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Abstract
Objectives To investigate the agreement between double-inversion recovery (DIR) with synthetic magnetic resonance imaging
(MRI) and T1-weighted contrast-enhanced (CE)-MRI for the assessment of knee synovitis.
Methods T1-weighted CE-MRI and synthetic MRI of 30 patients were compared. Synthetic DIR image reconstruction was
performed with two inversion times (280–330 ms and 2800–2900 ms). Subjective image quality, visibility of synovium,
detection of synovitis, and total synovitis score in the knee joint were evaluated on bothMR images. The relative signal intensity
(SI) and relative contrast of synovium, joint effusion, and bone marrow for two imaging were assessed. Differences in data
between two imaging were assessed by using Wilcoxon’s signed-rank test and chi-square test/Fisher’s exact test. Interobserver
agreement was expressed as weighted kappa value. Accuracy of synthetic DIR image was calculated by using CE-MRI as
reference standard.
Results T1-weighted CE-MRI yielded better image quality than synthetic DIR imaging (p < 0.001). Interobserver agreements for
detecting synovitis diagnosis/sum of the synovitis score were moderate to almost perfect (κ = 0.58/0.44, synthetic DIR; κ = 0.83/
0.65, T1-weighted CE-MRI). There were no statistical differences in visibility of synovium (p = 0.058–0.190), detection of
synovitis (p < 0.001), and relative SI of structures between two imaging (p = 0.086–0.360). Synovium-to-effusion contrast was
higher in synthetic DIR (p = 0.003) and synovium-to-bone marrow contrast was higher in CE-MRI (p < 0.001).
Conclusion Synthetic DIR imaging showed a moderate degree of interobserver agreement and good accuracy for detecting
synovitis. Though it has limitations, it may play a role in imaging of degenerative joint disease or larger cohort scientific studies
where gadolinium application is not feasible.
Key Points
• Synthetic double-inversion recovery (DIR) imaging avoids the use of contrast agent.
• There was no significant difference between T1-weighted CE-MRI and synthetic DIR imaging in evaluating presence of
synovitis in knee joint.

• Synthetic DIR imaging showed moderate degree of interobserver agreement and good accuracy for detecting synovitis com-
pared to CE-MRI, and it may facilitate evaluation of some regions of peripatellar synovitis.

Keywords Knee . Synovitis . Magnetic resonance imaging . Contrast media

Abbreviations
DIR Double-inversion recovery
FS Fat-suppressed
MDME Multiple-dynamic multiple echo

Introduction

The synovium is a thin specialised membrane lining the joint
surfaces, bursae, and tendon sheaths [1]. The knee is a
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synovial joint that consists of a condylar joint (tibiofemoral
joint) and a saddle joint (patellofemoral joint), and the inner
surface of this joint is lined by synovium [2]. Inflammation of
the synovium is called synovitis and may occur in association
with conditions such as inflammatory arthritis and osteoarthri-
tis (OA) [3]. Inflammation itself appears to play a role in
increasing input from peripheral nociceptors [4], and the
synovium contains nociceptive fibres [5]. A histopathological
study of synovial tissue inflammation in both early and late
knee OA has shown the production of pro-inflammatory cy-
tokines by synovium [6]. Thus, the synovium can be a source
of pain in knee OA [7]. Synovitis is visualised on magnetic
resonance imaging (MRI) as synovial thickening on T2-
weighted images (due to water accumulation) and contrast
enhancement on T1-weighted images [8].

Gadolinium contrast-enhanced (CE)-MRI is regarded as the
gold standard for evaluating synovitis, as it can distinguish the
synovium from joint effusion [9, 10]. Ideally, direct imaging
assessment of synovitis should be performed using CE-MRI
[7–9], but it is not routinely used in clinical practice due to the
increased cost and scan time and the potential side effect of the
contrast agent including nausea or vomiting, urticaria, broncho-
spasm, tachycardia, loss of consciousness, nephrogenic system-
ic fibrosis, and storage of gadolinium in the brain [11–14].
Thus, some studies have compared unenhanced fluid-sensitive
fat-suppressed (FS) sequences and fluid-attenuated inversion
recovery sequences with CE-MRI for evaluation of synovitis
and have shown moderate to good agreement [15, 16]. The
inversion recovery (IR) sequence can be applied to void the
signal of a single tissue, by selecting the inversion time (TI)
during preparation of inversion recovery, by applying a 180°
inversion radio frequency pulse before signal acquisition [17,
18]. A double-inversion recovery (DIR) sequence uses two in-
version pulses, with two different TIs, and can simultaneously
suppress signals from two different tissues, thereby improving
imaging contrast [17, 19, 20]. By suppressing joint effusion and
fat tissue, the DIR sequence may hold potential for replacing
CE-MRI in assessing knee joint synovitis [18, 21].

Synthetic MRI was recently introduced to facilitate accu-
rate quantification, similar to that of tissue-contrast MRI.
Synthetic MRI uses quantitative probing of multiple physical
properties within a single scan and can generate T1-weighted,
T2-weighted, proton density-weighted, and inversion recov-
ery images by modifying the repetition time (TR), echo time
(TE), and TI [22]. Additionally, synthetic DIR MRI can be
generated from synthetic MRI scans by employing two TIs,
which can simulate T1-weighted CE-MRI. Synthetic DIR im-
aging could, thus, possibly replace CE-MRI for assessing
knee joint synovitis. However, to date, knee joint synovitis
has not been evaluated using synthetic DIR MRI. Therefore,
the purpose of this study was to investigate the agreement of
synthetic DIR imaging and T1-weighted CE-MR imaging for
the assessment of knee joint synovitis.

Materials and methods

Subjects

This study was approved by the relevant institutional re-
view board, and the need for obtaining informed consent
was waived due to the retrospective nature of the study.
Between March 2016 and January 2017, 34 consecutive
adult patients underwent both conventional knee MRI with
contrast enhancement and synthetic MRI at this institution.
Among them, four patients were excluded: one patient with
hemarthrosis in the knee joint due to fracture of the femur,
one patient with quadriceps tendon rupture, and two pa-
tients with severe motion artefacts and poor synthetic
DIR image quality. In total, 30 patients were included in
this study, comprising 15 men (aged 22–74 years; mean
age, 44.9 years) and 15 women (aged 21–80 years; mean
age, 41.1 years). The reasons for knee MR imaging with
contrast enhancement were as follows: non-specific knee
pain with (n = 9) or without (n = 13) history of trauma,
degenerative osteoarthritis (n = 5), rheumatoid arthritis
(n = 1), limited range of knee motion (n = 1), and osteoid
osteoma (n = 1).

Imaging study

MRI was performed using a 3.0-T magnetic resonance system
(Discovery 750w, GE Healthcare) with a 16-channel GEM
Flex-medium flexible coil (NeoCoil).

For synthetic MRI, a multiple-dynamic multiple echo
(MDME) sequence was acquired in the sagittal orientation,
with the following imaging parameters for synthetic recon-
struction: TR, 4384 ms; TE, 21.952 and 98.784 ms; four dif-
ferent TIs, 175, 700, 1930, and 4210 ms; field of view (FOV),
160 × 160 mm; acquisition matrix, 320 × 256; reconstructed
voxel size, 0.312 mm; slice thickness, 3 mm (interslice gap,
1 mm); two flip angles, 90° and 110°; and echo train length,
14. The image acquisition time was 6 min 20 s. Synthetic DIR
images were generated by one radiologist (J.Y.), by adjusting
TR, TE, and TI, and the TI that effectively suppressed the
signal from joint fluid and fat was set: TR, 8000 ms; TE,
100 ms; TI1, 280–330 ms; TI2, 2800–2900 ms.

For conventional T1-weighted MRI, an FS three-
dimensional spoiled gradient-recalled (3D SPGR) acquisition
in the steady-state sequence was used in the sagittal plane,
within 1 min after administration of intravenous gadolinium-
based contrast agent (Dotarem; Guerbet) at a dose of 0.2 mL
(0.1 mmol per kilogramme of body weight). The following
parameters were used: TR, 10.448 ms; TE, 4.676 ms; FOV,
160 × 160 mm; acquisition matrix, 320 × 320; reconstructed
voxel size, 0.312 mm; slice thickness, 1 mm; slab thickness
116 mm; number of excitations, 0.8026; flip angle, 10°; and
echo train length, 1. The image acquisition time was 4 min 5 s.
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Imaging interpretation

Image analysis was performed independently and in random
order by two musculoskeletal radiologists (Y.H.L. and J.Y.
with 10 and 2 years of experience, respectively), who were
blinded to the electronic medical records of the patients, in-
cluding the radiology report and the final diagnosis. The im-
ages were digitally assessed with a commercially available
PACS workstation (Centricity® Radiology RA1000; GE
Healthcare). One reader (J.Y.) selected three planes of sagittal
images in which the T1-weighted CE-MRI and synthetic DIR
images were best matched, i.e. (1) the medial margin of the
patella, (2) the central portion that showed the anterior cruciate
ligament as straight, and (3) the lateral margin of the patella
(Fig. 1). Visualisation of the synovium and synovitis was
evaluated in these three sagittal sections of images in five
peripatellar areas (suprapatellar area, intercondylar area,
infrapatellar area, medial parapatellar area, and lateral
parapatellar area).

Image quality and visibility of synovium

Subjective image quality assessment of T1-weighted CE and
synthetic DIR images was performed by both readers, using a
4-point grading scale: excellent (4), good (3), sufficient (2),
poor (1). The scores of both readers were summed for both
sequences for comparison.

A high signal intensity line between the suppressed joint
effusion and intra-articular fat regions on synthetic DIR im-
ages was considered the synovium. The visibility of the
synovium on T1-weighted CE-MRI and synthetic DIR images
was rated on a 4-point grading scale by both readers: grade 1
(poorly visualised synovium), grade 2 (partially visualised
synovium), grade 3 (synovium was fully delineated but at
low contrast as compared to the intra-articular fat or joint
effusion), and grade 4 (synovium was sharply delineated with
good contrast as compared to both of the intra-articular fat and
joint effusion) [16].

Assessment of synovitis

Synovitis was defined as synovial thickening of more than
2 mm on both types of images [15, 23]. Both readers rated
the presence (1) or absence (0) of synovitis in five peripatellar
areas, individually. The sum of the scores (scores ranging from
0 to 5 points) in the five peripatellar areas was calculated for
each patient to represent the severity of synovitis. After inde-
pendent evaluation of synovitis, both readers reached a con-
sensus about the interpretation of T1-weighted CE images, and
these consensus results were considered the reference standard.

The relative signal intensity and the relative contrast

The relative signal intensity (SI) and the relative contrast of
synovium, joint effusion, and bone marrow for T1-weighted
CE-MRI and synthetic DIR images were assessed in the level
of central portion that showed the anterior cruciate ligament as
straight (Fig. 1a) by one reader (J.Y.). For the signal measure-
ment, 1–2-mm2-sized circular regions of interest (ROIs) were
drawn for each structure in the same region in both imaging
sequences. The relative SI of each structure was calculated
with the equation, SI/SD. And the relative contrast of structure
A to structure B was calculated with the equation (SIA - SIB)/
(SDA

2 + SDB
2)1/2 [24].

Statistical analysis

To compare subjective image quality, visibility of the
synovium, the total synovitis score, the relative SI, and the
relative contrast of structures between the two imaging se-
quences, Wilcoxon’s signed-rank test was used. Weighted
kappa (κ) statistics was used for interobserver agreement.
Also, Bland-Altman plots were drawn to demonstrate the in-
terobserver agreement in evaluating summed score of synovi-
tis. Chi-square test or Fisher’s exact test was used to compare
T1-weighted CE-MRI and synthetic DIR imaging in detection
of synovitis for both readers. The accuracy, sensitivity, and

Fig. 1 Sagittal synthetic double-
inversion recovery magnetic res-
onance imaging of the knee joint.
The synovium was evaluated in
five peripatellar areas on three
sections of sagittal images. a The
suprapatellar (SP), infrapatellar
(IP), and intercondylar (IC) areas
were assessed where the anterior
cruciate ligament is fully
visualised. b The medial
peripatellar (MP) area. c The lat-
eral peripatellar (LP) area
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specificity for detecting synovitis in knee joint of synthetic
DIR imaging were calculated by using T1-weighted CE-
MRI as a reference standard.

All statistical analyses were performed using SPSS soft-
ware (version 23; IBM Corp.). P values < 0.05 were deemed
to indicate statistically significant differences.

Results

The mean score of subjective image quality in T1-weighted
CE-MRI and synthetic DIR imaging demonstrated sufficient
to excellent image quality (Table 1). However, the T1-
weighted CE imaging has higher scores of subjective image
quality than synthetic DIR imaging (p < 0.001). The fat sup-
pression was not homogeneous on synthetic DIR imaging as
compared to that of T1-weighted CE-MRI. Table 2 lists the
mean score of both sequences for the visualisation of
synovium; the synovium was well visualised with both se-
quences by both readers. The score for T1-weighted CE im-
aging was higher than that for synthetic DIR imaging, for both
readers. There was no significant difference in the visualisa-
tion of the synovium on either sequence between readers
(p = 0.190 and p = 0.058, respectively) (Table 2).

Peripatellar synovitis on synthetic DIR imaging was detect-
ed in 19 patients by reader 1 and in 18 patients by reader 2. On
T1-weighted CE imaging, peripatellar synovitis was found in
18 patients by reader 1 and in 17 patients by reader 2. Table 3
lists the comparison of T1-weighted CE-MRI and synthetic
DIR imaging for both of the readers in evaluating the detection
of synovitis in five peripatellar areas. There was no significant
difference in detecting synovitis on both MR imaging in both
of the readers at suprapatellar area, intercondylar area, and
medial peripatellar area (Fig. 2). Both of the readers show
difference in detecting synovitis between two MRI sequences
when evaluating lateral peripatellar area (reader 1, p = 0.245;
reader 2, p = 0.078). After a second viewing of the MR im-
ages, (1) the cartilage of the lateral articular facet (Fig. 3), (2)
uneven fat suppression of the suprapatellar fat pad, and (3) a

partial volume effect due to thick slice thickness (4 mm) were
found to lead to misdiagnosis of lateral peripatellar synovitis.
And it was similar to previous study reported hyperintense SI
of synovial lining of articular cartilage on fluid-attenuated
inversion recovery sequence [16].

Interobserver agreement for detecting synovitis was almost
perfect for T1-weighted CE-MRI and moderate for synthetic
DIR imaging (Table 4). The respective agreement rate be-
tween readers per peripatellar area was also determined. The
intercondylar area and lateral peripatellar area showed rela-
tively lower interobserver agreements in both sequences than
the other three peripatellar areas. For interobserver agreement
related to sum score of peripatellar synovitis, it was substantial
for T1-weighted CE-MRI and moderate for synthetic DIR
imaging. Figure 4 shows the Bland-Altman plots to demon-
strate the degree of agreement between readers in evaluating
summed score of peripatellar synovitis in both sequences. The
accuracy of synthetic DIR imaging for detecting synovitis was
80% (95% CI, 72.7–86.1%) for reader 1 and 82% (95% CI,
74.9–87.8%) for reader 2. The sensitivity of synthetic DIR
imaging for detecting synovitis was 87.0% (95% CI, 78.8–
92.9%) for reader 1 and 85.3% (95% CI, 77.3–91.4%) for
reader 2. The specificity of synthetic DIR imaging for detect-
ing synovitis was 66% (95%CI, 51.2–78.8%) for reader 1 and
73.2% (95% CI, 57.1–85.8%) for reader 2.

Table 5 lists the relative SI of synovium, joint effusion, and
bone marrow of knee joint and relative contrast of synovium-
to-effusion and synovium-to-bone marrow in both MR im-
ages. There were no statistically significant differences in
relative SI of structures between two imaging (synovium,
p = 0.086; effusion, p = 0.360; bone marrow, p = 0.178).
Synthetic DIR imaging shows higher synovium-to-effusion
ratio than T1-weighted CE-MRI (11.36 ± 11.06 versus 5.46
± 4.47, p = 0.003). T1-weighted CE-MRI shows higher
synovium-to-bone marrow ratio than synthetic DIR imaging
(13.59 ± 7.92 versus 3.72 ± 1.78, p < 0.001).

Table 1 Subjective image quality of the two imaging techniques

Subjective image
quality

CE T1-weighted
FSPGR imaging

Synthetic
DIR imaging

Grade 1 0 (0/0) 0 (0/0)

Grade 2 2 (2/0) 11 (4/7)

Grade 3 13 (7/6) 33 (11/22)

Grade 4 45 (21/24) 16 (15/1)

Data are the sum of the scores for readers 1 and 2. Data in parentheses are
the sum of scores for readers 1 and 2, respectively

CE contrast-enhanced, FSPGR fat-suppressed spoiled gradient-recalled,
DIR double-inversion recovery

Table 2 Comparison of contrast-enhanced T1-weighted fat-suppressed
spoiled gradient-recalled imaging and synthetic double-inversion recov-
ery images for the evaluation of synovitis

Parameter and reader CE T1-weighted
FSPGR imaging

Synthetic DIR
imaging

p value

Synovium visibility (grades 1–4)

Reader 1 3.77 ± 0.43 3.60 ± 0.68 0.190

Reader 2 3.83 ± 0.38 3.53 ± 0.38 0.058

Sum of synovitis score (scores 0–5)

Reader 1 1.63 ± 1.85 1.63 ± 1.83 0.962

Reader 2 1.40 ± 1.63 1.37 ± 1.50 0.952

Data are presented as means ± standard deviation. P values are based on
Wilcoxon’s signed-rank test

CE contrast-enhanced, FSPGR fat-suppressed spoiled gradient-recalled,
DIR double-inversion recovery
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Discussion

Synthetic MRI is one of the advances in MR techniques that
produces multi-contrast images within a single scan, based on
MRquantification, and includes T1-weighted, T2-weighted, PD-

weighted, and inversion recovery images [25]. It has been ap-
plied to brain imaging and some studies have shown acceptable
image quality in clinical practice [25–27]. Synthetic DIR MRI
could be reformatted by applying two TI times, and the
oedematous thickened tissue was visible after the two

Table 3 Comparison between the
two MR sequences evaluated in
the detection of synovitis in each
of peripatellar area

CE T1-weighted FSPGR imaging Synthetic DIR imaging p value

Presence Absence Presence Absence

All areas

Reader 1 41 (27.3%) 109 (72.7%) 50 (33.3%) 100 (66.7%) < 0.001

Reader 2 42 (28.0%) 108 (72.0%) 41 (27.3%) 109 (72.7%) < 0.001

Suprapatellar area

Reader 1 8 (26.7%) 22 (73.3%) 10 (33.3%) 20 (66.7%) < 0.001

Reader 2 8 (26.7%) 22 (73.3%) 10 (33.3%) 20 (66.7%) < 0.001

Intercondylar area

Reader 1 4 (13.3%) 26 (86.7%) 9 (30.0%) 21 (70.0%) 0.005

Reader 2 8 (26.7%) 22 (73.3%) 4 (13.3%) 26 (86.7%) 0.048

Infrapatellar area

Reader 1 8 (26.7%) 22 (73.3%) 6 (20.0%) 24 (80.0%) 0.175

Reader 2 6 (20.0%) 24 (80.0%) 8 (26.7%) 22 (73.3%) 0.029

Medial peripatellar area

Reader 1 11 (36.7%) 19 (63.3%) 10 (33.3%) 20 (66.7%) 0.001

Reader 2 10 (33.3%) 20 (66.7%) 11 (36.7%) 19 (63.3%) < 0.001

Lateral peripatellar area

Reader 1 10 (33.3%) 20 (66.7%) 15 (50.0%) 15 (50.0%) 0.245

Reader 2 10 (33.3%) 20 (66.7%) 8 (26.7%) 22 (73.3%) 0.078

Data in all area mean numbers of joint sites in 30 subjects, with the percentage of the total sample of 150
peripatellar areas in parentheses. Date in each of five peripatellar area mean numbers of subjects, with the
percentage of the total sample of 30 in parentheses. P values are based on chi-square test or Fisher’s exact test

CE contrast-enhanced, FSPGR fat-suppressed spoiled gradient-recalled, DIR double-inversion recovery

Fig. 2 Images from a 54-year-old
man with left knee pain. Both the
three-dimensional fat-suppressed
contrast-enhanced T1-weighted
image (a–c) and synthetic double-
inversion recovery image (d–f)
show synovitis in the medial
peripatellar area (arrowheads in a
and d), suprapatellar area (arrow-
heads in b and e), intercondylar
area (arrows in b and e), and lat-
eral peripatellar area (arrowheads
in c and f), as assessed by both
readers. Less effectively sup-
pressed bone marrow fat in syn-
thetic DIR
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suppressions. Although the overall image quality of T1-weighted
CE-MRIwas superior to that of synthetic DIR imaging, synthetic
DIR imaging provided sufficient to excellent imaging quality.
Previous investigation by Jahng et al. first showed potential of
DIR sequence replacing CE-MRI in assessing knee joint syno-
vitis [18]. Herein, by applying synthetic MR to knee synovitis,
we investigated synthetic DIRMRI for evaluation of knee syno-
vitis, and it has not been reported previously.

In the current study, we used synthetic DIR MRI, applying
two different inversion times that suppressed fat signal intensity
of the fat pad and water signal intensity of the joint effusion.We
hypothesised that the synovium would be accentuated and sy-
novitis could be evaluated without the need for contrast agent
on MRI. The synovial scoring we used in was modified from
that used in a previous study [28]. Our study demonstrated that
the high signal intensity and thickening seen on synthetic DIR

MRI correlated directly with those observed on T1 CE-MRI
and indicated synovial enhancement due to synovitis.

There was no statistical significant difference in detecting
synovitis in both MR imaging by both readers. And the accu-
racy of synthetic DIR imaging for detecting synovitis compared
to that of T1-weighted CE-MRI was relatively good (80–82%).
The interobserver agreement in detecting synovitis (Table 4),
the readers showed moderate agreement on synthetic DIR im-
age. For suprapatellar area and the medial patellar area, where
other structures (ligament, cartilage, vascular structure) are rel-
atively far from the synovium, the respective interobserver
agreement was better than intercondylar and lateral peripatellar
areas. Recognition of these limitations may help in interpreting
synovitis on synthetic DIR imaging. We found a tendency of
higher relative signal intensity of synovium, effusion, and bone
marrow in T1-weighted CE-MRI compared to synthetic DIR
imaging, without statistical significance. The relative SI of
synovium-to-bone marrow ratio was higher in T1-weighted
CE-MRI than in synthetic DIR imaging, and that of
synovium-to-effusion ratio was higher in synthetic DIR imag-
ing than in T1-weighted CE-MRI. It was inconsistent with pre-
vious investigation using conventional DIR imaging to evaluate
the synovitis of knee which reported both of relative contrast
were higher in DIR imaging than in CE-MRI [21]. There were
similar results of synovium-to-effusion ratio (T1-weighted CE-
MRI, 0.86 ± 0.64; synthetic DIR imaging, 26.58 ± 52.14;
p < 0.001) and synovium-to-bone marrow ratio (T1-weighted
CE-MRI, 19.51 ± 9.39; synthetic DIR imaging, 6.53 ± 7.34;
p < 0.001) even by using the same equation of previous study
[21]. This might be due to less effectively suppressed bone
marrow fat in synthetic DIR imaging than in T1-weighted CE
imaging, but it does not significantly affecting evaluation of the
synovium (Figs. 2 and 3).

Fig. 3 Images from a 59-year-old woman who underwent knee magnetic
resonance imaging due to left knee pain. a The synovium is well
visualised on the three-dimensional fat-suppressed contrast-enhanced
T1-weighted image, and the thickness of the synovium is less than
2 mm. Both readers considered this as an absence of synovitis in this

area. b The synovium (arrowhead) is well visualised, although with low
contrast, on synthetic double-inversion recovery images, and both readers
misinterpreted the cartilage of the lateral articular facet of the patella
(arrow) as thickening of the synovium

Table 4 Interobserver agreement in the evaluation of synovitis

Parameter Weighted κ value

CE T1-weighted
FSPGR imaging

Synthetic DIR
imaging

Detection of synovitis 0.83 (0.73–0.92) 0.58 (0.43–0.72)

Suprapatellar area 0.92 (0.76–1.00) 0.62 (0.31–0.92)

Intercondylar area 0.62 (0.32–0.91) 0.53 (0.20–0.86)

Infrapatellar area 0.81 (0.57–1.00) 0.63 (0.30–0.96)

Medial peripatellar area 0.93 (0.79–1.00) 0.71 (0.45–0.97)

Lateral peripatellar area 0.85 (0.65–1.00) 0.40 (0.11–0.69)

Sum of synovitis score 0.65 (0.55–0.75) 0.44 (0.34–0.53)

Data are presented with 95% confidence interval in parentheses

CE contrast-enhanced, FSPGR fat-suppressed spoiled gradient-recalled,
DIR double-inversion recovery
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To the best of our knowledge, our study represents the first
to evaluate the synovitis of knee using synthetic DIR imaging
compared to T1-weighted CE-MRI. Synthetic MR imaging is
one of the accelerating MR techniques which can automati-
cally generate variable sequences by single scan and also can
provide quantifiedmaps that showing absolute values of phys-
ical properties of patient [25, 29]. In the current study, no
quantitative measurements were made to evaluate the
synovium. Further study evaluating the absolute value of
synovium using synthetic MR imaging is expected to evaluate
synovitis more objectively. There are some limitations to this
study. First, this study was a pilot study with retrospective
design and small number of patients for assessing synovitis
of knee joint using synthetic DIR sequence. Further study with
prospective non-inferiority design is necessary to assess the
clinical feasibility of this new imaging technique. Second, the

actual number of patients with synovitis was small. Further
studies that include a large number of patients suffering from
inflammatory or infectious synovitis of the knee are needed to
generalise the results of this study. Third, we did not use a 2D
spin-echo T1-weighted CE sequence, but a 3D SPGR CE
sequence. According to a previous study [30], the 3D SPGR
CE sequence showed accuracy and specificity comparable
to that of MR arthrography for evaluating synovitis of the
ankle joint. We also use 3D SPGR CE imaging in daily prac-
tice. Visualisation of the synovium and the image quality of
3D SPGR CE imaging were excellent in our study. Fourth, the
reference standard of synovitis was not a pathology result.
However, the aim for this study was to evaluate the agreement
of synthetic DIR sequence and T1-weighted CE-MRI (which
is a non-invasive sensitive and accurate method for diagnos-
ing synovitis) in evaluation of synovitis of knee.

In conclusion, synthetic DIR imaging showed a mod-
erate degree of interobserver agreement and good accura-
cy for detecting synovitis. Though it has limitations, it
may play a role in imaging of degenerative joint disease
or larger cohort scientific studies where gadolinium appli-
cation is not feasible.
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Fig. 4 Bland-Altman plots to show levels of interobserver agreement in evaluating the degree of peripatellar synovitis for synthetic DIR sequence (a) and
CE-MRI (b). Solid lines indicate the mean difference and dashed lines the 95% confidence interval around the mean difference of the repeated measures

Table 5 Comparing relative signal intensity and relative contrast of
measurements in two imaging

CE T1-weighted
FSPGR imaging

Synthetic DIR
imaging

p value

Relative signal intensity

Synovium 15.81 ± 9.86 12.39 ± 11.50 0.086

Effusion 22.64 ± 19.18 17.73 ± 17.21 0.360

Bone marrow 3.35 ± 0.95 3.07 ± 1.98 0.178

Relative contrast

Synovium to effusion 5.46 ± 4.47 11.36 ± 11.06 0.003

Synovium to bone
marrow

13.59 ± 7.92 3.72 ± 1.78 < 0.001

Data are presented with mean value ± standard deviation. P values are
based on Wilcoxon’s signed-rank test

CE contrast-enhanced, FSPGR fat-suppressed spoiled gradient-recalled,
DIR double-inversion recovery
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Statistics and biometry No complex statistical methods were necessary
for this paper.

Informed consent Written informed consent was waived by the
Institutional Review Board.

Ethical approval Institutional Review Board approval was obtained.

Methodology
• Retrospective
• Diagnostic or prognostic study
• Performed at one institution

References

1. Kim HK, Zbojniewicz AM, Merrow AC, Cheon JE, Kim IO,
Emery KH (2011) MR findings of synovial disease in children
and young adults: part 1. Pediatr Radiol 41:495–511 quiz 545-496

2. Smith MD (2011) The normal synovium. Open Rheumatol J 5:
100–106

3. Braun HJ, Dragoo JL, Hargreaves BA, Levenston ME, Gold GE
(2013) Application of advanced magnetic resonance imaging tech-
niques in evaluation of the lower extremity. Radiol Clin North Am
51:529–545

4. Schaible HG, Grubb BD (1993) Afferent and spinal mechanisms of
joint pain. Pain 55:5–54

5. Dye SF, Vaupel GL, Dye CC (1998) Conscious neurosensory map-
ping of the internal structures of the human knee without
intraarticular anesthesia. Am J Sports Med 26:773–777

6. BenitoMJ, Veale DJ, FitzGerald O, van den BergWB, Bresnihan B
(2005) Synovial tissue inflammation in early and late osteoarthritis.
Ann Rheum Dis 64:1263–1267

7. Rhodes LA, Grainger AJ, Keenan AM, Thomas C, Emery P,
Conaghan PG (2005) The validation of simple scoring methods
for evaluating compartment-specific synovitis detected by MRI in
knee osteoarthritis. Rheumatology (Oxford) 44:1569–1573

8. Loeuille D, Rat AC, Goebel JC et al (2009) Magnetic resonance
imaging in osteoarthritis: whichmethod best reflects synovial mem-
brane inflammation? Correlations with clinical, macroscopic and
microscopic features. Osteoarthritis Cartilage 17:1186–1192

9. Roemer FW, Kassim Javaid M, Guermazi A et al (2010)
Anatomical distribution of synovitis in knee osteoarthritis and its
association with joint effusion assessed on non-enhanced and
contrast-enhanced MRI. Osteoarthritis Cartilage 18:1269–1274

10. Fernandez-Madrid F, Karvonen RL, Teitge RA, Miller PR, An T,
Negendank WG (1995) Synovial thickening detected by MR im-
aging in osteoarthritis of the knee confirmed by biopsy as synovitis.
Magn Reson Imaging 13:177–183

11. Hunt CH, Hartman RP, Hesley GK (2009) Frequency and severity of
adverse effects of iodinated and gadolinium contrast materials: retro-
spective review of 456,930 doses. AJR Am J Roentgenol 193:1124–
1127

12. ThomsenHS,Morcos SK,Almén Tet al (2013) Nephrogenic systemic
fibrosis and gadolinium-based contrast media: updated ESURContrast
Medium Safety Committee guidelines. Eur Radiol 23:307–318

13. Kanda T, Ishii K, Kawaguchi H, Kitajima K, Takenaka D (2014)
High signal intensity in the dentate nucleus and globus pallidus on
unenhanced T1-weighted MR images: relationship with increasing
cumulative dose of a gadolinium-based contrast material.
Radiology 270:834–841

14. Kang H, Hii M, Le M et al (2018) Gadolinium deposition in deep
brain structures: relationship with dose and ionization of linear

gadolinium-based contrast agents. AJNR Am J Neuroradiol.
https://doi.org/10.3174/ajnr.A5751

15. Loeuille D, Sauliere N, Champigneulle J, Rat AC, Blum A, Chary-
Valckenaere I (2011) Comparing non-enhanced and enhanced se-
quences in the assessment of effusion and synovitis in knee OA:
associations with clinical, macroscopic and microscopic features.
Osteoarthritis Cartilage 19:1433–1439

16. Yoo HJ, Hong SH, Oh HYet al (2017) Diagnostic accuracy of a fluid-
attenuated inversion-recovery sequence with fat suppression for assess-
ment of peripatellar synovitis: preliminary results and comparison with
contrast-enhanced MR imaging. Radiology 283:769–778

17. Saranathan M, Worters PW, Rettmann DW, Winegar B, Becker J
(2017) Physics for clinicians: fluid-attenuated inversion recovery
(FLAIR) and double inversion recovery (DIR) imaging. J Magn
Reson Imaging. https://doi.org/10.1002/jmri.25737

18. Jahng GH, Jin W, Yang DM, Ryu KN (2011) Optimization of a
double inversion recovery sequence for noninvasive synovium im-
aging of joint effusion in the knee. Med Phys 38:2579–2585

19. Abidi Z, Faeghi F,Mardanshahi Z,Mortazavi H (2017) Assessment
of the diagnostic accuracy of double inversion recovery sequence
compared with FLAIR and T2W_TSE in detection of cerebral mul-
tiple sclerosis lesions. Electron Physician 9:4162–4170

20. Eichinger P, Kirschke JS, Hoshi MM, Zimmer C, Mühlau M,
Riederer I (2017) Pre- and postcontrast 3D double inversion recov-
ery sequence in multiple sclerosis: a simple and effective MR im-
aging protocol. AJNR Am J Neuroradiol. https://doi.org/10.3174/
ajnr.A5329

21. Son YN, JinW, Jahng GH et al (2017) Efficacy of double inversion
recovery magnetic resonance imaging for the evaluation of the
synovium in the femoro-patellar joint without contrast enhance-
ment. Eur Radiol. https://doi.org/10.1007/s00330-017-5017-3

22. Warntjes JB, Leinhard OD, West J, Lundberg P (2008) Rapid mag-
netic resonance quantification on the brain: optimization for clinical
usage. Magn Reson Med 60:320–329

23. Crema MD, Felson DT, Roemer FWet al (2013) Peripatellar syno-
vitis: comparison between non-contrast-enhanced and contrast-
enhanced MRI and association with pain. The MOST study.
Osteoarthritis Cartilage 21:413–418

24. Yamabe E, Anavim A, Sakai T et al (2014) Comparison between
high-resolution isotropic three-dimensional and high-resolution
conventional two-dimensional FSE MR images of the wrist at 3
tesla: a pilot study. J Magn Reson Imaging 40:603–608

25. Betts AM, Leach JL, Jones BV, Zhang B, Serai S (2016) Brain
imaging with synthetic MR in children: clinical quality assessment.
Neuroradiology 58:1017–1026

26. Tanenbaum LN, Tsiouris AJ, Johnson AN et al (2017) Synthetic
MRI for clinical neuroimaging: results of the Magnetic Resonance
Image Compilation (MAGiC) Prospective, Multicenter,
Multireader Trial. AJNR Am J Neuroradiol 38:1103–1110

27. Granberg T, Uppman M, Hashim F et al (2016) Clinical feasibility
of synthetic MRI in multiple sclerosis: a diagnostic and volumetric
validation study. AJNR Am J Neuroradiol 37:1023–1029

28. Guermazi A, Roemer FW, Hayashi D et al (2011) Assessment of
synovitis with contrast-enhanced MRI using a whole-joint semi-
quantitative scoring system in people with, or at high risk of, knee
osteoarthritis: the MOST study. Ann Rheum Dis 70:805–811

29. Riederer SJ, Suddarth SA, Bobman SA, Lee JN, Wang HZ,
MacFall JR (1984) Automated MR image synthesis: feasibility
studies. Radiology 153:203–206

30. Huh YM, Suh JS, Lee JW, Song HT (2004) Synovitis and soft
tissue impingement of the ankle: assessment with enhanced three-
dimensional FSPGRMR imaging. J Magn Reson Imaging 19:108–
116

2580 Eur Radiol (2019) 29:2573–2580

https://doi.org/10.3174/ajnr.A5751
https://doi.org/10.1002/jmri.25737
https://doi.org/10.3174/ajnr.A5329
https://doi.org/10.3174/ajnr.A5329
https://doi.org/10.1007/s00330-017-5017-3

	Double-inversion...
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Materials and methods
	Subjects
	Imaging study
	Imaging interpretation
	Image quality and visibility of synovium
	Assessment of synovitis
	The relative signal intensity and the relative contrast
	Statistical analysis

	Results
	Discussion
	References


