Picture-perfect. imaging techniques in

juvenile idiopathic arthritis

Juvenile idiopathic arthritis is a debilitating condition consisting of several categories of arthritis. Early
detection, accurate diagnosis and monitoring of changes upon treatment are critical in order to minimize
long-term sequelae. Imaging modalities, such as radiography, ultrasound and MRI are commonly employed
to evaluate synovial inflammation, joint effusion, bone erosions and other disease manifestations.
Challenges in pediatric populations arise from lack of technology appropriate for small joint imaging and
the lack of available data for standardization and validation of imaging methods and disease grading.
This review describes the optimal utility and advantages and disadvantages of various imaging methods,
focusing on an in-depth review of current and novel MRI techniques and suggesting protocols for

implementation.
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The International League of Associations
for Rheumatology (ILAR) defines juvenile
idiopathic arthritis (JIA) as any archritis of
unknown origin that begins prior to 16 years
of age, persists for at least 6 weeks and is not
associated with other known conditions [1]. It
is the most common rheumatic disease in the
pediatric population and can cause significant,
long-term disability. A recent study from Spain
estimated an annual incidence of 6.9 cases per
100,000 children under the age of 16 years and a
prevalence of 40 cases per 100,000 [2]. Prior inci-
dence estimates are comparable, ranging from
3.2 to 14 cases per 100,000 children per year
(3-s]. As inflammatory cells infiltrate affected
joints, the synovium undergoes increased fluid
secretion and formation of pannus, which can
erode bone and cartilage at the osteochondral
junction and even into subchondral bone [6].
Outcomes of JIA range in severity from joint
inflammation and stiffness to cartilage dam-
age, bone erosion and growth impairment. It
can persist through adolescence into adulthood
with chronic morbidity, often requiring joint
replacement surgery [7-10].

The ILAR classifies JIA into mutually exclu-
sive categories of systemic arthritis, oligoarthri-
tis, polyarthritis (factor-positive or -negative),
psoriatic arthritis, enthesitis-related arthritis,
and undifferentiated arthritis [1]. Imaging is
critical for accurate diagnosis and categorization,
monitoring of disease activity, treatment deci-
sions [11] and patient follow-up. It is important to
note that imaging modalities validated for use in
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adult populations may be less helpful with chil-
dren as the disease course during skeletal growth
may differ from that in adults. There are many
imaging modalities available for these purposes.
The aim of this review is to describe these imag-
ing methods with a focus on MRI techniques
and suggest protocols for implementation.

Conventional radiography

Conventional radiography remains the primary
imaging method for JIA evaluation, at least in
part because it is widely available and relatively
inexpensive. Plain radiographs are important to
exclude fractures, tumors and osteomyelitis, and
if the initial evaluation of any of these conditions
are clinically suspected, other imaging may be
important in initial evaluation. Films may show
features of JIA, including swelling of soft tissue,
bone loss or erosions, joint space narrowing or
misalignment, growth plate disturbances and
periostitis [12]. These features are important for
baseline assessment of disease severity and joint
damage. Although screen films have histori-
cally been limited to displays of joint damage
that appear late in disease progression, recent
advances in digital radiography have improved
data display and assessment. A study designed to
evaluate the performance of digital radiography
versus screen films determined that small, early
erosions were visualized equally well by both
methods [13]. However, an experiment with arti-
ficial erosions concluded that a flat-panel detec-
tor was superior to screen films, enabling the
detection of bone erosions as small as 0.5 mm
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in diameter and depth [14] at clinical exposures.
Ludwig et al. further posit that the exposure
dose of ionizing radiation, one of the significant
drawbacks of radiography, can be decreased by
50% while maintaining results comparable to
typical films [14]. Although these advances are
useful, radiography cannot be used to quantify
the inflammatory activity of early disease, so
other methods of assessment are needed.
Another disadvantage of radiography is stan-
dardization of assessment. Standardized tools are
critical for evaluation of therapeutic benefit and
disease progression; in fact, the US FDA requires
evaluation of structural damage as an efficacy
measure and states that slowing x-ray progression
should be measured with a validated index for
adults with rheumatoid arthritis [101]; however,
methods validated for adult populations are not
necessarily appropriate for pediatrics. Thus, sev-
eral scoring mechanisms have been developed
that are more appropriate for juvenile disease.
One early method developed by Poznanski et /.
established standards for normal carpal length in
healthy children by measuring the ratio between
radiometacarpal length and the second metacar-
pal bone length [15]. Advantages of this method
include simplicity and practicality, and because
this measurement is not dependent upon the
degree of ossification of the carpal bones, it is
appropriate for growing children and for those
with advanced ossification. However, this sys-
tem is only useful in those with wrist involve-
ment and is not reliable with advanced erosive
disease. More recently, the Dijkstra composite
score was suggested as a method of scoring vari-
ous features of JIA, such as soft tissue swelling,
joint space narrowing, growth disturbances,
osteopenia/osteoporosis, erosions, subchondral
cysts and joint position in several joints [16,17].
As the authors noted, however, this was a some-
what complicated system that requires thorough
radiologic knowledge of both normal and dis-
eased joints, but it has the advantages of being
sensitive to change and applicable to all joints.
Other scoring methods have been developed
or adapted to pediatric populations for specific
joints, such as hip (18] and wrist/hand [19]. It is
generally recognized, however, that other imag-
ing methods are better suited for sensitive detec-
tion of very early inflammation and soft tissue
changes, or much smaller erosions. Pediatric
arthritis often has significant involvement of
cartilage and synovium, which radiography is
unable to accurately quantify; highly sensitive
methods allow eartlier assessment of joint damage
and more rapid evaluation of therapeutic benefit.
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Ultrasound

Ultrasound is a safe, relatively inexpensive and
easily implemented method for assessing joint
inflammation. Recent advances in resolution due
to high frequency (12-15 MHz) linear probes
have substantially improved joint visualization.
This is extremely helpful for determining joint
activity, since swelling and pain can be caused
by factors other than JIA effusion. Moreover,
the lack of radiation exposure renders sonogra-
phy useful for longitudinal assessments, such as
following treatment response or clinical course,
although poor repeatability may require assess-
ments to be conducted by the same sonographer
over time. Sonography is also helpful for guiding
aspiration or injection of joints.

Ultrasound can be used to determine severity
of involvement of accessible joints, measuring fea-
tures such as effusion volume, synovial thickness,
bony erosions, and cartilage thinning or erosions.
Spannow ez al. have calculated normal reference
ranges for both sexes for cartilage thickness of
several joints, including knee, ankle and wrist,
for children aged between 7 and 16 years, along
with an algorithm for determining hyaline car-
tilage thickness [20]. It should be noted that the
amount of inter- and intra-observer agreement
can vary with ultrasound; one study demon-
strated strong or acceptable agreement for several
joints, but not for wrist [21]. However, the simi-
larity of joint thickness between right and left
extremities in healthy children that was found in
this study provides a reference for determining
the extent of disease activity in joint cartilage.

A recent study in knees of children with JTA
concluded that ultrasound was 90% sensitive
and 100% specific in the detection of effusion
in clinically active knee joints, and detected effu-
sion in 70% of clinically inactive joints; like-
wise, a synovial thickness greater than 2.3 mm
had 94% positive and 84% negative predictive
value for disease activity [22]. In this same study,
ultrasound-determined synovial thickness of
the knee correlated with disease activity score
and articular indices, as well as biomarkers of
disease activity, such as sedimentation rate
and C-reactive protein level. Similarly, Magni-
Manzoni et al. detected subclinical synovitis by
ultrasound on 5.5% of 1560 clinical ‘normal’
joints [23]. Results from these studies and others
[24] suggest that classification of disease based
on clinical evaluation of joint involvement may
be misleading.

Not all ultrasound studies have yielded such
strong results, however. Sureda e a/. were only
able to document effusion in 60% of known
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clinical active knee joints, and similar findings
were reported by Frosch ez al. [25.26]. Recently,
ultrasound was unable to reliably demonstrate
ankle joint disease in patients with documented
JIA, identifying effusion in less than 33% of
clinically active joints [27]. Methods of measure-
ment, such as determining bursa length versus
volume, and ultrasound equipment, may play a
role in such divergent results. Power and color
Doppler ultrasound methods, which detect
increases in synovial vascularization by measur-
ing synovial blood flow, have improved the abil-
ity to measure inflammatory activity [28,29]. Such
methods have been used to predict short-term
relapse in patients in apparent clinical remission
(30]. Although few studies have been conducted
in children, a recent report combining grayscale
ultrasound and power Doppler documented
ongoing inflammation in children who had been
in clinical remission for at least 3 months [31],
and other studies have documented relapse in
ankle joints [32] and subclinical synovitis in other
joints [33] with Doppler ultrasound.

Other disadvantages of ultrasound include
difficulty in assessing some joints, such as the
temporo-mandibular joint, and the generally
small size of joints in young children. Although
inter-observer reproducibility can also play a role
in variability of measurement, Magni-Manzoni
et al. demonstrated that ultrasound can be a
strongly reproducible modality, with inter-
observer reproducibilities of 83, 84 and 95% for
determining the presence or absence of joint effu-
sion, synovial hypertrophy and power Doppler
signal, respectively [34]. It should be noted, how-
ever, that even reproducible results may need to
be interpreted with caution. A recent MRI-based
analysis of wrist joints in healthy children aged
6-15 years demonstrated a high prevalence of
bony depressions, signal changes indicating bone
marrow edema and significant joint fluid [3s], sug-
gesting that developing joints may be variable
in appearance. This underscores the need for a
baseline assessment in children with JIA.

MRI

B MRI introduction

MRI-based methods have advanced dramati-
cally over the past decade for imaging of JIA,
and comprise the optimal imaging modality for
assessing very eatly, pre-erosive stages of disease,
and for determining response to therapy. MRI
is most important in children with polyarticu-
lar disease, while its importance in the child
with oligoarticular involvement is generally for
exclusion of other diagnoses, such as co-existent
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trauma or tumor. MRI has its greatest use when
radiographs fail to exclude these other condi-
tions. They may be clinically suspected in all
children with arthritis because of persisting
well-localized bone tenderness on physical
examination, and in children with active pol-
yarticular arthritis in whom affected joints show
progressive loss of motion or swelling despite
optimized treatment. MRI is also important in
documenting sacroiliitis in patients with severe
enthesitis-related arthritis [36].

There are a broad range of sequences and pro-
tocols available, and it is critical to understand
the tissue characteristics and disease pathology
of interest to ensure the best protocol for each.
Studies have demonstrated the superiority of
MRI over radiography and ultrasound in assess-
ment of bone erosions and soft tissue involvement
(37-39]. Examples of MRI methods that are gener-
ally appropriate by tissue type are displayed in
Taeee 1 (adapted from [40]). One difficulty with
MRI is that standardized grading scores for joint
disease activity and consensus definitions are not
as well validated as in adults, and may be dif-
ficult to validate in growing joints regardless of
how many patients are studied. Unlike the large
body of information gathered and collated into
Rheumatoid Arthritis MRI Score (RAMRIS)
by the Outcome Measures in Rheumatology
Clinical Trials (OMERACT) MRI group [41],
pediatric data are more scarce. A recent study
aimed to develop and validate a pediatric MRI
scoring system for JIA and to compare this system
to RAMRIS [42]. Overall, the pediatric MRI scor-
ing system was highly reliable for assessment of
erosions and conventional damage assessments,

Measurement

Fluid

Rate of transfer of contrast between
plasma and EES

Restricted water motion (proxy for
inflammation)

Cartilage degradation assessed by
increased water mobility

Glycosaminoglycan content
Proteoglycan depletion
Proteoglycan content

Tissue

Synovium

Cartilage

Bone Erosions
Bone marrow edema

Muscle Dermatomyositis or polymyositis

DCE: Dynamic contrast enhanced; dGEMRIC: Delayed gadolinium-enhanced MRI of cartilage,

MRI sequence type
T,-weighted MRI
DCE-MRI

DTI
T,-weighted MRI

dGEMRIC
2Na MRI
T,-rho MRI

T,-weighted MR

STIR or T,-weighted FSE

T,-weighted FSE

DTI: Diffusion tensor imaging, EES: Extravascular, extracellular space, FSE: Fast spin echo.

Adapted from [40].
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Sequence

AXIAL FSE/
PDW/FS

SAG FSE/PD/T,W/FS
SAG T, Map

SAG T, postcontrast

T,-perfusion

TR
(ms)
3000

4000
1500

350
3.8

TE FA (degrees) NA  BW Hz/
(ms) pixel
20.6 90/180 2 163

16, 80 90/180 2 81
9,18,99 90/180 1 244

8 90 2 122

1.5 60 0.5 244

FOV Resolution ST ETL
(mm) (mm) (mm) (mm)
160 256 x 192 3 8

180 256 x 192 3 8

180 256 x 160 3 11
180 256 x 128 3 8

180 128 x 128 8 0

BW: Bandwidth, ETL: Echo train length, FA: Flip angle; FOV: Field of view;, FS: Fat saturation, FSE: Fast-spin echo; NA: Number of averages, PDW: Proton density
weighted; SAG: Sagittal, ST: Slice thickness; T,W: T, weighted, TE: Echo time; TR: Time to relaxation.

but did not correlate well with active disease
parameters and was not as sensitive to change
as RAMRIS. Interestingly, RAMRIS also pro-
vided valid and reliable assessments of synovitis.
Interpretations from this study are limited by its
small sample size (66 patients) and the lack of age-
matched healthy controls, but it is a start toward
addressing the problem of consistent definitions
and MRI-based scoring in pediatric patients.
Generally, disease processes that involve
changes in water content, including joint effu-
sion, should be imaged with sequences that are
sensitive to increases in proton mobility, such as
T, -weighted fast spin echo sequences. In the case of
synovitis, a hallmark of disease activity in JIA, the
synovium will be visualized as thick and irregular
with MRI, and will have high signal intensity on
T -weighted sequences. Differentiation between
joint effusion and synovium may be difficult due
to similar signal intensity; heavily T -weighted,
fast spin echo sequences may help in this regard
(43]. Furthermore, the child with arthritis who has

Figure 1. Representative sagittal, fast-spin echo dual echo images with fat
saturation MRIs of a knee of a 13-year-old male with mild juvenile
idiopathic arthritis. The field of view = 180 mm, the data matrix was 256 x 256,
slice thickness = 3 mm, slice gap = 1 mm, repetition time = 4000 ms, number of
averages = 2, echo train length = 8, pixel bandwidth = 81 Hz, total acquisition
time = 3 min 12 s. (A) Proton density image with echo time = 16 ms.

(B) T,-weighted image with echo time = 80 ms.
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weakness out of proportion to the clinical findings
of arthritis may be developing dermatomyositis or
polymyositis. MRI with T -weighted images of
the proximal lower extremities can identify sites
of affected muscle, which are potential candidates
for diagnostic biopsy.

Bone erosions are typical in advanced poly-
articular disease and large lesions are easily
identifiable by conventional radiography. High-
frequency ultrasound has also shown potential
to detect changes in adult bone in patients with
rheumatoid arthritis [44,45] and erosive osteoar-
thritis [4¢]. Erosive disease has been associated
with poorer outcomes in JIA patients [47], and
erosions that are detectable by radiography or
ultrasound may indicate irreversible damage.
Thus, early identification of small erosions is
extremely helpful in determining prognosis
and assessing treatment options. Malattia et al.
demonstrated that MRI is superior to both
radiography and ultrasound in revealing bone
erosions in the wrist and in revealing erosions
in patients with less than 3 years’ disease dura-
tion [37]. Utilizing a T -weighted, 3D gradient
echo sequence for image acquisition and multi-
planar reconstruction was found to be optimal
for identification of small erosions. This is con-
sistent with studies in adult RA in which bone
erosions were detected on average 2 years earlier
with MRI than with conventional radiography
(48]. Unfortunately, further data regarding MRI
compared with radiography versus ultrasound
are lacking in pediatric populations, and further
studies are certainly warranted.

Proton density (PD) images are used for
anatomical information to assess joint integ-
rity. These two image sets are usually collected
simultaneously as dual echo PD-, T, -weighted
sequences collected in both the sagittal and
axial planes [49]. A typical imaging protocol at
1.5 Tesla (T) for knee joint evaluation can be
seen in Tasie 2. Representative PD-, T -weighted
images are shown in Ficure 1.
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B Contrast-enhanced MRI

Although T -weighted fast spin echo sequences
are helpful for imaging inflamed synovium, the
best method is with contrast-enhanced MRI
(50.51]. The rate of enhancement of synovium with
contrast is dependent in part on tissue vascular-
ization and capillary permeability, both of which
are highly correlated with synovial inflammation
[52-54]. Assessing rate of enhancement (dynamic
contrast-enhanced [DCE] MRI) is also useful
for helping to distinguish between joint effusion
and synovitis, both of which are disease attri-
butes with high water content. Since the contrast
agent can quickly diffuse into the synovial fluid
and confound differentiation, a T -weighted, fat-
suppressed image should be acquired between 5
and 10 min post-contrast injection (Ficure 2). A
precontrast T -weighted image can be used for
subtraction to increase conspicuity. The volume
of synovium can be calculated from the post-
contrast images or from the subtracted images
and can then be used to monitor treatment
response as shown in Ficure 3 [55]. If chemical
shift saturation or water excitation gives incom-
plete or poor fat saturation, short-tau inversion
recovery imaging, another water-sensitive tech-
nique that nullifies the fat signal, can be used for
T -weighting. DCE-MRI has been demonstrated
to be both valid and reliable, with excellent intra-
class correlation coefficients for inter-reader
agreement of synovial inflammatory activity of
wrist and hip joints [s0]. It has also demonstrated
early hip involvement in JIA patients without
clinical evidence of disease activity [56].

B Pharmacokinetic parameter

mapping
Information gleaned from DCE-MRI can be
enhanced even further using pharmacokinetic

A B

Figure 2. T -weighted, post-contrast MRI of
a knee of a child with juvenile idiopathic
arthritis. Hyperintense signal areas represent
inflamed synovium. The field of

view = 180 mm, the data matrix was

256 x 256, slice thickness = 5 mm, slice

gap = 1 mm, repetition time = 350 ms, echo
time = 8 ms, number of averages = 2, echo
train length = 1, pixel bandwidth = 81 Hz, total
acquisition time = 1 min 30 s.

(Pk) modeling for quantitative mapping [51.57.58].
In this physiologically based model, signal
enhancement time courses are described by a
plasma compartment and the extracellular—
extravascular space. Pk parameters that are rep-
resentative of tissue signal enhancement patterns
include K (the rate of contrast transfer from
plasma to extravascular space ), KEP (the rate
constant denoting the rate of contrast transfer
from extravascular space to plasma), and Vp (the
fraction of plasma space per unit volume of tis-
sue) [51]. These are obtained by iteratively fitting

Cc

Figure 3. T.-weighted images and segmentations to measure synovial volume in a knee of
a child with juvenile idiopathic arthritis. MRI parameters are the same as Ficure 2. Segmentation
is performed with K-means clustering. (A) A typical segmentation example showing enhanced
synovium with the red outline. (B) A representative slice with segmentation prior to treatment.
Total synovial volume for all slices = 34 ml. (C) A representative slice with segmentation 1 year
post-treatment. Total synovial volume for all slices = 11 ml.
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Contrast agent injection

| |

20s

200s

Time

Figure 4. Dynamic contrast-enhanced MRI. These are 3D gradient echo images of the hand. Each
3D volume takes 5 s to acquire. Four datasets are acquired prior to contrast agent injection. Thirty six
more volumes are collected postinjection for a total of 40 datasets. The field of view = 180 mm, the
data matrix was 128 x 128, slice thickness = 8 mm, slice gap = 0 mm, repetition time = 3.8 ms, echo
time = 1.5 ms, number of averages = 0.5, pixel bandwidth = 244 Hz, total acquisition time = 5 s per

volume.

the data to model equations by nonlinear least-
squares curve fitting on a pixel-by-pixel basis. To
obtain the required data, dynamic images can
be acquired every 5 s while the contrast agent
is being injected (Ficures 4 & 5). Overall, approxi-
mately 40 images are acquired. The first four are
used as a baseline of precontrast steady-state of
signal intensity. The fourth precontrast image
(after T -relaxation saturates) can be subtracted
from the 40th image (post-contrast) to indicate
areas of contrast agent uptake and synovitis
(Ficure 6). Color-coded parameter maps are gener-
ated, as shown in Ficure7. The parameters for each
pixel are coded depending on their magnitudes,
with minimum values as blue and maximum
values as red, to facilitate visual comparisons

A

during longitudinal assessments. Pk parameters
have been shown to decrease in children under
treatment over time, and provide specific, local
information on synovial inflammation (s8]. The
total time for acquisition is approximately 3 min,
so this dynamic methodology does not increase
the total examination time and the software
required is generally available on commercial
imaging platforms.

B T, mapping

T, relaxation mapping is another parametric tech-
nique that can be easily implemented to assess
cartilage hydration or collagen orientation in
normal as well as immature or diseased cartilage
59,60]. Typically, there is a general decrease in T,

Figure 5. Dynamic contrast-enhanced MRI of the hand. (A) A color-coded pharmacokinetic
parameter map of the permeability constant, kp. (B) A normalized signal intensity versus time curve
of the color-coded region of interest from the permeability map.

Imaging Med. (2011) 3(6)
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Figure 6. 3D subtraction image from a dynamic contrast-enhanced MRI series of the knee. The 4th volume image (precontrast)
has been subtracted from the 40th volume image (post-contrast). This increases the conspicuity of regions of update of contrast agent.
The hyperintense regions indicate perfusion of the distal femoral and proximal tibial physes (yellow arrows) as well as areas of synovitis

(red arrows). Perfusion of physes is normal in children and can complicate segmentation of synovial volume.

relaxation from the cartilage surface to the deeper
layers [61,62], but cartilage degradation that occurs
with JIA has been shown to increase T relative to
age-matched controls [63]. T relaxation maps are
calculated from a series of multislice multiecho
images (Ficure 8). Magnitude, gray and color scale
T, maps are produced for evaluation (Ficure 9).
Typical maps showing elevated T, in a 10-year-old

girl with JIA compared with a healthy 10-year-old
boy are shown in Ficure 10. The T, change from
the subchondral bone to the articular surface is
graphed in Ficure 11 for a girl with JIA, a healthy
boy and for a healthy adult. T, mapping is per-
formed before contrast agent injection to preclude
the effects of T, and T, shortening, although the

effects of contrast on T, are minimal [Darpzinskr B,

Figure 7. Quantitative parameter maps from pharmacokinetic modeling of dynamic
contrast-enhanced MRI data. (A) The volume transfer coefficient (K@), which is the rate of
transfer of the contrast agent from plasma to the extravascular, extracellular space. (B) The rate
constant K¢, which is the rate of transfer of contrast agent from the extravascular, extracellular space
to the plasma. (C) Displays v, the fraction of plasma space per unit volume of tissue. This modeling
permits early quantitative assessment of disease activity and treatment response.

future science group

www.futuremedicine.com



Shire & Dardzinski

Figure 8. The first nine of 11 multislice, multiecho images used to calculate T, relaxation time maps. The field of
view = 180 mm, the data matrix was 256 x 160, slice thickness = 3 mm, slice gap = 0 mm, repetition time = 1500 ms, echo time =9,
18, ... 99 ms, number of averages = 1, echo train length = 11, pixel bandwidth = 244 Hz, total acquisition time = 4 min.

Unrusuisaen Data). Other techniques used to eval-
uate cartilage include contrast-free T -rho or
delayed gadolinium-enhanced MRI of cartilage
(dGEMRIC) [64-66]. Parameter maps from these
techniques evaluate proteoglycan content, which
is critical in adults for maintaining cartilage stiff-
ness and is decreased with disease. However, the
importance of proteoglycan abnormalities in
children with JIA has not been established.

B Alternative techniques: diffusion
tensor imaging & 2*Na MRI

Diffusion tensor- or diffusion-weighted imag-
ing (DWI) is a technique that measures the
Brownian motion of water [67,68], which is freely
isotropic in pure liquid, but is anisotropic in
tissue [69]. Diffusion is hindered by cellular
membranes and organelles. By applying mag-
netic field gradients in multiple directions, the

T, (ms)
255

80

0

Figure 9. T, relaxation time maps of knee cartilage from a 13-year-old male with mild juvenile idiopathic arthritis calculated
from the 11 echo images in Ficure 8. (A) The magnitude image; (B) the grayscale T, relaxation time map; (C) color-coded T, relaxation
time map.

642 Imaging Med. (2011) 3(6)
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10-year-old girl (JIA)

10-year-old boy

Figure 10. Gradient echo images and T, relaxation time maps from the patellar cartilage of
a 10-year-old girl with juvenile idiopathic arthritis compared with a 10-year-old healthy
boy. Although the gradient echo images do not reveal structural differences, the T, maps show clear
biochemical differences indicative of disease activity, indicated by yellow and red dashed ellipses.
GRE: Gradient recalled echo; JIA: Juvenile idiopathic arthritis.

anisotropic behavior in the tissue compartment
of interest can be assessed. The appeal of DTI
is that it is contrast-free, thus avoiding possible
adverse events with administration of gadolin-
ium-based contrast agents. This technique has
been applied to the brain to map fiber tract tra-
jectories in white matter and to perform diffu-
sion tractography [70]. The use of DTT to assess
cartilage in knee joints is limited due to the
short T, relaxation time of cartilage (30—70 ms)
(é1], although a 3D steady-state DW1 sequence
has been proposed [71]. Conventional T, relax-
ation time mapping provides a measure of car-
tilage hydration and reflects collagen orienta-
tion and breakdown [59]. One study in adults
demonstrated that DTI performed as well as
T,-weighted contrast-enhanced MRI at detect-
ing synovial inflammation [72]. Another study
found that DW1I was able to identify cartilage
maturation post-chondrocyte transplantation
(73]. Although the contrast-free approach is a
desirable one, challenges in implementation
and analysis currently limit the utility of this
technique.

Another alternative MRI method is *Na
MRI [74], which identifies areas of proteogly-
can depletion through bonding of the positively
charged sodium with negatively charged glycos-
aminoglycan molecules [75] and specific proto-
cols have been suggested for cartilage assessment
(76]. The major limitation of this technique is the

future science group

low overall sodium content in cartilage, which
limits the signal-to-noise ratio (SNR). MRI
protocols using systems with higher (7 T) field
strengths are being evaluated to help overcome
this significant challenge [77-79].

Subchondral bone Articular surface

75 T T T T T T T T T T T

10-year-old boy
—@— Adult male
—@— 10-year-old girl (JIA)

70 7

65 T

60 T

55 1

T, (ms)

50 7

45

40

35 T T T T T T T T T T T
00 01 02 03 04 05 06 07 08 09 1.0

Normalized distance

Figure 11. T, relaxation profiles across the patellar cartilage from the
images in Ficure 10. Note that the profiles across the cartilage are similar for a

healthy boy and a healthy adult, but the profiles for the girl with JIA are elevated

and relatively homogeneous from the subchondral bone to the articular surface.
JIA: Juvenile idiopathic arthritis.
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ROI

Fat

SNR (BW = 125) SNR (BW = 250)

15T 3T | Ratio 15T 3T Ratio

53 109 2:1 61 95 1:6

22 46 2:1 29 45 1:6

74 132 1:8 84 112 1:3

Muscle

26 42 1:6 31 44 1:4

s
SNR = A

Figure 12. Signal-to-noise ratio measurements in the pediatric knee of an 11-year-old boy
as a function of field strength and receiver bandwidth. The SNR is calculated as the signal from
the tissue of interest divided by the standard deviation of the background noise. The increase in SNR
at 3 Tis 30-100% higher than at 1.5 T and varies with tissue type. The field of view = 160 mm, the
data matrix was 256 x 192, 75% phase field of view, slice thickness = 3 mm, slice gap = 0 mm,
repetition time = 3000 ms, echo time = 13 ms, number of averages = 1, echo train length =7 (1.5T)
and 6 (3 T), pixel BW = 122, 244 Hz at 1.5 T 125, 250 Hz at 3 T. MRI Systems: 1.5 T GE Signa, 3 T

Siemens Trio.

BW: Bandwidth; ROI: Region of interest; SNR: Signal-to-noise ratio.

B Higher field strengths & other
considerations

The use of 3 T MRI systems has increased over
the past several years for small joint imaging
(50-82]. The increase in field strength can be used
to decrease scan time or increase resolution.
This is due to the increase in SNR (Ficure 12).
Contrast to noise is also increased (Ficure 13). For
3 T systems, protocols need to be modified from
those implemented with 1.5 T systems due to
increases in T, and potential decreases in T,

ROI to ROI
Bone, cartilage
Bone, fat
Bone, muscle
Fat, cartilage

Fat, muscle

depending on tissue type (Ficures 14 & 15) [83]. For
conventional sequences, repetition time (TR)
needs to be increased and echo time (TE) needs
to be decreased. The echo train length (ETL)
can also be increased to shorten imaging time.
A knee protocol consisting of three planes of fat-
saturated intermediate-weighting (IW) can be
implemented in 10 min if contrast is not needed
(Ficure 16). To suppress the fatty marrow, inver-
sion time needs to be increased at 3 T due to the
increase in T, and should also be adjusted to the

CNR (BW = 125) CNR (BW = 250)
15T 3T Ratio 15T 3T Ratio
31 62 2 31 50 1.6

21 23 11 23 17 0.7
27 67 2:5 29 51 1:8
52 86 1:7 55 67 1:2
47 90 1:9 53 68 1:3

CNR,, = S, -5,
g,

Figure 13. Contrast-to-noise ratio measurements in the pediatric knee of an 11-year-old
boy as a function of field strength and receiver bandwidth. The CNR is calculated by the
difference in signal between two tissues of interest divided by the standard deviation of the
background noise. The CNR is increased in most tissue types with increasing field strength. The field
of view = 160 mm, the data matrix was 256 x 192, 75% phase field of view, slice thickness = 3 mm,
slice gap = 0 mm, repetition time = 3000 ms, echo time = 13 ms, number of averages = 1, echo train
length =7 (1.5 T) and 6 (3 T), pixel BW = 122, 244 Hz at 1.5 T 125, 250 Hz at 3 T. MRI Systems: 1.5 T

GE Signa, 3 T Siemens Trio.

BW: Bandwidth; CNR: Contrast-to-noise ratio; ROI: Region of interest.
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ROI 15T
Bone 321 + 88
Cartilage 1159 + 533
Muscle 934 + 86
Fat 272 £ 28

T, (ms
3 )2555

800

3T %Aat3T
430 + 57 34

1252 + 311 8

1270 + 131 36
380 + 25 40

Figure 14. T, relaxation time map in the pediatric knee showing field strength effect at 1.5
and 3 T. Top image: color-coded T, relaxation time maps. Bottom table: quantitative T, relaxation
times for four tissue types at 1.5 and 3 T. The T, relaxation time increases range from 8-40%
depending on tissue type. Single slice saturation recovery images used to calculate T,. The field of
view = 160 mm, the data matrix was 256 x 160, slice thickness = 3 mm, repetition time = 50, 67, 100,
200, 400, 750, 1250, 2000 and 3000 ms, echo time = 10 ms, number of averages = 1, echo train
length = 3, pixel BW = 250 Hz, echo train length = 3. MRI Systems: 1.5 T GE Signa, 3 T Siemens Trio.

ROI: Region of interest.

amount of fat present due to skeletal maturity
(Fieure 17). The receiver bandwidth also needs to
be increased to reduce chemical shift artifact.
With the increased SNR, high resolution images
can be acquired in 3D and can be reformatted

in any plane. The key to successful reformatting
is to keep the in-plane resolution below 0.4 mm
and the slice thickness below 0.7 mm (Ficure 18).

Along with the MRI protocol, coil type is
also critical. Coils should provide a high SNR

T, (ms)

255
ROI
Bone
Cartilage
Muscle

80 Fat

0

15T
123 +£5
50 £+ 6
39+4

123 +9

3T
122 +7

43 +5

38 +6

128 +6

Figure 15. T, relaxation time map in the pediatric knee showing field strength effect at 1.5 and 3 T. Left image: color-coded T,
relaxation time maps. Right table: quantitative T, relaxation times for four tissue types at 1.5 and 3 T. The T, relaxation times are

generally constant but demonstrate small decreases in cartilage. Imaging parameters were the same as those in Ficure 8. MRI Systems:

1.5 T GE Signa, 3 T Siemens Trio.
ROI: Region of interest.
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Figure 16. Intermediate-weighted, fast-spin echo images at 3 T in the pediatric knee. Axial,
sagittal and coronal planes are displayed in (A, B & C), respectively. A typical protocol for one
orientation would include: field of view = 140 mm, the data matrix was 320 x 256, slice

thickness = 3 mm, slice gap = 1 mm, voxel size = 0.5 x 0.4 x 3.0 mm, repetition time = 3000 ms,
echo time = 39 ms, number of averages = 1, pixel bandwidth = 130 Hz, echo train length = 7, echo
spacing = 12.8 ms, total acquisition time = 3 min 49 s. MRI System: 3 T Siemens Trio.

and there are choices available for most joints,
including temporo-mandibular, shoulder, knee,
and ankle; however, the size of the coil should
match the anatomy to maintain a high SNR, and
as most coils are sized for adults, this can require
some creativity in pediatrics. For example, it is
possible to use an adult wrist coil on the elbow

of a small child. The size of the coil is impor-
tant, especially in the pediatric setting where the
anatomy is typically small.

B Limitations of MRI in pediatrics
Although MRI is a powerful and flexible tech-

nology for the assessment of joint disease in

Figure 17. Inversion recovery prepped fast (turbo) spin echo images for fat saturation (STIR or TIRM). TI must be increased
from 150 ms at 1.5 T to approximately 210 ms at 3 T to obtain comparable fatty marrow suppression. This is related to the increase in T,
of fat by 40% at 3 T. The Tl value required for adequate fat suppression may be related to the degree of skeletal maturity and fatty
marrow conversion. In the above examples, Tl = 210 ms achieved the desired contrast; however, this value may be different in other
children and for other pathologies. (A) 12-year-old boy. (B) 16-year-old girl. Field of view = 140 mm, the data matrix was 320 x 256, slice
thickness = 3 mm, slice gap = 1.5 mm, repetition time = 3500 ms, echo time = 13 ms, Tl as shown in figure, number of averages = 1,
pixel bandwidth = 130 Hz, echo train length = 7, total acquisition time = 2 min 9 s. MRI Systems: 1.5 T GE Signa, 3 T Siemens Trio.

Tl: Inversion time.
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children, there are limitations. One such chal-
lenge, the lack of standardized grading systems
for joint activity and the lack of consensus on
definitions, has been addressed above. Natural
variability in joint development [35] poses
another difficulty, both in standardizing joint
activity definitions and in evaluating disease.
As suggested previously, baseline assessments
for each child are very important in under-
standing joint involvement and changes over
time. Another limitation is the inability to
image more than one joint in a session; sev-
eral sessions may be required to assess vari-
ous joints with different MRI protocols. Bone
scintigraphy may be helpful in cases where it
is not possible to define the region for imag-
ing. For example, children with nonlocalized
extremity pain may have occult osteomyeli-
tis. Scintigraphy can elucidate the involved
areas, pointed to regions for further studies.
Similarly, in children with chronic fever and
lower extremity pain, bone scan may show
changes typical of neuroblastoma, such as
adrenal uptake or metastatic uptake in ribs.

Finally, sedation during MRI may be required
in small children; however, the advent of video-
compatible MRI systems has alleviated this
concern. In the authors’ experience, children
as young as 3 years of age can watch engaging
videos while being scanned, and frequently are
reluctant to leave the scanner until the video is
over! Finally, although anaphylactic or injection
site reactions to contrast agent are rare, they have
been reported in post-licensure experience [84],
and safety in children younger than 2 years of
age has not been established.

Conclusion
It is clear that there are several options for pedi-
atric imaging in the context of JIA, from widely
available, low-cost methods such as radiography
and ultrasound, to more complex MRI-based
techniques. As with adults, the eatlier the disease
is caught, the better the clinician is able to ren-
der an accurate diagnosis and assess treatment
and follow-up options and avert long-term dis-
ability. Thus, the accessibility of conventional
radiography and ultrasound may be outweighed
by the need to gather as much information about
affected joints as early as possible in the disease
course, and to assess progress with treatment.
Several MRI-based techniques are available for
these purposes.

It is also clear that data in pediatric patients
are sorely lacking for validation and standard-
ization of imaging methods, especially in MRIL

future science group

Figure 18. 3D dual-echo steady-state gradient echo imaging in the sagittal
plane and reformatted into the coronal and axial planes. (A) Images were

acquired in the sagittal plane. (B) Coronal reformat of sagittal 3D volume.
(C) Axial reformat of sagittal 3D volume. Field of view = 120 mm, the data

matrix was 320 x 320, voxel size = 0.4 x 0.4 x 0.7 mm, repetition time = 15.3 ms,

echo time = 4.4 ms, number of averages = 1, pixel bandwidth = 200 Hz,
flip angle = 25 degrees, total acquisition time = 6 min 37 s. MRI System: 3 T

Siemens Trio.

Coils and protocols are generally developed for
adults with RA or osteoarthritis and assumed
to be translatable to the pediatric population.
The field would benefit tremendously from
larger pediatric studies or pooled data analyses
to assist with protocol validation and standard-
ization of MRI-based disease grading. However,
large strides in pediatric research have certainly
been made over the past decade, and continued
improvements in both treatment options and in
sensitive methods for imaging disease progres-
sion will undoubtedly improve the lives of many
children living with JIA.

Future perspective

As 3T and 7 T imaging systems are being intro-
duced into mainstream imaging (7 T mainly
for research), resulting increases in SNR and in
resolution will facilitate enhanced imaging of
small joints 85]. At 7 T it will also be possible to
image sodium signal from cartilage (86]. With the
improved SNR from higher field strengths, what

www.futuremedicine.com
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is important for small joint imaging will be dedi-
cated transmit—receive RF coils that will increase
the SNR while reducing the specific absorption
rate. Specific absorption rate becomes a problem
for whole body transmit and phased array receive
and will pose more of a challenge on 3 T sys-
tems as 7 T systems remain research only and
lack body RF coils for excitation. Another impor-
tant advance in MRI would be to have dedicated
extremity gradient coils to increase resolution
and speed as compared with fixed whole body
gradients and that do not cause peripheral nerve
stimulation.

An intriguing option in the future will be the
use of optical imaging to probe angiogensis with
nonspecific fluorescent probes. Such studies are
currently being performed in adult rheumatoid
arthritis. The use of idocyanine green contrast
agent allows for nonspecific, fast and longitudinal

imaging of disease activity. First applications are
in the hands and wrist since the thickness of the
hand does not severely limit depth penetration of
photons. In the future it is likely that this tech-
nique can be used with specific probes to target
the disease process of interest (e.g., integrins and
proteases) and with handheld systems for other
joints [87-95].
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Juvenile idiopathic arthritis is arthritis of unknown origin that begins prior to the age of 16 years, persists for at least 6 weeks, and is not
associated with other known conditions, and is the most common rheumatic disease in the pediatric population; it can cause significant

and long-term morbidity.

Imaging is critical for accurate diagnosis, monitoring of disease activity, treatment decisions and follow-up; however, data in pediatric
populations are sparse, rendering validation of imaging modalities difficult in children.
Conventional radiography is widely available and relatively inexpensive, and upgrades in digital technology may facilitate visualization of
small erosions, but utility is limited by the inability to detect early disease inflammation.
Ultrasound is widely available, radiation-free and has improved over the past several years thanks to high-frequency probes. It can be
used to assess joint effusion, synovial thickness and even bone erosions; however, study results are conflicting regarding its sensitivity.
MRI-based methods are the most valid and reliable for assessment of juvenile idiopathic arthritis features. Protocols differ from center
to center and are dependent upon the outcome and tissue of interest. Dynamic contrast-enhanced methods allow highly sensitive

measurement of pharmacokinetic parameters associated with disease.
Future directions in MRI lie in higher field strengths to increase the signal-to-noise ratio as well as optical imaging to assess angiogenesis

and other features of juvenile idiopathic arthritis.
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