Skeletal Radiology (2019) 48:721-728
https://doi.org/10.1007/500256-018-3116-0

SCIENTIFIC ARTICLE

@ CrossMark

Susceptibility-weighted MR imaging to improve the specificity
of erosion detection: a prospective feasibility study in hand arthritis

Sevtap Tugce Ulas' - Torsten Diekhoff > - Kay Geert Armin Hermann" - Denis Poddubnyy? - Bernd Hamm .

Marcus Richard Makowski'

Received: 10 September 2018 /Revised: 4 November 2018 / Accepted: 12 November 2018 /Published online: 18 December 2018
© 1552018

Abstract

Objective To evaluate the diagnostic potential of susceptibility-weighted imaging (SWI) for the detection of erosions of the hand,
compared to T1-weighted (T1w) magnetic resonance imaging (MRI). Computed tomography (CT) was used as a reference standard.
Materials and methods We prospectively investigated 37 patients with suspected arthritic activity of the hand. All patients
underwent T1w, SWI, and CT on the same day. Patients were randomized to MRI or CT first. CT, T1w, SWI, and T1w/SWI
were scored for erosions according to OMERACT RAMRIS guidelines. Specificity, sensitivity, and diagnostic accuracy were
separately calculated for T1w, SWI, and T1w/SWI on a per-patient and per-bone basis using CT as reference. The one-tailed
McNemar test was performed to test the number of erosion-positive patients in T1w, SWI, and T1w/SWI for non-inferiority.
Measured erosion sizes were compared using Pearson’s test.

Results CT was positive for erosions in 16 patients and 55 bones. SWI and T1w/SWI had superior diagnostic accuracy (91.2 and
93.8%) compared to T1w (87.8%) driven by a higher specificity (93.8 and 96.5%) compared to T1w (88.8%). On the patient
level, SWI and T1w/SWI showed non-inferiority (p =0.11 and p = 0.38) but not T1w alone (p <0.0001). The lesion size on CT
correlated better with SWI (Pearson’s »=0.92) compared to T1w (=0.69).

Conclusions Adding SWI to a standard MRI protocol has the potential to improve erosion detection in hands by increasing
specificity. SWI depicts bony erosions more accurately compared to standard MRI techniques.

Keywords Magnetic resonance imaging - Computed tomography - Erosive arthropathy - Rheumatoid arthritis

Introduction

Erosions are the hallmark of arthritis and their timely detection
is of great importance for optimal therapeutic management and
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the patient’s prognosis [1, 2]. Magnetic resonance imaging
(MRI) has been shown to be superior to conventional radiog-
raphy in the detection of erosions [3—5]. For this purpose, the
use of T1-weighted sequences (T1w) is recommended by the
Outcome Measurement in Rheumatology (OMERACT) guide-
lines [6]. However, due to the high signal of fatty bone marrow,
T1w allows only indirect depiction of cortical bone [7, 8]. This
can result in low specificity and limit the visualization and
delineation of erosions on T1w images [9, 10].
Susceptibility-weighted imaging (SWI) is a novel gradient-
echo imaging sequence that is currently mainly applied in
neuroradiology [11-13]. Exploiting a novel contrast in MRI,
SWI enables the characterization of tissues in the body based
on their different magnetic susceptibility properties [13, 14].
The resulting changes in phase reconstruction allow the iden-
tification of specific tissue properties that are concealed to
traditional T1w and T2 weighting [15]. Substances with dia-
magnetic properties cause a negative phase shift and are,
therefore, detected by SWI [15]. One such substance is
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calcium, and, because it is a main component of bone, its
effect on the local magnetic field is of particular interest
[13]. As a result, destructions or a decrease in the density of
calcium-containing bone substance can be detected [16]. SWI
therefore has the potential of directly visualizing and assessing
cortical and trabecular bone [17]. A recent case report has
shown SWI to improve the MR-based differentiation of corti-
cal and trabecular bone compared to T1w [18]. Therefore,
SWI may be a useful additional pulse sequence to improve
the specificity of conventional MRI for detecting bony
changes.

The aim of our study was to assess the feasibility of SWI
for the detection of erosions of the hand compared with T1w
MR imaging. Computed tomography (CT) was used as stan-
dard of reference.

Materials and methods
Subjects

We prospectively included 37 consecutive patients presenting
with arthritic activity of the wrist and finger joints to our
hospital’s rtheumatology outpatient center from September
2016 to October 2017. Patients were only included if initial
clinical and laboratory findings were concordant with the di-
agnosis of rheumatoid arthritis. Patients were enrolled regard-
less of their symptom duration, severity, or current treatment.
Exclusion criteria were age under 50, contraindications to
MRI, for example pacemaker, cochlear implants, and claus-
trophobia. The final diagnosis was made by experienced rheu-
matologists of the local rheumatology department based on
established ACR/EULAR diagnostic criteria [19] and the re-
sults of the imaging.

The study was approved by the local ethics committee and
the Federal Office for Radiation Protection (Z 5-22462/2 —
2016-008), and all patients gave informed consent before
study inclusion.

Imaging procedure

All patients underwent MRI and CT of the clinically dominant
hand on the same day and were randomized to MRI or CT
first. MRI was performed on a 1.5-Tesla scanner (Siemens
Magnetom Avanto; Siemens Healthcare; Erlangen,
Germany) using a standard clinical protocol, which included
SWI and a T1w spin echo sequence in the coronal plane. The
sequence parameters for SWI were as follows: slice thickness,
0.8 mm; repetition time (TR), 49 ms; echo time (TE), 20 ms;
15° flip angle (FA); matrix resolution, 192 x 192; field of view
(FOV) read, 160 mm; FOV phase, 100%; slice gap, 20%;
distance factor, 20%; phase-encoding direction, right to left;
100% phase oversampling; 100% phase resolution; no phase
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partial Fourier; and no fat or water suppression. SWI was
acquired using flow compensation. The acquisition time for
SWI was 5:03 min. After acquisition, magnitude and phase
images were reconstructed automatically. The T1w sequences
were acquired with the following parameters: slice thickness,
3.0 mm; TR, 401 ms; TE, 21 ms; 90° FA; matrix resolution,
512 x 512; FOV read, 160 mm; FOV phase, 100%; slice gap,
10%; distance factor, 10%; phase-encoding direction, right to
left; 0% phase oversampling; 100% phase resolution; no
phase partial Fourier; no fat or water suppression; and no flow
compensation. The duration of the T1w acquisition was
3:29 min. A small flexible four-channel coil (Siemens
Healthcare; Erlangen, Germany) was used. CT of the same
hand was performed on a 320-row scanner (Canon Aquilion
ONE Vision; Canon Medical Systems; Otawara, Japan) with-
out table movement using an ultra-low-dose protocol with a
tube voltage of 80 kVp and a tube current of 30 mAs. The CT
datasets were reconstructed with a bone kernel and 0.5-mm
slice thickness in the coronal plane. All scans were performed
in prone and so-called superman position.

Image reading

All images were anonymized separately for SWI, T1w, and
CT using Horos (The Horos Project, Version 3.0, Purview,
Maryland, USA). The SWI magnitude image was inverted
to simulate the impression of a CT scan. The images were
scored separately for SWI, T1w, and CT by three readers in
consensus. The readers had different years of experience in
musculoskeletal imaging: reader 1, a senior radiologist with
10 years, reader 2, a specialist in radiology with 9 years, and
reader 3, a medical research student with 1 year of experience
in musculoskeletal imaging. The readers were trained and cal-
ibrated on a set of test cases and blinded to clinical data and
other imaging findings. In a second step, a combined scoring
of SWI and T1w images was conducted (T1w/SWI) to assess
the additional value of SWI to a standard protocol. All scor-
ings were performed using the OMERACT Rheumatoid
Arthritis Magnetic Resonance Imaging Score (RAMRIS) for
erosions assigning scores of 0 to 10 separately for the meta-
carpal bases, carpal bones, distal radius and ulna, as well as the
metacarpal head and phalangeal bases II-V [6, 20]. Thereafter,
reader 3 assessed the diameter of the surface and the depth of
the 31 largest erosions for CT, T1w, and SWI.

Statistical analysis

Statistical analysis was performed using GraphPad Prism
(Version 7 for MacOS, GraphPad Software, La Jolla, CA,
USA). The scoring results were dichotomized and summa-
rized. Erosions detected in CT served as reference. On the
patient level, patients with one or more erosions detected were
categorized as erosion-positive irrespective of number and
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size. The number of erosion-positive patients in T1w, SWI,
and T1w/SWI were compared to CT using a one-tailed
McNemar test (to test for non-inferiority). False-positive and
false-negative detections in the different modalities were com-
pared with CT for each final diagnosis. On the bone level, the
bones were also dichotomized into erosion-positive and -
negative irrespective of their size. Diagnostic accuracy was
calculated on the per-patient and per-bone level separately
for SWI, T1w, and TI1w/SWI. Contingency tables were creat-
ed to calculate sensitivity, specificity, positive predictive val-
ue, and negative predictive value of SWI, T1w, and T1w/SWI
on the patient level and bone level using the Wilson/Brown
method. Furthermore, sum scores were calculated and the
Pearson’s r test was performed to assess their correlation.
The multiplication product of the diameter and depth served
to calculate the correlation of quantitative erosion measure-
ment using the two-tailed Pearson’s correlation coefficient.

Results
Subjects

In total, 37 patients (27 women, ten men; mean age 60.1, 50—
77 years) with a mean weight of 77.3 kg (SD 14.3), a mean C-
reactive protein (CRP) of 18 mg/dl (SD 42.6) and a mean
duration of symptoms of 3.9 years (SD 4.84) were included
in the study. Anti-citrullinated peptide antibodies were posi-
tive in 17 patients and the rheumatoid factor was positive in
five patients. According to the imaging findings and the ACR/
EULAR criteria [19], 25 of the patients were finally diagnosed
with rheumatoid arthritis (RA), three with psoriatic arthritis
(PsA), one with undifferentiated arthritis (UA), six with oste-
oarthritis (OA), and two with calcium pyrophosphate deposi-
tion disease (CPPD). A flow chart of study inclusion is pre-
sented in Fig. 1. The study population consisted of 14 treat-
ment-naive patients, three patients treated with NSAID solely
and six patients receiving corticosteroid only, seven patients
DMARD and seven biologicals.

Imaging procedure

SWI, Tlw, and CT were conducted in all patients. In 16 pa-
tients, MRI was performed first. The dose-length product was
estimated to be 8 mGy*cm, corresponding to an effective dose
of < 0.01 mSv.

Image reading and statistical analysis

CT was positive for erosions in 16 patients. SWI was positive
in 22 patients, TIw in 33 patients, and TIw/SWI in 16 pa-
tients. Using the one-tailed McNemar test, SWIand T1w/SWI
showed non-inferiority (» =0.11 and p =0.38), but not TIw

alone (p <0.0001). Examples of the imaging findings are pre-
sented in Fig. 2. The results of contingency table analysis are
presented in Table 1. SWI showed false-positive detection in
two patients with seropositive RA, four patients with seroneg-
ative RA, one patient with UA, three patients with OA, and
one patient with CPPD. False-positive erosions in T1w were
detected in three patients with seropositive RA, eight patients
with seronegative RA, one patient with UA, three patients
with OA, and two patients with CPPD. For combined T1w/
SWI, one patient with seropositive RA, two patients with se-
ronegative RA, one patient with UA, and one patient with OA
had false-positive erosions. False-negative detection in SWI
was identified in two patients with seropositive RA and three
patients with seronegative RA. No patient was false negative
on Tlw. TIw/SWI showed false-negative detection in three
patients with seronegative RA, one patient with PsA, and one
patient with OA.

A total of 850 of the 851 eligible bone regions were
assessed by CT, 849 by Tlw, and 649 by SWI and T1w/
SWI (Fig. 1). The total sum score was 115 for CT, 104 for
SWI, 244 for Tlw, and 84 for T1w/SWI. Pearson’s r test
showed a better correlation of SWI with CT compared to
Tlw (r=0.86 and »=0.76). However, T1w/SWI improved
the correlation of the patient sum scores to 0.90. Further de-
tails are shown in Table 1 and Fig. 1. In total, 31 erosions were
measured in CT. Two erosions in T1w and three erosions in
SWI were not sufficiently depicted. CT correlated better with
SWI (r=0.92, p<0.0001) compared to Tlw (r=0.69,
p<0.0001) (Fig. 3).

Discussion

This is the first study investigating SWI for the detection of
erosions of the hand. For validation of the MRI findings, CT
was used as standard of reference. On the patient level, our
results demonstrate non-inferiority of SWI and the combina-
tion of SWI and T1w, whereas T1w alone has significantly
poorer specificity. On the level of individual bones, our find-
ings show SWI to improve specificity for erosion detection
compared to T1w. However, the combination of T1w and SWI
has the highest diagnostic accuracy. The correlation of the
OMERACT-RAMRIS sum scores with CT was highest for
T1w/SWI, followed by SWI alone. The same was demonstrat-
ed for erosion size measurements.

Early and accurate detection of erosions is of major clinical
relevance for the differential diagnosis and therapy monitoring
in patients with inflammatory joint disorders such as rheuma-
toid arthritis [21]. Erosions usually occur the course of chronic
and ineffectively treated inflammatory joint diseases, such as
rheumatoid arthritis. The development of erosions predicts fu-
ture loss of joint function [22-25] and its prevention is the main
goal of any treatment in these patients [26]. When erosive
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Patientlevel | Total no. of patients (n = 37) |

| Total no. of patients included in the scoring (n = 37) |

|

RA(+) n=8
RA(-) n=17
UA n=1
PsA n=3
OA n=6
CPPD n=2
Positive in CT Negative in CT
n=16 n=21
i v ! ¥
SWi+ Tiw+ Tiw/SWI+ SWI- Tiw- Tiw/SWI-
n=11 n=16 n=11 n=10 n=4 n=16
Bone level Total no. of bone regions (n =851

No. of bone regions not depicted by CT
(n=1)

Total no. of bone regions included in the scoring (n = 850 )

Tiw No. of bone regions not depicted by T1w No. of bone regions not depicted by SWI swi
(n=1) (n=201)
——>| No. of bone regions included in the analysis (n = 849) | No. of bone regions included in the analysis (n = 649) |‘—

Sensitivity:  72.7%
Specificity: ~ 88.8%

Sensitivity:  58.3% |

Specificity: ~ 93.8%

Tiw/SWI
Sensitivity:  60.4%
Specificity: ~ 96.5%

Fig. 1 Study inclusion and scoring results. n =number of patients/
regions, RA(+) =seropositive rheumatoid arthritis, RA(—) =
seronegative rheumatoid arthritis, UA = undifferentiated arthritis, PsA =
psoriatic arthritis, OA = osteoarthritis, CPPD = calcium pyrophosphate
deposition disease, CT =computed tomography, SWI = Susceptibility-
weighted imaging sequence, T1w = T1-weighted imaging sequence. All
patients enrolled in the study were included in the scoring. A total of 850
regions were included in the scoring using CT as standard of reference. In

progression is seen in a patient with inflammatory joint disease,
a change in therapy is mandatory. Detection of small erosions
in early disease secures the diagnosis and allows differentiation
from other joint diseases. Therefore, earlier initiation of anti-
inflammatory therapy is possible. On the other hand, imaging
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SWI, 201 regions were not assessable and therefore were excluded from
analysis. In T1w, one region was not detectable. In total, statistical
analysis included 649 regions for the comparison of SWI with CT and
849 regions for the comparison of T1w with CT. On the per-bone level,
SWTI had 93.8% specificity and 58.3% sensitivity compared with 88.8 and
72.7% for T1w. Combined T1w and SWI scoring improved specificity to
96.5%

has to be highly specific to avoid false-positive findings and
overtreatment of healthy people or patients with mechanical
differential diagnoses [27]. SWI has the potential to relevantly
increase specificity for erosion detection and can thus increase
the overall diagnostic accuracy of MRI.
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Fig. 2 Examples of imaging findings in study patients. a CT; b Inverted
susceptibility-weighted MRI (SWI); ¢ T1-weighted MRI (T1w); 1: 67-
year-old man with seropositive rheumatoid arthritis. In CT, erosions were
detected i.a. in the head of metacarpal bone II, which was also visible in
SWI and T1w (arrowheads). CT and SWI detected a bone cyst (without
cortical break) in the head of metacarpal bone III. However, on T1w, the
cyst was misinterpreted as an erosion in the third metacarpal head

In our study, the sensitivity of T1w in erosion detection
compared to CT was found to be similar to the results of pre-
vious studies. In a study of Dohn et al., MRI had 68% sensi-
tivity [28]. While ultrasonography is inexpensive and widely
available, it is limited because its diagnostic performance de-
pends on the examiner [29]. A study reported high diagnostic

(arrow). 2: 57-year-old woman with psoriatic arthritis. SWI and Tlw
showed false-positive detection of an erosion in the base of metacarpal
bone V (arrowheads). 3: 61-year-old woman with seronegative rheuma-
toid arthritis. CT and T1w demarcated i.a. an erosion in the head of
metacarpal bone III. In SWI, the detection of this erosion was not possible
(arrowheads)

accuracy of ultrasound in detecting synovial tissue activity,
while its performance was only moderate in depicting erosive
bone changes compared to MRI [30]. In another study of Dohn
et al., ultrasonography had 44% sensitivity in small regions of
the hand [31]. These findings underline the need for robust
imaging modalities to evaluate bone lesions sufficiently.

@ Springer
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Table 1 Results of the erosion scoring

Patient level DA Sens. Spec. PPV NPV

Tlw 0.541 1 0.190 0.484 1

(95% CI) (0.773-1) (0.071-0.406) (0.325-0.648) (0.454-1)
SWI 0.568 0.688 0.476 0.5 0.667

(95% CI) (0.442-0.861) (0.283-0.676) (0.307-0.693) (0.415-0.850)
T1w/SWI 0.73 0.688 0.762 0.688 0.762

(95% CI) (0.442-0.861) (0.545-0.898) (0.442-0.861) (0.545-0.898)
Bone level DA Sens. Spec. PPV NPV

Tlw 0.878 0.727 0.888 0.31 0.979

(95% CI) (0.597-0.828) (0.864-0.908) (0.237-0.395) (0.966-0.99)
SWI 0912 0.583 0.938 0.431 0.966

(95% CI) (0.443-0.712) (0.916-0.955) (0.318-0.552) (0.947-0.978)
T1w/SWI 0.938 0.604 0.965 0.58 0.968

(95% CI) (0.463-0.73) (0.947-0.977) (0.442-0.706) (0.951-0.98)
Sum score Mean SEM SD Pearson’s
CT 3.108 1.042 6.341

Tlw 6.595 1.260 7.665 0.761

SWI 2.811 0.740 4.502 0.86
T1w/SWI 2.270 0.752 4.574 0.898

Using CT as standard of reference, specificity and diagnostic accuracy on the patient and bone level was highest for T1w/SWI, followed by SWI. T1w/

SWI showed the highest correlation of the sum scores with CT

CT computed tomography, SWI susceptibility weighted imaging, 7/w T1-weighted imaging, T/w/SWI combined scoring of SWI and Tlw, DA
diagnostic accuracy, Sens. sensitivity, Spec. specificity, PPV positive predictive value, NPV negative predictive value, 95% CI 95% confidence interval,

SEM standard error, SD standard deviation

SWI is playing an increasing role in the detection of brain
hemorrhage in the field of neuroimaging [11] and in the detec-
tion of calcification in prostate imaging [32]. Here, paramag-
netic and ferromagnetic substances, such as deoxyhemoglobin,
hemosiderin, and ferritin, have been shown to cause a positive
phase shift of surrounding tissue with a loss of signal in SWI
[15, 33, 34]. Previous studies in musculoskeletal imaging show

a CTand T1

90-
80+ o o
70- .
60+ 2 .4

CT

Fig. 3 Correlation of erosion size measurements. The diameter of the
surface and depth were measured in millimeters and their product was
plotted in the diagram. a Correlation of CT with Tlw. CT showed a
moderate correlation with Tlw (Pearson »=0.69, p<0.0001). b
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SWI to be highly reliable in detecting calcifications of the ten-
dons and in assessing shoulder spurs [17, 35]. This is attribut-
able to the diamagnetic property of calcium, causing a negative
phase shift and hence a high signal.

Some limitations need to be discussed. We included only a
small number of patients; however, we were able to derive
significant results. In addition, some skeletal regions were

b CT and SWI

90+
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70+
60 )
50- 8
30 &

10] Q%OO.....--"&

104 %0 oo

0 & L) ] I L) 1
0 20 40 60 8 100

CT

Correlation of CT with SWI. The diagram presented a high to perfect
linear correlation between CT and SWI with a Pearson correlation
coefficient of »=0.92 (»p <0.0001)

SWI
o
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not depicted by SWI due to the small slice number and thick-
ness. However, the sequence can be adapted and optimized for
imaging of the hand and finger joints. Further, we used differ-
ent slice thickness in T1w (3 mm) and SWI (0.8 mm). It needs
to be discussed that using the same slice thickness in both
sequences could result in a lower difference between T1w
and SWI. Due to the longer examination time compared to
T1w (5:03 min for SWI and 3:29 min for T1w), SWI is more
susceptible to motion artifacts, particularly in assessing the
small joints such as the MCP joints. The low sensitivity of
SWI for erosion detection can potentially be explained by the
relatively strong susceptibility artifacts resulting for tissue in-
tersections between bone, fluid, and tendons in the investigat-
ed area. Tlw imaging still enables imaging with a higher
contrast between bone and surrounding tissue. Further studies
with optimized SWI sequence parameters and larger number
of study population are needed to assess the added value of
SWI in a clinical setting.

In conclusion, SWI has the potential to improve erosion
detection in hands by increasing the diagnostic specificity.
Compared to T1w, SWI demonstrated a better diagnostic ac-
curacy and may develop into a complementary technique to
T1w in the future.
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