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Abstract

Background: Currently there is no consensus agreement on the degree of enhancement in normal temporomandibular
joints (TMJ) in children, which makes it difficult for clinicians to distinguish between the presence/absence of mild
synovitis. Quantitative measurements of synovial and condylar enhancement may be useful additions to current
qualitative methods on early MRI diagnosis and follow up of TMJ involvement in JIA. The purpose of the study is to
establish thresholds/tendencies for quantitative measures that enable distinction between mild TMJ involvement and
normal TMJ appearance based on the degree of synovial and bone marrow enhancement in JIA patients.

Methods: TMJ MRI examinations in 67 children with JIA and in 24 non-rheumatologic children who underwent MRI for
neurologic/orbit indications were retrospectively assessed. As a priori determined TMJs of JIA patients were categorized
into three groups by experienced staff radiologists based on the degree of synovial and condylar enhancement: no active
disease (rheumatologic control), mild and moderate/severe findings. The signal intensity (SI) of the synovial tissue around
each condyle and of the bone marrow was measured to calculate the enhancement ratio (ER) and relative SI change. The
ER was calculated using signal to noise ratios, while relative SI change was calculated using signal intensities alone.
Quantitative measurements of synovial and condylar enhancement of TMJs with mild or moderate/severe findings were
compared with the rheumatologic and non-rheumatologic controls.

Results: Mean ER values were significantly different between the TMJs without active disease and those with mild and
moderate/severe synovial enhancement, with highest values in the moderate/severe group (P < 0.0001). Similar findings
were seen for condylar enhancement with P < 0.005. Relative SI change was unable to differentiate TMJs with mild
synovitis from the two controls (P > 0.10). 27/60 (45 %) TMJs without active disease had osteochondral changes. 8/40
(20 %) TMJs in the mild group did not demonstrate any synovial thickening.

Conclusions: Quantitative signal to noise ratios of TMJ synovial and condylar enhancement generate thresholds/
tendencies, which offer additional information to differentiate mild synovitis from normal TMJs in JIA patients.
Osteochondral changes and synovial thickening may not be reliable indicators of active TMJ involvement and should be
differentiated from synovial enhancement.
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Background
Juvenile idiopathic arthritis (JIA) is the most com-
mon rheumatologic disease of childhood [1]. The
temporomandibular joint (TMJ) is commonly in-
volved in children and adolescents with a docu-
mented prevalence as high as 75 % [2–4]. Due to its
unique anatomy with the mandibular growth plate
lying just under a thin layer of fibrocartilage at the
surface of the condylar head, the TMJ is particularly
susceptible to damage [5]. As a result, early detec-
tion and treatment is critical in preventing severe
growth disturbances, which would lead to significant
facial and joint deformities [2, 6–9]. However, early
detection and monitoring is often difficult due to the
“silent” (asymptomatic) nature of TMJ arthritis [4].
Consequently, imaging modalities play a vital role in
the diagnosis and early treatment of TMJ arthritis in
JIA patients [6, 10].
MRI with contrast enhancement is considered the ref-

erence standard for evaluating early signs of TMJ inflam-
mation, which includes synovial enhancement, synovial
hypertrophy, joint effusion and condylar enhancement
[3, 7, 11]. TMJ synovitis has been previously graded as
absent, mild, moderate/severe based on the degree of
synovial enhancement on MRI [12]. However, to the best
of our knowledge, there is currently no consensus agree-
ment on the degree of synovial enhancement that de-
fines mild TMJ arthritis as compared to normal
enhancement in children. This often makes it difficult
for clinicians to distinguish between the presence and
absence of mild synovitis. The decision to institute or
discontinue therapy in centers, where intra-articular cor-
ticosteroid injections are used, depends on an accurate
MRI diagnosis of TMJ inflammation [13]. A recent study
by Von Kalle et al. [14] evaluated the degree of contrast
enhancement of TMJ synovial tissues in JIA and non-
TMJ affected controls using dynamic contrast-enhanced
MRI. Although it is important to learn about the pat-
terns of time-intensity curves on JIA TMJs, they require
post-processing, which is not always feasible during clin-
ical practice assessments. On the other hand, further
clarification on static contrast-enhanced MRI is needed
before it may be regarded as the reference standard
measure in the assessment of the TMJ, as previous lit-
erature mainly relied on subjective visual assessment of
joint enhancement [11, 15]. To our knowledge, previous
studies have described qualitative methods for accessing
the degree of synovial and condylar enhancement [11,
15], but few if any studies have described both qualita-
tive (synovial thickness, enhancement and condylar en-
hancement) and quantitative (synovial and condylar
signal intensity) methods of assessment of TMJ inflam-
mation in the pediatric population. In this retrospective
study we used not only the non-affected TMJs of non-

rheumatologic subjects as controls (whose examinations
are prone to inconsistencies related to technique and
gadolinium injection timing), but also the TMJs of
JIA patients without any evidence of active inflamma-
tion on MRI.
The purpose of this study was to determine the feasi-

bility of subjective and objective measures to distinguish
between the various degrees of TMJ inflammation using
quantitative measurements of synovial and condylar en-
hancement. Specifically, to establish thresholds/tenden-
cies for quantitative signal intensity measures on static
contrast-enhanced MRI that could enable distinction be-
tween mild TMJ involvement and normal TMJ appear-
ance based on the degree of synovial and condylar
enhancement in JIA patients.

Methods
Patients
This retrospective study was approved by the Research
Ethics Board at The Hospital for Sick Children and is
Health Insurance Portability and Accountability Act
(HIPAA) compliant.
The study design was based on the review of TMJ

MRI examinations performed at our institution between
January 1st 2010 to December 31st 2013 from three
groups: (1) TMJs with evidence of inflammation on MRI
in patients under the age of 18 diagnosed with JIA ac-
cording to the International League of Associations for
Rheumatology (ILAR) criteria [16] (rheumatologic
cases); (2) TMJs without MRI evidence of active inflam-
mation in the aforementioned JIA population (rheuma-
tologic controls); and (3) TMJs of children without any
rheumatologic disease who had contrast enhanced MRI
of the brain (non-rheumatologic controls).
To obtain a list of patients for our non-rheumatologic

control, patients with at least one MRI of the brain were re-
trieved from the Picture Archiving and Communication
System (PACS) at our institution. Only patients with brain
MRI examinations containing images in both the coronal
and axial planes were included in the study. Children with
unavailable clinical indications for the examination or
vascular malformations were excluded from the study
due to their potential to increase blood flow into the
TMJ. The clinical indications for performance of
brain MRI examinations in our non-rheumatologic
controls are available in Table 1.
In terms of our rheumatologic cases and controls, pa-

tients with at least one MRI of the TMJ within the study
period were retrieved from our institutional PACS.
Again, only patients with MRI examinations containing
images in both the coronal and axial planes were in-
cluded in the study. The clinical characteristics of our
JIA patients were obtained from their medical records
and are listed in Table 2. Patients with unavailable

Ma et al. Pediatric Rheumatology  (2015) 13:53 Page 2 of 14



clinical data or without an underlying diagnosis of JIA
according to the ILAR criteria [16] were excluded from
the study.

Imaging
Coronal and axial MRI images of the TMJ were re-
trieved from our institutional PACS for each JIA pa-
tient and non-rheumatologic control. In patients with
multiple MRI examinations, images from the first
MRI examination within the study period were
included.
JIA patients were imaged on a 3.0 Tesla scanner

(Achieva, Phillips Medical Systems, Bothell, WA) with a
32-channel head coil in closed mouth (neutral) position.

The following sequences were used in the rheumatologic
group in this study: pre-contrast T1-weighted coronal
fast spin-echo (slice thickness of 2.0 mm; gap of
2.2 mm; repetition time (TR) of 600 ms; echo time
(TE) of 21 ms; bandwidth of 291; number of excitations
(NEX) range of 2–4; scan time range of 3–4 min) and
contrast enhanced coronal fat-saturated T1-weighted
fast spin echo (slice thickness of 2.0 mm; slice gap of
2.2 mm; TR of 600 ms; TE of 20 ms; bandwidth of
292; NEX range of 2–4; scan time range of 3–4 min).
The majority (>80 %) of the post contrast coronal
images were acquired within 5 min after intravenous
(IV) administration of gadolinium-based contrast
(Gadovist, Schering Pharma, Berlin, Germany) at 0.1 ml/kg
of body weight.
MR imaging of the non-rheumatologic group con-

sisted of T1-weighted coronal fast spin-echo and post
contrast coronal fat-saturated T1-weighted fast spin
echo images acquired under a 1.5 T (Philips Achieva,
Bothell, WA; Siemens Advanto AG, Germany; GE
Twin Speed Excite, Milwaukee, WI) or 3.0 T scanner
(Philips Achieva, Bothell, WA). MRI examinations of
10/24 (42 %) patients were performed under 1.5 T
and 14/24 (58 %) patients were performed under
3.0 T. The MRI parameters for this group included
slice thickness of 2–5 mm; slice gap of 2.5–3.5 mm;
TR of 488–677 ms; TE of 9–11 ms; bandwidth of
151–346, NEX of 2–3 and scan time range of 3–4 min.
The same dose and type of contrast were used for the
non-rheumatologic and for the JIA patients (intravenous
Gadovist at 0.1 ml/kg).

Table 1 Indications for MRI brain in non-rheumatologic controls

Developmental delay

Infection

Orbital inflammatory syndrome

Nystagmus

Optic pathway glioma

Pituitary adenoma

Langerhan cell histocytosis

Brain tumor (excluding vascular lesions)

Ganglioglioma

Metastatic disease

New onset seizures

Nasal dermoid

Table 2 Baseline characteristics of patients with juvenile idiopathic arthritis (JIA) and non-rheumatologic controls. Osteochondral
changes are defined as one or more of the following: articular surface erosions, subchondral cysts or condylar flattening

JIA with/without active TMJ involvement Non-rheumatologic

All Unilateral Bilateral Both TMJs unaffected -

# of patients, n 67 22 26 19 24

Age at examination, median (range) 13 (5–17) 13 (5–17) 13.5 (5–17) 12 (7–17) 9.5 (2–17)

Female, n (%) 49 (73) 17 (77) 21 (81) 11 (58) 9 (38)

JIA subtype

Oligoarticular, n (%) 24 (36) 5 (23) 10 (38) 9 (47) –

Polyarticular, n (%) 31 (46) 12 (55) 13 (50) 6 (32) –

Systemic Onset, n (%) 0 0 0 0 –

Psoriatic, n (%) 5 (8) 3 (14) 0 2 (11) –

Enthesitis–related, n (%) 7 (10) 2 (8) 3 (12) 2 (10) –

Age at diagnosis, median (range) 9 (1–15) 6.5 (15–1) 8 (2–14) 5 (3–13) –

TMJ pain within 2 weeks of MRI, n (%) 22 (33) 9 (41) 12 (46) 1 (5) –

Decreased mouth opening, <40 mm, n (%) 24 (36) 7 (32) 8 (31) 3 (16) –

Crepitation, n (%) 10 (15) 4 (18) 5 (19) 1 (5) –

Uveitis, n (%) 11 (16) 2 (9) 6 (23) 3 (16) –

Osteochondral changes, n (%) 51 (76) 20 (91) 22 (85) 9 (47) –
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Qualitative interpretation of MRI examinations of JIA
patients
MRI examinations of the JIA group were reviewed inde-
pendently and then by consensus by two experienced
pediatric radiologists (J.S. and A.S.D) with over 5 and
10 years of experience in pediatric musculoskeletal im-
aging, respectively. The MRI examinations of TMJs in
our cohort of JIA patients were categorized into one of
the following categories: (1) mild active synovitis; (2)
moderate/severe active synovitis; (3) no active synovitis
(rheumatologic control). The subdivision of the active
synovitis group into mild, and moderate/severe synovial
enhancement was based on the previously published cri-
teria by Muller et al. [11]. According to these criteria, in-
creased joint enhancement was graded as mild when the
signal of the synovial membrane on fat-saturated T1-
weighted post contrast images was hyperintense to
muscle and as moderate/severe when the synovial mem-
brane was isointense to vasculature [11]. In this study,
we defined mild synovitis as requiring mild synovial en-
hancement with or without synovial hypertrophy and
moderate/severe synovitis as requiring at least moderate
synovial enhancement with or without synovial hyper-
trophy. For a joint to be considered “without active
synovitis” it would have to present with absence of both
synovial enhancement and thickening. TMJs of JIA pa-
tients were also evaluated for osteochondral changes,
which was defined as the presence of one or more of the

following: condylar flattening, subchondral cysts or articu-
lar surface erosions. Concerning condylar enhancement,
each TMJ was categorized into the same three categories
based on assessment of the degree of condylar enhance-
ment by the same pediatric radiologists.

Quantitative interpretation
For each TMJ, in all JIA and non-rheumatologic categor-
ies, coronal fat saturated T1-weighted post-contrast
static MR images were compared to the corresponding
pre-contrast coronal images (Fig. 1). To ensure that
comparisons were made between similar anatomic re-
gions, coronal pre and post contrast images were cross-
referenced to the corresponding axial images using
PACS software tools. This allowed us to determine the
location of each coronal slice in the sagittal plane. Pre-
and post-contrast coronal images were then evaluated
on at least two representative slices that provided the
best visualization of the synovial tissue. Using PACS
software tools, a region of interest (ROI) was drawn to
encompass the synovial tissue according to pre-
established anatomic landmarks. The signal intensity (SI)
was automatically determined from the ROI by the soft-
ware. Background noise was measured using three 50 ×
50 mm ROIs placed in the region of the image outside
of any anatomic structures. Signal to noise ratios (SNRs)
were calculated by dividing the mean signal intensity of
the synovial tissue by the standard deviation of the

Fig. 1 Regions of interest used to measure the synovial (1) and condylar (2) enhancement. Pre- (a) and post- (b) contrast coronal T1 weighted
(W) images with the region of interest and the corresponding post contrast T1W axial image (c) showing that the two coronal images represent
similar regions in the sagittal plane
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background noise as previously described elsewhere [17,
18]. The measurements that were used to assess synovial
and condylar enhancement were: enhancement ratio
(ER) = (SNRpost- SNRpre)/SNRpre and relative SI
change = (SIpost – SIpre)/SIpre [18, 19]. Mean SI values
calculated from the two representative slices were used
to determine the ER and relative SI change for each
TMJ. To evaluate condylar enhancement, a circular ROI
was drawn within the condyle on pre- and post-contrast
coronal images (Fig. 1). The slice with the highest SI was
used to calculate the ER and relative SI change to assess
condylar enhancement.
SI measurements for synovial and condylar enhance-

ment were performed by two operators (G.M. and A.A.)
and were repeated by one of them (G.M.). Both individ-
uals were blinded to whether the patient had an under-
lying JIA diagnosis as well as to the subjective JIA
categorization for each TMJ.

Statistical analysis
Analysis of variance (ANOVA) was used to assess the
differences in means in the calculated ER and relative SI
change between the four categories: non-rheumatologic
control, rheumatologic control, mild active synovitis,
and moderate/severe active synovitis. Student t-test with
Dunnett adjustment for multiple comparisons was then
used to determine whether there was a difference be-
tween the rheumatologic control and the remaining
three groups as well as between the non-rheumatologic
control (performed under 1.5 T and 3.0 T) and the JIA
subgroups. Intra- and inter-observer agreement was
assessed using intra-class correlation coefficients (ICCs).
Statistical analysis was performed using the SAS
software (SAS 9.4, SAS Institute, Cary, NC, USA).
Two-tailed P values of < 0.05 were considered statistically
significant. The Spearman’s correlation coefficient was
used to determine if there is an association between the
degree of synovial and condylar enhancement as well as
between synovial enhancement and thickening.

Results
Patient characteristics
A total of 24 children or 48 TMJs, whose MR images
completely depicted the bilateral TMJs in the coronal
plane on pre-contrast T1 and post gadolinium T1 fat
saturated sequences were included in the study as our
non-rheumatologic control. 20/48 (42 %) TMJs were
performed under 1.5 T with the remaining performed
under 3.0 T. The JIA group consisted of 67 patients or
134 TMJs, which were further separated into three sub-
groups based on the degree of active synovitis on sub-
jective assessment of each TMJ: mild, moderate/severe
and no active synovitis (rheumatologic control). Repre-
sentative images of the three subgroups are shown in

Figs. 2 and 3. These TMJs were re-categorized into the
same three subgroups based on visual assessment of the
degree of condylar enhancement (Figs. 2 and 3). The
baseline characteristics of JIA and non-JIA patients
included in the study are summarized in Table 2.
In our study, 32/48 (67 %) patients with MRI findings

of active arthritis (either condylar enhancement or syno-
vitis) and 5/19 (21 %) patients with no evidence of active
TMJ involvement on MRI were found to have clinical
symptoms that consisted of one of the following: pain
within 2 weeks of the MRI, new onset of decreased
mouth opening, or crepitation. These symptoms were
previously found to be suggestive of active TMJ involve-
ment on clinical examination [6, 11, 20]. Out of the 48
patients with active TMJ arthritis, 16 (33 %) patients had
active involvement of other joints, such as the knee or
sacroiliac joints, within 3 months of the MRI. On the
other hand, only 2/19 (11 %) patients without evidence
of active TMJ involvement on MRI had recent involve-
ment of additional joints. 37/48 (77 %) patients with ac-
tive TMJ arthritis in comparison with 8/19 (42 %)
patients without active TMJ arthritis had one of the fol-
lowing therapies within 3 months of the MRI: disease-
modifying anti-rheumatic drug (DMARD), non-steroidal
anti-inflammatory drug (NSAID), or TMJ steroid injec-
tion. 26/48 (54 %) patients with active TMJ arthritis was
on a DMARD at the time of the MRI, while only 9 pa-
tients had a TMJ steroid injection within 3 months of
the MRI. In those without active TMJ involvement, 3/19
(16 %) patients were on a DMARD and only 2 had a re-
cent TMJ injection. However, clinical data on the pres-
ence of additional joint involvement and current therapy
was unclear or unavailable in 12 (6 of which had active
TMJ involvement) and 7 patients (3 of which had active
TMJ arthritis), respectively. Our findings suggest an as-
sociation between active TMJ arthritis and higher inci-
dences of other joint involvement and current DMARD
therapy.

Synovial enhancement
MRI evidence of TMJ synovitis was present in 74/134
(55 %) TMJs of JIA patients on subjective assessment:
40/74 (54 %) was categorized as having mild disease,
while 34/74 (46 %) was found to have moderate/severe
synovitis. Our rheumatologic control consisted of the
remaining 60/134 (45 %) TMJs.
TMJs of JIA patients without active disease on MRI

(rheumatologic controls) were found to have a mean
ER and relative SI change of 0.48 and 0.43, respect-
ively. The non-rheumatologic control group with a
mean ER of 0.09 and relative SI change of 0.66 sig-
nificantly differed in terms of ER from our rheumato-
logic controls (P = 0.04), but not in terms of relative
SI change (P = 1.00).
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TMJs with mild synovitis had a mean ER of 1.05,
which significantly differed from both the rheumato-
logic and non-rheumatologic control groups with P-
values of <0.001 and <0.0001, respectively. Relative SI
change for MRI examinations of TMJs with mild
synovitis however, did not statistically differ from that
of the two control groups, with P = 1.00 for the non-
rheumatologic control and P = 0.10 for the rheumato-
logic control. These findings are summarize in Table 3
and suggest that ER, which is calculated from SNR,
may allow detection of small signal intensity differ-
ences that may not be detected with relative SI
change. Graphic representation comparing the syn-
ovial ER of our four groups is shown in Fig. 4.
As our non-rheumatologic control consisted of

MRI examinations performed under 1.5 T [20/48

TMJs (42 %)] and 3.0 T [28/48 TMJs (58 %)], sub-
group analysis was performed to determine whether
there is a difference between the examinations per-
formed at the two magnetic field strengths. The ex-
aminations performed at 1.5 T did not significantly
differ from those performed at 3.0 T with regards to
ER and relative SI change (P > 0.05). Separate com-
parisons between the non-rheumatologic controls
performed at each of the two magnetic field
strengths (1.5 T and 3.0 T) with TMJs demonstrating
mild synovitis again showed significant difference in
terms of ER (P < 0.001) but not in terms of relative
SI change (P > 0.20) (Table 3).
As ER appeared to be a better predictor of active dis-

ease in comparison with relative SI change, the mean
synovial ER of 1.0 for TMJs with mild synovitis was

Fig. 2 Representative images of various degrees of synovitis and condylar enhancement on qualitative assessment. Coronal T1 weighted pre- (top)
and post contrast (bottom) images of TMJs with: no evidence of synovitis or condylar enhancement (a, b), mild synovitis without condylar
enhancement (c, d) and moderate/severe synovitis with mild condylar enhancement (e, f)
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tested as the cutoff value for distinction between TMJs
with at least mild synovitis on MRI from those without.
This yielded a sensitivity of 0.59 and a specificity of 0.88,
when used on the ERs from our four groups. Additional
cutoff values that were evaluated along with their sensi-
tivities and specificities are summarized in Fig. 5.

The inter-operator and intra-operator reliabilities
for our quantitative analysis of synovial enhancement
were excellent for both ER (ICC = 0.93 and 0.97,
respectively) and relative SI change (ICC = 0.98 and
0.98, respectively).

Condylar enhancement
On consensus subjective assessment, 68 out of 134
(51 %) TMJs were found to have at least mild condylar
enhancement (53 [40 %] mild and 15 [11 %] moderate/
severe). The rheumatologic control group consisted of
the remaining 66/134 (49 %) TMJs that did not demon-
strate any bone marrow enhancement on subjective as-
sessment. The mean ER and relative SI change of the
rheumatologic control group were 0.112 and 0.008, re-
spectively. Although the two control groups did not sig-
nificantly differ in terms of ER (P = 1.00), they did
differed in terms of relative SI change with P < 0.0001
(Table 4). We suspect that this may be related to slight
differences in technique between the two controls, as
relative SI change does not account for differences in
background noise related to differences in technique;
whereas, background noise is included in the calculation
of ER.
TMJ MRI examinations with mild condylar enhance-

ment had a mean ER of 0.592, which differed signifi-
cantly from both control groups (P < 0.005). In terms of
relative SI change, TMJs with mild condylar enhance-
ment significantly differed from that of the rheumato-
logic controls (P = 0.001) but were found to have a mean
that was less than that of the non-rheumatologic control
(0.470 vs 0.588). However, this was calculated to be not
statistically significant (P = 1.00). Similar observations
were seen for relative SI change of TMJs with moderate/
severe condylar enhancement, which significantly dif-
fered from only the rheumatologic control (P < 0.0001),

Table 3 Summary of enhancement ratios and relative signal intensity changes for synovial enhancement

Enhancement ratio Mean 95 % confidence interval P value (RC) P value (NRC) P value (NRC 1.5 T) P value (NRC 3.0 T)

Non-rheumatologic control (48) 0.090 −0.0478 – 0.227 0.04 - – –

Rheumatologic control (60) 0.480 0.335 – 0.626 – 0.04 0.47 0.03

Mild (40) 1.045 0.824 – 1.266 0.001 <0.0001 0.001 <0.0001

Moderate/severe (34) 2.188 1.786 – 2.577 <0.0001 <0.0001 <0.0001 <0.0001

Relative signal intensity change Mean 95 % confidence interval P value (RC) P value (NRC) P value (NRC 1.5 T) P value (NRC 3.0 T)

Non–rheumatologic control (48) 0.660 0.401 – 0.919 1.00 – – –

Rheumatologic control (60) 0.433 0.229 – 0.638 – 1.00 1.00 0.18

Mild (40) 0.919 0.640 – 1.197 0.10 1.00 0.20 1.00

Moderate/severe (34) 1.953 1.487 – 2.420 <0.0001 <0.0001 <0.0001 <0.0001

The P values represent comparisons between TMJs with mild or moderate/severe synovial enhancement (based on qualitative assessment) and the results from
the rheumatologic (RC) and non-rheumatologic control groups (NRC). The non-rheumatologic control group was further separated into MRI examinations that
were performed under 1.5 T and 3.0 T. Further comparison is made between the two subgroups and the TMJs of JIA patients. The number in () represents the
number of TMJs in each group

Fig. 3 Pre- (a) and post- (b) contrast coronal T1 images of
moderate/severe condylar and synovial enhancement
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Fig. 4 Graphic representation comparing synovial enhancement ratios of mild JIA, moderate/severe JIA, rheumatologic and non-rheumatologic
controls. The enhancement ratios of the two control groups are shown in (a) and (b). The 1.5 T and 3.0 T non-rheumatologic control cases have
been grouped together in this figure. TMJs with mild or moderate/severe synovitis are shown in (c) and (d), respectively. It is interesting to note
that there is more variability in the range of enhancement ratios for the moderate/severe JIA group as compared to the other groups

Fig. 5 Various cutoff synovial enhancement ratios and their sensitivities and specificities
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but not the non-rheumatologic control (P = 0.35)
(Table 4). These findings further suggest that ER may be
a better quantitative measure of enhancement in com-
parison with relative SI change. Graphic representation
comparing the condylar ER of our four groups is shown
in Fig. 6.
Subgroup analysis comparing the ER of non-

rheumatologic control examinations performed at 1.5 T
and 3.0 T with TMJs demonstrating mild condylar
enhancement showed that only examinations performed
at 3.0 T were significantly different (P < 0.0001). In terms
of relative SI change, non-rheumatologic control examina-
tions performed at each of the two magnetic field
strengths again did not significantly differ from those with
mild and moderate condylar enhancement (P > 0.07)
(Table 4).
Similar to the analysis for synovial enhancement, the

mean condylar ER of 0.6 for TMJs with mild condylar
enhancement was tested as the cutoff value for distinc-
tion between TMJs with at least mild condylar enhance-
ment on MRI from those without, yielding a sensitivity
of 0.55 and a specificity of 0.84. Additional cutoff values
that were evaluated along with their sensitivities and
specificities are summarized in Fig. 7.
The inter-operator and intra-operator reliabilities for

our quantitative analysis of condylar enhancement were
excellent for both ER (ICC = 0.93 and 0.98, respectively)
and relative SI change (ICC = 0.96 and 0.94, respectively).

Association between morphologic changes, synovial and
condylar enhancement
Osteochondral changes were present in the majority
(>80 %) of TMJs with active synovitis on qualitative
assessment compared with our rheumatologic control of
45 % as summarized in Table 5. The mean synovial
thickness was found to progressively increase with the
severity of synovial enhancement. The mean synovial

thickness of TMJs with mild and moderate/severe syn-
ovial enhancement differed significantly from those of
the rheumatologic control (P < 0.0001). The Spearman’s
correlation coefficient demonstrated negative association
between the synovial thickness and ER for synovial en-
hancement in the rheumatologic control but mild to
moderate positive association in those with active syno-
vitis. However, 8/40 (20 %) with mild synovitis and 2/34
(6 %) with moderate/severe synovitis did not demon-
strate any synovial hypertrophy on MRI.
Similarly, progressively higher condylar enhancement

(in terms of ER) was seen in TMJs with mild and moder-
ate/severe synovial enhancement compared with those
without synovial enhancement on MRI. The Spearman’s
correlation coefficient showed mild to moderate positive
association between the ER of synovial and condylar en-
hancement. 16/40 (40 %) TMJs with mild synovitis and
11/34 (32 %) with moderate/severe synovitis did not
demonstrate any condylar enhancement on the qualita-
tive assessment (Table 5).

Discussion
Previous studies have shown the value of contrast-
enhanced MRI in the assessment of the synovium and
mandibular condyle, allowing early depiction of TMJ
changes such as synovial and condylar enhancement be-
fore significant osseous destruction and symptoms occur
[15, 21, 22]. However, accurate distinction between JIA
patients with mild early arthritis from those without ac-
tive disease can be challenging. Our results demon-
strated that the quantitative SNR measure, ER, varied
proportionately with the degree of synovitis and con-
dylar enhancement seen on contrast enhanced MRI, sug-
gesting that specific ER values may be useful as cutoffs
to aid in distinguishing TMJs with mild involvement (in
terms of synovial and condylar enhancement) from those
without evidence of active disease on MRI. We propose

Table 4 Summary of enhancement ratios and relative signal intensity changes for condylar enhancement

Enhancement ratio Mean 95 % confidence interval P value (RC) P value (NRC) P value (NRC 1.5 T) P value (NRC 3.0 T)

Non-rheumatologic control (48) 0.138 −0.063 – 0.339 1.00 - – –

Rheumatologic control (66) 0.112 0.011 – 0.213 – 1.00 0.06 0.16

Mild (53) 0.592 0.380 – 0.804 0.0008 0.005 0.96 <0.0001

Moderate/severe (15) 1.284 0.827 – 1.740 <0.0001 <0.0001 0.007 <0.0001

Relative signal intensity change Mean 95 % confidence interval P value (RC) P value (NRC) P value (NRC 1.5 T) P value (NRC 3.0 T)

Non–rheumatologic control (48) 0.588 0.391 – 0.785 <0.0001 – – –

Rheumatologic control (66) 0.008 −0.097 – 0.113 – <0.0001 0.01 <0.0001

Mild (53) 0.470 0.267 – 0.673 0.001 1.00 1.00 0.26

Moderate/severe (15) 0.951 0.542 – 1.360 <0.0001 0.35 0.07 0.51

The P values represent comparisons between TMJs with mild or moderate/severe condylar enhancement (based on qualitative assessment) and the results from
the rheumatologic (RC) and non-rheumatologic control groups (NRC). The non-rheumatologic control group was further separated into MRI examinations that
were performed under 1.5 T and 3.0 T. Further comparison is made between the two subgroups and the TMJs of JIA patients. The number in () represents the
number of TMJs in each group

Ma et al. Pediatric Rheumatology  (2015) 13:53 Page 9 of 14



that the synovial ER threshold of 0.6 with a sensitivity of
80 % and specificity of 75 % may be a reliable predictor of
the presence of active synovitis. This method of quantita-
tive TMJ assessment had excellent inter- and intra-reader
reproducibility.
There is currently a controversy regarding whether

any synovial or condylar enhancement is pathologic or
physiologic in children. Although previous studies have
regarded any enhancement to be pathological in children
and adults [2, 3, 21, 23], in our study TMJs without ac-
tive arthritis were found to have some degree of synovial
enhancement on signal to noise and signal intensity
measurements. Our criteria for the definition of TMJs
that do not present with active synovitis was based on
the previously published criteria by Muller et al. [11],
where the synovium must be hypointense to muscle on

fat saturated T1 post contrast images and without evi-
dence of synovial hypertrophy [11]. Similarly, condyles
that did not have any evidence of enhancement on quali-
tative analysis were also found to have some degree of
enhancement on the quantitative analysis. These find-
ings are similar to the results from the recent study by
Von Kalle et al. [12], where quantitative analysis of TMJs
in children who had MRI performed for reasons other
than TMJ disease were found to have both synovial and
condylar enhancement.
Although previous literature [14] has evaluated active

TMJ involvement based on the presence of synovial
thickening and osteochondral changes (condylar flatten-
ing, articular surface erosions or subchondral cysts),
assessment of the chronicity of these findings is chal-
lenging as both may occur in the acute and chronic

Fig. 6 Graphic representation comparing condylar enhancement ratios of the same four groups as Fig. 4. The enhancement ratios of the two
control groups are shown in (a) and (b). TMJs with mild or moderate/severe condylar enhancement are shown in (c) and (d), respectively.
Excluding the outlier for the moderate/severe JIA group concerning condylar enhancement, there is less variability in the range of condylar
enhancement ratios for the moderate/severe JIA group compared to synovial enhancement ratios for the same JIA group (Fig. 4)
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stages of TMJ disease in JIA. Whereas osteochondral
changes may be related to previous episodes of TMJ
inflammation, synovial thickening may be secondary
to chronic pannus formation. In our population, even
though osteochondral changes were more prevalent in
TMJs with synovitis, many TMJs that did not have
active TMJ involvement on qualitative assessment
were found to have osteochondral changes. In
addition, despite our results demonstrating a positive
correlation between the degree of synovial thickness
and synovial enhancement measured both qualitatively
and in terms of ER, in our study 20 % of TMJs with
mild synovitis on visual assessment (based on the
previously published criteria by Muller et al. [11])
lacked synovial hypertrophy. Therefore, osteochondral
changes and synovial thickening may not be reliable
indicators of active disease and should be differenti-
ated from synovial enhancement when evaluating for
active TMJ involvement in JIA patients to determine

the need for treatment. This distinction between synovial
thickening and enhancement aligns with previous literature
by Vaid et al., and reiterates the importance of synovial
enhancement as the most common early finding of TMJ
involvement in children with JIA [3, 4, 11, 15, 23, 24].
Similarly, TMJs with a greater degree of synovial en-

hancement were associated with higher mean condylar
enhancement ratios. However, a large proportion of our
population (36 %) with synovial enhancement did not
demonstrate any condylar enhancement on qualitative
assessment, suggesting that the absence of condylar en-
hancement does not necessarily exclude the presence of
active TMJ inflammation.
In agreement with prior studies, clinical symptoms

(new onset of TMJ pain, decreased mouth opening or
crepitation) were found to be poor predictors of the
presence or absence of TMJ involvement demonstrated
on the subsequent MRI examination in our cohort of
JIA patients [4, 6, 10, 11, 20]. A prior study by Weiss et al.

Table 5 Association between degree of synovitis and presence of osteochondral changes, synovial thickening, and enhancement
ratios

Osteochondral
changes, N (%)

Synovial
thickening,
mean, mm

ER for synovial
enhancement,
mean

Correlation between
synovial ER and
thickening

ER for condylar
enhancement,
mean

Correlation between
synovial and condylar
ER

Rheumatologic
control N = 60

27 (45) 1.1 0.480 −0.220 0.148 0.329

Mild N = 40 32 (80) 1.9 1.045 0.335 0.396 0.443

Moderate/
Severe N = 34

31 (91) 3.2 2.188 0.400 0.983 0.379

Osteochondral changes are defined as the presence of at least one of the following: condylar flattening, subchondral cysts or articular surface erosions. The
correlation between synovial enhancement ratios and synovial thickening as well as condylar enhancement ratios were calculated using the Spearman’s
correlation coefficient for each subjective category of synovitis. N represents the number of TMJs

Fig. 7 Various cutoff condylar enhancement ratios and their sensitivities and specificities
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demonstrated that TMJ involvement was highly prevalent
at the time of JIA diagnosis despite lack of clinical
symptoms [4]. Our observations that active TMJ
involvement on MRI were associated with higher inci-
dences of recent involvement of other joints, suggest
that further evaluation on the correlation between
active TMJ and other joint arthritis may be helpful in
directing clinical management. These findings further
re-emphasize the importance of diagnosing TMJ involve-
ment with imaging in children with JIA.
The chief limitation in our study is that pre-contrast

coronal T1 images were obtained without fat saturation,
whereas post-contrast images were obtained with fat sat-
uration, as this is part of our routine protocol. In the
presence of fat suppression, there is loss of the intrinsic
T1 high signal intensity from the fatty components
within the bone marrow, resulting in a lower SI in the
post contrast images compared to similar non-fat-
saturated images [25]. As a result, we anticipate that this
difference between the pre- and post-contrast images
may have underestimated the ER and relative SI change
for condylar enhancement.
Due to the retrospective nature of this study, MRI ex-

aminations of the non-rheumatologic group had slight
differences in technique, specifically the TR, TE and
magnetic field strengths (both 1.5 T and 3.0 T) used dur-
ing the scan, compared with that of the JIA and rheuma-
tologic control groups (3.0 T only). Therefore, a
quantitative measure that uses SNR, such as ER, would
be expected to be a better measure for comparing our
JIA groups with MRI images of the non-rheumatologic
control (in comparison with measures that uses only the
SI such as relative SI change) [26, 27]. Since relative SI
change does not take into account the random back-
ground variations in signal (noise) overlying anatomic
structures, it does not adjust for differences in noise due
to the presence or absence of fat saturation in the post
and pre-contrast images or slight differences in tech-
nique between the JIA patients and the non-
rheumatologic control. Consequently, relative SI change
may not be able to detect small differences in SI as was
demonstrated by our results comparing those with mild
disease to the two control groups [26, 27]. Such findings
on static contrast-enhanced MR images align with those
of Von Kalle et al. [14], which were obtained on dynamic
contrast enhanced MRI in the axial plane at 1.5 T (in
contrast to our study, where the images were obtained
in the coronal plane at 3.0 T). The results of both stud-
ies demonstrate that the degree of contrast enhancement
calculated using relative SI change, (SIpost – SIpre)/
SIpre, regardless of being static or dynamic, may not
allow for accurate differentiation between TMJs with
and without synovitis. On the other hand, our results
demonstrated that a quantitative measure that takes into

account the background noise (specifically ER) may be a
good measure for assessing the degree of enhancement
in TMJs, particularly when comparing different se-
quences (as is often the case when comparing pre- and
post contrast images from MRI examinations of the TMJ
in patients with JIA) [27].
An additional limitation related to the retrospective

nature of the study was the fact that because the MRI
examinations of the study were selected through an im-
aging database rather than consecutively through a sys-
tematic monitoring system, selection bias should be
considered at some extent.
Furthermore, although reviewers were blinded to the

subjective groupings of the JIA MRIs and to whether or
not patients had an underlying diagnosis of JIA, differ-
ences in technique in the non-rheumatologic control
could have introduced an undesirable “unblinding” com-
ponent to the review of examinations based on the ap-
pearance of the images. However, all quantitative
measurements were made according to pre-established
anatomic landmarks and a second control group using
the unaffected TMJs of JIA patients was also used for
comparison.
Finally, comparisons between the ER of our non-

rheumatologic and rheumatologic controls showed
that ER differed significantly in terms of synovial en-
hancement but not for condylar enhancement. The
mean synovial ER for the non-rheumatologic control
was significantly lower than that of the rheumatologic
control. Nevertheless, the contrast enhanced coronal
sequences of the majority (>80 %) of our JIA patients
were acquired within 5 min after gadolinium adminis-
tration, while in the non-rheumatologic controls, the
duration of delay for coronal images was longer, with
the images completed at >8 min after contrast injec-
tion. Therefore, concerning comparative assessment
where no major measurement bias is expected be-
tween the rheumatologic and non-rheumatologic con-
trol TMJs, such a bias is expected between the two
groups in our study due to the differences in timing
of the post-contrast coronal images. To our know-
ledge, there is limited published literature that evalu-
ates variation of contrast enhancement with time,
particularly at greater than 6 min after contrast injec-
tion. A prior study by Yamato et al. demonstrated
that synovial enhancement in the knee was a time
dependent phenomenon with an optimal imaging time
of less than 5mins following contrast administration
[28]. It is likely that some diffusion of contrast mater-
ial into the adjacent joint fluid had already occurred
at the time coronal images were acquired in the non-
rheumatologic controls, leading to the discrepancy in
synovial ERs between the two control groups [26, 28].
Condylar enhancement may be less sensitive to the
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timing of image acquisition or retain contrast material
for a longer duration; however, optimal imaging time
for condylar enhancement has rarely been published.
Given these limitations, the study design incorporated

two control groups: TMJs without active involvement in
JIA patients and TMJs of patients without any rheuma-
tologic disease who had MRI of the brain for other rea-
sons. Comparison of findings between the TMJs with
active involvement and those of the rheumatologic con-
trol group was made using data acquired with the same
MRI protocol and field strength (3.0 T). Although not
all non-rheumatologic control cases were obtained at
3.0 T, a direct comparison of findings between the JIA
and non-rheumatologic control groups at the same MRI
field strength was possible in 58 % of the non-
rheumatologic control cases. Nevertheless, the ER and
relative SI change of examinations performed at 1.5 T
and 3.0 T were not significantly different. The results
from comparisons made with the non-rheumatologic
control cases performed under 1.5 T were similar to
those of the 3.0 T, with the exception of subgroup ana-
lysis comparing ER of mild condylar enhancement with
the non-rheumatologic cases performed at 1.5 T. The
ability to detect a difference between TMJs with mild
condylar enhancement and the non-rheumatologic cases
at 3.0 T but not at 1.5 T is likely related to inadequate
statistical power due to the smaller sample size that re-
sulted when the non-rheumatologic control cases were
separated into the two subgroups.

Conclusion
Quantitative signal to noise ratios of the degree of
temporomandibular joint synovial and condylar mar-
row enhancement using static MRI in the coronal
plane generate thresholds and tendencies and offer an
additional tool in conjunction with subjective visual
assessment to aid in the diagnosis of mild active tem-
poromandibular joint involvement. Such quantitative
measures may also allow us to more accurately com-
pare imaging findings to assess responses to treat-
ments and help us to direct further interventions, as
needed, for children and adolescents with juvenile
idiopathic arthritis. In addition, osteochondral changes
and synovial thickening may not be reliable indicators
of active disease and should be differentiated from
synovial enhancement, as discussed in previous litera-
ture [15], when evaluating for active TMJ involvement
in JIA patients to determine the need for treatment.
This re-iterates the importance of accurately distin-
guishing TMJs with mild synovial enhancement from
those without.

Competing interests
The authors declare that they have no competing interests. No external
funding was granted for the conduct of this study.

Authors’ contributions
ASD, EI, GM, and AA participated in the conception and design of the study. ASD,
JS, GM and AA reviewed all of the MRI examinations for JIA and non-
rheumatologic patients: ASD and JS provided the qualitative assessment, while
GM and AA performed the quantitative assessment for each TMJ. MT, LS, AA, and
GM acquired and reviewed the clinical characteristics for all of the patients. RM,
ASD and GM performed the statistical analysis. GM drafted the manuscript with
help from ASD, AA and MT. All authors were involved in the final review and
approval of the version to be published.

Acknowledgements
This work was presented as a scientific paper at the 2014 Society of Pediatric
Radiology scientific assembly in Washington, D.C.

Author details
1Department of Radiology, Ohio State University Wexner Medical Center, 410
West 10th Ave, Columbus, OH 43210, USA. 2Department of Diagnostic
Imaging, The Hospital for Sick Children, 555 University Avenue, Toronto, ON
M5G1X8, Canada. 3Department of Diagnostic Imaging, Hospital Sant Joan de
Deu, Passeig Sant Joan de Déu, 2, 08950 Esplugues de Llobregat, Barcelona,
Spain. 4Department of Family and Community Medicine, University of
Toronto, 500 University Ave, Toronto, ON M5G 1V7, Canada. 5Department of
Rheumatology, The Hospital for Sick Children, 555 University Avenue,
Toronto, ON M5G1X8, Canada.

Received: 4 June 2015 Accepted: 19 November 2015

References
1. Gare BA. Epidemiology of rheumatic disease in children. Curr Opin

Rhematol. 1996;8(5):449–54.
2. Cannizzaro E, Schroeder S, Muller LM, Kellenberger CJ, Saurenmann RK.

Temporomandibular joint involvement in children with juvenile idiopathic
arthritis. J Rheumatol. 2011;38(3):510–5.

3. Kuseler A, Pedersen TK, Gelineck J, Herlin T. A 2 year followup study of
enhanced magnetic resonance imaging and clinical examination of the
temporomandibular joint in children with juvenile idiopathic arthritis. J
Rheumatol. 2005;32(1):162–9.

4. Weiss PF, Arabshahi B, Johnson A, Bilaniuk LT, Zarnow D, Cahill AM, et al.
High prevalence of temporomandibular joint arthritis at disease onset in
children with juvenile idiopathic arthritis, as detected by magnetic resonance
imaging but not by ultrasound. Arthritis Rheum. 2008;58(4):1189–96.

5. Sarnat B. The temporomandibular joint. Springfield, Illinois: Charles C.
Thomas; 1951.

6. Twilt M, Mobers SM, Arends LR, ten Cate R, van Suijlekom-Smit L.
Temporomandibular involvement in juvenile idiopathic arthritis. J
Rheumatol. 2004;31(7):1418–22.

7. Twilt M, van der Giesen E, Mobers SM, ten Cate R, van Suijlekom-Smit LW.
Abrupt condylar destruction of the mandibula in juvenile idiopathic arthritis.
Ann Rheum Dis. 2003;62(4):366–7.

8. Karhulahti T, Ylijoki H, Ronning O. Mandibular condyle lesions related
to age at onset and subtypes of juvenile rheumatoid arthritis in
15-year-old children. Scand J Dent Res. 1993;101(5):332–8.

9. Ronning O, Valiaho ML. Progress of mandibular condyle lesions in juvenile
rheumatoid arthritis. Proc Finn Dent Soc. 1981;77(1–3):151–7.

10. Arabshahi B, Cron RQ. Temporomandibular joint arthritis in juvenile idiopathic
arthritis: the forgotten joint. Curr Opin Rhematol. 2006;18(5):490–5.

11. Muller L, Kellenberger CJ, Cannizzaro E, Ettlin D, Schraner T, Bolt IB et al.
Early diagnosis of temporomandibular joint involvement in juvenile
idiopathic arthritis: a pilot study comparing clinical examination and
ultrasound to magnetic resonance imaging. Rheumatology (Oxford).
2009;48(6):680–5.

12. von Kalle T, Winkler P, Stuber T. Contrast-enhanced MRI of normal
temporomandibular joints in children–is there enhancement or not?
Rheumatology (Oxford). 2013;52(2):363–7.

13. Pelkonen PM. Juvenile arthritis with oligoarticular onset. Baillieres Clin
Rheumatol. 1998;12(2):273–86.

14. von Kalle T, Stuber T, Winkler P, Maier J, Hospach T. Early detection of
temporomandibular joint arthritis in children with juvenile idiopathic
arthritis - the role of contrast-enhanced MRI. Pediatr Radiol. 2015;45(3):402–10.

Ma et al. Pediatric Rheumatology  (2015) 13:53 Page 13 of 14



15. Vaid YN, Dunnavant FD, Royal SA, Beukelman T, Stoll ML, Cron RQ. Imaging
of the temporomandibular joint in juvenile idiopathic arthritis. Arthritis Care
Res (Hoboken). 2014;66(1):47–54.

16. Petty RE, Southwood TR, Manners P, Baum J, Glass DN, Goldenberg J, et al.
International league of associations for rheumatology classification of
juvenile idiopathic arthritis: second revision, Edmonton, 2001. J Rheumatol.
2004;31(2):390–2.

17. Dietrich O, Raya JG, Reeder SB, Reiser MF, Schoenberg SO. Measurement of
signal-to-noise ratios in MR images: influence of multichannel coils, parallel
imaging, and reconstruction filters.
J Magn Reson Imaging. 2007;26(2):375–85.

18. Reiner CS, Lutz AM, Tschirch F, Froehlich JM, Gaillard S, Marincek B, et al.
USPIO-enhanced magnetic resonance imaging of the knee in asymptomatic
volunteers. Eur Radiol. 2009;19(7):1715–22.

19. Barnewolt CE, Shapiro F, Jaramillo D. Normal gadolinium-enhanced MR
images of the developing appendicular skeleton: Part I. Cartilaginous
epiphysis and physis. AJR Am J Roentgenol. 1997;169(1):183–9.

20. Stabrun AE, Larheim TA, Hoyeraal HM. Temporomandibular joint
involvement in juvenile rheumatoid arthritis. Clinical diagnostic criteria.
Scand J Rheumatol. 1989;18(4):197–204.

21. Smith HJ, Larheim TA, Aspestrand F. Rheumatic and nonrheumatic disease
in the temporomandibular joint: gadolinium-enhanced MR imaging.
Radiology. 1992;185(1):229–34.

22. Larheim TA. Role of magnetic resonance imaging in the clinical diagnosis of
the temporomandibular joint. Cells Tissues Organs. 2005;180(1):6–21.

23. Stoll ML, Sharpe T, Beukelman T, Good J, Young D, Cron RQ. Risk factors for
temporomandibular joint arthritis in children with juvenile idiopathic
arthritis. J Rheumatol. 2012;39(9):1880–7.

24. Abramowicz S, Cheon JE, Kim S, Bacic J, Lee EY. Magnetic resonance
imaging of temporomandibular joints in children with arthritis. J Oral
Maxillofac Surg. 2011;69(9):2321–8.

25. Daldrup-Link HE, Henning T, Link TM. MR imaging of therapy-induced
changes of bone marrow. Eur Radiol. 2007;17(3):743–61.

26. Henkelman RM. Measurement of signal intensities in the presence of noise
in MR images. Med Phys. 1985;12(2):232–3.

27. Kaufman L, Kramer DM, Crooks LE, Ortendahl DA. Measuring signal-to-noise
ratios in MR imaging. Radiology. 1989;173(1):265–7.

28. Yamato M, Tamai K, Yamaguchi T, Ohno W. MRI of the knee in
rheumatoid arthritis: Gd-DTPA perfusion dynamics. J Comput Assist
Tomogr. 1993;17(5):781–5.

•  We accept pre-submission inquiries 

•  Our selector tool helps you to find the most relevant journal

•  We provide round the clock customer support 

•  Convenient online submission

•  Thorough peer review

•  Inclusion in PubMed and all major indexing services 

•  Maximum visibility for your research

Submit your manuscript at
www.biomedcentral.com/submit

Submit your next manuscript to BioMed Central 
and we will help you at every step:

Ma et al. Pediatric Rheumatology  (2015) 13:53 Page 14 of 14


	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Methods
	Patients
	Imaging
	Qualitative interpretation of MRI examinations of JIA patients
	Quantitative interpretation
	Statistical analysis

	Results
	Patient characteristics
	Synovial enhancement
	Condylar enhancement
	Association between morphologic changes, synovial and condylar enhancement

	Discussion
	Conclusion
	Competing interests
	Authors’ contributions
	Acknowledgements
	Author details
	References



