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Abstract

Objectives This meta-analysis evaluated the diagnostic accuracy of dual-energy CT (DECT) for detecting bone marrow edema

(BME) in the appendicular skeleton.

Methods A systematic review of MEDLINE, EMBASE, Scopus, the Cochrane Library, and gray literature from inception

through January 31, 2020, was performed. Original articles with > 10 patients evaluating the accuracy of DECT for detecting

BME in the appendicular skeleton with a reference standard of MRI and/or clinical follow-up were included. Study details were

independently extracted by two reviewers. Meta-analysis was performed using a bivariate random-effects model with multivar-

iable meta-regression. Risk of bias (RoB) was evaluated with QUADAS-2.

Results Twenty studies evaluating 790 patients for BME in the appendicular skeleton were included in analysis. The summary

sensitivity, specificity, and AUC values for BME in the appendicular skeleton were 86% (95% confidence interval [CI] 82—89%),

93% (95% CI 90-95%), and 0.95, respectively. Quantitative analysis had a higher sensitivity than qualitative analysis on meta-

regression (p =0.01), but no difference in specificity (p =0.28). No other covariates contributed to variability in accuracy

(etiology (trauma vs non-trauma); location (upper vs lower extremity); and RoB). Studies demonstrated generally low or unclear

RoB and applicability. Eight studies included index tests with high RoB when quantitative assessments used a retrospective cut-

off value.

Conclusions DECT demonstrates a higher specificity than sensitivity and AUC > 0.9. In scenarios where MRI availability is

limited or contraindicated, DECT could be an alternative to MRI for detecting BME in the appendicular skeleton. However,

limitations in sources of variability and RoB warrant continued study.

Key Points

» Twenty studies evaluating 790 patients for bone marrow edema in the appendicular skeleton with dual-energy CT were
included in analysis.

* The summary sensitivity, specificity, and AUC values for detecting bone marrow in the appendicular skeleton were 86% (95%
confidence interval [CI] 82—89%), 93% (95% CI 90-95%), and 0.95, respectively.

* In scenarios where MRI availability is limited or is contraindicated, DECT could be an alternative to MRI for detecting bone
marrow edema in the appendicular skeleton.
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Abbreviations

BME Bone marrow edema

DECT Dual-energy computed tomography

FN False negative

FN False positive

MRI Magnetic resonance imaging

PRISMA Preferred Reporting Items for
Systematic Reviews and Meta-Analysis

QUADAS-2 Quality Assessment of Diagnostic
Accuracy Studies-2

ROC Receiver operator characteristic

TN True negative

TP True positive

Introduction

Bone marrow edema (BME) is pathologically associated with
microfracture and hemorrhage in the trabecular bone, serving
as a biomarker for bone injury [1]. The detection of BME can
further elucidate the mechanism and extent of occult bone
injuries, while also assisting with management, follow-up,
and prognostication [1]. Preferable contrast resolution for
BME with MRI has defined MRI as the standard of care for
BME detection [2]. However, concerns surrounding both cost
and delays in diagnosis related to MR access and safety have
been arguments for alternative diagnostic options [3].
Advances in dual-energy computed tomography (DECT)
technology including three-material decomposition tech-
niques, which have allowed for the digital subtractions of
materials with relevant photoelectric effect such as iodine
and calcium, are establishing DECT as a potential imaging
alternative to MRI when evaluating for BME [4—6].

Recent meta-analyses show DECT has a high diagnostic
accuracy for detecting BME, particularly in the axial skeleton
[4-6]. As such, DECT is becoming a recommended imaging
modality for BME. However, location is a significant cause for
variability with lower accuracies identified in joints of the ap-
pendicular skeleton [4]. The purpose of this systematic review
and meta-analysis was to evaluate the diagnostic accuracy of
DECT for detecting BME in the appendicular skeleton.

Methods

This systematic review and meta-analysis was performed ac-
cording to current best practices and reported using guidance
from the Preferred Reporting Items for Systematic Reviews
and Meta-Analysis — Diagnostic Test Accuracy (PRISMA-
DTA) guidelines [7-9]. A pre-established protocol was de-
signed and submitted to the PROSPERO database prior to
the initiation of the review (CRD42020168477). This analysis
was exempt from ethical approval as it included only de-

identified data with individual studies acquiring ethical ap-
proval from their home institution where necessary.

Literature search

A search of Ovid MEDLINE, Ovid EMBASE, Scopus, and the
Cochrane Library (including the Cochrane Central Register of
Controlled Trials, Cochrane Central Register of Protocols, and
the Cochrane Database of Systematic Reviews) was performed
from inception to January 31, 2020, to identify studies which
used DECT for the detection of bone marrow edema in the
appendicular skeleton. Variations of title/abstract/keywords and
medical subject heading terms including “dual energy” AND
“computed tomography” AND “bone” AND “edema” were
modified dependent on database. Individual search strategies
by database are outlined in Appendix Table 6. No language
restrictions were applied and translation was performed when
required. The search was completed according to best practices
for electronic search strategies [10]. Articles from each database
were then combined and duplicate articles were removed from
the list. Titles and abstracts were screened for relevance and full-
text review for potentially relevant studies was then performed
by two reviewers with 0 and 6 years of experience with muscu-
loskeletal imaging (K.L. and M.P.W.). Discrepancies in both
processes were re-reviewed with consensus achieved between
reviewers. A gray literature search was also performed by one
author (M.P.W.), evaluating the most recent 2 years of confer-
ence proceedings from the Radiological Society of North
America (RSNA) and the European Congress of Radiology
(ECR) in addition to the most recent annual meeting for the
American Roentgen Ray Society (ARRS). Conference abstracts
which satisfactorily met the inclusion criteria and were not sub-
sequently published were included in analysis. Finally, reference
lists for key studies were checked and forward-searching of these
key studies was performed in Google Scholar.

Selection criteria

All original articles evaluating the diagnostic accuracy of
DECT for the detection of bone marrow edema in the appen-
dicular skeleton compared with an MRI and/or clinical out-
come reference standard were evaluated with full-text review.
The sacroiliac joint was included as part of the appendicular
skeleton if edema was evaluated in the iliac wing. Studies
required sufficient data to reconstruct a 2 x 2 contingency ta-
ble and authors were contacted via email when insufficient
information was available. Studies were then included if suf-
ficient information was provided by the corresponding author.

Based on a pre-established protocol, studies were excluded
from the analysis if (1) less than 10 lesions were included in the
assessment, (2) the study did not use DECT as the index test, (3)
the target condition was not bone marrow edema, (4) the study
evaluated bone marrow edema in the axial skeleton (including

@ Springer



1560

Eur Radiol (2021) 31:1558-1568

the skull, spine, sacrum, and/or coccyx), (5) studies and/or re-
gions without bone marrow edema were not included, (5) a
reference standard other than MRI and/or clinical outcome was
used, or (6) the article was non-original research (including re-
view articles, guidelines, consensus statements, and letters to the
editor).

Data extraction

The relevant data from included studies was extracted indepen-
dently by two separate reviewers. One reviewer with 6 years of
experience in musculoskeletal imaging (M.P.W.) evaluated all
included studies. Two additional reviewers with 0 and 6 years
of experience in musculoskeletal imaging (K.L. and D.N.) each
reviewed half of the included studies independent from the first
reviewer. The datasets were then compared and discrepancies
re-reviewed by consensus between the two more experienced
reviewers (M.P.W. and D.N.). Patient characteristics were re-
corded including the total number of patients, mean age, num-
ber and percentage of male sex, total number of patients with
bone edema (or total number of regions with edema where
bones were segmentally evaluated), site of pathology, and study
indication. Study characteristics included first author, year of
publication, country of publication, prospective versus retro-
spective study design, single versus multicenter data acquisi-
tion, reported reference standard, time between trauma and
DECT (days), time between DECT and MRI (days), number
of readers, presence of consensus reading, and reader experi-
ence were recorded. Details of DECT characteristics including
brand, low and high tube voltages (kV), pre-defined tube
current-time product(s) (mAs), use of a tin filter, collimation
(mm), rotation time (seconds), slice width (mm), reconstruction
kernel(s), post-processing imaging, and evaluation method
were recorded when reported in the primary study. Finally, true
positive (TP), false negative (FN), true negative (TN), false
positive (FN), sensitivity, specificity, and accuracy were record-
ed for each assessment. If the study did not report TP/FN/TN/
FN results directly but reported the sensitivity and specificity in
combination with total patients/regions and total patients/
regions with bone marrow edema as determined by the refer-
ence standard, the TP/FN/TN/FN results were calculated.
Results were averaged when data for multiple reviewers
performing qualitative analysis were reported within a single
study [11]. Data was collected on Microsoft Excel v15.14.

Risk of bias assessment

The risk of bias and applicability of each study were evaluated
using the Quality Assessment of Diagnostic Accuracy
Studies-2 (QUADAS-2) tool [12]. The QUADAS-2 tool is
used in diagnostic test accuracy systematic reviews to evaluate
individual studies for potential sources of bias and concerns
regarding applicability by assessing four separate domains
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including (1) patient selection, (2) index test(s), (3) reference
standard, and (4) flow and timing. Studies with a high-risk
evaluation for any single signaling question in a domain were
considered “high risk of bias” for that domain.

Data analysis

At least one 2 x 2 contingency table was developed for
each individual study. For studies where different types
of performance were evaluated and reported (ex. qualita-
tive evaluation of BME with a binary or multi-point grad-
ing scale and quantitative comparison of average
Hounsfield units (HU) in region of interests of areas with
and without BME), multiple contingency tables were de-
veloped for an individual study. Meta-analysis was per-
formed using a bivariate random-effects model. The level
of analysis was based on reporting of the individual study
(per lesion or per-region basis) and was included in the
same model. Summary sensitivities, specificities, and area
under the ROC curve values were evaluated.

Inter-study variability was assumed and multivariable
meta-regression was planned to explore for potential causes;
variables that were homogeneous at the study level were cho-
sen in order to minimize “ecological bias” [7]. Statistical anal-
ysis of the variability and publication bias were not performed
based on the current recommendations from the PRISMA-
DTA group [8]. Statistical significance for differences be-
tween groups was defined as p < 0.05. Analysis was conduct-
ed using the “mada” package for R version 3.6.2 (The R
Project for Statistical Computing).

Results
Literature search

The literature search PRISMA flow diagram is demonstrated
in Fig. 1. Forty articles comprising both conference abstracts
and full-text articles were reviewed and twenty studies were
included in the analysis [13-32] with 18 studies evaluating the
qualitative performance [13-18, 20-25, 27-32] and 8 studies
evaluating the quantitative performance of DECT [15, 16, 18,
19, 21, 26, 29, 32]. One study was excluded for using a CT
reference standard [33].

Patient, study, and DECT characteristics

A total of 790 patients were included in the review. The mean
age ranged between 23 and 80 years and male sex ranged from
13 to 79% of patients depending on the study. Two studies
evaluated BME in the wrist or hand [22, 25], 1 study evaluated
the sacroiliac joint [32], 5 studies evaluated the hip and/or
pelvis [21, 24, 27-29], 8 studies evaluated the knee [13, 14,
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Fig. 1 PRISMA flow diagram
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16, 17, 19, 23, 26, 31], 3 studies evaluated the ankle or
hindfoot [15, 18, 20], and 1 study evaluated multiple joints
[30]. Seventeen studies evaluated only post-traumatic patients
and 3 studies evaluated non-traumatic patient populations in-
cluding patients with rheumatoid arthritis with active clinical

4{ Articles excluded on title and abstract: 142
Full articles Total articles excluded: 20
reviewed: n=40 ¢ Less than 10 patients included: 4
¢ Data included in another article: 6
¢ Wrong patient population: 2
Studies ¢ Wrong reference standard: 1
included in * Insufficient information available: 3
review: n=20 ¢ Non-original article: 4

synovitis [22], hip pain but no prior trauma [29], and symp-
tomatic axial spondyloarthropathy [32]. One study evaluated
both post-traumatic patients and patients with chronic pain
[18]. Four studies reported the time between trauma and
DECT [13, 14, 17, 30] ranging from acutely after trauma

Table 1  Patient characteristics of individual included studies

Author Year No. patients Age (mean) Sex (% male) No. bones with edema  Site of pathology Study indication
(no. regions)*

Ai 2014 14%#% 25 11 (79%) NR (36/56 regions) Knee Trauma

Bjorkman 2019 48%%* 23 26 (48%) 52 Knee Trauma

Booz 2019 62 41 29 (47%) 39 Calcaneus Trauma

Booz 2020 57 50 27 (47%) 36 Knee Trauma

Cao 2015 32 40 24 (75%) 32 (127/384 regions) Knee Trauma

Foti (knee) 2019 33 54 20 (61%) 17 Knee Trauma

Foti (ankle) 2019 40 32 29 (73%) 25 Ankle Trauma and chronic pain

Guggenberger 2012 30 34 15 (50%) NR (60/300 regions) Ankle Trauma

Jang 2019 35 78 25 (71%) 27 fractures Hip Trauma

Jans 2018 20 61 9 (45%) NR Hand Non-trauma***

Juhng 2013 23 47 11 (48%) NR (84/378 regions) Knee Trauma

Kellock 2017 118 74 39 (33%) 22 fractures Hip (proximal femur) Trauma

Kim 2019 49 NR NR NR Wrist Trauma

Pache 2010 21 36 16 (76%) NR (59/236 regions) Knee Trauma

Palm 2019 46 80 6 (13%) 31 Pelvis Trauma

Reddy 2015 25 77 7 (28%) 20 fractures Hip Trauma

Son 2019 40%* 58 16 (40%) 40 Hip Non-trauma***

Tu 2016 11 49 5 (45%) NR (78/253 regions) Shoulder/knee/ankle Trauma

Wang 2019 39 36 22 (56%) NR (43/195 regions) Knee Trauma

Wu 2019 47%* 27 28 (57%) NR (55/89 regions) Sacroiliac joint Non-trauma®***

*Studies which evaluate bone regions, shown with parentheses in the table, evaluated on a per-region rather than per-bone basis

**Indicates that bilateral joint imaging was performed

*#*[ndications for non-trauma imaging included: patients with rheumatoid arthritis with active clinical synovitis [22], patients with hip pain but no prior
trauma [29], and patients with symptomatic axial spondyloarthropathy [32]
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[23] to within 100 days of trauma [13]. Patient characteristics
of individual included studies are shown in Table 1.

Study characteristics of individual studies included are de-
tailed in Table 2. Three studies were performed in North
America, 9 studies were performed in Europe, and 7 studies
were performed in Asia. Studies were equally mixed between
prospective and retrospective study designs. All studies were
performed at a single academic center. MRI alone was the
reference standard for 17 studies. Two studies used a mix of
MRI and clinical/surgical follow-up in suspected hip fractures
following trauma [21, 28], and one study evaluated patients
with suspected hip fractures with a 30-day surgical and/or
clinical outcome reference standard [24]. All but one study
used multiple readers for evaluation. Studies primarily used
board-certified radiologists with several years of experience
for evaluation.

DECT characteristics of individual studies included are
shown in Table 3. All but one reporting study used a
Siemens DECT. Most studies used 80 kV for low voltage
and 140 kV for high voltage. Variable current-time products
were used dependent on the study. Most studies used a tin
filter for higher voltage imaging. Studies used a mix of soft
tissue and bone kernels with most studies reporting the use of
a three-material decomposition algorithm in post-processing.
Thirteen of the reporting studies used a binary evaluation
method, with 7 studies reporting the use of a multi-point scale.

Diagnostic accuracy of DECT for bone marrow edema
in the appendicular skeleton

Performance results for individual studies by the site of pathol-
ogy are presented in Appendix Table 7. The pooled and

Table 2 Study characteristics of individual included studies
Author Year Country Study design Reference Time interval ~ No. Consensus Reader experience (years)
standard (days)* readers reading
Ai 2014 USA Retrospective  MRI <90 days 2 Yes MSK radiologists (11 + 19)
Bjorkman 2019 Sweden Prospective ~ MRI <7 Yes Resident (3) + radiologist (>7)
Booz 2019 Germany  Retrospective MRI <7 No Qualitative: 4 residents
(3-5) + radiologist (8)
Quantitative: medical student (2)
Booz 2020 Germany  Retrospective MRI <7 6 No Qualitative: 4 residents (3-5) + 2
radiologists (7—10)
Quantitative: medical student (2)
Cao 2015 China Prospective ~ MRI <7 2 Yes Radiologists (“vastly experienced”)
Foti (knee) 2019 Italy Prospective ~ MRI <7 2 No Radiologists (11 +25)
Foti (ankle) 2019 Italy Prospective ~ MRI <7 2 Yes Radiologists (15 +35)
Guggenberger 2012 Switzerland Prospective ~ MRI <1 2 No Radiologists (3 +4)
Jang 2019 South Retrospective  MRI + Clinical <30 2 No Qualitative: resident (3) + radiologist
Korea 14
Quantitative: trainees (3 + 6)
Jans 2018 Belgium Prospective ~ MRI NR Yes Radiologists (NR)
Juhng 2013 South Prospective ~ MRI NR No Radiologists (5 +25)
Korea
Kellock 2017 Canada Retrospective Clinical** <30 3 No Fellow (6) + 2 radiologists (8 + 19)
Kim 2019 South Retrospective  MRI NR 2 No NR
Korea
Pache 2010 Germany  Prospective ~ MRI <5 2 No Radiologists (5 +7)
Palm 2019 Germany  Retrospective MRI <14 1 No Radiologist (NR)
Reddy 2015 Canada Retrospective  MRI + Clinical <30 2 Yes Radiologists (3 + 10)
Son 2019 South Retrospective MRI <31 2 No Resident (0.75) + radiologist (9)
Korea
Tu 2016 China Prospective ~ MRI <1 2 No MSK radiologists (“senior”)
Wang 2019 China Prospective ~ MRI <6 No Radiologists (> 5)
Wu 2019 China Prospective ~ MRI < No Radiologists (17 +25)

NR, not reported

*Time interval between the dual-energy CT and reference standard in days

**Study evaluated patients with suspected hip fracture using surgery with visualized hip fracture within 30 days of presentation and/or clinical follow-up

as the reference standard
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Table 3  Dual-energy CT characteristics of individual included studies

Author Year DECT kV kv mAs Tin filter Pitch No. Collimation Rotation Slice Evaluation method

brand 1 2 detector  (mm) time (s)  width
rows (mm)

Ai 2014 Siemens 80 140 340+238 NR 0.7 40 0.6 NR 0.5 Binary

Bjorkman 2019 Siemens 80 150 125 Yes (150 kV) 0.7 128 0.6 0.5 Binary

Booz 2019 Siemens 90 150 180 Yes (150 kV) 0.6 192 0.6 0.5 0.75 Binary

Booz 2020 Siemens 90 150 180 Yes (150 kV) 0.6 192 0.6 0.5 0.75 Binary

Cao 2015 Siemens 80 140 255+60 NR 0.9 20 0.6 NR NR 4 pt. Scale

Foti (knee) 2019 Siemens 80 150 NR Yes (150 kV)  NR  NR NR NR NR Binary

Foti (ankle) 2019 Siemens 80 150 220+138 Yes(150kV) NR NR 0.6 NR 0.75 Binary

Guggenberger 2012 Siemens 80 140 360+180 Yes (140 kV) 0.7 40 0.6 1 2 4 pt. Scale

Jang 2019 Siemens 100 140 160 Yes 0.6 32 0.6 0.5 2 Binary

Jans 2018 Siemens 80 140 NR NR 0.7 20 0.6 1 2 Binary

Juhng 2013 Siemens 80 140 50+213 NR 0.7 20 0.6 0.5 NR 4 pt. scale

Kellock 2017 Siemens 100 140 160 Yes 0.7 40 0.6 0.5 0.75 Binary + diagnostic

confidence (10 pt.
scale)

Kim 2019 NR NR NR NR NR NR NR NR NR NR Binary

Pache 2010 Siemens 80 140 234+56 NR 0.7 20 0.6 0.5 2 3 pt. scale

Palm 2019 Siemens 80 150 NR NR NR NR NR NR NR Binary

Reddy 2015 Siemens 100 140 160 Yes 0.7 40 0.6 0.33 1 Binary

Son 2019 GE 80 140 405 NR 0.5 NR NR 0.5 NR 3 pt. scale

Tu 2016 Siemens 80 140 234+55 0.7 NR 0.6 NR NR 4 pt. scale

Wang 2019 Siemens 80 150 250+150 Yes (150kV) 0.6 128 0.6 0.5 2 Binary

Wu 2019 Siemens 80 140 220+ 138 Yes (140kV) 0.7 40 0.6 1 1 3 pt. scale

DECT, dual-energy computed tomography; NR, not reported; 3 pt., three point; 4 pt., four point; /0 pt., ten point
Kim (Wrist - Radius) H 0.99[0.90, 1.00]
Kim (Wrist - Ulna) —a— 0.85[0.69, 0.94]
Kim (Wrist - Carpal Bone) ] 0.75 [0.49, 0.90]
Jans (Hand) 0.89[0.79, 0.94)
Wu (SI Joint) 0.90 [0.80, 0.96]
Wu (SI Joint - Quant) —a 0.88 [0.77, 0.94]
Palm (Pelvis) —= 0.98 [0.87, 1.00]
Jang (Hip) —m 0.91[0.75, 0.97)
Jang (Hip - Quant) 0.98 [0.86, 1.00)
Kellock (Hip - Femur Only) 0.98 [0.82, 1.00]
Reddy (Hip) —a 0.88 [0.68, 0.96]
Son (Hip - Femur Only) 0.84[0.70, 0.92]
Son (Hip - Quant) 0.84[0.70, 0.92)
Ai (Knee) 0.61[0.45, 0.75)
Bjorkman (Knee - Femur) 0.60 [0.46, 0.73])
Bjorkman (Knee - Tibia) —=— 0.63 [0.48, 0.76]
Booz (Knee - Femur) 0.93[0.86, 0.97]
Booz (Knee - Tibia) 0.94 [0.88, 0.97)
Booz (Knee - Femur - Quant) 0.94 [0.87, 0.97]
Booz (Knee - Tibia - Quant) |- 0.96 [0.90, 0.98]
Cao (Knee - Femur) —a— 0.73[0.59, 0.83]
Cao (Knee - Tibia) 0.90 [0.81, 0.95]
Foti (Knee - Quant) 0.86 [0.64, 0.96]
Juhng (Knee) —=— 0.64 [0.54, 0.73]
Pache (Knee - Femur - Quant) — | 0.78 [0.56, 0.90]
Pache (Knee - Tibia - Quant) —m 0.94 [0.82, 0.98]
Wang (Knee) 0.88 [0.75, 0.94]
Foti (Ankle) 0.87 [0.69, 0.95)
Foti (Ankle - Quant) 0.87 [0.69, 0.95]
Guggenberger (Ankle) —.—| 0.88 [0.68, 0.96]
Tu (Shoulder/Knee/Ankle) —a— 0.69 [0.58, 0.78]
Booz (Calcaneus) —m- 0.91[0.82, 0.96]
Booz (Calcaneus - Quant) —m— 0.83[0.72, 0.90]
Summary estimate H 0.86 [0.82, 0.89]

[ [ [ | |
0.00 0.50 1.00

Fig. 2 Forest plots of primary study sensitivity of dual-energy CT for detecting bone marrow edema in the appendicular skeleton

@ Springer



1564

Eur Radiol (2021) 31:1558-1568

Kim (Wrist - Radius)

Kim (Wrist - Ulna)

Kim (Wrist - Carpal Bone)
Jans (Hand)

Wau (SI Joint)

Wau (SI Joint - Quant)
Palm (Pelvis)

Jang (Hip)

Jang (Hip - Quant)
Kellock (Hip - Femur Only)

Reddy (Hip) | =

Son (Hip - Femur Only)

Son (Hip - Quant)

Ai (Knee)

Bjorkman (Knee - Femur)
Bjorkman (Knee - Tibia)
Booz (Knee - Femur)

Booz (Knee - Tibia)

Booz (Knee - Femur - Quant)
Booz (Knee - Tibia - Quant)
Cao (Knee - Femur)

Cao (Knee - Tibia)

Foti (Knee - Quant)

Juhng (Knee)

Pache (Knee - Femur - Quant)
Pache (Knee - Tibia - Quant)
Wang (Knee)

Foti (Ankle)

Foti (Ankle - Quant)
Guggenberger (Ankle)

Tu (Shoulder/Knee/Ankle)
Booz (Calcaneus)

Booz (Calcaneus - Quant)

Summary estimate

| |
0.00

0.50

b 0.92[0.52, 0.99]
] 0.88 [0.67, 0.96]
] 0.88 [0.74, 0.95]
0.99 [0.97, 1.00]
|_.-r 0.93[0.79, 0.98]
b 0.81[0.66, 0.91]
0.97 [0.76, 1.00]
;H 0.94 [0.63, 0.99]
hl 0.95[0.91, 0.97]
] 0.99 [0.95, 1.00]
| 0.42[0.14, 0.76)
] 0.82[0.67, 0.91]
—a 0.91[0.79, 0.97]
—a 0.98 [0.81, 1.00]
—a— 0.78 [0.66, 0.87]
—m— 0.74[0.61, 0.84]
0.95[0.92, 0.97]
0.95[0.92, 0.97]
0.95[0.92, 0.97]
T 0.97 [0.94, 0.98]
0.98 [0.95, 0.99]
'ﬂ 1.00 [0.96, 1.00]
0.91[0.69, 0.98]
i 0.97 [0.94, 0.98]
&= 0.97 [0.92, 0.99]
[ 0.91[0.83, 0.95]
e 0.98 [0.94, 0.99]
- 0.84 [0.60, 0.95]
—ma 0.90 [0.66, 0.98)
3 3 0.81[0.76, 0.85)
.- 0.92[0.87, 0.95]
] 0.97 [0.93, 0.98]
el 0.94[0.90, 0.97)
m 0.93 [0.90, 0.95]
[ |
1.00

Fig. 3 Forest plots of primary study specificity of dual-energy CT for detecting bone marrow edema in the appendicular skeleton

weighted sensitivity and specificity of DECT for detecting BME
in the appendicular skeleton were 86% (95% confidence interval
[CI] 82-89%), 93% (95% CI1 90-95%), and 0.95, respectively
(Figs. 2, 3, and 4). Nearly all studies reporting inter-observer and
intra-observer agreement included kappa-statistic values within
the substantial to perfect agreement range [34]. Two studies
demonstrated lower inter-observer agreement when evaluating
the knee joint [14] and carpal bones specifically [25].

Meta-regression was performed evaluating qualitative ver-
sus quantitative analysis, trauma versus non-trauma study in-
dication, upper versus lower extremity location, and low ver-
sus high or unclear risk of bias studies (Table 4). Quantitative
analysis had a statistically higher sensitivity (p =0.01) but no
difference in specificity (p =0.28) compared with qualitative
analysis. No other differences between sensitivity and speci-
ficity were identified on meta-regression.

Risk of bias assessment

The results of QUADAS-2 assessment for risk of bias and
applicability in individual studies are shown in Table 5.
Studies were predominantly low risk or unclear risk of bias
across domains for both risk of bias and applicability. Studies
were a mix of low risk and/or high risk of bias for index test
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dependent on the evaluation method. Where qualitative evalu-
ation methods were pre-specified, risk of bias for index test was
deemed low. Where performance of quantitative evaluation of
continuous variables was assessed with a retrospective cut-off
value, studies were deemed high risk of bias for index test. One
study was deemed high risk of bias in the reference standard
domain for using 3 different MRI magnet strengths (1 T, 1.5 T,

e
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—— 95% confidence region Sens 0.86 (95% CI 0.82-0.89)
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Fig. 4 Summary area under the ROC curve of dual-energy CT for de-
tecting bone marrow edema in the appendicular skeleton
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Table 4 Bivariate random-effects
multivariable meta-regression
evaluating for causes of variabili-
ty among studies

Sensitivity (p value) Specificity (p value)
Qualitative versus quantitative analysis 0.01* 0.28
Trauma versus non-trauma study indication 0.95 0.70
Upper versus lower extremity location 0.10 0.52
Low versus high or unclear risk of bias** 0.05 0.17

*Quantitative analysis has a statistically higher sensitivity than qualitative analysis

**Studies were only considered “low risk” if they met criteria for low risk in each of the four QUADAS-2
domains

Table 5 Results of QUADAS-2 assessment for risk of bias and appli- Studies using a prospective qualitative analysis and retrospective cut-off
cability in individual studies. Studies using quantitative assessment with a for quantitative analysis were deemed both low risk and high risk, respec-
retrospective cut-off value were deemed high risk of bias in index test. tively, for index test dependent of type of analysis [15, 16, 18, 21, 29, 32]

Guggenberger 2012 +
Jang 2019 + .
Jans 2018 ?

Juhng 2013 .
Kellock 2017 +
Kim 2019 ?
Pache 2010 @
Palm 2019 @®
Reddy 2015 .
sun 2019 +@®
Tu 2016 +
Wang 2019 +
Wu 2019 +®

Bjorkman 2019

Foti (knee) 2019

Foti (ankle) 2019

Applicability

Risk of Bias
f Concerns

Ai 2014

ks
L
N
)
as)
£

Booz 2019

Booz 2020

Cao 2015

POPPPPPPPPPPPPPOPOPOOO® s

P000000 000000 9000 ®
0000000 0000000000

. . . . . . . & . = . . . . -~ . . . . . Patient Selection
. . . . . . . > . . = . ‘. . ~ . . . . . Reference Standard
. . . . . . . ~ . - M- - . . -~ . . . . . Flow and Timing

@ Springer



1566

Eur Radiol (2021) 31:1558-1568

and 3 T) [27]. Two studies were deemed high risk of bias in the
flow and timing domain for using maximum intervals between
DECT and MRI studies over 2 weeks’ time [13, 29].

Discussion

This meta-analysis demonstrates that the sensitivity (86%
[95% CI 82-89%]), specificity (93% [95% CI 90-95%]),
and AUC values (0.95) of DECT for detecting BME in the
appendicular skeleton compared with a MRI and/or clinical
outcome are similar or better than prior meta-analyses largely
evaluating the axial skeleton [4—6]. These findings counter a
prior meta-regression analysis by Li et al indicating that bone
position in the appendicular skeleton, notably the ankle in
their analysis, was likely to contribute to variability when
compared with studies including the axial skeleton [4]. This
meta-analysis therefore contributes to the growing evidence
suggesting that DECT can be a viable alternative imaging
modality to MRI for BME with predominantly substantial to
perfect agreement, despite an appendicular location.

This meta-analysis used a rigorous methodological de-
sign and is not subject to the small number of included
studies seen previously [5, 6]. Meta-regression of key fea-
tures felt to potentially account for presumed variability
amongst studies was performed, but only identified one po-
tential source of variability. A higher sensitivity and similar
specificity were identified with quantitative rather than
qualitative analysis. If this difference represents a true re-
sult, this may suggest that quantitative analysis offers a bet-
ter ability to exclude regions without BME while preserving
specificity, compared with qualitative assessment.
However, given that a similar effect was not identified for
specificity, and numerous potential confounding variables
were not included in the regression model, this result should
be interpreted with caution. Some alternative patient- and
study-specific causes which were not explored but may con-
tribute to variability include age, specific location or region
of bone marrow edema, bone size, differences in reader
experience, and/or differences in the reference standard.
The studies included in the analysis did use many similar
DECT imaging characteristics, decreasing the likelihood
that index test parameters contribute to variability.

There may also be some limitations in the generalizability
of the findings of this review to non-expert readers. Most
included studies evaluated only board-certified radiologists
with several years of experience for qualitative interpretation
of BME which could result in higher sensitivity and specific-
ity values than is seen in general practice. In a study with
multiple reviewers evaluating DECT for the presence of
BME in patients with osteoporotic vertebral compression

@ Springer

fractures, the most experienced reader demonstrated near
MRI accuracy for BME while less experienced readers did
not [35].

Despite the limitations regarding unexplored confounding
variables impacting accuracy, as well as risk of bias in several
studies, this meta-analysis indicates that DECT may be an alter-
native to MR imaging for evaluating BME in the appendicular
skeleton when MR is not available or contraindicated. Further
exploration of sources for variability, potentially through an in-
dividual patient data meta-analysis, would be helpful to increase
the confidence of the generalizability of these results.
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Appendix

Table 6 Search strategy by database

MEDLINE: (exp Tomography, X-Ray Computed/
AND dual energy.mp.) AND (edema.mp. OR
exp. Edema/) AND bone.mp. OR exp. “Bone and Bones™/)

EMBASE: (dual energy.mp. AND exp. computer
assisted tomography/) AND (edema.mp. OR exp.
edema/) AND (bone.mp. OR exp. bone/ OR exp. bone injury/)
COCHRANE REVIEW: TITLE-ABS-KEY (dual energy
AND edema AND bone)
SCOPUS: TITLE-ABS-KEY (dual AND energy AND
(computed AND tomography OR CT)) AND
TITLE-ABS-KEY (edema) AND TITLE-ABS-KEY (bone)
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