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1 – summarY

This thesis comprises our current advances in the field of imaging of two major target 
joints in patients with juvenile idiopathic arthritis (JIA): i.e. the knee and wrist. The first 
part of the thesis (part I) covers topics that apply to both the knee and wrist. part II is 
the compilation of our studies specifically dedicated to the knee joint, whereas part III 
includes the studies performed on the wrist joint in particular. 

The first and last paper literally and metaphorically complete the circle of this thesis, as 
they cover the most crucial element in research – also within the field of imaging in JIA: 
collaboration.

part I – Knee and wrist
In chapter 2, we described the current status of ongoing international research 
collaborations aiming to develop a standardized assessment of magnetic resonance 
imaging (MRI) in JIA. A combination of the Outcome Measures for Rheumatoid Arthritis 
Clinical Trials (OMERACT) and the Health-e-Child Radiology group initiatives has proven 
very fruitful over the years, with many experts in the field sharing one common goal: 
‘finding the truth’.

Based on a qualitative assessment of the previous work, a starting point for MRI scoring 
systems of the knee and wrist was determined. A key principle adopted during a first 
meeting of this collaboration was ‘describe – not explain’, referring to the pursued 
descriptive character of the MRI scoring systems in both the knee and wrist. The research 
agenda as set during the first meeting included consensus on MRI scoring systems, 
development of MRI atlas of healthy pediatric knee and wrist and the agreement on a 
requirements for MRI protocol. The accomplishment of these targets was further pursued 
within the context of the collaboration and most specifically during several similar annual 
meetings in Amsterdam. The value and progress of this international collaboration in the 
field of imaging in JIA is further underlined with Chapter 9 of this thesis, as it contains an 
elaboration of an agenda point as set in this Chapter 2 (requisites of MRI protocol for the 
JIA wrist).

In chapter 3, the frequency and distribution pattern of abnormalities observed upon MRI 
in two target joints of clinically active JIA patients were assessed. MRI datasets of 153 JIA 
patients (110 with knee and 43 with wrist involvement) were analyzed for the presence of 
imaging features, based on validated definitions and scoring locations. The high incidence 
of synovial hypertrophy in the knee and wrist, underlined its importance as the hallmark 
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of disease in JIA. Furthermore, a location-top-3 per feature was established and this top-3 
will contribute to a more rapid and easier navigation by every radiologist through the 
various MR images in patients suspected of or diagnosed with JIA. A striking finding in 
this study that requires further evaluation was that in up to 1 out of 4 clinically active JIA 
patients, no abnormalities on MRI were found. 

part II – Knee 
In order to accurately assess JIA joint pathology by MRI, knowledge on the healthy 
appearance of the MRI of the joints in children is warranted. However, the primary target of 
JIA joint pathology is the synovium, which is only adequately visualized and distinguished 
from joint effusion by means of the administration of intravenous contrast during the 
MRI, to obtain so-called contrast-enhanced images. However, the procedure of contrast 
administration is considered invasive and therefore the establishment of a healthy 
pediatric control cohort receiving intravenous contrast seems ethically undesirable. 

In chapter 4 we describe our study in a control cohort of children unaffected with JIA 
who would already undergo a diagnostic MRI procedure with IV contrast administration 
for another purpose. These parents and children were asked to undergo one additional 
axial MRI sequence of the knee in order to compare with the findings we have in clinically 
JIA patients. In this prospective, observational study with 25 unaffected children and 25 
clinically active JIA patients, we were able to show that mild, enhancing synovial thickening 
is present in about half of the unaffected children. Furthermore, an improvement in the 
existing scoring method was obtained by the implementation of the weighing of certain 
JIA-specific locations on MRI, while a significant difference in the MRI scores between 
unaffected children and JIA patients was achieved. This comparison contributed to the 
validation and optimization of the existing scoring methods.

Besides the conventional MRI, we further explored the value of dynamic contrast-
enhanced MRI (DCE-MRI) in JIA patients with knee involvement. As the discriminative value 
between clinically active and inactive patients in this specific population has already been 
established, we now aimed to determine the predictive value during a two-year follow-
up period (chapter 5). Thirty-two clinically inactive patients who got both conventional 
MRI and DCE-MRI at baseline, were regularly examined and clinical flares were registered. 
Approximately one-third of the patients had at least one flare during this two-year clinical 
follow-up. Persistently inactive and flaring patients differed significantly in the maximum 
enhancement of the DCE-MRI (p<0.05) at baseline, whereas no difference was found 
between these two groups in any of the baseline scores of conventional MRI.
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part III – Wrist 
In contrast to the knee, the use of DCE-MRI and the time intensity curve (TIC)-shape 
analysis had not yet been evaluated in the wrist of JIA patients. Therefore, the objectives of 
chapter 6 were two-fold: first to assess the feasibility of DCE-MRI in the wrist of JIA patients 
and secondly to evaluate the differences in DCE-MRI outcome measures between clinically 
active and inactive JIA patients. In a prospective, observational study a total of 32 JIA 
patients with DCE-MRI of the wrist were included, of which 27 were clinically active and 5 
were clinically inactive. The outcome measures of DCE-MRI included both the conventional 
descriptive measures (i.e. maximal enhancement, maximum initial slope, initial area under 
the curve and enhancing volume) and the TIC-shape analysis (which classifies the change 
signal intensity of over time of every voxel into one of 7 different enhancement patterns: 
TIC-shapes). Based on previous studies in rheumatoid arthritis and in the JIA knee, DCE-
MRI outcome measures expected to be characteristic of active disease were those with 
aggressive, quick-enhancing patterns. The results of the study showed that DCE-MRI was 
feasible, especially with the use of movement registration, as that subjectively improved 
the image quality. Furthermore, maximum enhancement and enhancing volume were the 
DCE-MRI outcome measures, which showed a significant difference between the clinical 
subgroups. The relative number of quickly-enhancing TIC-shapes (number 3-5) was higher 
in the clinically active group, although statistically significant difference was not reached 
due to the small number of inactive patients that we had included. On the other hand, 
the high number of TIC-shape 3 in our cohort did identify the subgroup of relapse-active 
patients. Additionally, both TIC-shape 3 and enhancing volume correlated with a clinical 
disease activity score. These findings indicate the potential of DCE-MRI as a biomarker in 
the field of JIA, being able to identify patients with aggressive disease and in need for 
intensified treatment.

The prolonged disease activity in JIA causes chronic inflammation in children that has 
its effects on the growing skeleton. Both growth disturbances and affected bone health, 
or even more specific, bone mineral density (BMD) in patients with JIA are notorious 
problems. In daily practice, the assessment of these two facets of bone disease in JIA is 
performed on hand radiographs (bone age determination by means of the Greulich & Pyle 
atlas) and dual energy x-ray absorptiometry (DXA for BMD). In chapter 7 and 8 the use of 
a new automated method, called BoneXpert, for the determination of bone age and BMD 
in JIA patients was evaluated. JIA patients on treatment with biologicals recruited from 
the Dutch Arthritis and Biologicals in Children (ABC) registry were used for these chapters. 

In chapter 7 of this thesis we focus on the feasibility of the BoneXpert method in 
patients with JIA. Furthermore, we aimed to describe the bone age and BMD in our study 
population, consisting of a relatively severe affected group of JIA patients who were 
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eligible for treatment with biologicals. We learned that BoneXpert was feasible in JIA 
patients, provided that the radiographs were of reasonable quality and the calendar age 
was within the reliability ranges of the BoneXpert program (i.e. 2.5 to 17 years for boys 
and 2 to 15 years for girls). Additionally, a delayed bone maturation and decreased BMD 
compared to healthy children was described in the 67 included JIA patients. 

The next step of implementation of the BoneXpert method in daily practice of bone health 
management in JIA patients, would be to compare this method to the most commonly 
used method for determination of BMD: i.e. DXA. In chapter 8, 35 JIA patients were 
included from the ABC registry with a hand radiograph and DXA scan of the lumbar spine 
within a five-month period from that radiograph. In their assessment of BMD, the measures 
for BMD of these two different methods were compared. Although DXA and BoneXpert 
measures correlated well on absolute scores, the Z-scores (i.e. a representation of the 
standard deviations from a healthy control cohort) derived from both methods did not 
correlate. These findings have to be put in perspective of the complicated concept of BMD 
assessment in children, which will be extensively discussed in the ‘Future perspectives’ 
part of this thesis. 

The role of (international) collaboration is key to the innovation of imaging in JIA. In 
chapter 9 a set of requisites and recommendations for MRI protocol in JIA is provided for 
the wrist, by means of the ongoing international collaboration initiative of OMERACT MRI 
in JIA Working group and Health-e-Child Radiology group. 
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2 – general dIscussIon and Future perspectIves

JIA is characterized by its relapsing and remitting disease course. The coming of age of 
new drugs (biologicals) and effective treatment strategies increased the number of JIA 
patients who achieved remission after their first presentation. Furthermore, damage to 
the osteochondral structures is far less prevalent than a few years ago. While remission 
is achieved in the majority of patients, the goals in daily care of JIA patients may have 
to be extended to predict and prevent flare. Both for achieving remission and predicting 
flare, it is crucial to accurately monitor disease activity of JIA. Due to the inability to 
obtain histopathologic samples of the synovium because of the invasiveness of a biopsy 
procedure, a pathology-proven gold standard for the monitoring of JIA disease activity 
is lacking. In current daily practice, the judgment on disease activity is based on the 
information of several complementary tools: physical examination, serum tests and 
imaging. Eventually, this judgment on disease activity needs to be accurate for every JIA 
patient and thus for every joint. However, this thesis focused primarily on the knee as most 
frequently affected joint in JIA and on the wrist as an invalidating joint when affected and 
frequently associated with a severe disease course [1]. 

The use of imaging techniques in monitoring disease activity in JIA has quickly expanded 
over the past years. MRI is considered the preferred modality in this matter, due to its 
capability to reliably image all affected tissues in JIA (i.e. synovium, tendons, bone marrow, 
cartilage and bone) [2]. Of all joints possibly involved in JIA, the current knowledge 
on the use of MRI of the knee of JIA patients is most advanced. Feasibility of MRI and 
reproducibility of standardized scoring system called Juvenile Arthritis MRI Scoring system 
(JAMRIS) is established in JIA patients with knee involvement [3, 4]. Moreover, a promising 
new technique called dynamic contrast-enhanced MRI (DCE-MRI) of the knee proved to be 
valuable in identifying clinically active and inactive JIA patients [5]. MRI of the wrist in JIA 
patients is complicated compared to the knee. Despite the fact that a preliminary pediatric-
targeted MRI scoring system for the wrist was developed even before the JAMRIS, there 
were some serious hurdles along the road [6]. The high number of normal growth-related 
variants mimicking JIA pathology on MRI of the wrist led to an initial overestimation of 
osteochondral abnormalities [7-9]. This difficult-to-interpret appearance of the normal 
wrist combined with the more complex anatomy of this joint are the two major factors 
contributing to the lack of consensus on a standardized MRI scoring system in the JIA wrist 
to date. 

In order to optimize the use of MRI as a monitoring tool for disease activity in the 
management of patients with JIA, a few issues needed to be addressed. Comparative 
studies with control children unaffected by JIA showed that with the use of the existing 
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MRI scoring systems there was either an overlap or strong similarity between ‘normal’ and 
‘inflamed’ (Chapter 4 of this thesis and [9]). However, the radiologist evidently needs to 
be able to adequately appreciate the differences between normal and JIA disease activity 
on MRI. One piece of that puzzle would be to optimize the existing scoring systems by 
enhancing the differences between healthy and JIA, for example by looking at preferred 
locations for JIA on MRI. Chapter 4 of this thesis already showed that the incorporation 
of JIA-specific locations increased the discriminative value of JAMRIS. Ultimately, all 
established cohorts of healthy children who underwent MRI of their joints should be 
combined into one ‘virtual atlas’ on the normal appearance of the joints on MRI in children. 
Preferably, this would be an online e-Atlas, enabling every radiologist to consult this atlas 
during the evaluation of MRI scans of patients suspected of or diagnosed with JIA. 

Another very important part of the ongoing quest of optimizing the role of MRI in daily 
care for JIA patients is finding the underlying reason for the observed discrepancy between 
physical examination and MRI in approximately 25% of the patients. This discrepancy 
works in two directions: one out of four JIA patients classified as clinically active shows 
no abnormalities on MRI (Chapter 3 and 4) and one out of three JIA patients in remission 
show subclinical synovitis on MRI (Chapter 5). In our ongoing studies to date, we are aware 
of the fact that it is crucial to thoroughly describe these two patient populations with 
discordant findings: when categorized in one of these two groups, do these patients all 
share the same disease characteristics and the same outcome at follow-up and can they 
therefore be identified as a specific subgroup – maybe different from any of the current 
ILAR subgroups for JIA? On the other hand, the most important probability to take into 
account is the fact that physical examination and MRI will never be completely congruent, 
and that any discrepancy between the two needs to be appreciated as an opportunity of 
complementary biomarkers in JIA rather than a thread of an issue that will never be solved. 

Over the past decades, MRI techniques have greatly improved and been innovated. An 
excellent example is the development of new fat-suppression techniques for the use in 
the musculoskeletal system. In that respect, a new technique called ‘Dixon’ is probably 
one of the most promising for imaging in JIA, because of a high signal-to-noise ratio and 
homogeneous fat-suppression in the extremities of children [10]. Therefore, it is worth 
stimulating the implementation of Dixon in the MR imaging protocols for joints affected 
with JIA. 

Another relatively new technique concerns diffusion-weighted imaging (DWI), which is 
based on the differences in diffusivity between the tissues of interest. Its development in JIA 
has particularly been focused on its ability to distinguish joint effusion from synovitis. Up 
until today, it is not possible to make the distinction between joint effusion and synovitis on 
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MRI without the administration of intravenous contrast, which is considered burdensome 
and invasive in children. However, preliminary results of studies in JIA show that DWI is 
able to discriminate effusion and synovitis based on differences in diffusivity and might 
therefore eventually make the administration of intravenous contrast superfluous. On the 
other hand, the administration of intravenous contrast during MRI scans in JIA patients 
can be beneficial because of the potential to evaluate several functional properties of the 
synovium as the target of disease with DCE-MRI. DCE-MRI is well-established in the field 
of JIA and proved to be feasible, discriminative and predictive of flare (Chapter 5/6 and [5, 
11]). 

In order to strengthen the position of DCE-MRI in the field of imaging, the user-friendliness 
through improving automated analysis methods is suggested as one of the topics of 
future research. 

Finally, cartilage-specific MRI sequences are also considered as promising for future use 
in JIA patients. The implementation of cartilage-specific sequences obviously allows us 
to more precisely evaluate cartilage tissue in the joints of JIA patients. This is of particular 
interest in the wrist of JIA patients, because the adequate visualization of cartilage tissue 
might be of great help in the correct assessment of bony depressions in the pediatric wrist. 
That is, one can hypothesize that bony depressions on MRI covered with cartilage tissue 
represent normal variants, while bony depressions without any overlaying cartilage are to 
be called erosions due to JIA disease activity. 

The role of conventional radiography for the assessment of structural bone damage in JIA 
patients is becoming less prominent, because damage to the bones is far less prevalent and 
MRI is able to visualize this structural damage as well. However, conventional radiography 
still is very important in the evaluation of possible growth disturbances in JIA patients. 
Chronic exposure to inflammatory cytokines, combined with continuous glucocorticoid 
use, decreased physical activity and pubertal delay can lead to delayed bone maturation 
in JIA patients. On the other hand, inflammatory processes in JIA can lead to local hyper-
vascularization and subsequently to accelerated bone maturation. In order to monitor 
the in- or decreased bone maturation in JIA patients, conventional radiographs of the 
hand can be analyzed to determine bone age. An easy-to-use, automated method called 
BoneXpert proved to determine bone age in JIA patients in a feasible and reliable manner. 
Use of BoneXpert for the quick, cost-effective and user-friendly assessment of bone age 
in daily practice is recommended. Another feature of BoneXpert is the Bone Health Index 
as an indicator of bone mineral density. The concept of bone mineral density evaluation 
in children with JIA is under debate: (how) should we closely monitor the bone mineral 
density of these patients, when should we consider treating impaired bone mineral 
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density and, most importantly, does close monitoring and treatment prevent insufficiency 
fractures at later age? Currently, the most widely used technique to determine bone 
mineral density in children with JIA is dual-energy x-ray absorptiometry (DXA). However, 
as DXA is not to be considered as a gold standard, the lack of a correlation of the Bone 
Health Index by BoneXpert and DXA does not immediately eliminate BoneXpert as 
a potential new method for assessment of bone mineral density. Comparison with the 
peripheral quantitative computed tomography (pQCT) as true gold standard and long-
term follow-up studies evaluating the ability of BoneXpert to identify patients at risk 
for insufficiency fractures may show to be useful to unravel the complicated concept of 
reduced bone mineral density in JIA patients. Indisputably the most important question in 
this complicated concept is whether there are any clinical consequences of the measured 
reduced bone mineral density in JIA patients. After all, the concept of reduced bone mineral 
density and fracture risk emerged decades ago, when JIA was treated with corticosteroids 
and led to severe invalidations in the patients. Currently, treatment with corticosteroids 
and invalidations are uncommon in JIA patients, possibly leading to a subtle and clinically 
irrelevant reduction in their bone mineral density. The effect of suppletion of calcium 
and vitamin D in JIA patients needs to be critically evaluated, because we might be too 
sensitive in our measurement and treatment of bone mineral density.

In fact, a lot of aspects of future research in the field of JIA can be led back to one holy 
grail: determining the true disease activity in every JIA patient. There are two words in 
that sentence with a special emphasis: ‘every’ and ‘JIA’. ‘Every’ indirectly refers to the 
above-mentioned expansion of the existing (imaging) biomarkers to every joint and ‘JIA’ 
refers to the classification of the diagnosis, which evidently needs to be revised. A first 
big step has been taken by Eng et al. (2014) through the transformation of the original 
consensus-based diagnostic criteria to a data-driven division into clusters of JIA and 
thereby eliminating the clinical and genetic heterogeneity [12]. It would be interesting 
to also incorporate information of (MR) imaging into these clusters, similar to what has 
been successfully done in the for the criteria for spondyloarthritis in adults [13]. Ultimately, 
the true disease activity in every JIA patient is to be determined with a comparable 
comprehensive algorithm appreciating the complementary value of the individual 
biomarkers. 

To conclude, the quest of innovating imaging in JIA is ongoing and in need of clear 
questions, thorough strategies and most importantly of strong international collaboration. 
This international collaboration will thrive when it is multidisciplinary, content-driven and 
synergetic through mutual inspiration; that is when we will manage to get closer to the 
truth and improved quality of life for patients suffering from JIA. 
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