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Abstract

Objectives To evaluate the diagnostic accuracy of dual-energy computed tomography (DECT) in identifying bone marrow

edema (BME) around the hip joint in non-traumatic patients.

Methods This prospective IRB-approved study was conducted between January 2019 and October 2019 and included 59 consecutive

patients (18 males, 41 females; mean age 61.5 years, range 32—-82) who were assessed by DECT and magnetic resonance imaging (MRI)

within a 5-day period. Diagnostic accuracy values for diagnosing BME on a per-patient and on a per-partition-basis analysis were

calculated for DECT images by two readers (R1 and R2, with 15 and 10 years of experience, respectively), using MRI as reference for

diagnosis. Inter-observer agreements were calculated with A-statistics. A p value of < 0.05 was considered as statistically significant.

Results MRI depicted BME in 44/59 patients (74.58%), with the involvement of 83/708 (11.72%) partitions. The sensitivity,

specificity, and accuracy of R1 and R2 were 95.45% (42/44), 86.67% (13/15), and 93.22% (55/59) for R1, and 86.36% (38/44),

80.00% (12/15), and 84.75% (50/59) for R2. For both readers, the BME detection rate was higher in patients with severe edema

(100%) in comparison to patients with mild edema (91.30% and 73.91%). In the partition-basis analysis, sensitivity, specificity, and

accuracy ranges were 33.3 to 100%, 91.84 to 100%, and 88.14 to 100%, respectively. The inter-observer agreement for patients’

analysis was substantial (k= 0.7065), whereas for partition analysis ranged from fair (k= 0.2976) to near-perfect (k= 1.000).

Conclusion DECT can accurately identify BME around the hip joint, in comparison to MRI.

Key Points

* DECT can accurately identify bone marrow edema around the hip joint in a cohort of non-traumatic patients.

* The detection of bone marrow edema by means of DECT may help the radiologist to identify associated findings, including
avascular necrosis of the femoral head and insufficiency or stress fractures.

* In cases of patients suffering from groin pain with bone marrow edema identified by DECT, the concurrent reading of high-
resolution conventional CT images may increase the confidence of diagnosis and/or reduce the reading time.
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include a link to bone marrow capillary wall damage, which
can lead to increased intraosseous pressure and irritation of the
sensory nerves [2]. BME can be diagnosed in patients with
either traumatic or non-traumatic hip fractures, and is evident
as cases of transient BME of the hip that manifest in advanced
osteoarthrosis, avascular necrosis (AVN), transient osteoporo-
sis, stress injuries, and infectious or inflammatory diseases
[1-5]. Magnetic resonance imaging (MRI) plays a key role
in the identification of BME around the hip joint [1]. BME
is often highly relevant in the management of pathologies that
affect the hip joint [1] as BME can sometimes be the only
imaging finding in the early stages of AVN. The treatment
of AVN strictly depends on the disease stage, and the success
of treatment often depends on the accuracy of stage classifi-
cation [6—10]. Accurate detection of hip BME is therefore
vital in selecting an appropriate disease management strategy.
MRI may also reveal subchondral fractures and increased sy-
novial fluid accumulation [11-17]. Furthermore, MRI can dif-
ferentiate AVN from other entities, including insufficiency
fractures [18]. However, MRI cannot be routinely used for
all patients owing to its limited availability, contraindications,
and/or the presence of metal artifacts. In cases of AVN, com-
puted tomography (CT) may reveal more subchondral frac-
tures of the femoral head than radiography or MRI can [18]. In
addition, CT can identify the cortical irregularities and ero-
sions that often characterize infectious or inflammatory dis-
eases [19]. However, conventional CT is unable to identify
BME and as such, in the absence of sclerosis, subchondral
fracture, or articular irregularities, AVN can be missed [20].

Conversely, dual-energy computed tomography (DECT)
has successfully revealed BME in cases of non-displaced
fractures [21, 22]. In light of this, the possible role for
DECT in the evaluation of non-traumatic patients, includ-
ing those suffering from AVN of the hip, has recently been
proposed [23]. Furthermore, in a recently published paper,
dual-energy with water—hydroxyapatite (HAP) imaging
showed good diagnostic performance for bone marrow
edema in patients with non-traumatic hip pain [24].
Moreover, DECT applications can help reducing metal ar-
tifacts around the hip joint, especially when used in com-
bination with additional dedicated CT post-processing al-
gorithms [25]. DECT with virtual non-calcium (VNCa)
application has also successfully identified talar dome
osteochondral lesions (OCL) in a subgroup of non-
traumatic patients [26]. In a clinical setting of worsening
groin or hip pain, VNCa techniques could be used to iden-
tify BME, which can be key in the diagnosis of multiple
diseases. When bone marrow edema is identified on
DECT, the confident diagnosis of AVN or subchondral
fracture can be achieved with concurrent reading of the
virtual non-calcium images and the conventional CT [23].

Further to this, DECT could be an important alternative
approach for patients unable to undergo MRI.

The purpose of our study was therefore to investigate the
diagnostic accuracy values of DECT in detecting BME in the
hip of non-traumatic patients suffering from hip pain, by using
MRI as a reference standard.

Materials and methods
Patient population

This prospective study was approved by the Institutional
Review Board (IRB). Informed consent was obtained from
all enrolled patients. Between January 2019 and October
2019, 69 consecutive patients were considered for inclusion
in the study with 59 meeting the inclusion criteria. All patients
were referred to our department following an orthopedic visit.
Eligibility criteria were represented by acute or worsening
pain around the hip joint, in patients with no recent trauma
who were assessed by both MRI and DECT within a 5-day
period (mean 2 days, range 0—5 days). Exclusion criteria were
represented by lack of comparative DECT or MRI scan, and
presence of metal hardware around the hip. CT examinations
were performed to visualize hip anatomy and to detect any
calcifications, subtle fractures, cortical irregularity, or erosive
changes. Conversely, MRI examinations were undertaken to
assess the presence of BME around the hip.

DECT protocol

The DECT examinations were performed with a third-
generation 384-slice dual-source CT scanner (Somatom®
Definition Force, Siemens Healthineers). The scanning pa-
rameters were as follows: tube A 80 kV and tube B 150 kV
with a tin filter. The predefined tube current—time product was
set at aratio of 1.6:1 (tube A, 220 quality reference mAs; tube
B, 138 quality reference mAs). Automated attenuation-based
tube current modulation (CARE dose 4D; Siemens
Healthcare) was used.

The mean effective post-scan volume CT dose index vol-
ume (CTDIvol) was 9.37 mGy + 1.5 (range, 6.8-12.3 mGy);
the mean DLP (mGy/cm) was 280.41 (range, 242.22-382.30).
Dose parameters are comparable to our current standard CT
protocol for the hip.

DECT post-processing

After each DECT scan, three data sets of reconstructed images
(thickness, 0.75 mm; increment, 0.60 mm) were made avail-
able: an 80-kVp set, a 150-kVp set with a tin filter, and an
average-weighted set calculated from both tube data at a ratio
0f 0.5:0.5 to imitate a single 120-kVp image. Blended virtual
120-kV images (Br 64 Kernel — osteo-window filter) were
used for clinical reading. Soft tissue kernel (Qr32) 80-kVp
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and 150-kVp set images were transferred to an offline work-
station (SyngoVia® VB20; Siemens Healthineers). The DE-
specific information was fused with the conventional gray-
scale morphologic images (thickness, 1 mm; increment,
1 mm).

MRI protocol

MRI was performed with a commercially available 1.5-T unit
(Magnetom Avanto Fit; Siemens Healthineers). Standard 4-
mm thick T1-weighted turbo spin-echo (TR/TE/FA =
650.0 ms/18.0 ms/150°), T2-weighted turbo spin-echo (TR/
TE =4300.0 ms/124.0 ms), and proton density fat-saturated
sequences (TR/TE/FA =2320.0 ms/39.0 ms/150°) were per-
formed on axial and coronal planes.

Image analysis

All available image data sets for each hip were evaluated for
the presence of BME using a binary classification system (1,
presence of BME; 0, absence of BME). Each hip was divided
into six partitions per side for better analyzing the presence of
BME, as follows: partition 1, right femoral neck; partition 2,
right femoral head; partition 3, right acetabular roof; partition
4, right pubis; partition 5, right iliac bone; partition 6, right
sacral bone; partition 7, left femoral neck; partition 8, left
femoral head; partition 9, left acetabular roof; partition 10, left
pubis; partition 11, left iliac bone; partition 12, left sacral
bone. Therefore, a total of 708 partitions were evaluated in
the 59 patients enrolled in the study.

As the reference standard, all MRI images were evaluated
in consensus, by two experienced radiologists (with 16 and
22 years of experience), who were blind to clinical and CT
findings. For MRI findings, a diagnosis of BME was based on
any signal intensity increase on fat sat imaging with signal
decay at T1-weighted imaging. Moreover, BME was graded
as mild or severe depending on a visual assessment.
Associated imaging diagnoses, including AVN, stress, or in-
sufficiency fractures, were also noted.

Standard axial, coronal, and sagittal reconstructed CT and
DECT images (2D and 3D color-coded maps) were analyzed
by two independent radiologists (with 11 and 15 years of
experience) in a random order, blinded to clinical and MRI
findings, on a dedicated SyngoVia® workstation. As concerns
the default settings for color-coded maps, the range of densi-
ties included were set between — 150 HU and 100 HU
(Fig. 2a), with superimposed color-coded maps visualized on-
ly when density values were above — 50-HU cut-off.

Standard CT findings, including bone sclerosis,
subchondral fracture, articular irregularities, or erosions, were
evaluated and used for diagnosis. Associated diagnoses, in-
cluding AVN, stress, or insufficiency fractures, were assessed
by DECT. In cases of disagreement on the presence of BME, a
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consensus reading was appended, and the consensual results
were used for further analysis.

Statistical analysis

With regard to the patient-basis analysis, each reader per-
formed a qualitative assessment for distinguishing presence
versus absence of BME. Conversely, the partition-basis anal-
ysis was performed after the consensus reading. The sensitiv-
ity, specificity, positive predictive values (PPV), negative pre-
dictive values (NPV), and accuracy (Acc) of each data set for
the diagnosis of BME were calculated on a per-patient and on
a per-partition basis. MRI images served as the standard of
reference. Inter-observer agreement and intra-observer agree-
ment were calculated by using Cohen’s kappa coefficient (k).
The statistical significance level was fixed at 5%. Data analy-
ses were performed using SAS software version 9.4.

Results

A total of 59 patients were included in this study (mean age
61.5 years, SD 10.3, range 32—82), 18 males (mean age
60.6 years, SD 5.1, range 39-80) and 41 females (mean age
61.9 years, SD 12.2, range 32—82). Ten patients were exclud-
ed from the study (mean age 63.5, SD 8.8, range 49-76) for
the following reasons: a lack of comparative DECT or MRI
scan (n=2), presence of hip prosthesis (n=4), incomplete
MRI protocol (7 = 1), motion artifacts during MRI scanning
(n=2), and claustrophobia (n=1). A diagram showing in-
cluded and excluded patients is shown in Fig. 1. The clinical
data of patients enrolled in the study are summarized in
Table 1. The diagnostic accuracy values of DECT on a per-
patient and on a per-partition-basis analysis are summarized in
Tables 2 and 3, respectively.

Patient-basis analysis

BME was depicted by MRI in 44/59 patients (74.58%)
and ruled out in 15/59 patients (25.42%). BME as de-
tected by MRI (Figs. 2 and 3) was graded as mild in
23/59 cases (38.98%) and as severe in 21/59 cases
(35.59%). Reader 1 (R1) correctly identified the pres-
ence of BME in 42/44 patients (95.45% sensitivity).
R1 correctly identified the absence of BME in 13/15
patients (86.67% specificity), meaning that two false
positive (FP) cases were reported (Fig. 4). The BME
detection rate of R1 was 91.30% (21/23 patients) and
100% (21/21 patients) among the subgroups of patients
suffering from mild or severe edema, as determined by
MRI, respectively. Reader 2 (R2) correctly identified the
presence of BME in 38/44 patients (86.36% sensitivity).
R2 correctly ruled out the presence of BME in 12/15
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Fig. 1 Flowchart of patients
included in the study and
exclusion criteria

44/59 with BME

69 eligible patients

Acute or worsening hip pain without trauma

10 patients excluded

Hip prosthesis n=4

59 patients
M=18; F=41

15/59 without BME

No DECT/MRI n=2
Incomplete MRI n=1

Motion artifacts n=2

Claustrophobia n=1

83/708 (11.72%) involved partitions
15 AVN and 11 insufficiency/stress fractures

patients (80.00% specificity). The BME detection rate of
R2 was 73.91% (17/23 patients) and 100% (21/21

Table 1

Clinical data of patients enrolled

Parameter

Value

Age* (years)

Age of male* (years)=n, 18

Age of female* (years) =n, 41

Age of excluded* (years)=n, 10

Interval MRI-DECT

BME-positive patients
BME severe
BME mild

Total involved partitions
Partition 1 (right femoral neck)
Partition 2 (right femoral head)
Partition 3 (right acetabular roof)
Partition 4 (right pubis)
Partition 5 (right iliac bone)
Partition 6 (right sacral bone)
Partition 7 (left femoral neck)
Partition 8 (left femoral head)
Partition 9 (left acetabular roof)
Partition 10 (left pubis)
Partition 11 (left iliac bone)
Partition 12 (left sacral bone)

Patients with additional findings
AVN

Insufficiency/stress fractures

61.5 (SD=10.3; 32-82)
60.6 (SD=5.1;39-80)
61.9 (SD=12.2; 32-82)
63.5 (SD=8.8;49-73)
Mean 2 days; range 0-5 days
44/59 (74.58%)

21/59 (35.59%)

23/59 (38.98%)

83/708 (11.72%)

12/59 patients (20.34%)
17/59 patients (28.81%)
10/59 patients (16.95%)
4/59 patients (6.78%)
3/59 patients (5.08%)
4/59 patients (6.78%)
7/59 patients (11.86%)
12/59 patients (20.34%)
6/59 patients (10.57%)
3/59 patients (5.08%)
3/59 patients (5.08%)
6/59 patients (10.17%)
24/59 (40.67%)

n=13 (2 bilateral AVN)
n=11

patients) among the subgroups of patients suffering from
mild or severe edema, as determined by MRI,
respectively.

Partition-basis analysis

The presence of BME was depicted at MRI in 83/708
(11.72%) partitions (range 1 to 8 partitions distributed
as 25.42% no partition involved, 38.98% 1 partition
involved, 18.64% 2 partitions involved, 13.56% 3 par-
titions involved, 1.69% 6 partitions involved, and 1.69%
8 partitions involved).

The sensitivity of DECT ranged from 100 to 80.00%
for 8/12 partitions and specificity from 100 to 91.84%
(Table 3).

Table 2 Diagnostic accuracy parameters of DECT (qualitative
assessment performed by reader 1 and reader 2) on a per-patient-based
analysis

Reader 1 Reader 2
TP 42 38
FN 2 6

Sensitivity [95% CI]
N

95.45 [84.53, 99.44]
13

83.36 [72.65, 94.83]
12

FP 2 3
Specificity [95% CI]  86.67 [59.54,98.34]  80.00 [(51.91, 95.67]
PPV [95% CI] 95.45 [84.53,99.44]  92.68 [80.08, 98.46]
NPV [95% CI] 86.67 [59.54,98.34]  66.67 [40.99, 86.66]
Accuracy [95% CI]  93.22[83.54,98.12]  84.75[73.01, 92.78]

Data are numbers of patients/cases with percentages in parentheses.
*Data are expressed as mean and standard deviation (SD) and ranges.
BME, bone marrow edema; AVN, avascular necrosis of the femoral head

TP, true positive; FN, false negative; TN, true negative; FP, false positive;
PPV, positive predictive value; NPV, negative predictive value
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evaluating the DECT images were 92.0, 86.6, and 90.0% for
reader 1 and 88.0, 86.6, and 87.5% for reader 2 [26].

As concerning patients’ analysis, R1 achieved 95.45% sen-
sitivity and 86.67% specificity, whereas R2 achieved 86.36%

« Fig. 2 Seventy-one-year-old woman with worsening hip pain due to

advanced stage of AVN of the right femoral head. On the axial DECT 1-
mm reconstructed image at the level of femoral heads (a), BME (arrow)
can be depicted on the right side, with respect to the left femoral head. The
superimposed DECT map was set to maximally enhance the presence of
BME areas (coded between violet-blue and orange-red, representing mild
and severe edema, respectively), and the spared areas coded as normal
bone (because of densities under the expected cut-off). The presence of
BME (arrow) is confirmed on the corresponding axial (b) and coronal T2
fat-saturated MRI (¢) images. In the corresponding 1-mm coronal recon-
structed DECT image (d), once removed, the superimposed BME map is
possible to detect the presence of a large fracture line going from central
to medial aspect of the femoral head (dotted arrows)

sensitivity and 80.00% specificity. The difference between the
two readers could be explained by their different degrees of
experience, particularly regarding their use of DECT, which
were 6 years for R1 and 1 year for R2.

Further to this, the accuracy of both readers was influenced
by the entity of signal alteration on the corresponding MRI
images. As concerns the patients’ analysis, the BME detection
rates of R1 and R2 were 91.30% and 73.91% in the subgroup
of patients suffering from mild edema. Conversely, all 21 pa-
tients, scored with severe BME at MRI, were correctly diag-
nosed by DECT. However, given that density values can vary
drastically around the hip, we did not perform a quantitative
analysis of DECT numbers.

Similarly, in a study by Cao et al [27], when grade 3—4
bone marrow was regarded as a positive result, VNCa images
had relatively high predictive values for detection of bone
marrow lesions (BML).

Bone sclerosis can represent an important pitfall in DECT
imaging of the hip, as has been previously described for other
anatomic sites [26-28]. Sclerosis is typically identified on the
femoral head and acetabular roof, especially in elderly patients
suffering from degenerative osteoarthritis of the hip, and at
sites near to the pubis and sacroiliac joints. The changes in
CT density associated with sclerosis can therefore result in
DECT false positive findings, mimicking an area of BME.
This is particularly true for pubis and sacroiliac joints. In such
cases, an evaluation of standard CT images may show bilateral
bone sclerosis and exclude associated findings (namely ero-
sions or insufficiency fractures) so helping to avoid misdiag-
nosis. Conversely, markedly sclerotic bone can generate an
artifact (due to excessive subtraction processes) that can hin-
der BME detection. Moreover, the possible drop in the accu-
racy of DECT in cases of subtle changes identified by MRI
has been previously described [27]. Structural bone changes
including subchondral cysts and bone sclerosis could be
misinterpreted as edema in water—HAP imaging, as well
[24]. The inter-observer agreement regarding the identifica-
tion of additional findings (k= 1.000) and that regarding the
identification of BME on the right (k=0.8287) and left (k=
0.8381) femoral heads were most impressive. Indeed, the ad-
ditional findings of our study were all associated with some
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Fig. 3 Sixty-six-year-old woman with worsening left hip pain. On the
coronal T2 fat-saturated MRI (a), BME can be recognized on the left
acetabular roof and femoral head with relative sparing of medial aspect
(arrow). A subchondral linear hypointense line is depicted (dotted arrow).
On the corresponding reconstructed 1-mm coronal DECT image (b), the
BME is characterized by an increased density (arrow) with respect to the
right femoral head. A subchondral linear hyperdense line is depicted
(dotted arrow), considered as a healing fracture. On the axial 1-mm re-
constructed DECT image (¢), BME can be confirmed by an increased
density of the left femoral head and acetabulum (arrow). A tiny fracture of
the acetabulum can be recognized (dotted arrow)

BME around the hip. Consequently, BME may help radiolo-
gists to identify and focus on subtle imaging findings. For
example, BME may indicate early AVN. Also, BME may
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Fig. 4 Fifty-one-year-old man with right non-traumatic hip pain. On the
coronal 1-mm reconstructed DECT image (a), some mild BME, coded as
a superimposed violet to green area, is pointed out at the level of the right
femoral neck (arrows). This represented a FP finding since the corre-
sponding coronal T2 fat-saturated MRI ruled out the presence of BME
(b). On the corresponding coronal 1-mm reconstructed CT image (c), an
articular calcification is depicted on the right side, as a possible cause of
groin pain (dotted arrow). The FP area of the right femoral neck does not
correspond to areas of increased density

indicate an advanced stage of AVN, when it is associated with
signs of collapse [29-31]. DECT could play a key role in the
clinical management of patients with suspected AVN,
confirming the presence of BME (pre-collapsed stages) and
finely evaluating all anatomical changes relating to any col-
lapse of the femoral head.

In our study, the additional findings were correctly identi-
fied by reading DECT images in 24/26 cases (96.15%) by
both readers. However, both readers missed two cases of
AVN because of sclerosis covering the underlying bone and
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consequently altering the DECT numbers. It is important to
note that both patients reported pain relief after having recent-
ly undertaken therapy, and that their BME was scored as mild
using MRI

The presence of stress or insufficiency fractures was diag-
nosed by MRI in 11 patients. All the fractures were correctly
imaged at DECT, and BME was correctly indicated in all of
these patients. The accuracy of DECT did not change with the
varying location of the fractures, including the femoral neck,
femoral head, iliac bone, and sacrum.

As previously suggested [24], in cases of groin pain pre-
senting with BME as determined by DECT, the diagnosis of
AVN or an insufficiency or stress fracture could be achieved
with the concurrent reading of standard high-resolution CT
images. Also, the presence of associated imaging finding
may help radiologists in detecting BME. The presence of
BME on partition 2 (right femoral head) was identified with
82.35% sensitivity, 97.62% specificity, and 93.22% accuracy,
whereas the presence of BME on partition 8 (left femoral
head) was identified with 83.33% sensitivity, 97.87% speci-
ficity, and 94.92% accuracy. We also achieved high values of
agreement between readers regarding the evaluation of femo-
ral head partitions (partition 2, £ =0.8287; partition 8,
k=0.8381).

This study has its limitations. Firstly, only a qualitative
analysis of BME was performed in this paper. Studying mul-
tiple anatomic regions with different density values, several
cut-off values would be required to perform a quantitative
analysis of DECT numbers. However, the main scope of this
study was to evaluate the overall accuracy of DECT in the
evaluation of BME. Even if a subanalysis of single partition
was performed, the number of positive findings in some of
these partitions would not be sufficient to generate a reliable
cut-off. Moreover, due to the lack of pathological correlation,
AVN was not graded, and a dedicated analysis of AVN and
fractures was not carried out in this study. Our data set did
include patients suffering from advanced AVN (mainly wom-
en aged over 60 years) but there were few cases diagnosed as
early-stage AVN, perhaps as our study population included
relatively few young men, a category of patients that is typi-
cally diagnosed with early-stage AVN. Furthermore, we did
not have available detailed clinical data for the patients en-
rolled regarding the cause of development of AVN or stress
fractures, including use of medication and/or the presence of
osteoporosis. Further studies in the future may help to under-
stand if DECT could be reliable for accurately grading AVN
and to demonstrate its role in patients at risk for the develop-
ment of AVN.

In conclusion, our results confirmed that DECT has high
overall diagnostic accuracy in depicting BME around the hip
joint when compared to MRI, among a cohort of non-
traumatic patients suffering from hip pain. Furthermore,
DECT maps may help in the identification of additional

imaging findings often associated with BME, including
AVN of the femoral head and insufficiency or stress fractures.
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