? frontiers ‘ Frontiers in Endocrinology

@ Check for updates

OPEN ACCESS

EDITED BY

Jiang Du,

University of California, San Diego,
United States

REVIEWED BY

Melissa Silva,

University of California, San Diego,
United States

Hamidreza Shaterian Mohammadi,
University of California, San Diego,
United States

*CORRESPONDENCE
Jieruo Gu
gujieruo@163.com

"These authors have contributed
equally to this work

RECEIVED 19 February 2023
ACCEPTED 05 May 2023
PUBLISHED 29 May 2023

CITATION
Lin C, Liu D, Wen H, Liu B,

Tu L and Gu J (2023) Zero echo

time MRI improved detection of
erosions and sclerosis in the sacroiliac
joint in comparison with LAVA-flex.
Front. Endocrinol. 14:1167334.

doi: 10.3389/fendo.2023.1167334

COPYRIGHT
© 2023 Lin, Liu, Wen, Liu, Tu and Gu. This is
an open-access article distributed under the
terms of the Creative Commons Attribution
License (CC BY). The use, distribution or
reproduction in other forums is permitted,
provided the original author(s) and the
copyright owner(s) are credited and that
the original publication in this journal is
cited, in accordance with accepted
academic practice. No use, distribution or
reproduction is permitted which does not
comply with these terms.

Frontiers in Endocrinology

TvpPE Original Research
PUBLISHED 29 May 2023
D01 10.3389/fendo.2023.1167334

Zero echo time MRI improved
detection of erosions and

sclerosis in the sacroiliac joint
in comparison with LAVA-flex
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Liudan Tu? and Jieruo Gu*

‘Department of Radiology, The Third Affiliated Hospital of Sun Yat-Sen University, Guangzhou,
Guangdong, China, 2Department of Rheumatology, The Third Affiliated Hospital of Sun Yat-Sen
University, Guangzhou, Guangdong, China

Background: T1-weighted spoiled 3D Gradient Recalled Echo pulse sequences,
exemplified by Liver Acquisition with Volume Acceleration-flexible MRI (LAVA-
Flex), are currently the preferred MR sequence for detecting erosions of the
sacroiliac joint (SIJ). However, zero echo time MRI (ZTE) is recently reported to
provide excellent visualization of the cortical bone.

Purpose: To directly compare the diagnostic accuracy of ZTE and LAVA-Flex in
the detection of structural lesions of the SIJ, including erosions, sclerosis and
joint space changes.

Materials and methods: Two readers independently reviewed the [dCT, ZTE and
LAVA-Flex images of 53 patients diagnosed as axSpA and scored the erosions,
sclerosis and joint space changes. Sensitivity, specificity and Cohen’s kappa (k) of
ZTE and LAVA-Flex were calculated, while McNemar's test was employed to
compare the two sequences for the positivity of detecting the structural lesions.

Results: Analysis of diagnostic accuracy showed a higher sensitivity of ZTE in
comparison with LAVA-Flex in the depiction of erosions (92.5% vs 81.5%,
p<0.001), especially first-degree erosions (p<0.001) and second-degree
erosions (p<0.001), as well as sclerosis (90.6% vs 71.2%, p<0.001), but not joint
space changes (95.2% vs 93.8%, p=0.332). Agreement with [dCT was also higher
in ZTE in the detection of erosions than LAVA-Flex as indicated by the x values
(0.73 vs 0.47), as well as in the detection of sclerosis (0.92 vs 0.22).

Conclusion: With [dCT as the reference standard, ZTE could improve diagnostic
accuracy of erosions and sclerosis of the SIJ in patients suspected of axSpA, in

comparison with LAVA-Flex.
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Introduction

Axial spondyloarthritis (axSpA) belongs to the group of diseases
known as inflammatory arthropathies, featuring inflammation in
the axial skeleton (1). Since the introduction of the Assessment of
SpondyloArthritis International Society (ASAS) classification
criteria of axSpA, MRI has been increasingly employed to
visualize inflammation in the sacroiliac joints (SIJ), and its role in
the diagnosis of axSpA has been thereby cemented (2, 3). Typical
lesions seen in the SIJ MRI in patients with axSpA include
inflammatory lesions such as bone marrow edema (BME) and
structural lesions such as bone erosions and ankylosis (4, 5).

Conventional MRI sequences such as T1-weighted (T1w)
sequence have limited value in the imaging of cortical bone, since
the cortical bone has relatively low proton density and presents
rapid transverse relaxation of the tissue (6). Currently, volumetric
interpolated breath-hold examination (VIBE), is considered the
preferred MRI technique for detecting erosions in the SIJs
with higher sensitivity and superior reliability compared to the
T1-weighted sequence (7, 8). Liver Acquisition with Volume
Acceleration MRI (LAVA, GE Healthcare) is a similar sequence
to VIBE (Siemens Healthcare), both of which are T1w spoiled 3D
Gradient Recalled Echo pulse sequences (T1w 3D-GRE) from
different vendors (9). LAVA-Flex can generate water-only, fat-
only, in-phase and out-of-phase images from a single acquisition.
The water-only images could be seen as the counterpart of VIBE.

However, a number of novel MRI sequences with CT-like bone
contrast have emerged ever since. Zero echo time MRI (ZTE) is an
exemplary technique for the visualization of osseous structures
since it employs zero echo times, enabling the precise depiction of
cortical bone contours (9). Previous studies investigating ZTE in the
imaging of bone structures in the head, shoulder and vertebra
concluded that its contrast almost paralleled CT (10-12).

The objective of this study is to investigate the diagnostic
accuracy of ZTE in the detection of structural lesions, including
erosions, sclerosis and joint space changes, in the SIJs in patients
with axSpA, in comparison with LAVA-Flex using low-dose CT
(IdCT) as the reference standard. It is hypothesized that ZTE
possessed higher sensitivity and better inter-reader agreement in
the detection of bone erosions than T1w 3D-GRE images.

Materials and methods
Design

This study was a cross-sectional diagnostic study investigating
ZTE for the detection of structural lesions in comparison with LAVA-
Flex in patients with axSpA. This study was approved by the Ethical

Committee of the hospital. Written informed consent was obtained
from patients prior to the inclusion of this study ([2020]02-031-01).

Study population

All patients diagnosed as axSpA were considered eligible for this
study and were consecutively recruited at the outpatient clinic from
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September 1%, 2021 to January 31%, 2022. Inclusion criteria were
diagnosis of axSpA by an expert rheumatologist and fulfillment
of ASAS classification criteria for axSpA (2). Exclusion criteria
consisted of age below 18 years, concomitant malignancies,
pregnancy and contraindications for MRI or CT. Both MRI scans
and 1dCT scans were obtained on the same day of the visit.

MRI protocol

All patients underwent MRI scanning of the sacroiliac joints in
the supine position using a 3.0 T superconducting MR scanner
(SignaTM Architect, GE Healthcare, Milwaukee, WI) with an
anterior 30-channel and posterior 40-channel adaptive image
receive (AIR) radiofrequency coil. The routine SIJ MRI
examination consisted of T2-weighted fat-suppressed turbo spin
echo (T2-FS) sequence, T1-weighted images (TIWI) sequence, T1-
weighted images with fat saturation (T1-FS) sequence in a semi-
coronal orientation and T2-FS sequences in a semi-axial orientation
for the SIJ were available. In addition, a ZTE sequence and a
LAVA-Flex sequence were performed. Scan parameters of each
MRI sequence could be seen in Table 1.

ldCT protocol

1dCT was employed as the standard of reference for the detection
of structural lesions. All CT examinations were performed on a
third-generation dual-source CT (SOMATOM Force; Siemens
Healthineers, Germany). The number of acquired slices was 384
(2x192) slices. Tube voltage was set to Sn100 kV, where Sn indicates
the use of a 0.64 mm tin filter, which modifies the spectrum so that
exposure to radiation is reduced by blocking low-energy photons
(13). The 1dCT scanning parameters for the Sn100-kV protocol were
as follows: automated tube current modulation (Care Dose 4D) with
reference value 600 mAs, rotation time 0.5s, pitch 0.55, 192x0.6 mm
detector collimation, and reconstruction slice thickness 1.4 mm; The
volume CT dose index (CTDI,) and dose-length product (DLP)
were registered from the study protocol for every patient. The mean
radiation exposure of IdCT was calculated to be 0.50 mSv (SD 0.07)
with a maximum of 0.59 mSv.

Image evaluation

The MRI and CT scans were evaluated independently by one
radiologist with 9 years’ experience in musculoskeletal imaging
evaluation and one rheumatologist with 2 years’ experience in
musculoskeletal imaging evaluation. Both observers were blinded
to the clinical information and other sequences, with no prior
knowledge of the patients” information. MRI and CT scans were all
anonymized and presented to the observers in a random order.
Training sessions were assigned to the two observers to score 10 test
images in order to reach consensus.

Structural lesions, including erosions, sclerosis and joint space
changes, were scored based on a method described by Diekhoff et al
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TABLE 1 Imaging parameters of MRI sequences.

10.3389/fendo.2023.1167334

Parameters ZTE LAVA-Flex T1WI T1-FS T2-FS T2-FS
Plain Coronal Coronal Coronal Coronal Coronal Transverse
No.of section 60 52 18 18 18 18
Section thickness (mm) 14 14 3 3 3 3
Section gap (mm) 0 0 0.6 0.6 0.6 0.6
Field of view (mm) 280*280 280*280 240*240 240240 240*240 280*280
Voxel size (mm) 0.9%0.9*1.1 1.2%1.2*1.4 0.8%0.9*3 0.9*0.9*3 0.8%0.9*3 0.8*1.0*3
Repetition time (msec) 831 7.1 624 725 4304 4561
Echo time (msec) 0 1.9 7 7 68 68
Acquisition time 3:04 1:30 1:30 1:54 2:05 1:36

ZTE, zero echo time; LAVA-Flex, liver acquisition volume acceleration -flexible; T2-FS, T2-weighted fat-suppressed turbo spin echo sequence; TIWI, T1-weighted images; T1-FS, T1-weighted

images with fat saturation.

(14). with modifications to the scoring of sclerosis. The scoring
method is summarized in Table 2. Three slices were selected for
interpretation. On each slice, every SIJ was divided into 4 regions,
with a sum of 24 regions per patient. The anterior slice was defined
as ventral to the slices where the sacral neuroforamina was seen.
The middle slice was located by the visualization of the anterior
sacral neuroforamina and the sacral bone. The posterior slice was
defined where the entheseal joint compartment stretched to the
posterior inferior part of the joint. The selection of the three slices
was exemplified in Figure 1. The observers were also asked to record
their confidence of identifying structural lesions on a 0-to-10 scale
for each slice.

Statistical analysis

Statistical analysis was done using R version 3.3. Characteristics
of study subjects were summarized with standard descriptive
statistics. With 1dCT as the standard of reference, sensitivity,
specificity, positive predictive value (PPV), negative predictive
value (NPV) and accuracy of ZTE and LAVA-Flex were
calculated. By using 1dCT as the reference standard, the
agreement of ZTE and LAVA-Flex with 1dCT was evaluated with

TABLE 2 Scoring system for the structural lesions of the sacroiliac joint.

unweighted Cohen’s Kappa (x value). Such parameters were
calculated on the level of quadrants for erosions and sclerosis,
while for joint space changes these parameters were calculated on
the joint level. A contingency table analysis was conducted
comparing ZTE and LAVA-Flex in the detection of structural
lesions. The diagnostic performance of the two MRI sequences
was compared using McNemar’s test.

The sum scores of different structural lesions and diagnostic
confidence of IdCT, ZTE and LAVA-Flex were tested for significant
differences by Kruskal Wallis’ test. The inter-observer reliability for
different structural lesions was assessed with Kk value.

A p-value less than 0.05 is considered statistically significant.

Results
Demographic characteristic

A total of 53 axSpA patients were included in this study.
Twenty-three patients were classified as non-radiographic axSpA
(mean age, 33.5 *+ 8.29), and 30 patients were classified as
radiographic axSpA (mean age, 31 + 5.88). Of the 53 included
patients, 34/53 (64.15%) were male and 19/53 (35.85%) were

Erosions ® Sclerosis ° Joint space changes °
0- | No erosions 0- | No sclerosis or limited sclerosis (less than 0- | No joint space changes
10 mm)
1- | Small isolated erosions (1-2) or questionable single erosion 1- | Evident sclerosis (=10 mm) 1- | Questionable widening or
narrowing
2- | Definite erosions (3-5; <3 mm) or larger single erosion 2- | Pseudowidening
(>3 mm)
3- | Multiple (>5) or confluent erosions 3- | Partial ankylosis
4- | Extensive/total ankylosis

“Erosions and sclerosis were scored on the level of quadrant of each sacroiliac joint.
“Joint space changes were scored on the joint level on each slice.
Frontiers in Endocrinology 03 frontiersin.org
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FIGURE 1

Slice selection for image evaluation and localization of all 24 regions. Anterior slice: ventral to the slices where the sacral neuroforamina was seen.
Middle slice: the anterior sacral neuroforamina and the sacral bone could be seen. Posterior slice: the entheseal joint compartment stretched to the
posterior inferior part of the joint. Oblique coronal slice orientation is a prerequisite for the scoring system.

female. The demographic characteristics of the included patients
could be seen in Table 3.

Diagnostic accuracy of erosions

The analysis of diagnostic accuracy exhibited that ZTE MRI had
higher sensitivity (1582/1710 [92.5%] vs 1393/1710 [81.5%]),
accuracy (2391/2544 [94.0%] vs 2202/2544 [86.6%]) and x value
(0.73 vs 0.47) in the detection of erosions on the quadrant level, in
comparison with LAVA-Flex, while specificity was comparable
(809/834 [97.0%] vs 809/834 [97.0%]) (Table 4). Contingency
table analysis revealed that ZTE is superior to LAVA-Flex in the
detection of erosions (p<0.001), especially the first-degree erosions

TABLE 3 Demographic characteristics of the patient population.

nr-axSpA (n=23)
Age (y) 33.5 + 8.29 (18-49)
Male patient 12 (52.17%)*
Disease duration (y) 6.11 + 491 (0.2-20)
BMI (kg/m2) 22.8 + 3.51 (18-30)
Smoking history 4 (17.39%)*

HLA-B27 positive 19 (82.61%)*

ASDAS-CRP 1.69 + 1.01 (0.31-4.07)
BASDAI 3.04 + 3.55 (0-8.64)
bDMARDs 9 (39.13%)*

(p<0.001) and second-degree erosions (p<0.001), while the
positivity is not significantly different for third-degree erosions
(p=0.505) (Table 5). Examples demonstrating improved detection
of erosions by ZTE were illustrated in Figures 2, 3.

The sum scores of different structural lesions with 1dCT, ZTE
and LAVA-Flex could be seen in Table 6 and Figure 4, while
comparisons of diagnostic confidence could be seen in Table 6 and
Supplementary Materials 1. The median sum scores of the three
modalities were 40.5, 38 and 29, respectively. There is no significant
difference between the sum score of erosions between IdCT and
ZTE (p=0.066), but sum scores of both modalities were significantly
higher than LAVA-Flex(p<0.001) The inter-reader x values of
1dCT and ZTE in detecting erosions were 0.87 and 0.81,
indicating very good agreement between readers, while the

r-axSpA (n=30) P value
31 + 5.88 (22-45) 0.209
22 (73.33%)* 0.193
6.97 + 5.56 (0.1-20) 0.633
223 + 422 (16.7-35.3) 0.830
11 (36.67%)* 0216
28 (93.33%)* 0.433
2.14 + 0.97 (0.61-3.81) 0.102
225 +2.84 (0-5.02) 0.753
13 (43.33%)* 0.979

Unless otherwise specified, data are means + standard deviation, with ranges in parentheses. BMI, body mass index; ASDAS, Ankylosing Spondylitis Disease Activity Score, BASDAI, Bath
Ankylosing Spondylitis Disease Activity Index; bDMARDs, biologic disease-modifying antirheumatic drugs.

* Data are numerators and denominators, with percentages in parentheses.
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TABLE 4 Diagnostic accuracy of ZTE and LAVA-Flexin the detection of structural lesions.

Parameter Sensitivity (%) Specificity (%) Accuracy (%) K value
(vs IdCT)

Erosion

ZTE 1582/1710 (92.5) 809/834 (97.0) 1582/1607 (98.4) 809/937 (86.3) 2391/2544 (94.0) 0.73 (0.71-0.75)

LAVA-Flex 1393/1710 (81.5) 809/834 (97.0) 1393/1418 (98.2) 809/1126 (71.8) 2202/2544 (86.6) 0.47 (0.45-0.49)

Sclerosis

ZTE 616/680 (90.6) 1848/1864 (99.1) 616/632 (97.5) 1848/1912 (96.7) 2464/2544 (96.9) 0.92 (0.90-0.93)

LAVA-Flex 484/680 (71.2) 1073/1864 (57.6) 484/1275 (38) 1073/1269 (84.6) 1557/2544 (61.2) 0.22 (0.19-0.26)

Joint space change

ZTE 340/357 (95.2) 251/279 (90.0) 340/368 (92.4) 251/268 (93.7) 591/636 (92.9) 0.86 (0.83-0.89)
LAVA-Flex 335/357 238/279 (85.3) 335/376 (89.1) 238/260 (91.5) 573/636 (90.1) 0.79 (0.75-0.83)
(93.8)

1dCT served as the reference standard. Denominators represent the total number regarding the respective statistical measure. PPV, positive predictive value; NPV, negative predictive value; ZTE,

zero echo time; LAVA-Flex, Liver Acquisition with Volume Acceleration-flexible.

inter-reader K value of LAVA-Flex was 0.72, indicating good inter-
reader agreement (Table 6).

Diagnostic accuracy of sclerosis

The analysis revealed a higher sensitivity (616/680 [90.6%] vs
484/680 [71.2%]), specificity (1848/1864 [99.1%] vs 1073/1864
[57.6%]), accuracy (2464/2544 [96.9%] vs 1557/2544 [61.2%]) and
K value (0.92 vs 0.22) of ZTE in the detection of sclerosis, in
comparison with LAVA-Flex (Table 4). The contingency table
analysis further substantiated the significant difference in the
positivity of detecting sclerosis between ZTE and LAVA-Flex
(p<0.001) (Table 5). An example demonstrating the improved
detection of sclerosis by ZTE is provided in Figure 3.

The median sum scores of sclerosis based on 1dCT, ZTE and
LAVA-Flex were 6, 6 and 13.5, respectively. The sum scores of
sclerosis were not significantly different between IdCT and ZTE
(p=0.63), but the sum score of LAVA-Flex is significantly higher
than 1dCT (p<0.001) and ZTE (p<0.001). The « values of IdCT and
ZTE were 0.82 and 0.83, both indicating very good agreement
between the two readers. The k value of LAVA-Flex was 0.72,
suggesting good inter-reader agreement (Table 6).

Diagnostic accuracy of joint space changes

Results of the analysis showed a comparable sensitivity (340/357
[95.2%] vs 335/357 [93.8%]), specificity (251/279 [90.0%] vs 238/
279 [85.3%]), accuracy (591/636 [92.9%] vs 573/636 [90.1%]) and K
value (0.86 vs 0.79) between ZTE and LAV A-Flex in the detection of
joint space changes (Table 4). Contingency table analysis failed to
identify any significant difference between ZTE and LAVA-Flex
(p=0.332), either in detecting first-degree joint space changes
(p=0.683) or in detecting joint space changes assigned > 2 points
(p=0.070) (Table 5).

The median sum scores of IdCT, ZTE and LAV A-Flex were 4.5,
5 and 5, respectively. The sum scores of joint space changes were also
comparable between each modality. (p=0.973) The k values of IdCT,
ZTE and LAVA-Flex were 0.77, 0.74 and 0.70, respectively (Table 6).

Discussion

This study directly compared ZTE and T1w 3D-GRE sequences
in the detection of structural lesions in the SIJ. Similar to the
previous studies (7, 8), the assessment of the structural lesions was
conducted using the scoring system developed by Diekhoff et al.

TABLE 5 Contingency table analysis comparing the positivity of detecting structural lesions between ZTE and LAVA-Flex.

ZTE(+) ZTE(+) ZTE(-)
LAVA (+) LAVA(-) LAVA(+)
1 169 153 15 95 <0.001
Erosions 2 223 55 1 5 <0.001
3 979 3 6 6 0.505
Sclerosis 1 440 176 44 20 <0.001
1 216 2 4 11 0.683
Joint space changes
22 113 9 2 0 0.070

ZTE, zero echo time; LAVA-Flex, liver acquisition volume acceleration-flexible.
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FIGURE 2

Semi-coronal images in a 30-year-old woman with sacroiliitis. (A) ZTE, (B) ldCT, and (C) LAVA-Flex. Obvious second-degree erosions on the left iliac
surface could be clearly exhibited on ZTE and ldCT (white arrowhead) but only graded as first-degree on LAVA-Flex. l[dCT, low-dose CT; ZTE, Zero

echo time; LAVA-Flex, Liver Acquisition with Volume Acceleration-flexible.

(14) It should be noted that the scoring of sclerosis was modified in
response to an observation during the training sessions that
sclerosis with a depth less than 5 mm was very common in
the upper sacral quadrant, which should not be considered
pathological, since such findings are also present in healthy
individuals. Based on this observation, the image evaluation panel
revised the scoring criteria (Table 2). Another important distinction
of this study was that all the analysis was conducted on the quadrant
level (erosions and sclerosis) or SIJ on a single slice (joint space
changes), as opposed to the patient level or joint level. By limiting
the analysis on the quadrant level or SIJ level, the diagnostic
accuracy could be exhibited more truthfully.

By using 1dCT as the reference standard, we revealed that ZTE
was more accurate than LAVA-Flex in the detection of erosions and
sclerosis, but not joint space changes. More specifically, ZTE had an

edge over LAVA-Flex in the visualization of low-degree erosions.
This advantage could be attributed to the application of zero echo
time, enabling the acquisition of sparse MR signal of cortical bone,
since cortical bone tissue had a very short T2 relaxation time (6).
ZTE has been acclaimed for its CT-like bone contrast, hence the
gaining interest in this sequence in the field of musculoskeletal
imaging (15). This study substantiated that ZTE could provide a
precise depiction of the SIJ cortical bone contour. Despite the fact
that the current definition of a positive SIJ MRI maintained
indispensably the bone marrow edema or osteitis (4), this finding
is still increasingly relevant given the mounting evidence that
structural lesions, especially erosions, have incremental diagnostic
value in the imaging assessment of axSpA (16, 17).

Previous studies by Diekhoff et al. and Baraliakos et al. reported
that MR-VIBE had a sensitivity of 95% and 71.2% (7, 8), while our

TABLE 6 Sum score, diagnostic confidence and inter-reader x value of ldCT, ZTE and LAVA in the detection of structural lesions of the sacroiliac joint.

ldCT ZTE LAVA-Flex P value
Sum score °
Erosions 40.5 (27.25-49.75) 38 (22.25-43) 29 (16.25-37.75) <0.001
Sclerosis 6 (1-11) 6 (1-11) 13.5 (6-18) <0.001
Joint space changes 4.5 (1-8) 5 (1-7.75) 5 (1.25-7) 0.973
Diagnostic confidence ?
Erosions 9 (8-9) 8 (7-8) 7 (7-8) <0.001
Sclerosis 9 (8-9) 8 (7-9) 5 (4-6) <0.001
Joint space changes 8 (8-9) 8 (7-8) 7 (7-8) <0.001
Inter-reader k value ®
Erosions 0.87 (0.85-0.89) 0.81 (0.79-0.83) 0.72 (0.69-0.75)
Sclerosis 0.82 (0.78-0.86) 0.83 (0.79-0.86) 0.72 (0.68-0.76)

Joint space changes 0.77 (0.71-0.83)

0.74 (0.68-0.80)

1dCT, low-dose CT; ZTE, zero echo time; LAVA-Flex, Liver Acquisition with Volume Acceleration-flexible.

“Data in parentheses are interquartile range.
"Data in parentheses are 95% Cls.
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FIGURE 3

Semi-coronal images in a 45-year-old man with sacroiliitis. (A) ZTE, (B) ldCT, and (C) LAVA-Flex. Multiple erosions on the right sacroiliac joint (white
arrowhead) and the left sacroiliac joint (black arrowhead) were graded as third-degree on ZTE and |dCT but graded as first-degree on the right and
second-degree on the left on LAVA-Flex; both ZTE and |dCT could accurately exhibit sclerosis (small black arrow), but such sclerosis could be easily
confused with fat deposition. l[dCT, low-dose CT; ZTE, Zero echo time; LAVA-Flex, Liver Acquisition with Volume Acceleration-flexible.

study reported a sensitivity of 81.5% in the detection of erosions.
The study by Diekhoff et al. conducted the analysis of diagnostic
performance on the patient level, which could lead to the
overestimation of sensitivity. Similar to the study by Baraliakos
et al,, our study conducted analysis on the quadrant level or SIJ level,
but it should be noted that the disease duration of our study is
longer, hence the higher proportion of third-degree erosions.
Consequently, our study reported a higher sensitivity (81.5%) and
specificity (97.0%) of LAVA-Flex. In the meanwhile, Li et al. made
an initial attempt to analyze the diagnostic performance of ZTE and
reported its sensitivity to be 98.2%, but this sensitivity was
calculated on the joint level (18). The accuracy (95.0%) and ¥
value (0.88) reported were similar to our study, which reported an
accuracy of 94.0% and a x value of 0.73.

The advantage of ZTE over LAVA-Flex in the detection of
sclerosis was formidable. Our study reported a sensitivity of 90.6%

and a specificity of 99.1% of ZTE in the detection of sclerosis, while
the sensitivity and specificity for LAVA-Flex were only 71.2% and
57.6%. Neither of the two previous studies analyzed its capacity in
detecting sclerosis (7, 8). Tlw 3D-GRE is inherently not an
appropriate sequence for the detection of sclerosis. Recognition of
sclerosis on LAVA-Flex images depends on the finding of low signal,
yet such low signal could easily be confused with fat deposition. In
contrast, ZTE could render a near-CT visualization of sclerosis in the
cortical bone. Alas, our study failed to prove the advantage of ZTE
over LAVA-Flex in the detection of joint space changes.

There are certain limitations to our study. First, the sample size
was relatively small with only 53 patients, with no healthy control
for ethical consideration that CT could inflict ionizing radiation.
Second, the MRI examinations were carried out on a 3.0-T MRI
scanner; therefore, our result should not be easily extrapolated to
other scanners with different magnetic field strength. Noteworthy,
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FIGURE 4

Comparison of sum scores of structural lesions of the sacroiliac joint with [dCT, ZTE and LAVA-Flex. (A) Erosions; (B) Sclerosis; (C) Joint space
changes. ldCT, low-dose CT; ZTE, Zero echo time; LAVA-Flex, Liver Acquisition with Volume Acceleration-flexible.
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there are several novel MRI sequences with CT-like contrast. The
study by Deppe et al. concluded that susceptibility-weighted
imaging (SWI) depicts erosions and sclerosis more accurately
than T1 spin echo MRI (19). Jans et al. developed the MRI-based
synthetic CT and demonstrated its superiority to T1-weighted
MRI in the detection of structural lesions in SIJ. It is desirable to
comprehensively evaluate these 3D sequences in the detection of SIJ
lesions (20).

In conclusion, ZTE could generate a near-CT visualization of
the SIJ and improve the detection of low-degree erosions and
sclerosis in the SIJ with excellent reliability in comparison to T1w
3D-GRE(LAVA). ZTE could be incorporated into the routine MRI
examination of the SIJ for patients suspected of axSpA.

Data availability statement

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

Ethics statement

The studies involving human participants were reviewed and
approved by the Ethical Committee of the Third Affiliated Hospital
of Sun Yat-sen University. The patients/participants provided their
written informed consent to participate in this study.

Author contributions

Both CL and DL performed the imaging evaluation. CL devised
the study design, while DL conducted the statistical analysis and
drafted the manuscript. HW was in charge of the acquisition of the
imaging data. BL and LT assisted in collecting patient information
and helped coordinate this study. JG contributed conceptually
to the project and was in charge of the integrity of this study.
All authors contributed to the article and approved the
submitted version.

References

1. Robinson PC, van der Linden S, Khan MA, Taylor WJ. Axial spondyloarthritis:
concept, construct, classification and implications for therapy. Nat Rev Rheumatol
(2021) 17(2):109-18. doi: 10.1038/541584-020-00552-4

2. Rudwaleit M, van der Heijde D, Landewe R, Listing J, Akkoc N, Brandt J, et al.
The development of assessment of SpondyloArthritis international society
classification criteria for axial spondyloarthritis (part II): validation and final
selection. Ann Rheum Dis (2009) 68(6):777-83. doi: 10.1136/ard.2009.108233

3. Maksymowych WP. The role of imaging in the diagnosis and management of
axial spondyloarthritis. Nat Rev Rheumatol (2019) 15(11):657-72. doi: 10.1038/s41584-
019-0309-4

4. Maksymowych WP, Lambert RG, Ostergaard M, Pedersen SJ, Machado PM,
Weber U, et al. MRI Lesions in the sacroiliac joints of patients with spondyloarthritis:
an update of definitions and validation by the ASAS MRI working group. Ann Rheum
Dis (2019) 78(11):1550-8. doi: 10.1136/annrheumdis-2019-215589

5. Mandl P, Navarro-Compan V, Terslev L, Aegerter P, van der Heijde D,
D'Agostino MA, et al. EULAR recommendations for the use of imaging in the

Frontiers in Endocrinology

10.3389/fendo.2023.1167334

Funding

This work was supported by grants from the National Natural
Science Foundation of China (81871294); the Science and
Technology Planning Project of Guangdong Province, China
(2019B030316004); Guangdong Clinical Research Center of
Immune diseases (2020B1111170008).

Acknowledgments

We would like to express our gratitude to the patients who
underwent the imaging examinations. We thank Qingcong Kong,
MD for his counsel on the study design and adjustment of the
imaging parameters.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fendo.2023.
1167334/full#supplementary-material

diagnosis and management of spondyloarthritis in clinical practice. Ann Rheum Dis
(2015) 74(7):1327-39. doi: 10.1136/annrheumdis-2014-206971

6. DuJ, Carl M, Bydder M, Takahashi A, Chung CB. And bydder G.M. qualitative
and quantitative ultrashort echo time (UTE) imaging of cortical bone. ] Magn Reson
(2010) 207(2):304-11. doi: 10.1016/j.jmr.2010.09.013

7. Diekhoff T, Greese J, Sieper J, Poddubnyy D, Hamm B, Hermann KA. Improved
detection of erosions in the sacroiliac joints on MRI with volumetric interpolated
breath-hold examination (VIBE): results from the SIMACT study. Ann Rheum Dis
(2018) 77(11):1585-9. doi: 10.1136/annrheumdis-2018-213393

8. Baraliakos X, Hoffmann F, Deng X, Wang YY, Huang F, Braun J. Detection of
erosions in sacroiliac joints of patients with axial spondyloarthritis using the magnetic
resonance imaging volumetric interpolated breath-hold examination. J Rheumatol
(2019) 46(11):1445-9. doi: 10.3899/jrheum.181304

9. Huh J, Kim SY, Yeh BM, Lee SS, Kim KW, Wu EH, et al. Troubleshooting
arterial-phase MR images of gadoxetate disodium-enhanced liver. Korean ] Radiol
(2015) 16(6):1207-15. doi: 10.3348/kjr.2015.16.6.1207

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fendo.2023.1167334/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fendo.2023.1167334/full#supplementary-material
https://doi.org/10.1038/s41584-020-00552-4
https://doi.org/10.1136/ard.2009.108233
https://doi.org/10.1038/s41584-019-0309-4
https://doi.org/10.1038/s41584-019-0309-4
https://doi.org/10.1136/annrheumdis-2019-215589
https://doi.org/10.1136/annrheumdis-2014-206971
https://doi.org/10.1016/j.jmr.2010.09.013
https://doi.org/10.1136/annrheumdis-2018-213393
https://doi.org/10.3899/jrheum.181304
https://doi.org/10.3348/kjr.2015.16.6.1207
https://doi.org/10.3389/fendo.2023.1167334
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Lin et al.

10. Breighner RE, Endo Y, Konin GP, Gulotta LV, Koff MF, Potter HG. Technical
developments: zero echo time imaging of the shoulder: enhanced osseous detail by
using MR imaging. Radiology (2018) 286(3):960-6. doi: 10.1148/radiol.2017170906

11. Lee C, Jeon KJ, Han SS, Kim YH, Choi YJ, Lee A, et al. CT-like MRI using the
zero-TE technique for osseous changes of the TMJ. Dentomaxillofac Radiol (2020) 49
(3):20190272. doi: 10.1259/dmfr.20190272

12. Hou B, Liu C, Li Y, Xiong Y, Wang J, Zhang P, et al. Evaluation of the
degenerative lumbar osseous morphology using zero echo time magnetic resonance
imaging (ZTE-MRI). Eur Spine J (2022) 31(3):792-800. doi: 10.1007/s00586-021-
07099-2

13. Korcakova E, Stepankova J, Suchy D, Hosek P, Bajcurova K, Pernicky J, et al. Is
ultra low-dose CT with tin filtration useful for examination of SI joints? can it replace
X-ray in diagnostics of sacroiliitis? BioMed Pap Med Fac Univ Palacky Olomouc Czech
Repub (2022) 166(1):77-83. doi: 10.5507/bp.2021.008

14. Diekhoff T, Hermann KG, Greese ], Schwenke C, Poddubnyy D, Hamm B, et al.
Comparison of MRI with radiography for detecting structural lesions of the sacroiliac
joint using CT as standard of reference: results from the SIMACT study. Ann Rheum
Dis (2017) 76(9):1502-8. doi: 10.1136/annrheumdis-2016-210640

15. Chong LR, Lee K, Sim FY. 3D MRI with CT-like bone contrast - an overview of
current approaches and practical clinical implementation. Eur ] Radiol (2021)
143:109915. doi: 10.1016/j.ejrad.2021.109915

Frontiers in Endocrinology

09

10.3389/fendo.2023.1167334

16. de Hooge M, van den Berg R, Navarro-Compan V, Reijnierse M, van Gaalen F,
Fagerli K, et al. Patients with chronic back pain of short duration from the SPACE
cohort: which MRI structural lesions in the sacroiliac joints and inflammatory and
structural lesions in the spine are most specific for axial spondyloarthritis? Ann Rheum
Dis (2016) 75(7):1308-14. doi: 10.1136/annrheumdis-2015-207823

17. Weber U, Zubler V, Pedersen SJ, Rufibach K, Lambert RG, Chan SM, et al.
Development and validation of a magnetic resonance imaging reference criterion for
defining a positive sacroiliac joint magnetic resonance imaging finding in
spondyloarthritis. Arthritis Care Res (Hoboken) (2013) 65(6):977-85. doi: 10.1002/
acr.21893

18. Li Y, Xiong Y, Hou B, Liu C, Wang J, Liu WV, et al. Comparison of zero echo
time MRI with T1-weighted fast spin echo for the recognition of sacroiliac joint
structural lesions using CT as the reference standard. Eur Radiol (2022) 32(6):3963-73.
doi: 10.1007/s00330-021-08513-5

19. Deppe D, Hermann KG, Proft F, Poddubnyy D, Radny F, Protopopov M, et al.
CT-like images of the sacroiliac joint generated from MRI using susceptibility-weighted
imaging (SWI) in patients with axial spondyloarthritis. RMD Open (2021) 7(2):
€001656. doi: 10.1136/rmdopen-2021-001656

20. Jans LBO, Chen M, Elewaut D, Van den Bosch F, Carron P, Jacques P, et al.
MRI-Based synthetic CT in the detection of structural lesions in patients with suspected
sacroiliitis: comparison with MRI. Radiology (2021) 298(2):343-9. doi: 10.1148/
radiol.2020201537

frontiersin.org


https://doi.org/10.1148/radiol.2017170906
https://doi.org/10.1259/dmfr.20190272
https://doi.org/10.1007/s00586-021-07099-2
https://doi.org/10.1007/s00586-021-07099-2
https://doi.org/10.5507/bp.2021.008
https://doi.org/10.1136/annrheumdis-2016-210640
https://doi.org/10.1016/j.ejrad.2021.109915
https://doi.org/10.1136/annrheumdis-2015-207823
https://doi.org/10.1002/acr.21893
https://doi.org/10.1002/acr.21893
https://doi.org/10.1007/s00330-021-08513-5
https://doi.org/10.1136/rmdopen-2021-001656
https://doi.org/10.1148/radiol.2020201537
https://doi.org/10.1148/radiol.2020201537
https://doi.org/10.3389/fendo.2023.1167334
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

	Zero echo time MRI improved detection of erosions and sclerosis in the sacroiliac joint in comparison with LAVA-flex
	Introduction
	Materials and methods
	Design
	Study population
	MRI protocol
	ldCT protocol
	Image evaluation
	Statistical analysis

	Results
	Demographic characteristic
	Diagnostic accuracy of erosions
	Diagnostic accuracy of sclerosis
	Diagnostic accuracy of joint space changes

	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


