:E %
of the IGHL or CHL thickness for ACS diagnosis. Moreover, al L 3 E 3 2 E li; g ;6 g % 5 é ; = | =
12 studies [12—15, 18-21, 23-26] were considered to have a 2| £ = EXE 25T 0? %‘) Ew £ ;
high applicability concern regarding the reference standard, K 5 SESE8853288 =881 %
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because the clinical or radiological criteria used in these stud- § @ § % § §
ies were unclear. g S S Fao o
G| Do dAa n
o <+ v X <
. . = S S 2s IS
Overall diagnostic accuracy E 2 IlIl sl I
g 2g88EE 8
= ~o T 2a &
e o . = S S 3o o
The pooled sensitivities and specificities for the six MRI fea- o
tures are presented in Table 4, along with pooled areas under =
the curve, pooled DORs, pooled positive likelihood ratios, and %
pooled negative likelihood ratios. According to pooled DORs §’ oz 33 ) 2
with 95% Cls, all six MRI features were informative for ACS B N[N S
diagnosis. All features except CHL thickening showed a é T ¥ -oan o
pooled sensitivity of > 80%. In fact, two of these five features g | ~
showed a pooled specificity of > 90%. All features except fat g é _
obliteration of RI showed a pooled specificity of > 75%, with ﬁ k= =) 3 ) <
. . . o —
four of these five features showing a pooled specificity of > > = S e E
80%. Forest plots and HSROC curves for the six features are E Lg) S’ = g < % S’
shown in Fig. 2 and Supplemental Figure S3, respectively. A 2| = woel ¥ 8 F
. . =
forest plot could not be generated for CHL thickening because E % g
of unstable or asymmetrical data; the threshold effect was g ° E
. . =
shown (correlation coefficient, 0.712; 95% CI, —0.457-0.979). Sj:; 5 I 5
Substantial heterogeneity was considered present for four 2 i 3838 3| &
. . S o O O (e
features, namely fat obliteration of RI, RI enhancement, IGHL | 8 R
. . . . = & =~ & o ®© 0 S
hyperintensity, and IGHL thickening. However, the threshold = % s sSscs s S| 2
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was not observed for axillary joint capsule enhancement. o — g
Results of meta-regression analysis were described in § S 5 ® g S §
Supplemental materials. 2| < & TN s ==
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erate sensitivity and high specificity. g B
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Fig. 2 (continued)

criteria can result in overlooking other shoulder diseases such
as rotator cuff tears [4]. In addition, if ACS is diagnosed early
using informative MRI features, immediate treatment such as
physiotherapy or intra-articular steroid injection can help in
shortening the duration of joint stiffness, thereby reducing the
morbidity rate.

The informative MRI features identified in this study are
also useful for correlating clinical impairment and the disease
stage. Several studies [21, 27-31] investigated the relationship
between MRI features and clinical features. Although the re-
sults are controversial, it is believed that IGHL and CHL
thickening is an important anatomical and pathophysiological
abnormality in ACS, because the thickness and ratio of IGHL
and CHL show the strongest correlation with limited passive
range of motion in ACS patients [21, 27-30]. In contrast, Ahn
etal[27] and Lee et al [21] reported no association between fat
obliteration of RI and clinical impairment.

Regarding clinical stages, ACS is considered to have four
stages: preadhesive (stage 1), freezing (stage 2), frozen (stage
3), and thawing (stage 4) [32]. MRI findings reflect both sy-
novial inflammatory and capsular fibrotic conditions, depend-
ing on the clinical stage [29, 31]. Previous studies [29, 31]
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demonstrated that joint capsule edema and fat obliteration of
RI were more common in patients with early-stage (stage 1 or
2) ACS than in patients with late-stage (stage 3 or 4) ACS; fat-
suppressed T2-weighted MRI may help in capsular edema
detection, even in early stages. Also, Park et al [28] found that
CHL was significantly thicker in stage 3 disease than in stage
2 disease. These results support several previous histological
studies [33, 34] that have speculated that reactive capsular
fibrosis follows synovial inflammation.

Invasive direct MRA was considered a standard investiga-
tion for ACS in the past [35]. Recently, however, it has not
been used as a first-line diagnostic tool because of its inva-
siveness and the availability of alternative reliable MR tech-
niques. RI and axillary joint capsule enhancement can be de-
tected on CE MRI, while IGHL hyperintensity and thickening
can be detected on both CE MRI and non-CE MRI. In addi-
tion, our meta-regression analysis for the MR technique
showed that the sensitivity and specificity of IGHL thickening
on MRI were not significantly different from those on direct
MRA (sensitivity, p = 0.43; specificity, p = 0.19). Thus, we
recommend the use of non-arthrogram MRI rather than direct
MRA for ACS diagnosis.
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Regarding the cutoff values for IGHL and CHL thickening,
the proposed IGHL thickness that was considered abnormal
showed a wide variation (2-8 mm). A value of > 3 mm was the
most commonly used (three of nine studies) [21, 23, 25]. In
contrast, the proposed CHL thickness that was considered
abnormal showed a narrow variation (2-4 mm) and a value
of >4 mm was the most commonly used (three of five studies)
[19, 22, 23]. Because we did not have raw data from studies
assessing the IGHL and CHL thickness, a single cutoff value
for both parameters cannot be calculated on the basis of this
meta-analysis.

The present meta-regression analysis also showed that the
study design and total patient number caused heterogeneity.
For IGHL thickening, studies with a prospective design and >
100 patients showed higher sensitivity and lower specificity
than studies with a retrospective design and < 100 patients.
Further prospective studies with larger sample sizes are nec-
essary to determine the cutoff values, sensitivity, specificity,
and positive and negative predictive values for all and indi-
vidual informative MRI features.

This study had some limitations. First was the relatively
small number of included studies. Several studies were ex-
cluded because they did not assess the diagnostic test accuracy
or calculate sensitivities and specificities. However, those
studies demonstrated that MRI features were useful for ACS
diagnosis, in agreement with our findings. Second, as sug-
gested earlier, methodological differences were observed in
the included studies, which were heterogeneous in design,
total patient number, and decision criteria. Although the sta-
tistical analysis of heterogeneity in effect sizes indicated ho-
mogeneity among studies, the methodological diversity has
contributed to misinterpretation of the pooled estimates.
Inevitably, relevant data for each analytical level could not
be retrieved from all studies. Third, we could not assess the
diagnostic accuracy of various combinations of features. In
clinical practice, ACS diagnosis relies on multiple MRI fea-
tures combined with clinical findings. In fact, there have been
attempts to build diagnostic criteria for ACS that combine
MRI features [15]. This study [15] may contribute to future
studies on diagnostic algorithms for ACS by providing more
comprehensive MRI features as potential predictors. Fourth,
most of the included studies lacked detailed definitions and
descriptions for the MRI features, thereby limiting the thresh-
old analysis. Judgment of whether an MRI feature is present
may vary depending on the threshold used, and unlike numer-
ical or quantitative thresholds of other diagnostic tests, the
threshold for imaging diagnosis often must be given qualita-
tively or descriptively. Even with a pre-specified threshold,
image interpretation may be subjective and prone to interob-
server variability. The effect of different diagnostic thresholds
on heterogeneity could not be adequately analyzed because of
the lack of detailed definition of MRI features assessed in each
study. Finally, the enrolled studies showed a relatively low

@ Springer

QUADAS-2 score (> 4, three studies [36]; < 4, 12 studies
[12, 13, 15, 17-21, 23-26]). This was inevitable because of
the disease characteristics and urgency (initial clinical diagno-
sis and conservative treatment) [5]. Therefore, the low study
quality caused by the disease characteristics did not under-
mine the reliability of our results.

In conclusion, six informative MRI features for ACS diag-
nosis were identified in this study with RI and axillary joint
capsule enhancement and IGHL hyperintensity showing the
highest diagnostic accuracy. Informative features observed on
noninvasive MRI can be as helpful as features observed on
direct MRA for ACS diagnosis. The informative MRI features
summarized in this study will aid the diagnosis and manage-
ment of ACS in clinical practice.
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