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1Chapter

general introduction and  
outline of the thesis

This chapter is adapted from:
Nusman CM, van den Berg JM, Schonenberg-Meinema D, Maas M, ten Cate R, Kuijpers 
TW. Juvenile idiopathic arthritis: from biomarker to treatment. Ned Tijdschr Geneeskd. 
2013;157(45):A6391.
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Chapter 1

1 – general IntroductIon

Juvenile idiopathic arthritis (JIA) is the most common cause of joint inflammation in 
childhood. It comprises all forms of childhood arthritis that start before the age of 16 years, 
persist for more than 6 weeks and are of unknown etiology. The prevalence in the Western 
population is estimated to be 1 in 1000 children [1]. JIA is characterized by inflammation of 
the synovium, which can eventually lead to damage of the osteochondral structures such 
as joint cartilage and bone. 

classification
JIA is classified into seven categories according to the ‘International League of Associations 
for Rheumatology’ (ILAR) criteria, aiming to create homogeneous subgroups: systemic 
JIA (sJIA), oligoarticular JIA, rheumatoid factor (RF) negative polyarticular JIA, RF-positive 
polyarticular JIA, enthesitis related arthritis (ERA), psoriatic arthritis and undifferentiated 
JIA (Table 1) [2].

The classification based on the ILAR criteria was expected to enable adequate prediction 
of the disease course and appropriate therapy decisions. However, up until today, the 
classification has not proved its added value for prognosis or treatment decisions yet. This 
is caused by several factors. First of all, there is a considerable amount of overlap between 
the categories, which hampers the classification into unique stand-alone categories. Some 
of the categories are very much alike, for example the oligoarticular and polyarticular JIA, 
which are differentiated only based on a cut-off value for the number of clinically affected 
joints [3]. Secondly, the criteria on which the classification is made, are under debate. The 
presence of antinuclear autoantibodies is completely left out of the ILAR classification, 
despite strong evidence that this marker is associated with a specific disease course and 
risk for complications [4]. Another issue is the sJIA category, which turned out to have a 
completely different pathogenesis and clinical presentation than the other JIA categories. 
Therefore sJIA is often considered to be a completely unique and separate entity in the 
current JIA classification [5]. 

pathogenesis
The pathogenesis of JIA is not entirely known, but recent studies have provided a lot of 
new insights. Besides the genetic factors, environmental factors, such as infections, are 
involved with the development of JIA, although unambiguous prove is still lacking [1]. 

The role of genetics is illustrated by twin studies with a concordance of 25-40% [6]. 
Furthermore, the association between HLA-genes and different JIA categories has been 
established, such as the association of HLA-B27 and ERA [1]. Also, several non-HLA-genes, 
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for example PTPN22, IL2RA, IL2-IL21, STAT4, CD247 and the TRAF1/C5-gene region, 
appear to be associated with JIA. These genes encode for proteins which are involved in 
different immunological processes [7-9]. International collaborations currently lead to 
the evaluation of large populations of JIA patients in ‘genome wide association studies’, 
eventually leading to identification of other involved genes [7]. Currently, it is estimated 
that 20-25% of the risk to develop JIA is attributable to the known HLA-regions and non-
HLA loci [9]. 

table 1 | The different categories of juvenile idiopathic arthritis based on the ILAR-criteria [2]

category criteria part of jIa; 
%

start age; years

systemic JIA arthritis and fever > 2 weeks with rash, generalized 
lymphadenopathy, hepatomegaly, splenomegaly 
or serositis

4-17 through 
childhood

1:1

oligoarticular JIA arthritis in 1-4 large joints during first 6 months of 
the disease; 60-80% of these patients is ANA-
positive

27-60 early 
childhood, 
peak 2-4

1:5

persistent arthritis in ≤ 4 joints during the disease course 
after first 6 months

40

extended arthritis in > 4 joints during the disease course 
after first 6 months 

20

RF-negative 
polyarticular JIA

arthritis in ≥ 5 joints, symmetric presentation; 
RF serology tests are negative

11-30 early peak 2-4; 
late peak 6-12 

1:3

RF-positive 
polyartricular JIA

arthritis in ≥ 5 joints, ≥ 2 positive tests for RF 
with at least 3 months interval; symmetrical 
involvement of small and large joints; frequently 
accompanied with bone erosions

2-7 late childhood 
or adolescence

1:3

psoriatic arthritis arthritis and psoriasis, or arthritis with ≥ 2 of the 
following: dactylitis, nail pitting/onycholysis or 
psoriasis in first degree relative

2-11 early peak 2-4; 
late peak 9-11 

1:1

enthesitis-related 
arthritis (ERA)

arthritis and enthesitis, or arthritis or enthesitis 
alone with > 2 of the following: SI-joint 
tenderness, inflammatory lumbosacral pain, 
HLA-B27 genotype, onset in boys ≥ 6 year, acute 
anterior uveitis, or HLA-B27-associated diseases 
associated* in first degree relatives

1-11 late childhood 
or adolescence 

7:1

undifferentiated 
arthritis

arthritis that does not meet the criteria of any of 
the above category or more than one category

11-21

JIA = juvenile idiopathic arthritis; ILAR = International League of Associations for Rheumatology; ANA = antinuclear 
autoantibody; RF = rheumatoid factor; SI = sacroiliac.
* For example ankylosing spondylitis (Bechterew’s disease), sacroiliitis or arthritis in inflammatory bowel disease (IBD), 
Reiter’s syndrome, and acute anterior uveitis (AAU).
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The underlying immunological mechanisms differ per JIA category. In sJIA the innate 
immunesystem of macrophages is activated. This leads to increased cytokine levels of 
interleukin(IL)-18, IL-1 and IL-6 [1]. The impaired function of the natural killer cells appears 
to be specific for sJIA and possibly plays a role in the development of the macrophage 
activation syndrome [10]. The underlying mechanisms in the other JIA categories, like 
oligo- and polyarticular JIA, seem to be based on an impairment in the adapted immune 
system, resulting in activated, autoreactive T-cells [1]. Genetic research has also underlined 
the importance of the regulation of T-cell growth factor IL-2, which determines the balance 
between T-cell activation and immune tolerance [9]. 

The findings on molecular level go hand in hand with the developments on new treatment 
strategies, as explained further in the ‘Treatment’ part of the introduction. Recent 
evidence showed that increased levels of biomarkers S100A12 and MRP8/14 caused by 
activated granulocytes and macrophages clearly indicates their direct involvement in the 
inflammation in JIA. These biomarkers are thought to be more sensitive for disease activity 
than erythrocyte sedimentation rate (ESR) or C-reactive protein (CRP) levels [11]. 

diagnostics
The first presentation of JIA is very heterogeneous, which is also illustrated by the different 
above-mentioned JIA categories based on the ILAR criteria. 

In general, JIA is a ‘diagnosis-per-exclusionem’, which is made based on clinical 
characteristics after the exclusion of other causes (Table 2). There is no gold standard 
for JIA. The patient’s history and the clinical findings of the physical examination are the 
primary parameters for diagnosis; important clues for the diagnosis are described in 
Table 3. 

JIA and rheumatoid arthritis (RA) in adults are different diseases. The most important 
difference is the age of onset. In contrast to the involvement of the small joints of the hand 
and foot in RA in adults, the target joints in JIA consist most frequently of the knee, ankle 
and wrist [12]. Whereas in the blood of RA patients both autoantibodies against cyclic 
citrullinated peptide (CCP) or RF are found in 70-80% of the patients, antinuclear antibody 
(ANA) is the more common autoantibody in JIA (present in approximately 75%) [4,13]. The 
presence of autoantibodies is not specific for RA or JIA. 

Through the years, several outcome measures have been developed to quantify the 
disease activity in JIA patients. These outcome measures are increasingly used in research 
settings and in daily practice [14]. A promising clinical JIA outcome measure is the ‘Juvenile 
Arthritis Disease Activity Score’ (JADAS), which consists of the following 4 variables: 
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global assessment of disease activity of the physician on a visual analogue scale (VAS); 
global assessment of well-being of the patient on a VAS, number of active joints, and the 
normalized ESR ([ESR (mm/h) 20]/10) [14]. 

table 2 | Differential diagnosis for arthritis in children

category* examples of diseases

infectious arthritis, osteomyelitis Lyme’s disease, mycobacterial infections

para- or postinfectious arthritis streptococcal infection, viral infections

orthopedic disorders

juvenile idiopathic arthritis

arthritis in other autoimmune diseases SLE, psoriasis

arthritis in other autoinflammatoy diseases inflammatory bowel disease

hematological causes intraarticular hemorrhage in hemophilia, sickle cell disease

malignancies in the joints leukemia, lymphoma, solid tumors

metabolic disorders mucopolysaccharidosis

other causes sarcoidosis, immune deficiencies, juvenile hemochromatosis

SLE = systemic lupus erythematosus
* The diagnoses are in order of likelihood

table 3 | Important aspects of patient history and physical examination in JIA

category Findings

patient history

complaints joint pain, -swelling and -stiffness, morning stiffness

daily activities impairment of movement, dependent on help

family autoimmune diseases and inflammatory diseases such as RA, IBD, SpA, 
psoriasis, uveitis and thyroid diseases

physical examination

general inspection of the 
musculoskeletal system

pain during examination, limitation of movement, decreased strength, 
muscle atrophy, bone deformities, dactylitis, nail abnormalities and 
enthesitis

joints warmth, pain or swelling of joints, number of inflamed joints 

systemic characteristics fever, lymphadenopathy, hepatosplenomegaly, rash

growth parameters length, weight, growth curve

other observations gait and leg length discrepancy

JIA = juvenile idiopathic arthritis; RA = rheumatoid arthritis; IBD = inflammatory bowel disease; SpA = spondyloarthropathy
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These variables for disease activity will change in the future. As mentioned before, new 
biomarkers such as MRP8/14 and S100A12 are more sensitive than ESR or CRP [11]. 
Additionally, expect an important role for imaging in the assessment of disease activity in 
patients with JIA. 

Imaging
Subtle arthritis can be difficult to detect with physical examination. Furthermore, changes 
over time in disease activity in certain joints can be very hard to monitor clinically. 
Therefore, imaging plays an increasingly important role in the diagnosis, monitoring of 
disease activity and response to therapy in patients with JIA. 

Nowadays, conventional radiography has limited added value in JIA: adequate evaluation 
of soft tissue is difficult and structural osteochondral damage is only visible in a late 
stage. Advantages of conventional radiography include the widespread availability, low 
costs and validated scoring systems for the evaluation of damage and growth (e.g. the 
‘Dijkstra score’) [15]. Currently, the main strength and use of conventional radiography in 
the management of JIA patients is the monitoring of skeletal development by means of 
an hand radiograph. 

Both ultrasound and magnetic resonance imaging (MRI) are able to depict the primary 
target of the disease, the synovial membrane. Ultrasound is superior to physical 
examination in the non-invasive detection of synovitis. Additionally, ultrasound can be 
helpful for the guidance of intra-articular injections. 

MRI has a high sensitivity for the detection of arthritis in all target joints, even for (subclinical) 
arthritis in the temporomandibular joint of JIA patients [16]. MRI with intravenous contrast 
administration enables adequate depiction of inflammation of the synovium and tendons, 
but also of bone marrow edema, bone erosions and cartilage lesions (Figure 1). Objective, 
radiation-free and multiplanar imaging of all involved structures in JIA is only able with 
MRI [15]. 

Recent studies within the field of MRI in JIA showed that the use of MRI in children is feasible, 
particularly when scanning only the most affected joint (and not bilaterally). Unilateral 
scanning is sufficient in JIA patients, provided that an intravenous contrast agent is used 
[17]. Besides good feasibility, the standardization of the MRI evaluation by means of the 
Juvenile Arthritis MRI Scoring (JAMRIS) system, have further improved the usefulness of 
MRI in daily practice. The JAMRIS system proved to be reliable and responsive to change 
[18]. 
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Figure 1 | (a) Midsagittal T1-weighted MR image of the knee of a JIA patient before intravenous 
contrast administration. (b) Corresponding schematic representation to (a) with the following 
anatomical structures: 1=patellar tendon, 2= patella, 3=femur, 4=growth plate, 5=tibia. (c) Superior 
and posterior to the patella and centrally in the knee several hyperintense areas are visible on sagittal 
T1-weighted MR image of the knee after the administration of intravenous contrast, representing 
enhancement of the thickened synovium. (d) Corresponding schematic representation with the 
green areas highlighting the areas that enhance after intravenous contrast administration. 
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complications
The most common complications of chronic arthritis in JIA are growth disturbances of 
the joints, varying from local accelerated bone maturation to overall growth retardation. 
Micrognathia or leg-length discrepancies may be consequences of early closing of the 
epiphyses caused by local inflammation in the joint. 

Anterior uveitis is another commonly diagnosed complication in JIA (and not in RA), which 
is predominantly present in the ANA-positive patients. In extreme cases, this uveitis can 
lead to blindness. Therefore, JIA patients should be regularly screened (at least once per 
year) by the ophthalmologist according to a standardized protocol [19]. 

An acute and potentially life-threatening complication of sJIA is the macrophage 
activation syndrome. This syndrome is characterized by hemophagocytosis and can result 
in pancytopenia, hemorrhages based on disseminated intravascular coagulation and 
(multiple) organ failure [5]. 

treatment
During the past decennia the treatment of JIA has significantly improved. The major goal 
of treatment is achieving and maintaining clinical remission. The Wallace criteria (Table 4) 
are used to determine whether a patient is in clinical remission [20]. Besides medication, 
occupational therapy, and psychosocial support are important pillars in the management 
of JIA [1]. In current practice, non-steroidal anti-inflammatory drugs (NSAIDs) are very 
commonly used [1,21]. Intra-articular glucocorticoid injections are considered effective in 
case of monoarthritis or persistent oligoarthritis [1]. 

When the disease activity persists, disease modifying antirheumatic drugs (DMARDs) 
will be initiated. The most commonly chosen DMARD is methotrexate (MTX), followed 
by sulfasalazine and leflunomide [21]. MTX is administered orally or subcutaneously 
once per week and the supplementation of folic acid is advised to prevent liver enzyme 
abnormalities and bone marrow depression [1]. 

The working mechanism of biologicals is based on the inhibiting of cytokines which play a 
key role in the pathogenesis of JIA. A biological is started when MTX insufficiently reduces 
the disease activity or in case of medication intolerance [22]. Most of the biologicals 
(etanarcept, adalimumab and infliximab) target the inhibition of tumor necrosis factor alfa 
(TNF-α). In the treatment of sJIA, the inhibition of IL-1 (by anakinra and canakinumab), 
IL-6 (by tocilizumab) and activated T-cells (by abatacept, in persisting polyarthritis) has 
proven to be effective. These new treatment regimens will reduce the use of systemic 
glucocorticoids [21,23,24]. 
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table 4 | ACR-criteria for inactive disease and the Wallace-criteria for clinical remission in patients 
with JIA [20,28]

acr-criteria for inactive disease in jIa Wallace-crtieria for remission in jIa

No joints with active arthritisa Clinical remission on medication

No fever, rash, serositis, splenomegaly or 
generalized lymphadenopathy caused by JIA

If the ACR-criteria are fulfilled for 6 continuous 
months while the patient uses medication

No active uveitis following the definition of the 
SUN Working Groupb

Clinical remission off medication

If the ACR-criteria are fulfilled for at least 12 
continuous months while the patient uses no 
medication for arthritis or uveitisESR and CRP are not elevated by JIA

Global disease activity by physician is minimal

Morning stiffness 15 minutes or less

ACR = American Congress of Rheumatology; CRP = C-reactive protein; ESR = erythrocyte sedimentation rate; JIA = juvenile 
idiopathic arthritis. 
a Following the definition, active arthritis is present when a joint is swollen, which is not caused by a mass, or if a joint 
without swelling has limitation of movement or pain. 
b The Standardization of Uveitis Nomenclature (SUN) Working Group defines inactive uveitis anterior as < 1 cell in field sizes 
of 1mm by a 1-mm slit beam. 

The medication treatment regimens are schematically visualized in Figure 2; specific 
patient characteristics, disease activity and presence of risk factors are taken into account 
[22]. Currently, the timing of starting consecutive drugs in JIA is a point of debate. Early 
and aggressive intervention with DMARDs and biologicals are more and more preferred, 
in order to prevent damage and growth abnormalities of the joints [21]. Also, the 
development of clear ‘stop-strategies’ are considered a priority in research. It has already 
been shown that longer treatment with DMARDs after achieving clinical remission does 
not reduce the chance of flaring [25]. In the future, the decision to stop or decrease the 
use of medication in JIA patients, is most likely to be based on new biomarkers, such as 
imaging, molecular testing and serum proteins. 

prognosis
The course of JIA varies strongly between the different categories and individual patients. 
About 30% of the patients with oligoarticular JIA will be in permanent remission after 
treatment, just like a part of the patients with sJIA. Half of the patients that do not achieve 
permanent remission are expected to suffer from JIA during the rest of their lifetime, 
though often with long periods of inactive disease. 

Nowadays, the time to stop treatment after achieving remission is a point of debate in 
JIA clinical practice. Overall, inactive disease is reached in 40-60% of the patients and 
the medication is often stopped after 6-12 months of inactive disease [1]. One year 
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after stopping treatment, approximately half of the patients flares, whereas 75% has 
flared within 2 years after stopping treatment [25-27]. Biomarkers such as MRP8/14 and 
subclinical synovitis on MRI can be helpful in the prediction of relapse and thereby in 
treatment decisions. This possibly leads to a significant reduction in the percentage of 
patients who will flare after stopping their medication. 

Figure 2 | Simplified visualization of the treatment of patients with JIA, based on a previously 
published flowchart [21]. The number of involved joints determines the category of the patient. The 
category extended oligoarthritis is classified under polyarticular disease in this flowchart. 

In the current daily practice, severe functional disabilities are seen in less than 10% of the JIA 
patients [26]. Predictors for long-term severe disease course and outcome are polyarthritis 
in sJIA patients, symmetrical joint involvement, early wrist- or hip involvement, RF- or CCP-
positive serology and early abnormalities on conventional radiographs of the joint [27]. 
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2 – outlIne oF the thesIs

In this thesis we aim to elucidate the ongoing quest of imaging in JIA, in order to increase 
the added value of imaging techniques in the management of patients with JIA. The thesis 
is divided into three parts: the first part covers topics that simultaneously apply for the 
knee and wrist, the second part focuses on the knee and the third part on the wrist. 

part I – Knee and wrist
chapter 2 describes the progress of validating standardized scoring systems for MRI in 
JIA within the international collaborative initiative between the Outcome Measures in 
Rheumatoid Arthritis Clinical Trials (OMERACT) MRI in JIA Working Group and the Health-
e-Child Radiology group. 

In chapter 3 we assess the incidence and distribution pattern of the imaging features on 
MRI of the knee and wrist, thereby providing the daily practice radiologist with a useful 
tool for the evaluation of MRI in JIA. 

part II – Knee 
In chapter 4 we compared the enhancing synovium on MRI of the knee of children 
unaffected with clinical arthritis with MRI of the knee of clinically active JIA patients. 
This comparison increased our knowledge with respect to the normal appearance of the 
synovium on MRI after intravenous contrast administration and the differences with JIA. 

The predictive value of an advanced MRI technique called dynamic contrast-enhanced 
MRI of the knee is assessed in chapter 5. We focused on the ability to predict flare in 
clinically inactive JIA during a 2-year follow-up based on the characteristics of the dynamic 
contrast-enhanced MRI.

part III – Wrist
In chapter 6 we elaborated on the use of the same technique (dynamic contrast-enhanced 
MRI) in JIA patients with wrist involvement in. Both the feasibility and differences as 
detected by this technique between clinically active and inactive patients were assessed. 

Besides the role of MRI in the management of JIA, we also evaluated a new tool which 
was based on conventional hand radiographs. This automated method called BoneXpert 
determines bone age based on the size of the carpal and phalangeal bones in the hand 
and bone health based on cortical thickness of the three midmetacarpals of the hand. 
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In chapter 7 we assessed the feasibility, reproducibility and described bone age and bone 
health in a cohort of JIA patients using biologicals. 

In chapter 8 a comparison was made between dual x-ray energy absorptiometry, as the 
most used technique to determine bone health, and BoneXpert, as a novel automated 
method. 

In chapter 9 our ongoing international collaboration initiative summarized several 
requisites and recommendations for a standardized MRI protocol for the wrist of JIA 
patients. 
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aBstract

objectives
To report on the progress of an ongoing research collaboration on magnetic resonance 
imaging (MRI) in juvenile idiopathic arthritis (JIA) and describe the proceedings of a 
meeting, held prior to OMERACT 2014, bringing together the OMERACT MRI in JIA 
working group and the Health-e-Child radiology group. The goal of the meeting was to 
establish agreement on scoring definitions, locations, and scales for the assessment of MRI 
of patients with JIA for both large and small joints. 

methods
The collaborative work process included pre-meeting surveys, presentations, group 
discussions, consensus on scoring methods, pilot scoring, conjoint review, and discussion 
of a future research agenda. 

results
The meeting resulted in preliminary statements on the MR imaging protocol of the JIA 
knee and wrist and determination of the starting point for development of MRI scoring 
systems based on previous studies. It was also considered important to be descriptive 
rather than explanatory in the assessment of MRI in JIA (e.g. ‘thickening’ instead of 
‘hypertrophy’). Furthermore the group agreed that well-designed calibration sessions are 
warranted before any future scoring exercises were conducted.

conclusions
The combined efforts of the OMERACT MRI in JIA working group and Health-e-Child 
included the assessment of currently available material in the literature and determination 
of the basis from which to start the development of MRI scoring systems for both the knee 
and wrist. The future research agenda for the knee and wrist will include establishment 
of MRI scoring systems, an atlas of MR imaging in healthy children, and MRI protocol 
requisites.
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IntroductIon

Between the Outcome Measures in Rheumatology Clinical Trials (OMERACT) 11 and 12 
meetings, 2 international initiatives on standardizing outcome measures in the field of 
magnetic resonance imaging (MRI) in juvenile idiopathic arthritis (JIA) combined forces. 
This resulted in a collaboration for ongoing research that enabled a followup on the 
research agenda as set in the previous article [1]. The formation and progress of this 
collaboration within the field of MRI in JIA are further elaborated upon below.

JIA is a chronic autoinflammatory disease in childhood, affecting around 1 in 1000 children 
under the age of 16 [2]. MRI plays an increasingly important role in the diagnosis and 
monitoring of JIA, because of its multiplanar reconstruction capabilities and depiction of 
all possibly involved structures [3]. However, MRI is still underused in JIA patients, partly 
because of the lack of standardized protocols for image acquisition and interpretation. 

Although an internationally validated and accepted scoring system for MRI in JIA is not 
yet available for any joint, great efforts have already been made by different national and 
international study groups, e.g. the Health-e-Child radiology group and the Outcome 
Measures in Rheumatology Clinical Trials (OMERACT) MRI in JIA working group. The 
Health-e-Child radiology group has focused on MRI of the wrist and hip joint, while the 
OMERACT MRI in JIA working group has aimed for 3 joint MRI scales, respectively, for large 
joints (knees and ankles), small joints (wrist and hands), and temporomandibular joints 
(outside the scope of this article) [1].

From 2006 onward, the Health-e-Child radiology group, which involved the collaboration 
of pediatric musculoskeletal radiologists and clinical rheumatologists from large pediatric 
centres, has aimed at developing a MRI scoring system for wrist involvement in JIA. The 
scoring system included 4 independent imaging features: bone edema [4], bony erosions 
(Boavida, submitted), synovitis [5] and tenosynovitis [6]. Validation of the scoring system 
showed that all features, except for the bone erosion score, had acceptable repeatability 
for clinical use. The development of an MRI scoring system for the large joints has been 
validated at a single center so far. The Juvenile Arthritis MRI scoring (JAMRIS) system is the 
only JIA-specific MRI scoring system for the knee and is proven to be feasible, reliable, and 
responsive to change [7]. 

To continue with the research agenda as set at OMERACT 11 and described in a previous 
article [1], the so-called Amsterdam November Meeting (ANOME) was attended by 10 
participants from both the Child radiology group and the OMERACT MRI in JIA working 
group. The goal of the ANOME as part of an ongoing research collaboration was to establish 
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agreement on scoring definitions, locations, and scales for the MRI assessment of JIA for 
both large and small joints. We report on the preparation for this meeting and the results 
of the group discussions regarding the organization and content of the international 
consensus for standardization of MRI acquisition and interpretation in JIA. 

materIals and methods

The program of the ANOME consisted of premeeting surveys, presentations, consensus 
on scoring methods, pilot scoring, conjoint review, and discussion of the future research 
agenda. Ten experts from 4 different countries participated in the ANOME: 2 pediatric 
rheumatologists, 1 musculoskeletal radiologist, 4 pediatric radiologists and 3 research 
fellows.

Two surveys (i.e., on the knee and wrist) on MRI scoring systems consisting of multiple-
choice questions on terminology, definitions, locations and scale were sent to the 
participants before the meeting. The purpose of this survey was to get an overview of the 
participants’ point of view beforehand and to serve as a basis for the group discussions 
during the meeting. 

In the initial meetings (Friday afternoon and Saturday morning), presentations of the MRI 
appearance of healthy and pathologic (JIA) findings in children constituted the basis for 
the subsequent group discussions. These discussions aimed at agreeing on a preliminary 
scoring system to be used for the pilot reading session during the ANOME, which was 
scheduled on Saturday afternoon. Sunday morning, in the conjoint review session, the 
incongruent cases were discussed in a plenary session and adjustments were made to 
compose an improved, proposed scoring system. 

results

Imaging protocol
Preliminary statements on requisites for the MR imaging protocol of the JIA knee and 
wrist are summarized in Table 1. An inventory on the imaging protocol and corresponding 
specific parameters will be made by means of a survey. The next face-to-face meeting will 
lead to a final consensus on the requisites of the MR imaging protocols.
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mrI scoring system for jIa
First, the group agreed that the previous reliability studies served as an excellent basis for 
further development of scoring systems. Further, it was deemed important to be broadly 
‘inclusive’ in this stage of development, i.e., discuss whether we have included all relevant 
features available in the existing scoring systems [4-7]. Knowledge of the difference 
between healthy joints and JIA pathology on MRI is still limited and the accuracy of the 
findings on MRI is not yet determined [8,9]. Therefore it was considered important to be 
descriptive rather than explanatory regarding the definitions and terminology of the 
items of the scoring systems (e.g., synovial thickening instead of synovial hypertrophy). 
Further, the group agreed that well-designed calibration sessions were warranted before 
any scoring exercises were conducted. 

table 1 | MR imaging protocol.

preliminary statements on the mr imaging protocol for patients with jIa

The coil is more important than the field strength of the MRI

Voxel size should be discussed and defined

Fat-saturated T1-weighted images with the same scan parameters before and after contrast are warranted

MRI = magnetic resonance imaging; JIA = juvenile idiopathic arthritis

Large joints
The development of an MRI scoring system for the large joints was based on the JAMRIS 
system for the knee [7]. JAMRIS comprises 4 MRI features: synovial hypertrophy, bone 
marrow changes suggestive of bone marrow edema, cartilage lesions and bone erosions. 
The 3 latter features were adopted from the JAMRIS without any changes. Synovial 
hypertrophy was considered an inadequate term, because it is explanatory instead 
of descriptive. Therefore, the feature for inflammation of the synovium on MRI was 
split in 2 subitems: synovial thickening and synovial enhancement. It was agreed that 
measurement of synovial thickening was inaccurate, due to lack of knowledge of synovial 
thickness in healthy controls and difficulties in standardizing this measurement. These 
findings led to a partial adoption of the recently innovated score for synovial abnormalities 
in the wrist, i.e., with a scale of 0-2 for synovial thickening (none-mild-moderate) and 
enhancement as scored based on comparison of signal intensity with the surrounding 
structures (i.e., muscle tissue and vessels) [5]. 

Additional features were also discussed. Diffuse cartilage loss, tendinopathy, effusion, 
and Hoffa’s fat pad heterogeneity were considered of potential relevance for the scoring 
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system for the knee. Future topics to be addressed for imaging of the knee in patients with 
JIA are the value of different MRI scoring systems for the knee, including those devised for 
other pediatric musculoskeletal disorders, and usefulness of higher field strength MRI [10]. 

Small joints
The history of the development of an MRI scoring system for the arthritic wrist is shown in 
Figure 1. The group agreed on the need for reevaluation of the appearance of all anatomic 
structures at the wrist in healthy children to be able to discriminate normal variants from 
pathology and to look for specific locations for pathology versus normal findings. 

For the scoring of inflamed synovium at the wrist, the 3-component-score of the Health-e-
Child radiology group was considered suitable (Figure 1) [5]. The thickening of synovium 
as scored in the knee is not separately assessed (or measured) in the wrist, but covered by 
the subitem ‘overall grade of inflammation’. 

Also for bone marrow changes suggestive of edema we chose to use the existing score [4], 
in which the volume of the bone affected with bone marrow changes suggestive of bone 
marrow edema is estimated based on scrolling through the slices. Following the principle 
‘describe not explain’, osteitis enhancing on MRI after intravenous contrast is also scored as 
bone marrow change suggestive of edema. 

The most difficult feature of the MRI scoring system in the wrist is the distinction between 
normal bone depressions and bone erosions, as illustrated in Figures 2 and 3. In previous 
scoring systems, bony depressions were referred to as bone erosion [11,12]. However, the 
term ‘bone erosion’ indicates that it is pathological, which is contradictory to the principle 
‘describe not explain’. It was discussed whether the uncritical interpretation of bone erosions 
on MRI has misled us to reject the previous theory that, although they may appear, bone 
erosions are not the main feature of destructive change at the wrist, particularly in young 
children [13,14]. The definition of MRI damage developed for adult rheumatoid arthritis 
patients needs to be revised before it is applicable to pediatric patients. Additionally, 
the differences between the normal maturation process of the growing skeleton versus 
the pathological processes causing bone- and cartilage destruction in patients with 
wrist inflammation need to be established. Therefore followup MRI examinations of 
both healthy children and patients with JIA should enable further understanding of the 
development of true erosions and hopefully enable us to differentiate between normal 
and pathological processes. 

The evaluation of tenosynovitis and cartilage lesions in the wrist was outside the scope of 
the discussions of this meeting and should be reconsidered in the near future. 
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The research focus of the combined efforts of the OMERACT MRI in JIA working group and 
the Health-e-Child radiology group included the assessment of currently available material 
in the literature, and determination of the basis from where to start the development of 
MRI scoring systems for both the knee and wrist. Those steps combined with a future 
research agenda are summarized in Figure 4.

Figure 1 | Overview of previous studies on MRI scoring methods for the wrist with arthritis in both 
rheumatoid arthritis and juvenile idiopathic arthritis. MRI: magnetic resonance imaging; CMC: 
carpometacarpal joint; T2 fat-sat/STIR: fat-saturated/short-tau inversion recovery imaging; SI: signal 
intensity. 
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Future goals of this ongoing research collaboration primarily include the consensus on an 
MRI scoring system for both the knee and the wrist. Further, an MRI atlas of the healthy 
knee and wrist will be developed. Additionally, requisites for an MR imaging protocol for 
both the knee and wrist of patients with JIA should be further established. 

Figure 2 | Area of bone depression (arrow) is visualized at baseline (a and b) and at follow-up (c 
and d) MRI scans of the wrist in a girl with JIA. At baseline both the coronal T1-weighted (a) and 
axial T1-weighted fat-saturated MR images show an irregularity that would be scored as a bone 
erosion following the adult definitions. However the followup MR images (c and d) fail to show any 
pathologic deterioration of the depression (i.e., synovial enhancement, enlargement of the lesion). 

MRI = magnetic resonance imaging; JIA = juvenile idiopathic arthritis.
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Figure 3 | MRI of the wrist of a JIA girl shows an area of bone depression in the trapezium (arrows) 
similar to that of the patient of Figure 2 at baseline (a and b). But at followup, both the coronal T1-
weighted (c) and axial T1-weighted fat-saturated (d) images depict obvious synovial enhancement 
in the lesion, which is suggestive of a pathologic “bone erosion”. 

MRI = magnetic resonance imaging; JIA = juvenile idiopathic arthritis.



Figure 4 | A schematic diagram representing the Amsterdam November Meeting in terms of 
conceptions beforehand, encountered problems, and current status.
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aBstract

objective
The aim of this study in clinically active juvenile idiopathic arthritis (JIA) was to assess the 
frequency and distribution pattern of synovitis as hallmark of disease and additional soft-
tissue- and bony abnormalities on MRI in the knee and wrist as two target joints.

materials and methods
MRI datasets of 153 clinically active JIA patients (110 with knee and 43 with wrist 
involvement) were evaluated independently by two readers for the presence of literature-
based imaging features: synovial hypertrophy, bone marrow changes, bone erosions, 
tenosynovitis (only in the wrist), and cartilage lesions (only in the knee), in accordance 
with validated definitions and scoring locations. 

results
Synovial hypertrophy was most frequently observed – both in the knee and in the wrist 
(61.8-65.1% of cases). For the knee, the most frequently involved locations were the 
cruciate ligaments (46/183 locations (25.1%) affected with synovial hypertrophy) and 
medial patella (18/62 locations (29.0%) with bone marrow changes). Cartilage lesions and 
bone erosions were rare (5.5-7.3% of cases). For the wrist, most frequently involved were 
the radiocarpal joint (21/64 locations (32.8%) with synovial hypertrophy), lunate (7/46 
locations (15.2%) with bone marrow changes) and capitate or triquetrum (6/28 locations 
(21.4%) with bone erosions). Tenosynovitis was a common wrist-specific feature (46.5% of 
cases). MRI showed no abnormalities in a subgroup of patients with clinically active knee 
(23.6%) and wrist (16.3%) involvement. 

conclusions
The distribution pattern of MRI abnormalities in the knee and wrist of active JIA patients 
provides a practical tool to detect a signature of JIA disease activity in target joints.
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IntroductIon

Juvenile idiopathic arthritis (JIA) is a term that covers all forms of childhood arthritis of 
unknown cause and pathophysiology. It persists for more than 6 weeks and has onset before 
the age of 16 years [1]. It is clinically characterized by prolonged synovial inflammation, 
possibly leading to joint destruction, pain or tenderness, and loss of function of joints [2]. 
MRI is the superior imaging technique to visualize all relevant features of disease activity 
and structural damage in JIA, such as synovial hypertrophy, tenosynovitis, bone marrow 
changes suggestive for bone marrow edema (hereafter referred to as bone marrow 
edema), cartilage lesions, and bone erosions [2,3]. These abnormalities are scoring items 
in several MRI scoring systems assessing disease activity and damage in JIA in the knee 
and wrist [4-7]. 

Knowledge of the distribution pattern of the abnormalities on MRI is important for rapid 
and reliable appreciation of every patient’s disease status. In the assessment of MRI in JIA, 
radiologists are confronted with difficulties in distinguishing between normal variants 
and true disease because of the peculiarities of the growing skeleton [8,9]. Therefore 
knowledge of the preferred locations of disease-specific features on MRI can be helpful for 
rapid and adequate differentiation between disease and normal anatomy in children and 
young adolescents. 

The focus of our study was on the knee and wrist because they represent two major target 
joints in clinically active JIA patients. The knee joint is the most frequently involved joint 
in JIA (Hemke et al., unpublished data). With respect to the distribution pattern of relevant 
features in the knee, knowledge is based on a small cohort study of 11 patients [10]. The 
wrist joint is less commonly affected, but is associated with a more severe, progressive 
disease course [11]. Previous MRI studies in JIA provided the first data on the osteochondral 
abnormalities in the wrist [9,12,13]. To the best of our knowledge, no study exists with a 
comprehensive overview using all information regarding the four major imaging features 
(including soft-tissue abnormalities) for each joint for pattern recognition of JIA on MRI. 
With this information, early recognition of abnormality can be made more readily for two 
target joints in JIA.

Therefore, the aim of this study in clinically active JIA was to assess the frequency and 
distribution pattern of synovitis as hallmark of disease and additional soft-tissue and bony 
abnormalities on MRI of the knee and wrist as two target joints.
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materIals and methods

patients
MRI of the knee or wrist datasets of all consecutive JIA patients with active arthritis of 
at least one of the two target joints evaluated by expert rheumatologists on admission 
to one of the outpatient clinics of three tertiary pediatric rheumatology centers between 
December 2008 and August 2012 were included in this study. All patients fulfilled the 
International League of Associations for Rheumatology criteria for JIA [14]. Patients who 
met the Wallace criteria for inactive disease at time of the MRI were excluded [15]. This 
study was approved by the institutional review board. Informed consent was waived 
because the data were extracted from an existing MRI in the JIA study database, in which 
written informed consent was obtained from at least one parent of each child.

clinical assessment
The MRI datasets of the knee and wrist had the following corresponding clinical data, 
as assessed by experienced pediatric rheumatologists at the time of MRI. The pediatric 
rheumatologists were four faculty specialists with experience ranging from 5.5 to more 
than 20 years and one pediatric rheumatology fellow with 2 years of experience. Physical 
examination included a 67-joint count defining the presence of swelling, pain on motion 
and tenderness, and limited range of motion. A physician’s global assessment of overall 
disease activity and a patient’s global assessment of overall well-being were measured 
on a 100-mm visual analog scale. The Dutch version of the Childhood Health Assessment 
Questionnaire was used to evaluate functional ability [16,17]. Laboratory tests consisted of 
the erythrocyte sedimentation rate and the C-reactive protein level. 

mrI protocol
To increase feasibility, MRI was performed using an open-bore 1.0-T MRI scanner (Panorama 
HFO, Philips Healthcare) [18]. No sedation was used. For both the knee and wrist dedicated 
three-channel coils were used. The clinically most-affected joint (target joint) was imaged 
using a 1.0-mmol gadolinium/mL IV contrast agent (gadobutrol, Gadovist, Bayer Schering 
Pharma) with a dosage of 0.1 mmol/kg) [19]. 

Knee
The MRI protocol for the knee consisted of sagittal, coronal, and axial T2-weighted 
fat-saturated imaging (TR range/TE, 2800-4500/50; slice thickness/gap, 4/0.4-0.8 mm; 
FOV, 150 × 150 mm), sagittal T1-weighted turbo spin-echo (TSE) imaging (TR range/TE, 
450-650/10; slice thickness/gap, 4/0.4 mm; FOV, 150 × 150 mm), and -after administration 
of IV contrast material- sagittal T1-weighted TSE imaging (TR range/TE, 450-650/10, slice 
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thickness/gap, 4/0.4 mm; FOV, 150 × 150 mm) and axial T1-weighted fat-saturated imaging 
(TR range/TE, 400-750/10; slice thickness/gap, 4/0.4 mm; FOV, 150 × 150 mm). 

Wrist 
MRI sequences of the wrist included coronal fat-saturated imaging (TR range/TE, 
4000-6500/30; slice thickness/gap, 3/0 mm; FOV, 130 × 130 mm), axial and coronal T1-
weighted TSE imaging (TR range/TE range, 400-700/10-20, slice thickness/gap, 3/0 mm; 
FOV, 100 × 100 mm (axial) and 130 × 130 mm (coronal)), axial T2-weighted TSE fat-
saturated imaging (TR range/TE, 2500-4000/70; slice thickness/gap, 3/0.3 mm; FOV, 130 × 
110 mm), and -after administration of IV contrast material- axial (fat-saturated) and coronal 
T1-weighted TSE imaging (TR range/TE range, 400-700/10-20, slice thickness/gap, 3/0 mm; 
FOV, 100 × 100 mm (axial) and 130 × 130 mm (coronal)). 

Image analysis
A postgraduate PhD student with 5 years of experience in musculoskeletal radiology 
interpreted all MRI datasets of the knee. All MRI datasets of the wrist were interpreted 
by an expert staff member in radiology with 18 years of experience in musculoskeletal 
radiology. The readers were blinded to clinical history, including duration, extent, and 
severity of the symptoms. 

All images were evaluated following the locations and definitions of the validated Juvenile 
Arthritis MRI Scoring system (JAMRIS) for the knee [6] and for the wrist [7]. This resulted in 
data on the presence or absence of every MRI feature on the corresponding locations. Total 
scores per feature therefore consisted of the sum of locations affected with abnormalities. 
All definitions and locations of the JAMRIS system are literature based as explained in the 
original articles [6,7]. Although the article on JAMRIS for the wrist is not yet published [7], 
the references for the chosen definitions and locations were stated in the Materials and 
Methods. For the references for the definitions and locations and the reliability data of 
JAMRIS for the knee, we refer to the original article [6]. 

Knee
Synovial hypertrophy was considered present when the thickness of the enhancing 
synovium was 2 mm or greater. Bone marrow edema was defined as lesions within the 
trabecular bone, with ill-defined margins and high signal intensity on T2-weighted fat-
saturated images, and low signal intensity on T1-weighted images. A cartilage lesion was 
defined as superficial loss or thinning or deep loss to subchondral bone. Bone erosion was 
defined as a sharply marginated bone lesion with correct juxtaarticular localization and 
visible in two planes, with a cortical break in at least one plane. On T1-weighted images, 
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there is a loss of normal low signal intensity of cortical bone and loss of normal high signal 
intensity of trabecular bone. 

Synovial hypertrophy was measured at six locations: patellofemoral, suprapatellar 
recesses, infrapatellar fat pad, adjacent to the anterior and posterior cruciate ligaments, 
medial posterior condylar, lateral posterior condylar. Bone marrow edema, cartilage 
lesions, and bone erosions were scored at eight locations: lateral patella, medial patella, 
medial femur condylar, lateral femur condylar, medial weightbearing region of the femur, 
lateral weightbearing region of the femur, medial tibia plateau, and lateral tibia plateau. 

Tenosynovitis or tendinopathy was not scored in the knee because of low reliability in a 
previous study [18]. 

Wrist
Synovial hypertrophy was considered present if thickness of the enhancing synovium was 
1.5 mm or greater (adapted from Guermazi et al. [20] adjusted to 1.5 mm specifically for 
the smaller wrist). Tenosynovitis was scored as present if significant tendon sheath fluid, 
sheath thickening, or enhancement after IV contrast injection was detected and visible in 
at least two consecutive axial slices (adapted from Haavardsholm et al. [21]). Bone marrow 
edema was defined as lesions within the trabecular bone with ill-defined margins and 
high signal intensity on T2-weighted fat-saturated images and low signal intensity on 
T1-weighted images (adapted from Østergaard et al. [4]). Bone erosion was defined as a 
bony depression larger than that seen in a normal bone and associated with additional 
pathological features, such as an effusion or synovial enhancement. On T1-weighted 
images, the result is loss of normal low signal intensity of cortical bone and loss of normal 
high signal intensity of trabecular bone (adapted from Østergaard et al. [4] and Boavida 
et al. [12]). 

Synovial hypertrophy was measured at six locations: distal radioulnar joint, radiocarpal 
joint, carpometacarpal joints (adapted from Malattia et al. [5]), capitate-scaphoid-lunate 
joint, hamate-capitate joint, and multangular-scaphoid joint (adapted from van der Heijde 
[22]). The presence of tenosynovitis was analyzed at two locations: the flexor group (flexor 
carpi ulnaris, flexor digitorum profundus, superficialis tendon quartets, flexor pollicis 
longus, flexor carpi radialis) and the extensor-group (extensor pollicis brevis, abductor 
pollicis longus, extensor carpi radialis brevis, extensor carpi radialis longus, extensor 
pollicis longus, extensor digitorum communis, extensor indicis proprius, extensor digiti 
quinti proprius, extensor carpi ulnaris) (adapted from Haavardsholm et al. [21]). The 
presence of bone marrow edema and bone erosions was assessed at 15 sites: distal radius, 
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distal ulna, all carpal bones, and bases of the five metacarpals (adapted from Østergaard 
et al. [4]). 

Cartilage lesions were not scored in the wrist because of unavailability of cartilage-specific 
sequences in the MRI protocol, low accuracy of MRI in diagnosing cartilage defects, and 
lack of appropriate methods of assessing cartilage lesions in the wrist [23]. 

statistical analysis
Descriptive statistics were reported in terms of absolute numbers, percentages, means, 
medians, SDs, and interquartile ranges. Incidences of the features were calculated as 
percentage of patients with presence of that particular feature on MRI. The most frequent 
locations per feature were calculated by dividing the number of times that a location was 
affected by the total number of affected locations. 

results

patients 
MRI datasets of 110 JIA patients with active knee involvement and of 43 JIA patients with 
active wrist involvement were included. JIA subtypes were as follows: 47.8% (73/153) 
polyarthritis (all rheumatoid factor-negative apart from three cases), 18.3% (28/153) 
persistent oligoarthritis, 15.0% (23/153) extended oligoarthritis, 10.5% (16/153) enthesitis-
related arthritis, 4.6% (7/153) psoriatic arthritis, and 3.9% (6/153) undifferentiated arthritis. 
Table 1 shows the clinical characteristics of the children. 

mrI findings
Incidences per feature were determined and of these features the three most frequently 
affected locations per feature are shown in Table 2. The context of the incidence per 
feature is shown in Figure 1 -that is, the different combinations of coexistence of the 
features scored in both target joints. On the basis of this information, we can conclude 
that the simultaneous presence of the three common features (synovial hypertrophy, 
bone marrow edema, and bone erosions) is more frequent in the wrist than in the knee. 
Furthermore, the isolated presence of bone erosions did not occur in the knee or in the 
wrist of clinically active JIA patients. Patients with wrist involvement were less likely to 
show no abnormalities (also no cartilage lesions in the knee or tenosynovitis in the wrist) 
on MRI compared with the patients with clinically active knee involvement (16.3% vs 
23.6%, respectively). 



44

Chapter 3

table 1| Baseline characteristics of 153 JIA patients with clinical presence of arthritis in knee or wrist.

Knee (n = 110) Wrist (n = 43)

Female (%) 60.9 76.7

Age at MRI (y) 12.5 (10.6-15.4) 13.5 (11.5-14.9)

Disease duration at MRIa (y) 3.8 (1.3-6.9) 3.4 (1.5-4.7)

Overall disease activityb (%)

 Inactive 0 0
 Minimal 27.3 25.6
 Mild 45.5 27.9

 Moderate 22.7 32.6

 Severe 4.5 14.0

No. of actively inflamed joints 2 (1-3) 3 (2-8)

No. of joints with limited range of motion 1 (0-2) 2 (1-4)

Physician’s global visual analog scale (mm) 28 (15-38) 31 (20-55)

Patient’s overall well-being visual analog scale (mm) 34 (5-59) 37 (4-56)

CHAQ score (0-3) 0.75 (0.25-1.5) 1 (0.25-1.5)

CRP (mg/L) 1 (1-2) 1 (0-1)

ESR (mm/h) 5 (2-9) 5 (2-10)

No treatment or NSAID (%) 42.7 55.8

Second-line drug treatmentc (%) 42.7 25.6

Biological treatment (%) 12.7 16.3

Systemic corticosteroid treatment (%) 0.9 2.3

Note: Except where otherwise indicated, values are median with interquartile range in parentheses.
CHAQ = childhood health assessment questionnaire, CRP = C-reactive protein, ESR = erythrocyte sedimentation rate, 
NSAID = nonsteroidal antiinflammatory drugs. 
aFrom start of symptoms to date of MRI; bLikert scale; cfor example, methothrexate, sulfasalazine.

Knee
The hallmark of arthritis is represented by synovial hypertrophy (i.e., active synovitis), which 
was indeed found to be the most frequent abnormality in clinically active JIA patients 
with knee involvement (68/110 patients, 61.8%). The cruciate ligament and patellofemoral 
location were the two most affected locations (Figure 2). Synovial hypertrophy never 
occurred isolated in the least frequently affected lateral parts of the knee. 
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Figure 1 | Overview of different combinations of coexistent presence of common juvenile idiopathic 
arthritis (JIA) features. (a) and (b), Graphs show synovial hypertrophy, bone marrow changes 
suggestive for bone marrow edema, and bone erosions on MRI of knee (a) and wrist (b). None of 
these three common JIA features were found in 23.6% (knee) and 23.2% (wrist) of patients. Number 
in each area represents percentage of patients with particular combination of that area (e.g., area in 
which three ellipses overlap represents percentage of patients having all three common JIA features 
present on MRI of knee). This figure does not take joint-specific features into account, i.e., cartilage 
lesions in knee and tenosynovitis in wrist.

 

Figure 2 | Distribution of synovial hypertrophy over scoring locations of active juvenile idiopathic 
arthritis (JIA) patients. (a) and (b), Drawings show distribution of synovial hypertrophy in JIA patients 
with knee (a) and wrist (b) involvement. Numbers indicate percentage of involvement of that specific 
location as part of sum of all locations affected with synovial hypertrophy. 

SP = suprapatellar; PF = patellofemoral; IF = infrapatellar; CL = cruciate ligaments; MC = medial posterior condylar; LC = 
lateral posterior condylar; DRU = distal radioulnar; RC = radiocarpal; CSL = capitate scaphoid lunate; HC = hamate capitate; 
MTS = multangular scaphoid; CMC = carpometacarpal. 
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Figure 4 | Examples of preferred locations for juvenile idiopathic arthritis in knee per MRI feature. (a) 
Axial contrast-enhanced fat-saturated T1-weighted image of knee in 16-year-old girl shows synovial 
hypertrophy around cruciate ligaments (arrow). (b) Axial T2-weighted image of knee in 16-year-old 
boy shows bone marrow edema in medial patella (arrow). (c) and (d) Sagittal T2-weighted (c) and 
T1-weighted (d) images of knee in 12-year-old boy show cartilage lesion and bone erosion in lateral 
trochlea of femur (arrow).

Less frequent were the other features scored in the knee. Bone marrow edema was the 
second most common feature in the evaluation of MRI abnormalities. Of all locations 
affected with bone marrow edema, the medial patella was the most frequently involved 
(18/62 (29.0%) of the locations with bone marrow edema), followed by the lateral patella 
and the medial weightbearing region of the femur (respectively nine and 10 of the 56 
affected locations (14.5 and 16.1%, respectively)). Cartilage lesions and bone erosions 
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were rarely detected in the knee of our group of clinically active JIA patients. The lateral 
trochlea of the femur was most frequently affected in both. Cartilage lesions were equally 
often detected in the medial patella. The distribution of bone marrow edema, cartilage 
lesions and bone erosions among the eight scoring locations in the joint is shown in Figure 
3A. Examples of the most frequently affected location per feature in the knee are shown 
in Figure 4. 

Wrist
Synovial hypertrophy also was the most frequent abnormality in 43 JIA patients with 
wrist involvement (28/43, 65.1%) of the patients had at least one location where 
enhancing synovium was 1.5 mm or greater. The most frequently involved location was 
the radiocarpal joint (Figure 2). Synovial hypertrophy in the three least affected locations 
(hamate-capitate, multangular-scaphoid, and carpometacarpal) was always coexistent 
with synovial hypertrophy in the three most frequently affected locations (distal radioulnar 
joint, radiocarpal joint, and capitate-scaphoid-lunate). Tenosynovitis was present in 20 of 
these JIA patients. In every patient with tenosynovitis, the extensor compartment was 
involved. Exclusive extensor compartment involvement occurred in 16 patients. In cases 
of bone marrow edema, the lunate accounted for 15.2% (7/46) of the locations affected, 
followed by the trapezoid and capitate (both 6/46 (13.0%) of the affected locations). Bone 
erosions evaluated at the same locations showed a different distribution pattern, with 
the triquetrum and capitate most frequently involved (both 6/28 (21.4%) of the affected 
locations), followed by the trapezoid (4/28 (14.3%) of the affected locations) and the 
hamate (3/28 (10.7%) of the affected locations). Distribution of the 15 bone marrow edema 
and bone erosion locations in the wrist are shown in Figure 3B and further exemplified for 
the most frequently affected locations per feature in Figure 5.
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Figure 5 | Examples of preferred locations for juvenile idiopathic arthritis in wrist per MRI features. (a) 
Axial contrast-enhanced fat-saturated T1-weighted image of wrist in 12-year-old boy shows synovial 
hypertrophy in radiocarpal joint (arrow). (b) Axial contrast-enhanced fat-saturated T1-weighted 
image of wrist in 15-year-old girl shows tenosynovitis in extensor tendons (arrows). (c) Coronal T2-
weighted image of wrist in 12-year-old girl shows bone marrow edema in lunate (arrow). (d) Coronal 
T1-weighted image of wrist in 16-year-old boy shows bone erosion in triquetrum (arrow).

dIscussIon

This study provides an overview of the frequency and distribution of the spectrum of MRI 
abnormalities within the knee and wrist of clinically active JIA patients. The presence of the 
imaging abnormalities in the knee or wrist on MRI at certain locations showed a consistent 
distribution pattern. The feature-specific localization per target joint may be helpful for 
the daily practice of the radiologist by providing the top three locations per feature for 
rapid and easy navigation through MRI in JIA. The importance of synovial hypertrophy 
as the hallmark of arthritis is again underscored by our imaging study because it was the 
most frequent MRI abnormality in both the knee and wrist. 
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The nature of the distribution of synovial hypertrophy in the knee of JIA patients has been 
suggested to have a central start, gradually expanding to the lateral parts of the joint [10]. 
As indicated by the frequencies of synovial hypertrophy at different locations in a small 
study by Johnson et al. [10] in 11 children, the preferred presence of synovial hypertrophy 
around the cruciate ligaments is in line with our observations. In fact, the lateral parts of 
the knee joint are least frequently affected by synovial hypertrophy and are found not to 
occur without the presence of synovial hypertrophy at the three most frequently involved 
locations (i.e., around the cruciate ligaments, patellofemoral, and suprapatellar). This top 
three locations information is in accordance with the scarce literature on distribution of 
synovial hypertrophy in the knee of children with JIA [10]. 

Our study further expands the current findings on synovial hypertrophy locations not only 
by the larger number of patients included but also by a more comprehensive overview 
on the distribution pattern of synovial hypertrophy in combination with additional MRI 
features (e.g., with the preferred presence of bone marrow edema and cartilage lesions in 
the medial patella). 

To date, a pattern of synovitis in the wrist affected by JIA has never been reported. Our data 
show the occurrence of synovitis most frequently in the radiocarpal joint. This may have 
different explanations. First, the radiocarpal joint covers the largest area of all six locations. 
Second, it includes the synovial recess caudal to the os pisiforme. Most important the 
inflamed synovium within the radiocarpal joint is least restricted by anatomic boundaries. 
These findings on the preferred location in the wrist are supported by the low incidence 
of synovial hypertrophy in the narrow hamate-capitate location. Again, the three least 
affected locations were never found to be involved without the presence of at least 
one of the three most frequently affected locations, which is highly reminiscent of the 
observation in the knee. 

In tenosynovitis, the extensor tendons were unequivocally most affected compared with 
the flexor tendons. A recent study showed a similar yet less obvious preference for extensor 
tendons (i.e., 38% of patients with involvement of extensors vs 31% with flexors) [24]. 
Again, anatomic boundaries are likely to contribute to the distribution pattern because the 
flexor tendons are surrounded by protective fibrous and osseous structures [25]. However, 
this cannot explain the preference for extensors in JIA, with a completely opposite pattern 
in rheumatoid arthritis [26]. The reason for this discrepancy between adults and children is 
an unclear but a highly consistent finding that could be related to the age at presentation 
of the inflammatory disease or a mere difference in the cause of JIA.
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Our finding that the triquetrum is the preferred location in the wrist for bone erosions in 
JIA is noteworthy in the context of the literature. Previously, the triquetrum either had 
not been taken into account during the analysis [12] or did not belong to the five most 
frequently involved locations in bone erosions [5,13]. The latter can possibly be explained 
by an overestimation of bone erosions on other locations due to ignoring bony depressions 
in the healthy pediatric wrist [8]. It is also noteworthy that the adjacent radiocarpal joint 
in synovial hypertrophy and triquetrum in bone erosions are the most frequently affected 
locations and could indicate a vulnerable spot for JIA patients in the wrist.

Knowledge of the preferred locations of osseous abnormalities upon MRI of the wrist in 
JIA patients combined with the patterns of bony changes in healthy children may lead 
to better interpretation of images and easier differentiation of normality from pathology 
in children. First, the lunate was the most preferred location with JIA pathology on MRI. 
However, in another study, the lunate does not belong to the locations most frequently 
affected by bony signal intensity changes in healthy children [8], indicating higher 
probability for disease. The same seems true for the triquetrum in bone erosions: a 
low number of bony depressions in healthy children combined with high frequency of 
involvement in bone erosions increases probability of disease in cases of abnormalities in 
the triquetrum [8]. However careful interpretation of these results is warranted because 
this comparison between healthy children and those with disease was not performed in 
our study. 

The main strengths of our imaging study consist of the large number of patients who were 
included. Moreover, this is the first study assessing the distribution pattern of all relevant 
MRI abnormalities in the knee and wrist of JIA patients. Furthermore, both the definitions 
and scoring locations have already proven to be reliable and valid when scored by readers 
who are experienced in joint assessment using MRI [5-7,12,21]. 

Although MRI is a highly sensitive imaging technique, abnormalities or a “JIA signature” 
were not found in some of the patients with clinically active JIA (23.6% of the patients 
with active knee involvement vs 16.3% of the patients with active wrist involvement). 
This discrepancy may be due to the superior reliability of MRI in comparison with physical 
examination (although performed by experienced pediatric rheumatologists) to detect 
active joint inflammation [27-29]. Alternatively, on follow-up, the course of these MRI-
negative JIA patients will be different, providing another explanation for the symptoms 
combined with absence of MRI abnormalities. Therefore, an adequate interpretation of 
this discrepancy over time will be needed. 
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Another limitation includes the ongoing discussion on the presentation on MRI of true 
bone erosions in the pediatric wrist. Within this study. we took all relevant literature into 
consideration in an attempt to provide representative data on the distribution of bone 
erosions. For example, bone erosions were scored only if additional pathological features 
were present, reducing the risk of confusing these bone erosions with normal variation. 
In the future, more discussion and collaboration on international platforms based on 
the study by Ording-Müller et al. are warranted for correct understanding of the issue of 
imaging variants in health and disease. A reference atlas for normal findings on MRI of the 
pediatric wrist would be very helpful for differentiation between healthy and pathologic 
features on MRI [8,9,12]. Comparison with age-matched healthy controls would have 
strengthened the results of the current study. However the required use of IV contrast 
agents in control subjects prohibited the inclusion of healthy children.

Furthermore, the lack of cartilage-specific proton-density sequences in our MRI protocol of 
the wrist impeded the possibility to assess cartilage lesions in this joint. Last, the relatively 
low field strength of our open-bore 1.0 T MRI scanner in comparison with a 1.5 T or 3.0 T 
causes lower image quality, contrast and resolution [30]. Increased patient comfort for 
children in open-bore MRI has been an important consideration in our center because the 
advantages of higher field strength with respect to diagnostic accuracy for the assessment 
of arthritis are still unknown. 

The distribution patterns of soft tissue and bony MRI abnormalities in the knee and wrist 
of patients with clinically active JIA can directly be implemented in the daily practice of the 
radiologist by specific attention for the top three locations per feature suspected for JIA 
pathology. Within the knee, the signature of JIA consists of the central locations of synovitis 
and the medial patella for pathologic bone marrow edema. A similar signature exists for 
the wrist with signs of synovitis at the radiocarpal joint, tenosynovitis at the extensor 
tendons, bone marrow changes at the lunate and bone erosions at the triquetrum. These 
features collectively help in the MRI-based assessment of pathologic images that are 
compatible with JIA. 

The MRI findings in these as well as in other joints should be further studied to account for 
the distribution patterns of these imaging features in models for disease progression or 
remission on treatment and normal growth-related development in children. These issues 
will be addressed in ongoing studies on remission in JIA as well as on contrast-enhanced 
MRI of the knee and wrist in healthy pediatric control subjects.
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aBstract

objectives
To evaluate enhancing synovial thickness upon contrast-enhanced magnetic resonance 
imaging (MRI) of the knee in children unaffected with clinical arthritis compared with 
clinically active juvenile idiopathic arthritis (JIA) patients. A secondary objective was to 
optimize the scoring method based on maximizing differences on MRI between these 
groups. 

methods
Twenty-five children without history of joint complaints nor any clinical signs of joint 
inflammation were age/sex-matched with 25 clinically active JIA patients with arthritis of 
at least one knee. Two trained readers, blinded for clinical status, independently evaluated 
location and extent of enhancing synovial thickness with the validated Juvenile Arthritis 
MRI Scoring system (JAMRIS) on contrast-enhanced axial fat-saturated T1-weighted MRI 
of the knee. 

results
Enhancing synovium (≥ 2mm) was present in 13 (52%) unaffected children. Using the 
total JAMRIS score for synovial thickening, no significant difference was found between 
unaffected children and active JIA patients (p=0.091). Additional weighing of synovial 
thickening at the JIA-specific locations enabled more sensitive discrimination (p=0.011).

conclusions
Mild synovial thickening is commonly present in the knee of children unaffected with 
clinical arthritis. The infrapatellar and cruciate ligament synovial involvement were specific 
for JIA, which -in a revised JAMRIS- increases the ability to discriminate between JIA and 
unaffected children.
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IntroductIon

Juvenile idiopathic arthritis (JIA) is the most common form of childhood arthritis and 
is characterized by inflammation of the synovium. Early and aggressive treatment is 
warranted for the prevention of permanent joint damage and the achievement of inactive 
disease [1-3]. Magnetic resonance imaging (MRI) is currently state of the art in JIA, especially 
in early stage disease [4]. Additionally, MRI scans of the knee of JIA patients are easily, 
reliably and quantitatively assessed by means of the Juvenile Arthritis MRI Scoring system 
(JAMRIS), which is a composite score on four domains (synovial thickening upon contrast-
enhancement, bone marrow oedema, cartilage lesions and bone erosions) [5]. Although a 
disadvantage of MRI in the assessment of disease activity in JIA patients, the intravenous 
(IV) contrast administration is inevitable for adequate depiction of the synovium as the 
primary target of disease [6]. 

After selecting relevant features and reliability studies of the current scoring method 
JAMRIS, the next step in the validation is the comparison of JIA and children unaffected 
with clinical arthritis [5,7]. The need of data regarding the appearance of healthy paediatric 
joints upon MRI was also emphasized by the Outcome Measures in Rheumatology Clinical 
Trials (OMERACT) Special Interest Group for MRI in JIA [8]. Especially, because in previous 
MRI studies in healthy adults, enhancing synovial thickening on MRI after IV contrast 
administration is commonly observed [9-11].

Awareness of the appearance of the enhancing synovium in unaffected children is crucial to 
differentiate between physiologic and pathologic thickness of the synovium. An accurate 
distinction between these two may have important implications for treatment decisions 
in JIA patients. Currently, the differentiation between normal synovium and synovial 
thickening with JAMRIS is made based on the cut-off value for thickness of pathologically 
enhancing synovium of 2.0 mm, as assessed in JIA patients only [5]. However, this cut-
off value is arbitrary as knowledge on synovial thickness in healthy children upon MRI is 
lacking. Performing contrast-enhanced MRI of the knee in healthy children was considered 
unethical by our institutional review board. The closest reflection of normal unaffected 
joints that could be obtained to assess the appearance of the synovium in children 
unaffected with clinical arthritis receiving MRI with IV contrast for unrelated reasons. 

Our study design obviously hence needed precautionary measures, to make sure that the 
appearance of the synovium mimics that of the healthy population as good as possible, 
e.g. with respect to timing of IV contrast and exclusion of joint complaints. The objectives 
of this study were (1) to evaluate enhancing synovial thickness upon contrast-enhanced 
MRI of the knee in children unaffected with clinical arthritis compared with clinically 
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active JIA patients and (2) to explore the possibilities to optimize JAMRIS by maximizing 
the difference in synovial thickening between unaffected children and clinically active JIA 
patients. 

materIals and methods

children unaffected with clinical arthritis
The cohort of children unaffected with clinical arthritis consisted of prospectively included 
children suspected or diagnosed with inflammatory bowel disease (IBD) between 8 and 
18 years of age, who underwent magnetic resonance enterography (MRE) with IV contrast 
between April 2012 and March 2014. The activity of the underlying inflammatory bowel 
disease was evaluated with either the Paediatric Crohn’s Disease Activity Index (PCDAI) 
or the Paediatric Ulcerative Colitis Activity Index (PUCAI) [12,13]. The PCDAI ranges from 
0-100 points (with a score of < 10 considered inactive disease, 10-30 mild disease and 
above 30 moderate to severe disease) and the PUCAI ranges from 0-85 points (similar 
disease activity cut-off values). Exclusion criteria for this cohort of children unaffected with 
clinical arthritis were congenital or genetic joint abnormalities, a history of trauma in both 
knees (if only one knee suffered trauma, the other knee was imaged), and any arthritic 
diseases or other chronic conditions affecting the skeleton. The physical examination 
was performed by a research fellow trained by an experienced paediatric rheumatologist 
(25 years of experience) and by means of the validated paediatric Gait, Arms Legs, Spine 
(pGALS) screening tool [14]. Both exclusion criteria and physical examination were used to 
ensure that the joints of these patients undergoing MRE were asymptomatic. Medication 
use and indication for MRI were registered as well. 

The MRI examinations were performed on a 1.5T MRI scanner (MAGNETOM AvantoTM 
1.5T MRI, Siemens Medical Systems). None of the patients received anaesthetics. After the 
regular MRE with IV contrast injection (Gadovist, Bayer Schering Pharma, Berlin, Germany, 
1.0 mmol gadolinium/mL, dose 0.1 mmol/kg of body weight), a dedicated knee coil was 
connected. The MRE sequences after injection of IV contrast were a coronal and axial T1 VIBE 
sequence with fat saturation (approximately 4 minutes together). An axial T1-weighted 
sequence with fat saturation of the right knee was performed (TR 400-750 ms, TE 10 ms; 
slice thickness 4 mm; field of view 150 x 150 mm, matrix 384 x 384). If the patient suffered 
recent trauma in the right knee (and therefore disturbing the healthy appearance), the left 
knee was imaged. Time between injection of IV contrast and start of the MRI sequence of 
the knee was registered. This study was approved by the institutional review board and all 
participants (and their parents if <16 years) gave written informed consent. 
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clinically active jIa patients
JIA patients with clinical arthritis of at least one knee (from now on referred to as ‘clinically 
active JIA patients’) were derived from our MRI in JIA study database. Patients who 
consecutively visited from April 2012 (start inclusion asymptomatic controls) and who 
underwent a MRI scan of the knee were age- and sex-matched to the asymptomatic 
control cohort. Clinical characteristics have been prospectively collected in our MRI in JIA 
study database. Reported in this study are the JIA subtype, disease duration (from disease 
onset until MRI), medication use and Juvenile Arthritis Disease Activity Score (JADAS). The 
JADAS-10 (ranging from 0-40) is the sum of the scores of the physician and parent/patient 
global assessment of disease activity, reduced 10-active joint count and a normalized 
value of erythrocyte sedimentation rate to a 0-10 scale [15]. All parents of the JIA patients 
and JIA patients older than 12 years gave written informed consent.

The imaging protocol of the MRI of the knee in JIA patients on the open-bore 1.0T 
scanner (Panorama HFO, Philips Healthcare) consists of six sequences. For comparison 
with the unaffected children, only the axial T1-weighted sequence with fat saturation 
after IV contrast was used (Gadovist, Bayer Schering Pharma, Berlin, Germany, 1.0 mmol 
gadolinium/mL, dose 0.1 mmol/kg). Parameters of this sequence (TR, TE, slice thickness, 
field of view) were similar to the sequence performed in the unaffected children. 

Image analysis
The synovium on MRI of the knee was evaluated on six well-defined locations (suprapatellar, 
patellofemoral, infrapatellar, cruciate ligaments, medial posterior condyle and lateral 
posterior condyle) following the validated JAMRIS system for the knee (Figure 1) [5]. 
The thickness of the enhancing synovium was, if possible, measured on each location 
and scored following the JAMRIS system (0=enhancing synovium <2mm, 1=enhancing 
synovium >2-4mm, 2=enhancing synovium >4mm) [5]. The total JAMRIS score consists of 
the sum of the scores for enhancing synovium at all six locations. 

The MRI datasets of the knee of both the unaffected children and the JIA patients were 
blinded (for age, gender and asymptomatic/JIA group) and randomized. Two experienced 
readers (radiologists with 6 and 19 years of experience in musculoskeletal radiology) 
independently evaluated all images. Agreement on the incongruent cases (difference 
between readers in total JAMRIS score >1) was obtained afterwards in a consensus reading. 
If the difference in total JAMRIS score between the readers was <1, the score of the most 
experienced reader was adopted. 
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Figure 1 | The locations on which enhancing synovial thickening on MRI of the knee is scored 
according to the Juvenile Arthritis MRI Scoring system (JAMRIS) [5]. On a sagittal T1-weighted 
sequence (a) and an axial fat-saturated T1-weighted sequence (b) of the knee the six locations are 
exemplified with different colors: blue = suprapatellar, red = patellofemoral, green = infrapatellar, 
yellow = cruciate ligaments, purple = medial and lateral posterior condyle.

Possibilities to optimize the JAMRIS score were explored by means of a concept which 
was inspired by previous work on preferred locations for JIA on MRI [16]. The preferred 
locations were identified based on a significantly higher JAMRIS score in the JIA patients 
compared to the unaffected children. For these locations we applied a weighing measure; 
this simple JAMRIS revision comprised of a doubling in the score for enhancing synovial 
thickening at the JIA-specific infrapatellar- and/or cruciate ligament locations, meaning 
that an additional point was given to the total score when contrast-enhanced thickening 
of the synovium (> 2mm) was only present at these two JIA-specific locations [16].

statistical analysis
Descriptive statistics (mean, standard deviation (SD), percentages) were used to describe 
baseline characteristics and MRI findings. Bland-Altman plots were used to assess the 
agreement between the two readers. Mann-Whitney U test was used to analyze differences 
between the groups in total MRI scores and time between injection of contrast. The 
Pearson correlation coefficient was used to assess the correlation between mean synovial 
thickness and the time between injection of contrast and start of MRI sequence, because 
the timing can be of influence for appearance of the synovium [17]. All data were analyzed 
using SPSS software, version 20 (SPSS, Chicago, IL, USA). 
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results

patient characteristics
Twenty-five children unaffected with clinical arthritis who were previously diagnosed 
with (68%) or suspected of (32%) IBD, underwent MRE (for diagnosis or evaluation of the 
extent of the IBD), followed by an additional MRI sequence of the knee. Clinical arthritis 
in these children unaffected by JIA was ruled out through stringent exclusion criteria, 
questionnaires and simultaneous physical examination at the moment of imaging. For 
comparison, twenty-five age- and sex-matched clinically active JIA patients were included 
in the study. Baseline characteristics of both groups are summarized in Table 1. 

table 1 | Baseline characteristics of children unaffected with clinical arthritis and clinically active JIA 
patientsa.

unaffected children clinically active jIa patients

Subjects 25 25

Female, n (%) 11 (44) 11 (44)

Age at MRI, years 13.5 (±2.5) 13.3 (±2.5)

IV contrast – MRI knee, minutes 10.5 (±2.4) 4.9 (±1.1)*

Immunomodulatory drugsb, n (%) 15 (60) 8 (32)

PCDAI (n=19) 23 (±14) –

PUCAI (n=6) 29 (±28) -

Diagnosis IBDc, n (%)

 Crohn’s disease 18 (72.0) –

 Ulcerative colitis 4 (16.0) –

 No or other disorder 3 (12.0) –

JIA disease duration, months – 34 (±32.7)

JADAS-10 (0-40) – 11 (±6)

Diagnosis JIA, n (%)

 Oligo-articular persistent – 4 (16)

 Oligo-articular extended – 1 (4)

 Poly-articular RF- – 10 (40)

 Poly-articular RF+ – 1 (4)

 ERA – 8 (32)

 Unclassified – 1 (4)

a Unless indicated otherwise, values are mean (SD); b Immunomodulatory drugs in the children unaffected by JIA included 
mesalazine (in 4 children), azathioprine (in 7 children, dosed at 2.0-2.5 mg/kg) and prednisone (in 4 children at 0.8, 1.0 and 
5.0 mg/kg, respectively) for IBD, whereas in JIA the drugs methothrexate (at 10-15 mg/m2 per week, in 7 patients) and/
or anti tumor necrosis factor (TNF)-alfa (in 2 patients) were used; c These numbers represent the final diagnosis, not the 
diagnosis at time of MRE.
* p-value < 0.05
ERA = enthesitis-related arthritis; IBD = inflammatory bowel disease; IV = intravenous; JADAS = juvenile arthritis disease 
activity score; JIA = juvenile idiopathic arthritis; PCDAI = paediatric crohn disease activity index; PUCAI = paediatric 
ulcerative colitis activity index; RF = rheumatoid factor.
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overall image analysis
The total JAMRIS scores for synovial thickening of the two readers corresponded 
(difference in total score < 1) in 38 of the 50 MRI datasets. In 25/38 datasets the difference 
in total JAMRIS score was 1, so the score of the most senior reader was adopted. The 
agreement between the two readers was very good, as depicted in the Bland-Altman plot 
in Supplementary File 1. 

Imaging findings
Enhanced thickening (> 2mm) of the synovium on at least one out of six well-defined 
locations was present upon MR imaging of the knee in 13/25 (52%) of the unaffected 
children (Figure 2), compared to 16/25 (64%) of the active JIA patients. The maximum total 
JAMRIS score for synovial thickening in unaffected children was 3, with no location scoring 
higher than 1 (i.e <4 mm). 

Figure 2 | A 12-year old boy unaffected by JIA shows presence of enhancing synovial thickening 
> 2 mm on an axial T1-weighted MR image of the knee.

Upon analysis of the total population (including both unaffected children and JIA 
patients), we found no correlation between the time (in minutes) between injection 
of IV contrast and start of the MRI knee sequence and the mean synovial thickness per 
reader (correlation coefficients -0.013 and -0.140, p=0.378-0.929). Furthermore, when only 
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evaluating the unaffected children and dividing them in < 10 minutes and > 10 minutes 
between injection of contrast, no significant differences were found in the total JAMRIS 
score for synovitis (p=0.403) or the mean synovial thickness per reader (p=0.126 and 
p=0.341). 

Also the use of immunomodulatory drugs (i.e. azathioprine and prednisone) in the 
unaffected children did not result in a suppression of the contrast-enhancement of the 
synovium in the knee, because no difference in total JAMRIS score of was found between 
unaffected children with and those without taking immunomodulatory drugs (p=0.120). 

Being confident about the data quality and ability to compare the imaging data obtained 
from the different cohorts, we analysed these data in greater detail. We observed a 
surprisingly large overlap of the total JAMRIS score between active JIA patients and 
children unaffected with clinical arthritis (Figure 3), which was reflected by a lack of a 
significant difference in the absolute total JAMRIS score as currently used for synovial 
thickening (p=0.091). Thirty-six percent of the active JIA patients showed no synovial 
thickening on MRI (total JAMRIS score 0).

Figure 3 | The total JAMRIS scores for synovial thickening with mean and standard error of the mean 
(represented by the black lines) in the unaffected children (orange) and active JIA patients (blue). 

Although the total JAMRIS scores for synovial thickening were within the same range, 
when unaffected children and active JIA patients were analysed per location, the mean 
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JAMRIS score was significantly different on two out of six locations: infrapatellar (p=0.011) 
and cruciate ligaments (p=0.007). An example of this typical enhancing thickened 
synovium at the infrapatellar and cruciate ligament location in a JIA patient is given in 
Figure 4. To optimize the JAMRIS score by maximizing the differences between active JIA 
and unaffected children, we applied a weighing measure for the locations with enhancing 
thickened synovium in JIA cases only. This revised JAMRIS score with a doubling of the 
score for infrapatellar and cruciate ligament locations resulted in considerably less overlap 
between active JIA and unaffected children (Figure 5) with a significant difference between 
groups (p=0.011). 

Figure 4 | An example of the axial T1-weighted MRI sequence of the knee in a 15-year old clinically 
active JIA patient with typical enhancing and thickened synovium at the cruciate ligament location 
(thick arrow) and the infrapatellar location (thin arrow). 

The infrapatellar region was highly specific for JIA, being never affected in any of the children 
unaffected with clinical arthritis. Increased signal enhancement at this infrapatellar region 
was not mistaken for fat pad oedema due to patellar maltracking, because this oedema 
occurs in the superolateral aspect of the fat pad and the synovial thickening we scored 
only occurred in the central part of the infrapatellar region [18]. 
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Figure 5 | The total revised JAMRIS scores for synovial thickening with mean and standard error of 
the mean (represented by the black lines) in the unaffected children (orange) and active JIA patients 
(blue). The revised JAMRIS score comprised a weighing of the isolated presence of synovial thickening 
at the infrapatellar and/or cruciate ligament location. 

dIscussIon 

This study is the first to determine the appearance of the synovium on contrast-enhanced 
MRI comparing clinically active JIA patients with children unaffected with clinical arthritis. 
Whereas administration of IV contrast is undesirable in healthy children, the performance 
of MRI of the knee in children unaffected with clinical arthritis is currently the closest one 
can get to the inevitable knowledge on the appearance of normal synovium. Enhancing 
synovium (>2 mm) was found to be present in the majority of unaffected children. 
Although the total score for synovial thickening showed a major overlap between active 
JIA patients and unaffected children, there were noticeable JIA-specific properties of 
JAMRIS, including a total score of >3, a score of 2 at any of the six locations and isolated 
presence of enhancing thickened synovium at the infrapatellar region and/or near the 
cruciate ligaments. A simple revision of JAMRIS using a certain weighing of these unique 
and JIA-specific locations resulted in an improvement in the possibility to discriminate 
between active JIA patients and unaffected children. 

To ensure that the presence of enhancing synovium in our study population is 
representative for all children unaffected by JIA, factors possibly contributing to a high 
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incidence of synovial contrast enhancement were ruled out. The most important factor 
with possible influence on thickness of enhancing synovium on MRI was considered to be 
the timing of the administration of IV contrast [17]. Due to the necessity to change the body 
coil after MRE to a dedicated knee coil, timing was significantly different between the two 
groups. This leads to a possible ‘overestimation’ of the synovial thickness in the unaffected 
children, as the contrast diffuses out of the synovial membrane over time. There is no 
consensus on the timing of IV contrast in the literature, but it is said that the distinction 
between synovium and effusion can be reliably made within the first 15 minutes after 
administration of IV contrast [17,19]. While there was no association between the time 
between injection of IV contrast and the MRI sequence (in minutes) and the mean synovial 
thickness per reader or total JAMRIS score, this factor was believed not to influence the 
interpretation of synovial thickness in our study population.

The other factor possibly contributing to the high incidence of enhancing thickened 
synovium was the patient population itself. The necessity of an IV contrast agent for 
adequate visualization of the synovium on MRI forms a difficult ethical issue, as the 
administration of IV contrast and the invasiveness of an infusion is not desirable in 
completely healthy children without any disease manifestation. For the design of this 
imaging study, we hence selected a population of children without joint complaints, with 
a relatively low disease burden and already receiving a MRI with IV contrast for regular 
patient care. The risk of signs of arthritis on MRI in our paediatric control group was 
maximally reduced, having excluded patients with any joint complaints at any time. These 
unaffected were children suspected for or diagnosed with IBD, who may hence suffer from 
an autoimmune inflammatory disease burden similar to patients with JIA. However, strict 
exclusion criteria and thorough physical examination by means of a validated checklist 
(pGALS) were undertaken to avoid any chance of clinical arthritis in these children 
unaffected by JIA [14]. In large registry studies, the incidence of clinical arthritis among 
IBD patients has repeatedly been reported to be very low (less than 4%) [20,21].

Considering these above mentioned methodological issues of little if any relevance for 
the data analysis, the outcome of the results need further discussion. The presence of 
enhancing synovial thickening in children unaffected by clinical arthritis was reminiscent 
of previous studies in adults, that suggested synovial thickening to be present upon MRI of 
the knee in adult healthy controls [11,22]. The finding of minor synovial thickening (total 
score <3) in the unaffected children would not cause any problem if the total score with 
JAMRIS for synovial thickening in the active JIA patients would be significantly higher. 
However, the results of our study showed large overlap in scores between these children 
unaffected with clinical arthritis and active JIA patients. This could be explained in several 
ways.
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First, synovial thickening on MRI may not be present in all clinically active JIA patients. 
Our results showed that in 32% of the clinically active JIA patients synovial thickening 
upon MRI of the knee was found to be absent (JAMRIS score 0). This discrepancy between 
clinical findings and imaging results was reported in several previous studies as well [16, 
23,24]. Ethical issues will prevent us from comparing biopsy-proven synovial changes 
in JIA versus control tissue samples. The lack of this true gold standard for the presence 
of synovitis in the paediatric joint would thus impede full clarification of the absence of 
synovial thickening on MRI in clinically active JIA patients and justifies our current studies 
in unaffected children. Additional ongoing follow-up studies in larger JIA study samples 
are needed to clarify whether these MRI-negative yet clinically active JIA patients are more 
likely to represent a subgroup with a different type of joint pathology. 

Secondly, the overlap between the appearance of the synovium upon imaging of 
unaffected children and active JIA patients could be explained by a too low cut-off value 
for pathologic synovial thickness (2.0 mm, as previously proposed in JAMRIS) [5]. However, 
based on the absolute measures of synovial thickness per location for both readers, no 
other (higher) appropriate cut-off value would lead to a more distinct difference between 
unaffected children and active JIA (data not shown). 

To maximize the difference between a healthy condition and pathology by means of the 
JAMRIS scoring method, we decided to give more weight to the JIA-specific locations of 
synovial thickening that we identified in the current study which was completely absent 
in any of the controls. Our study on the typical distribution of MRI abnormalities in JIA 
already indicated a noticeable preference for synovial thickening at the central locations in 
the knee [16]. Applying a simple location-weighing as simple revision of JAMRIS by adding 
a point to the total score if synovial thickening was solely present per infrapatellar and/or 
cruciate ligaments location, already proved to differentiate the unaffected children from 
the active JIA patients. This now legitimizes further exploration of this location-weighing 
approach in larger JIA study samples (Nusman et al. – manuscript in preparation). A semi-
quantitative scoring method like the one developed for MRI of the wrist in JIA patients may 
be an alternative approach worth investigating because it may overcome drawbacks of 
the measurement-based JAMRIS method (e.g. variety in pathology boundary at different 
locations or susceptibility to variation in the measurements due to the small dimensions 
of the synovium and an in-plane resolution of 0.39 mm2) [25].

The procedure of standardized assessment of JIA pathology on MRI of the knee compared 
with unaffected children as shown in the current study is analogous to the procedures in 
the JIA wrist. After development of a (preliminary) MRI scoring system for the wrist, data on 
the MRI appearance of the wrist in healthy children led to redefining of the scoring system 
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for pathology [26-28]. Consequently, revised versions of the original scoring system were 
developed and validated in the wrist [25,29,30].

Our study has some limitations though. Besides the autoinflammatory status and delay 
in timing of contrast in our control cohort as discussed above, the discrepancy in field 
strength of the MRI between the JIA group (1.0T) and control group (1.5T) is another 
potential limitation. However, both readers did neither experience any problems with 
the MRI quality nor were they able to identify JIA or unaffected children based on image 
quality differences. Also, the lack of fluid-sensitive MRI sequences and other directions 
(due to time restrictions in the unaffected children) hampers adequate interpretation of 
synovial fluid and thickening. 

In conclusion, mild enhancing synovial thickening can be identified upon MRI of the knee 
in a cohort of children unaffected by clinical arthritis. Infrapatellar- and cruciate ligament 
locations are unique sites affected by the inflammatory process of JIA when compared to 
the data in our unaffected children cohort. The existing JAMRIS system for the assessment 
of synovial inflammation in JIA needs further refinement to distinguish synovitis in JIA from 
enhancement in unaffected children. The introduction of location-weighing to JAMRIS to 
improve the score for synovial thickening needs further development and validation in a 
larger JIA sample of patients previously imaged and scored according to the non-revised 
JAMRIS methodology. 

 

 



73

Contrast-enhanced MRI of the knee of unaffected children compared to JIA patients

4

reFerences

1. Wallace CA, Giannini EH, Spalding SJ, et al. Trial of early aggressive therapy in polyarticular juvenile 
idiopathic arthritis. Arthritis Rheum 2012;64(6):2012-21.

2. Wallace CA, Giannini EH, Spalding SJ, et al. Clinically Inactive Disease in a Cohort of Children with 
New-onset Polyarticular Juvenile Idiopathic Arthritis Treated with Early Aggressive Therapy: Time to 
Achievement, Total Duration, and Predictors. J Rheumatol 2014;41(6):1163-70.

3. Tynjälä P, Vähäsalo P, Tarkiainen M, et al. Aggressive combination drug therapy in very early 
polyarticular juvenile idiopathic arthritis (ACUTE-JIA): a multicentre randomised open-label clinical 
trial. Ann Rheum Dis 2011;70(9):1605-12.

4. Magni-Manzoni S, Malattia C, Lanni S, Ravelli A. Advances and challenges in imaging in juvenile 
idiopathic arthritis. Nat Rev Rheumatol 2012;8(6):329-36.

5. Hemke R, van Rossum MA, van Veenendaal M, et al. Reliability and responsiveness of the Juvenile 
Arthritis MRI Scoring (JAMRIS) system for the knee. Eur Radiol 2013;23(4):1075-83.

6. Hemke R, Kuijpers TW, van den Berg JM, et al. The diagnostic accuracy of unenhanced MRI in the 
assessment of joint abnormalities in juvenile idiopathic arthritis. Eur Radiol 2013;23(7):1998-2004.

7. Hemke R, van Veenendaal M, Kuijpers TW, van Rossum MA, Maas M. Increasing feasibility and patient 
comfort of MRI in children with juvenile idiopathic arthritis. Pediatr Radiol 2012;42(4):440-48.

8. Hemke R, Doria AS, Tzaribachev N, et al. Selecting magnetic resonance imaging (MRI) outcome 
measures for juvenile idiopathic arthritis (JIA) clinical trials: first report of the MRI in JIA special 
interest group. J Rheumatol 2014;41(2):354-58.

9. McQueen F, Østergaard M, Peterfy C, et al. Pitfalls in scoring MR images of rheumatoid arthritis wrist 
and metacarpophalangeal joints. Ann Rheum Dis 2005;64 Suppl 1:i48-55.

10. Partik B, Rand T, Pretterklieber ML, et al. Patterns of gadopentetate-enhanced MR imaging of 
radiocarpal joints of healthy subjects. AJR Am J Roentgenol 2002;179(1):193-97.

11. Boegård T, Johansson A, Rudling O, et al. Gadolinium-DTPA-enhanced MR imaging in asymptomatic 
knees. Acta Radiol 1996;37(6):877-82.

12. Hyams JS, Ferry GD, Mandel FS, et al. Development and validation of a pediatric Crohn’s disease 
activity index. J Pediatr Gastroenterol Nutr 1991;12(4):439-47.

13. Turner D, Otley AR, Mack D, et al. Development, validation, and evaluation of a pediatric ulcerative 
colitis activity index: a prospective multicenter study. Gastroenterology 2007;133(2):423-32.

14. Foster HE, Kay LJ, Friswell M, Coady D, Myers A. Musculoskeletal screening examination (pGALS) for 
school-age children based on the adult GALS screen. Arthritis Rheum 2006;55(5):709-16.

15. Consolaro A, Ruperto N, Bazso A, et al. Development and validation of a composite disease activity 
score for juvenile idiopathic arthritis. Arthritis Rheum 2009;61(5):658-66.

16. Nusman CM, Hemke R, Schonenberg D, et al. Distribution pattern of MRI abnormalities within 
the knee and wrist of juvenile idiopathic arthritis patients: signature of disease activity. AJR Am J 
Roentgenol 2014;202(5):W439-46.

17. Østergaard M, Klarlund M. Importance of timing of post-contrast MRI in rheumatoid arthritis: what 
happens during the first 60 minutes after IV gadolinium-DTPA? Ann Rheum Dis 2001;60(11):1050-54.

18. Jibri Z, Martin D, Mansour R, Kamath S. The association of infrapatellar fat pad oedema with patellar 
maltracking: a case-control study. Skeletal Radiol 2012;41(8):925-31.

19. Østergaard M, Hansen M, Stoltenberg M, Lorenzen I. Quantitative assessment of the synovial 
membrane in the rheumatoid wrist: an easily obtained MRI score reflects the synovial volume. Br J 
Rheumatol 1996;35(10):965-71.

20. Dotson JL, Hyams JS, Markowitz J, et al. Extraintestinal manifestations of pediatric inflammatory bowel 
disease and their relation to disease type and severity. J Pediatr Gastroenterol Nutr 2010;51(2):140-5.

21. Jose FA, Garnett EA, Vittinghoff E, et al. Development of extraintestinal manifestations in pediatric 
patients with inflammatory bowel disease. Inflamm Bowel Dis 2009;15(1):63-8.



74

Chapter 4

22. Agarwal V, Kumar M, Singh JK, et al. Diffusion tensor anisotropy magnetic resonance imaging: a new 
tool to assess synovial inflammation. Rheumatology (Oxford) 2009;48(4):378-82.

23. Hemke R, van Veenendaal M, van den Berg JM, et al. One-year followup study on clinical findings and 
changes in magnetic resonance imaging-based disease activity scores in juvenile idiopathic arthritis. 
J Rheumatol 2014;41(1):119-27.

24. Hemke R, Maas M, van Veenendaal M, et al. Contrast-enhanced MRI compared with the physical 
examination in the evaluation of disease activity in juvenile idiopathic arthritis. Eur Radiol 
2014;24(2):327-34.

25. Damasio MB, Malattia C, Tanturri de Horatio L, et al. MRI of the wrist in juvenile idiopathic arthritis: 
proposal of a paediatric synovitis score by a consensus of an international working group. Results of 
a multicentre reliability study. Pediatr Radiol 2012;42(9):1047-55.

26. Malattia C, Damasio MB, Pistorio A, et al. Development and preliminary validation of a paediatric-
targeted MRI scoring system for the assessment of disease activity and damage in juvenile idiopathic 
arthritis. Ann Rheum Dis 2011;70(3):440-46.

27. Müller LS, Avenarius D, Damasio B, et al. The paediatric wrist revisited: redefining MR findings in 
healthy children. Ann Rheum Dis 2011;70(4):605-10.

28. Boavida P, Hargunani R, Owens CM, Rosendahl K. Magnetic resonance imaging and radiographic 
assessment of carpal depressions in children with juvenile idiopathic arthritis: normal variants or 
erosions? J Rheumatol 2012;39(3):645-50.

29. Lambot K, Boavida P, Damasio MB, et al. MRI assessment of tenosynovitis in children with juvenile 
idiopathic arthritis: inter- and intra-observer variability. Pediatr Radiol 2013;43(7):796-802.

30. Tanturri de Horatio L, Damasio B, Barbuti D, et al. MRI assessment of bone marrow in children with 
juvenile idiopathic arthritis: intra- and inter-observer variability. Pediatr Radiol 2012;42(6):714-20.



5Chapter

predicting flare in juvenile idiopathic 
arthritis: there is a role for dynamic 
contrast-enhanced magnetic resonance 
imaging

Charlotte M. Nusman
Robert Hemke
Cristina Lavini
Dieneke Schonenberg-Meinema
Marion A.J. van Rossum
Koert M. Dolman
J. Merlijn van den Berg
Mario Maas
Taco W. Kuijpers

Submitted



76

Chapter 5

 
aBstract

objectives
The study was performed to determine whether (dynamic) contrast-enhanced magnetic 
resonance imaging (MRI) parameters of a previously affected target joint in patients with 
clinically inactive juvenile idiopathic arthritis (JIA) has prognostic meaning for a flare of 
joint inflammation during follow-up. 

methods
Thirty-two JIA patients with clinically inactive disease at the time of MRI of the knee were 
prospectively included. Dynamic contrast-enhanced (DCE) MRI provided both descriptive 
measures and time-intensity-curve shapes, representing functional properties of the 
synovium. Conventional MRI outcome measures included validated scores for synovial 
hypertrophy, bone marrow edema, cartilage lesions and bone erosions. During a 2-year 
period they were examined at regular time points and clinical flares were registered. 

results
MRI analysis revealed synovial hypertrophy in 13 (39.4%) of the clinically inactive patients. 
Twelve patients (37.5%) had at least one flare during 2-year clinical follow-up. Persistently 
inactive and flaring patients differed significantly in the maximum enhancement of the 
DCE-MRI (p < 0.05), whereas no difference was found between these two groups in any of 
the baseline scores of conventional MRI. 

conclusions
Our prospective clinical follow-up study indicates that the assessment of ‘maximum 
enhancement’ upon DCE-MRI may be able to predict a clinical flare within 2 years in 
inactive JIA patients. 
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IntroductIon

Juvenile idiopathic arthritis (JIA) is a pediatric inflammatory disease of the joints with a 
remitting and relapsing disease course. Due to the introduction of early and aggressive 
treatment regimens, inactive disease is achieved in the majority of JIA patients [1]. There-
fore, the primary goal in optimal patient care for JIA might be changing from achieving 
clinical remission to predicting flare by means of immunologic or imaging biomarkers. 
The ability of immunologic biomarkers such as MRP8/14 concentrations to predict flare 
in JIA patients has already been established [2,3]. The role of imaging techniques for flare-
prediction in clinically inactive JIA patients is still to be unraveled. 

It is known that subclinical synovitis is frequently present on imaging studies (both 
ultrasound and magnetic resonance imaging (MRI)) of clinically inactive JIA patients [4,5]. 
Recently, subclinical ultrasound-detected synovitis proved to have no additional value in 
the prediction of flare in 39 JIA patient [6]. On the other hand, the value of MRI-detected 
subclinical synovitis in JIA patients has not yet been evaluated. 

Functional assessment of the synovium by means of dynamic contrast-enhanced MRI 
(DCE-MRI) is very promising in the unravelling of the meaning of subclinical synovitis on 
MRI. Previous studies have already proved the ability of DCE-MRI to identify characteristics 
associated with aggressive disease, such as hyper-vascularization and quick inflow/
outflow of intravenous contrast through the target tissue [7-9]. Thus, these functional 
characteristics of the synovium could help in the differentiation of ‘normal’ residual 
synovial thickening in inactive patients and synovial thickening with active characteristics, 
identifying inactive patients who are at risk to flare. 

The objective of this study was to determine whether (dynamic) contrast-enhanced MRI 
parameters of a previously affected target joint in patients with clinically inactive JIA can 
predict a flare of joint inflammation during 2-year follow-up. 

methods

patient selection
The patients in this study were prospectively included between April 2011 and March 
2013. The regional ethics board gave approval for conduction of the study and all parents 
and all patients above 11 years old gave written informed consent. All patients were 
diagnosed with JIA according to the ILAR criteria and were scheduled for MRI of the knee 
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[10]. At the time of MRI of the knee, all patients fulfilled the Wallace criteria for inactive 
disease (see below) [11]. 

clinical assessment
In order to confirm the inactivity of the disease at time of MRI in all patients, the following 
features were evaluated: number of joints with active arthritis, systemic symptoms 
attributable to JIA (fever, rash, serositis, splenomegaly or generalized lymphadenopathy), 
active uveitis, acute phase reactants and physician’s global assessment of disease 
activity. If all of these features were absent, the patient fulfilled the Wallace criteria for 
inactive disease [11]. The clinical assessment was performed by experienced pediatric 
rheumatologists (3-25 years of experience with physical examination in JIA patients). The 
following clinical data were assessed at the time of the MRI: basic demographics (age, 
gender, ethnicity, co-morbidity) and JIA-related data (date of onset, date of diagnosis, 
diagnosis, ILAR category, type of medication [DMARDs, biologicals]). 

Follow-up
Following MRI, all patients were monitored for 2 years by pediatric rheumatologists to 
evaluate if and when a flare occurred in these clinically inactive patients. 

A flare was defined as the reoccurrence of clinically active arthritis, being a lack to fulfill the 
Wallace criteria for inactive disease. 

mrI protocol
All patients underwent MRI without sedation at the open-bore 1.0T MRI scanner (Panorama 
HFO, Philips Medical Systems, Best, the Netherlands) [12]. The MRI protocol included 
sequences before (sagittal and coronal T2-weighted sequence with fat saturation, sagittal 
T1-weighted sequence and transversal T2-weighted sequence with fat saturation) and 
after intravenous contrast administration (dynamic gradient-echo sequence, sagittal 
T1-weighted sequence and transversal T1-weighted sequence with fat saturation). The 
contrast agent was administered 45 seconds after the start of the DCE-MRI sequence, 
through a 22-gauge needle, at an injection rate of 3.0 mL per second and with a dose of 
0.1 mmol per kilogram body weight (gadobutrol, Bayer Healthcare, Berlin Germany). The 
intravenous contrast agent bolus was directly followed by a 15 mL saline injection. 

mrI evaluation
The conventional MR images were evaluated by one reader with 6 years of experience in 
reading images of JIA patients according to the Juvenile Arthritis MRI Scoring (JAMRIS) 
system [13]. The following features were evaluated: synovial hypertrophy (max score 
12), bone marrow changes suggestive for bone marrow edema (max score 24), cartilage 
lesions (max score 24) and bone erosions (max score 24) [13].
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Analysis of the DCE-MRI was performed by means of in-house developed software 
(Dynamo) running in the Matlab environment (Mathworks, Natick, Mass USA) [9,14]. 
This program assesses time-dependent characteristics of the synovium, consisting of 
both descriptive DCE measures and time-intensity-curve (TIC) shapes calculated on a 
pixel-by-pixel basis, within a specified region-of-interest (ROI). The delineation of the ROI 
was performed by an independent reader with 6 years of experience in musculoskeletal 
radiology. Enhancing skin, large vessels, muscle tissue and the epiphyseal plate were 
excluded from the ROI. 

The descriptive DCE measures calculated in the ROIs are median maximum enhancement 
(ME, maximum enhancement), median time to peak (TTP, time between start of 
enhancement and maximum signal intensity), median maximum initial slope (MIS, 
maximum slope of increase) and median initial area-under-the-curve (iAUC, calculated for 
the 90s time interval after contrast administration). The TIC-shapes as calculated for every 
voxel represent seven types of enhancement over time and are represented by their own 
color on the color-coded shape map (Figure 1).
 

Figure 1 | Color-coded time-intensity-curve shape map with corresponding spectrum of TIC-shapes. 
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statistical analysis
Descriptive statistics are reported in terms of means, medians, standard deviations and 
interquartile ranges (IQR). The Mann-Whitney U test (in case of continuous data) and 
the Fisher’s Exact test (in case of binary data) was used to compare differences between 
patients who did and did not flare. A Kaplan Meier curve was used to depict the proportion 
of patients with flare over time. The statistical analysis was performed using SPSS software 
version 20 (IBM SPSS, Chicago, ILL, USA). 

results

patient characteristics
Thirty-two JIA patients with prior arthritis of the knee as their major target joint upon 
initial presentation were included in the follow-up study. All baseline characteristics 
are summarized in Table 1. Out of these 32 patients, 12 patients (37.5%) had (at least) 
one flare during their 2-years of clinical follow-up. No significant differences in clinical 
characteristics at baseline were observed between the patients who flared and the 
patients who had persistently inactive disease. When comparing the medication use (no 
medication or NSAIDs versus biological use) at baseline between these two groups, no 
significant difference was found at a group level (p=0.438). Median time-to-flare was 0.68 
years (IQR 0.18-1.97) and 50% of the flaring patients did so within the first 6 months, as 
visualized in Figure 2. 

Figure 2 | Kaplan Meier curve depicting the proportion of clinically inactive patients flaring over a 
w-year follow-up period.
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mrI findings at baseline
The frequency of the different JAMRIS features in all clinically inactive patients was as 
follows: 13 (39.4%) patients had a synovial hypertrophy score > 1, 10 (30.3%) patients had 
a score of > 1 for bone marrow changes suggestive for bone marrow edema, 2 (6.1%) 
patients had a score of > 1 for cartilage lesions and 1 (3%) patient had a score of > 1 for 
bone erosions. 

table 1 | Patient characteristics of all patients or when divided in two groups (i.e. patients who flared 
and patients with persistent inactive disease). 

all patients
n=33

Flare
n=12

persistent inactive
n=21

p-value

Female, number (%) 20 (60.6) 5 (41.7) 15 (71.4) 0.095

Age at MRI, mean years (SD) 14.2 (2.1) 13.8 (0.5) 14.4 (2.0) 0.494

Age at disease onset, mean years (SD) 6.8 (3.6) 5.7 (3.1) 7.3 (3.7) 0.238

Disease duration at MRI, years 7.8 (4.9-10.2) 8.9 (5.4-10.3) 6.3 (3.6-10.1) 0.238

Duration of inactive disease at MRI, years 0.8 (0.7-1.3) 0.8 (0.7-1.1) 1.0 (0.7-1.5) 0.494

ILAR category, number (%)

 Oligoarticular persistent 13 (39.4) 7 (58.3) 6 (28.6) –

 Oligoarticular extended 3 (9.1) 1 (8.3) 2 (9.5) –

 Polyarticular arthritis (RF-negative) 9 (27.3) 2 (16.7) 7 (33.3) –

 Enthesitis-related arthritis 4 (12.1) 1 (8.3) 3 (14.3) –

 Psoriatic arthritis 2 (6.1) 0 (0) 2 (9.5) –

 Undifferentiated arthritis 2 (6.1) 1 (8.3) 1 (4.8) –

Treatment at time of MRI, number (%)

 No treatment 8 (24.2) 4 (33.3) 4 (19.0) –

 NSAID’s 2 (6.1) 1 (8.3) 1 (4.8) –

 Synthetical DMARD’s 17 (51.5) 3 (25.0) 14 (66.7) –

 Biological DMARD’s 5 (15.2) 4 (33.3) 1 (4.8) –

 Unknown 1 (3.0) 0 (0) 1 (4.8) –

DMARD = disease modifying antirheumatic drugs; ILAR = International League of Associations for Rheumatology; MRI = 
magnetic resonance imaging; NSAID = non-steroidal anti-inflammatory drugs.

comparison between persistently inactive and flaring disease
None of the features of JAMRIS showed a significant difference between patients who 
were persistently inactive and patients who showed a clinical flare during follow-up 
(p=0.20-0.87). There was one descriptive measure of DCE-MRI that differed significantly 
between the persistent inactive group and the flare group: ME (p=0.05). On the other 
hand, none of the TIC-shapes showed any significant difference (p=0.16-0.99).
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dIscussIon

This study aimed to determine the predictive value of different measures for disease 
activity on MRI for flares in clinically inactive JIA patients. During a 2-year follow-up 
period, approximately 40% of all clinically inactive patients suffered from one or more 
clinical flares for which medication was restarted or intensified. When comparing the two 
groups by the clinical flares during the follow-up period, we were able to identify one 
discriminating MRI feature at baseline: the descriptive DCE-MRI measure ME was able to 
predict flare at a group level. This finding is important and underlines the value of DCE-MRI 
in the management of JIA patients, as pediatric rheumatologists can use the presence of a 
relatively high ME on DCE-MRI to be aware of the indicated risk of flaring. 

The observed presence of synovial hypertrophy in almost 40% of the clinically inactive 
patients is in accordance with previous studies in JIA [4,15]. Because none of the individual 
JAMRIS scores appeared to be different in the persistently inactive patient group compared 
to the flaring patient group, the presence of the features of synovial hypertrophy which 
may represent subclinical synovitis is more likely to represent a relatively innocent residual 
disease activity. However, this hypothesis needs to be tested in a larger prospective trial, 
including patients with different target joints being affected. Furthermore, the influence 
of medication use on this residual disease activity and risk of flaring needs to be assessed 
in larger samples. 

Our study now demonstrated that the dynamic characterization of the functional 
properties and heterogeneity of the synovial tissue is a promising predictor of flare. In 
the future, functional imaging biomarkers, such as DCE-MRI, can be combined with serum 
markers or gene profiling data leading to the construction of a predictive model to more 
precisely decide about treatment strategies in any individual patient [2,16]. Such models 
would help to strengthen how to use or stop certain drugs, including the biologicals, in 
JIA patients. 
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aBstract

objectives
To determine whether dynamic contrast-enhanced MRI (DCE-MRI) of the wrist is feasible 
in juvenile idiopathic arthritis (JIA) patients and to describe the differences in DCE-MRI 
measures between JIA patients with clinically active and inactive disease. 

methods
Thirty-two JIA patients with wrist involvement underwent DCE-MRI on an open-bore 1.0T 
scanner and were classified into the “clinically active” (n=27) or “clinically inactive” (n=5). 
DCE-MRI outcome measures included descriptive parameters and the classification into 
time-intensity-curve-shapes (TIC-shapes), which represent the patterns of signal intensity 
change over time. Differences in DCE-MRI outcome measures between active and inactive 
disease were analyzed and correlation with the juvenile arthritis disease activity score 
(JADAS) was determined. 

results
The use of DCE-MRI, including descriptive- and TIC-shape analysis, in JIA patients with 
wrist involvement proved to be technically feasible. The descriptive measures ‘maximum 
enhancement’ and ‘enhancing volume’ differed significantly between clinically active and 
inactive disease (both p=0.019). We observed a higher proportion of quickly-enhancing 
TIC-shapes in active disease, but these differences were not statistically significant, due 
to the relatively small group of inactive patients. TIC-shape 3 and ‘enhancing volume’ 
correlated significantly with JADAS (p=0.009-0.047).

conclusion
This study is the first to show that several parameters of DCE-MRI are different in clinical 
active as compared to inactive disease in the wrist of JIA patients. Higher maximum 
enhancement and enhancing volume suggest active disease. Larger cohorts of JIA 
patients and adequate follow-up are warranted to determine the added value of DCE-MRI 
in the management of the individual patient in daily practice. 
 



89

Dynamic contrast-enhanced MRI of the wrist in patients with JIA

6

IntroductIon

Juvenile idiopathic arthritis (JIA) is an autoimmune disease in children with the synovium 
as the main target tissue for inflammation. Conventional contrast-enhanced magnetic 
resonance imaging (MRI) is the preferred imaging modality for detection and monitoring 
disease activity in JIA patients [1]. In order to depict the synovium as primary disease 
target with non-conventional and more inflammation-specific MRI techniques, dynamic 
contrast-enhanced MRI (DCE-MRI) was proposed in the field of arthritic diseases [1]. DCE-
MRI enables the time-dependent registration of changes in the MR signal of the synovium 
after administration of intravenous contrast-agent. The dynamic enhancement patterns of 
the synovial tissue yield information on the micro-vascularization in the imaged area, while 
the differences in these patterns provide information on the biological heterogeneity of 
the synovium. This can be valuable for both diagnostic and prognostic purposes in the 
management of arthritic disease [2,3]. 

Despite many efforts to unravel MRI of the inflamed wrist, the imaging of this joint remains 
a serious challenge in the field of JIA. Since DCE-MRI uses a different approach as compared 
to conventional contrast-enhanced MRI, this technique might give other valuable 
information by elucidating the of MRI findings in the wrist of JIA patients. Additionally, 
while the wrist is the most affected joint in rheumatoid arthritis, previous studies on DCE-
MRI in the adult wrist provide a good starting point for further evaluation in JIA [2,4-19]. 

DCE-MRI in rheumatic disease comprises a wide variety of methods for image acquisition 
and image analysis (Supplementary File 1). Variation in imaging acquisition includes 
different parameters and type of the DCE-MRI sequence itself. Image analysis varies 
in region of interest (ROI) drawing, movement registration algorithms and outcome 
measures including descriptive, pharmacokinetic and time-intensity-curve-shape (TIC-
shape) DCE-MRI measures. The descriptive outcome measures give information on the 
range and magnitude of the enhancement. The TIC-shape analysis includes a classification 
of the patterns of change in signal intensity over time into different classes [9,20,21]. The 
biggest challenge of performing DCE-MRI in the wrist in children lies in the difficulty to 
obtain motionless data: in a standard cylindrical scanner children need to lie in a difficult 
position (with hands up) without moving them for about 7 minutes,

While different methods can be used for drawing the ROI, two methods are generally used 
to analyze the DCE-MRI outcome measures within the chosen ROI: in the first, an averaged 
TIC-shape is extracted from the whole ROI; in the second a pixel-by-pixel analysis produces 
an individual value for each pixel within the ROI. 
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Based on our experience with DCE-MRI in the knee of JIA patients and RA patients, we 
aimed to perform a comprehensive feasibility evaluation of DCE-MRI in the wrist of JIA 
patients using a descriptive- and TIC-shape analysis including movement registration, 
and analyzing the difference between active and inactive patients [22-24]. Based on 
these studies, a difference was expected between the two clinical subgroups, with a 
more aggressive dynamic enhancement pattern in active disease (e.g. higher maximal 
enhancement or rapid in- and outflow of contrast due to high vascularisation). The 
objectives of this study were to determine whether DCE-MRI of the wrist is feasible in JIA 
patients and to describe the differences in DCE-MRI measures between JIA patients with 
clinically active and inactive disease. 

methods

patients
In the period from March 2012 and July 2013, 32 consecutive JIA patients were prospectively 
included. Patients were recruited from one of three tertiary outpatient clinics. Institutional 
review board (IRB) approval was obtained and informed consent was acquired from all 
parents, as well as from patients above 12 years of age. Three sets of criteria were used for 
the classification of the patients: diagnosis of the JIA subtype was made based on the ILAR 
criteria, binary classification of disease activity was made based on the Wallace criteria and 
a quantification on a continuous scale of disease activity was performed by means of the 
Juvenile Arthritis Disease Activity Score (JADAS). 

Patients were divided into a clinically active or clinically inactive disease group following 
the Wallace criteria [25]. The active disease group was further divided in ‘new-active’ and 
‘relapse-active’ for a subgroup analysis. The ‘new-active’ group consisted of patients who 
presented with newly developed arthritis, suspected for or diagnosed with JIA following 
the International League of Associations for Rheumatology (ILAR) criteria [26]. This clinical 
subgroup had not yet received any medication, except for non-steroidal anti-inflammatory 
drugs. The ‘relapse-active’ group consisted of patients who were diagnosed with JIA with 
a relapse of active arthritis after a period of clinical remission. Exclusion criteria were a 
history of intra-articular corticosteroid injection within the last 6 months, the need for 
anesthesia during the MRI examination and general contraindications for MRI. 

clinical assessment
Clinical assessment was performed by one of the experienced pediatric rheumatologists 
(DSM, KD, JMvdB, MvR) at the moment when the MRI request was submitted. The clinical 
assessment consisted of a 67 active joint count defining presence of swelling, pain on 
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motion/tenderness and limited range of motion. Visual analogue scales (100 mm) were 
used for the physician’s global assessment of overall disease activity, patient’s global 
assessment of overall well-being and an patient’s pain assessment. The childhood health 
assessment questionnaire (CHAQ) was used for evaluation of functional abilities of the 
patients. Laboratory tests included erythrocyte sedimentation rate (ESR) and C-reactive 
protein (CRP) level. Clinical disease activity was reflected as a continuous variable by the 
JADAS, which ranges from 0-40 and is calculated by the sum of the following clinical 
variables: the physician and parent/patient global assessment of disease activity (both 
ranging from 0-10), reduced 10-active joint count and a normalized value of ESR to a 0-10 
scale [27].

mrI protocol
MRI was performed using an open-bore 1.0 Tesla MRI scanner (Panorama HFO, Philips 
Medical Systems, Best, The Netherlands) and a Sense wrist coil (Philips Medical Systems, 
Best, The Netherlands, 3 channels) with the child in supine position with the arm along the 
side of the body [28]. No sedation was used. The clinically most affected wrist (present or 
previous) was imaged. The standard MRI protocol for the JIA wrist included the following 
sequences: before injection of intravenous contrast a coronal short-tau inversion recovery 
(STIR) sequence, coronal T1-weighted sequence, axial T1-weighted sequence and axial T2-
weighted sequence with fat saturation. After the DCE-MRI (performed during injection 
of intravenous contrast agent), a coronal T1-weighted sequence and axial T1-weighted 
sequence with fat saturation were performed [29]. The DCE-MRI sequence was a three-
dimensional T1-weighted fast field echo dynamic sequence, consisting of 28 dynamic 
scans and 31 slices per scan, with a temporal resolution of 15.5 seconds. Furthermore, 
the DCE-MRI sequence had an in-plane field of view of 80 x 100 mm, slice thickness was 
1.5mm, voxel size 1.0 x 1.0 mm, repetition time (TR) of 9.9 ms, and an echo time (TE) of 
6.9 ms. After 3 dynamic scans, intravenous contrast (0.1 mmol/kg bodyweight of Gadovist, 
Bayer Schering Pharma, Berlin Germany) followed by 15 mL saline solution was injected 
through a 22-gauge needle with an injection speed of 3 mL per second by an automated 
injection device (Medrad,Warrendale, PA, USA). 

dce-mrI analysis
Matlab (Mathworks, Natick, Mass, USA) was used for registration, drawing of ROI’s and 
extraction of the DCE-MRI parameters. We performed non-rigid registration of all dynamic 
volumes to correct for possible small, residual movements of the wrist. The dynamic with 
the lowest accumulative L2-norm with respect to all dynamics within the subset was 
chosen as reference. We adopted a Discrete Cosine Transformation model [30] with two 
subsequent cut-off bases of 50 and 25 mm to allow for global and local convergence. 
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A large anatomy-based ROI was manually drawn on the axial maximal enhancement 
maps by a radiology trainee (3 years of experience), while using the axial post-contrast T1-
weighted DCE image as a reference. The ROI was drawn to exclude visible vessels, tendons 
and the epiphysis of the radius and ulna (example shown in Figure 1). The 3 most proximal 
and 3 most distal slices of the DCE-MRI suffered from fold-over artifacts, and were therefore 
excluded from the analysis. To maintain a consistent field of view in every patient, the 
twenty slices distal to the last slice on which the ulna appeared were considered suitable 
for analysis of DCE-MRI. 

Figure 1 | Example of a manually drawn ROI (white line) on the maximal enhancement map. The 
arrows indicate the arteries and vessels which have not been included in the ROI. A high spatial 
resolution T1-weighted image with fat saturation after IV contrast administration is added for 
anatomical reference.

The DCE-MR images were analyzed with an in-house developed software program 
(Dynamo), running on Matlab [31]. Outcome measures of Dynamo were divided in time-
intensity-curve TIC-shapes and descriptive measures. TIC-shapes are a visualization of 
the change in signal intensity per voxel over time. Although TIC-shapes do not provide 
quantitative measures, they give an indication of tissue characteristics such as degree 
of vascularization, tissue viability, perfusion and volume of the interstitial space. Every 
voxel is classified independently in one of the following seven TIC-shapes with unique 
colors: non-enhancing (1, grey), slow enhancing (2, green), fast enhancing followed by 
either a plateau phase (3, blue), washout phase (4, purple) or gradual increase (5, yellow), 
arterial patterns (6, red) and undefined (7, white) (Figure 2). The classification algorithm is 
described in Ref [20]. The TIC-shapes were then analyzed based on their relative amount 
in the drawn ROI: a relative number of every TIC-shape was calculated by dividing the 
absolute number of a TIC-shape type through the absolute total number of TIC-shapes 2-7. 
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Only TIC-shapes 2-5 were used for statistical analysis, because TIC-shape 1, 6 and 7 are not 
relevant for disease activity in JIA. 

 

 

  
Figure 2 | Explanation of the TIC-shapes and their color coding.

Descriptive measures included the median value of maximum enhancement (ME, 
maximum enhancement of all enhancing voxels with TIC-shape type 2-7), median 
maximum initial slope (MIS, maximum slope of increase of all enhancing voxels with TIC 
shape 2-7), median initial area under the curve (iAUC, area under the enhancement curve 
between start of injection and 90 seconds after injection) and the enhancing volume (EV, 
total volume in millimeters of all enhancing voxels with TIC-shapes 2-7). 

statistical analysis
Descriptive statistics were reported in terms of percentages means, medians, standard 
deviations, and interquartile ranges. Normality plots were used to assess the normal 
distribution of the data. The Mann-Whitney U test was used to assess differences between 
clinical subgroups. A p-value <0.05 was considered statistically significant. A Spearman’s 
rho correlation coefficient was used to assess the association between JADAS and DCE-
MRI measures. All statistical analyses were performed using SPSS version 20.0 (IBM SPSS, 
Chicago, ILL, USA). 
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results

patients
Thirty-two patients between 8 and 18 years old with JIA were prospectively included. 
The JIA subtypes were as follows: 6 (19%) persistent oligoarthritis, 4 (13%) extended 
oligoarthritis, 15 (47%) polyarthritis rheumatoid factor negative, 2 (6%) polyarticular 
rheumatoid factor positive, 2 (6%) psoriatic arthritis, 2 (6%) enthesitis-related arthritis, 
1 (3%) undifferentiated arthritis. The clinical characteristics of the patients divided per 
subgroup are summarized in Table 1. 

table 1 | Clinical characteristics of 32 juvenile idiopathic arthritis patientsa.

active (n=27) Inactive (n=5)

Female, % 74.1 60

Age at MRI, mean years (SD) 13.0 (2.6) 15.2 (1.1)

Disease duration at MRI, years 2.3 (1.4-6.5) 6.5 (2.7-9.6)

Number of actively inflamed joints 3 (1-5) 0 (0)

Number of joints with LOM 2 (1-4) 1 (0-2)

Physician’s global VAS, mm 23 (12-38) 0 (0-0)

Patient’s overall well-being VAS, mm 40 (5-60) 0 (0-16)

Patient’s pain VAS, mm 44 (6-71) 0 (0-2)

CHAQ 1.00 (0.25-1.375) 0.375 (0-0.5)

JADAS-10 8 (6-16) 0 (0-2)

ESR, mm/h 6.5 (4.3-26.3) 3.5 (2.0-5.0)

CRP, mg/L 1.5 (0.3-7.0) 0.3 (0.3-0.9)

CHAQ = childhood health assessment questionnaire; CRP = C-reactive protein; ESR = erythrocyte sedimentation rate; 
JADAS = juvenile arthritis disease activity score; LOM = limitation of movement; MRI = magnetic resonance imaging; 
VAS = visual analogue scale. 
a Unless indicated otherwise, values are given as the median (interquartile range)

dce-mrI
The movement registration was successful due to improvement of image quality. Drawing 
of the ROIs was relatively quick (i.e. within 5 minutes per patient) performed in all DCE-MRI 
wrist datasets. 
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Figure 5 | The difference between a clinically active (8-year old boy) and inactive (13-year old girl) JIA 
patient visualized on maximal enhancement map (upper images), TIC-shape maps (middle images), 
and T1-weighted DCE-maps (lower images). The colors of the TIC-shapes correspond with the TIC-
shapes as mentioned in Figure 2. 

Two different types of outcome measures of the DCE-MRI (descriptive and TIC-shape) 
were used to analyze differences between the clinical subgroups. Amongst the descriptive 
measures, ME and EV differed significantly between the active and inactive group (both 
p=0.019). MIS and iAUC did not show any statistical significant differences between active 
and inactive patients (Figure 3), but iAUC showed a trend towards higher numbers in the 
active patients. 
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The relative number of TIC-shape 2 was higher in patients with inactive disease, however 
this difference was not statistically significant (p=0.150). The patients with active disease 
showed higher relative numbers of TIC-shape 3 and 4 compared to the inactive patients, 
but did not reach statistical significance (p=0.310 and p=0.166). No difference between 
active and inactive patients was found with respect to the relative number of TIC-shape 5 
(Figure 4). 

Subgroup analysis within the active disease group, showed no difference in any of the 
DCE-MRI measures between the ‘new-active’ and ‘relapse-active’ patients (p-values ranging 
between 0.114-0.943). However, all five patients with a number of voxels classified as TIC-
shape 3 above the upper limit of the interquartile range (more than 5% of all enhancing 
pixels), were ‘relapse-active’ patients with flares of the disease during clinical follow-up 
(Figure 5). This may serve as a marker to indicate a different disease course compared with 
the remainder of the JIA patients. 

EV and relative number of TIC-shape 3 were the DCE-MRI measures that correlated 
significantly with the clinical disease activity as reflected by JADAS (Table 2). 

table 2 | Spearman correlation of the DCE-MRI measures with JADAS-40 in 32 JIA patients

rho p-value

ME 0.372 0.052

EV 0.484 0.009*

iAUC 0.326 0.090

MIS 0.053 0.788

TIC-shape 2 -0.089 0.652

TIC-shape 3 0.379 0.047*

TIC-shape 4 0.249 0.202

TIC-shape 5 -0.178 0.364

* statistically significant with p< 0.05 
EV = enhancing volume; iAUC = initial area under the curve; JADAS = juvenile arthritis disease activity score; ME = maximal 
enhancement; MIS = maximal initial slope; TIC-shape = time intensity curve shape.

dIscussIon

In the current study, we found that DCE-MRI with movement registration on an open-
bore 1.0T MRI scanner was technically feasible in JIA patients with wrist involvement. 
The descriptive DCE-MRI parameters for maximum enhancement (ME) and enhancing 
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volume (EV) differed significantly between JIA patients with clinically active and inactive 
disease. With respect to the TIC-shapes, the expected aggressive enhancement patterns 
(higher relative number of TIC-shape 3 and 4) in patients with active disease was detected. 
However, no statistical significance was reached due to a lack of statistical power. On 
the other hand, the clinical JADAS score correlated significantly with TIC-shape 3 and 
EV. Furthermore, all patients with a high number of voxels classified as TIC-shape 3 were 
relapse-active patients, which may therefore be a potentially interesting radiological 
biomarker for a subgroup of patients who may need intensified treatment.
In 2010, the first step towards the use of DCE-MRI of JIA patients was made through the 
assessment of its reliability and construct validity in a pilot study of 12 patients with wrist 
involvement [12]. The current study adds to the previous work by describing the differences 
in DCE-MRI measures in two clinical subgroups of JIA patients with wrist, adding TIC-shape 
analysis to the outcome measures and performing movement registration to improve 
image quality. Although the hypothesized differences in TIC-shapes between clinically 
active and inactive disease were not significant, the more aggressive enhancement 
patterns were all observed in patients with active disease. By aggressive enhancement 
patterns we refer to TIC-shapes 3 and 4, as these have a quickly enhancing curve in the 
early phase, which is indicative of high vascularization. The correlation of these TIC-shapes 
with more aggressive disease have been previously described in RA [22-24]. Furthermore, 
as was also formerly shown in previous studies in the RA wrist and JIA knee, differences in 
the descriptive measures of DCE-MRI (in this study ME and EV) distinguished active from 
inactive disease [7,13,22]. 

Another finding of importance is concerning the cut-off value above the relative number 
of 0.05 (or above the upper limit of the interquartile range), which enabled us to identify 
relapse-active patients. This finding implicates that relapse of JIA in individual patients can 
be recognized based on their relative amount of voxels classified as TIC-shape 3. Although 
this needs further elaboration and confirmation in larger patient cohorts, this could be 
of great help in identifying a subgroup of patients in need of more intensified treatment. 
Since previous studies have shown extensive erosive disease of the wrist with a more 
severe disease or recurrent flares, our findings may contribute to protect these children 
from progressive joint damage of the wrist [32,33].

Besides the predictive abilities of TIC-shape 3, its potential relevance in JIA patients with 
wrist involvement was further underlined by the correlation with JADAS as a measure for 
disease activity. Although the correlation reached statistical significance, the coefficient 
for this correlation was relatively low. On the other hand, correlations between clinical 
measures and MRI are not expected to be very high, as both entities are considered more 
complementary instead of similar. 
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Feasibility of the chosen method for image acquisition and analysis in the current study 
proved to be good. First, the movement registration algorithms visibly improved the image 
quality by correcting for possible movement artefacts. The risk of motion artefacts was 
also reduced by a relatively comfortable position for patients in our center undergoing 
MRI of the wrist in an open-bore 1.0T magnet with the arm along the side of the body. 
Some other MRI systems might suffer from more motion artefacts, due to the required 
artefact-prone ‘superman-like’ position. In this case the movement registration algorithms 
would be even more valuable.

Another important aspect of image interpretation is the method for determining the 
ROI. As shown in Supplementary File 1, there are four ways to interpret data from a ROI: 
(1) automated versus manual drawing, (2) a standardized shape (e.g. circle) or a shape 
based on anatomy, (3) ROI drawing on a selection of slices versus on all slices, and (4) ROI 
drawing on standard or dynamic MRI sequences. With respect to the first choice, one could 
state that an automated determination of ROI would be preferred above manual drawing, 
because it eliminates the time-consuming aspect as major disadvantage. However, a good, 
widely applicable and fully automated method for determination of the ROI needs to be 
developed. The other choices concern the shape of the ROI, the number (e.g. one or all 
slices) and type (e.g. ME or T1-weighted) of slices that the ROI should be drawn on. Based 
on recommendations of recent studies, the most objective and realistic representation of 
inflamed synovium is acquired through an anatomy-based ROI covering the entire volume 
of enhancing synovium and excluding large vessels and tendons [5,10]. The underlying 
hypothesis for this choice assumes that every small rim of enhancing synovium will be 
included, large vessels meaningless for determination of disease activity are eliminated 
and the ossification centers in the small bones of the wrist will not enhance because 
the carpalia are matured from the age of 8 [34]. A drawing on either the post-contrast 
T1-weighted sequence or on the ME map as performed in the current study will allow 
adequate delineation of the vessels. 

This study is limited by the unequally divided clinical subgroups. Very few inactive patients 
with previous wrist involvement had a clinical indication for MRI in our patient clinics, 
which lead to a low number of inactive patients in our study and therefore underpowered 
statistical analysis. This equal distribution of subgroups deserves attention in future studies. 
In this study we did not perform quantification with Pharmacokinetic (PK) modelling. In 
an earlier publication we did that in patients with affected joints, but it did not lead to 
significant differences in the PK parameters (Ktrans, ve) between patient groups [22]. 
Moreover, performing PK modelling in the wrist is even more challenging, because of the 
need to register the T1 maps to the DCE-MRI scans and because of the lower SNR due to 
the smaller pixels, and might result in significant errors.
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In summary this study indicates that DCE-MRI in the wrist of JIA patients is feasible, that 
parameters of DCE-MRI are different in clinically active versus inactive disease in the wrist 
of JIA patients and that DCE-MRI may be of helpful to identify patients with an aggressive 
disease course in need of intensified treatment. Further implementation of DCE-MRI in 
clinical practice requires investigation of the possibilities of automated post-processing of 
the images, as well as the assessment of the added value for the individual JIA patient with 
respect to treatment and clinical course. This can be achieved by determining whether 
DCE-MRI is for example predictive of therapy response or long-term outcome. 
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aBstract 

Introduction
Chronic inflammation combined with glucocorticoid treatment and immobilization puts 
juvenile idiopathic arthritis (JIA) patients at risk of impaired growth and reduced bone 
mineral density (BMD). Conventional methods for evaluating bone age and BMD are 
time-consuming or come with additional costs and radiation exposure. In addition, an 
automated measurement of bone age and BMD is likely to be more consistent than visual 
evaluation. In this study, we aimed to evaluate the feasibility of an automated method for 
determination of bone age and (cortical) bone mineral density (cBMD) in severely affected 
JIA patients. A secondary objective was to describe bone age and cBMD in this specific JIA 
population eligible for biologic treatment.

methods
In total, 69 patients with standard hand radiographs at the start of etanercept treatment 
and of calendar age within the reliability ranges (2.5 to 17 years for boys and 2 to 15 years 
for girls) were extracted from the Dutch Arthritis and Biologicals in Children register. 
Radiographs were analyzed using the BoneXpert method, thus automatically determining 
bone age and cBMD expressed as bone health index (BHI). Agreement between 
measurements of the left- and right-hand radiographs and a repeated measurement of 
the left hand were assessed with the intraclass correlation coefficient (ICC). Regression 
analysis was used to identify variables associated with Z-scores of bone age and BHI.

results
The BoneXpert method was reliable in the evaluation of radiographs of 67 patients 
(radiographs of 2 patients were rejected because of poor image quality). Agreement 
between left- and right-hand radiographs (ICC=0.838 to 0.996) and repeated 
measurements (ICC = 0.999 to 1.000) was good. Mean Z-scores of bone age (-0.36, P=0.051) 
and BHI (-0.85, P < 0.001) were lower compared to the healthy population. Glucocorticoid 
use was associated with delayed bone age (0.79 standard deviation (SD), P=0.028), and 
male gender was associated with a lower Z-score of BHI (0.65 SD, P=0.021).

conclusions
BoneXpert is an easy-to-use method for assessing bone age and cBMD in patients with 
JIA, provided that radiographs are of reasonable quality and patients’ bone age lies within 
the age ranges of the program. The population investigated had delayed bone maturation 
and lower cBMD than healthy children.
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IntroductIon

Chronic inflammatory diseases such as juvenile idiopathic arthritis (JIA) can influence 
bone development. Continuous exposure to inflammatory cytokines together with 
glucocorticoid therapy affects bone formation. This combined with decreased physical 
activity and pubertal delay puts JIA patients at risk of impaired growth and reduced bone 
mineral density (BMD) [1,2]. The pediatric rheumatologist needs to be aware of both the 
bone age and the BMD of JIA patients in order to take this into account in choosing the 
best therapy.

The assessment of bone age is usually made using the Greulich and Pyle atlas [3]. Dual-
energy X-ray absorptiometry (DXA) is the most commonly used method of assessing BMD 
[4]. Recently, BoneXpert was developed, bringing back the use of radiogrammetry, one of 
the oldest methods for assessing BMD [5]. This new digital X-ray radiogrammetry (DXR) 
method combines the assessment of bone age with a radiogrammetric measurement of 
(cortical) BMD (cBMD) of the second to fourth metacarpal joints. The cBMD is expressed 
by BoneXpert as a Bone Health Index (BHI), in which cBMD is corrected for size. The 
BoneXpert method makes use of conventional radiographs of the hand, thereby making 
it attractive for pediatric use, because of its simple application, relatively low costs [6]) 
and lower effective radiation dose compared with other methods. Normative data are 
available because the method was validated in a healthy pediatric population [7,8]. The 
application has not been tested in JIA patients, in whom long-standing inflammation of 
the wrist can lead to growth abnormalities and destruction of the bone, thereby possibly 
complicating the assessment of bone age and bone health. Utilization of the Dutch 
Arthritis and Biologicals in Children (ABC) register provides a unique way to evaluate this 
method in a severely affected JIA population, eligible for biologic treatment.

Our objective in this study was to evaluate the feasibility of an automated method for 
the determination of bone age and cBMD in severely affected JIA patients. A secondary 
objective was to describe bone age and cBMD in this specific JIA population eligible for 
biologic therapy.

methods

patient selection
Patients from two centers participating in the Dutch ABC register who were prospectively 
enrolled between 1999 and 2012 were eligible for this study. Biologic-naïve patients were 
selected, starting etanercept, of whom a standard radiograph of both hands and wrist 
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in the posteroanterior view was made at the start of treatment (that is, 1 year before to 
3 months after starting etanercept). The participants’ calendar age had to be within the 
reliability range of the BoneXpert method (that is, 2.5 to 17 years for boys and 2 to 15 years 
for girls). Ultimately, the radiographs of 69 patients were eligible for automatic analysis by 
BoneXpert. A flowchart of the patient selection is provided in Additional file 1.

clinical data collection
The ABC register, a multicenter, prospective, observational study, aimed to include all 
children diagnosed with JIA in whom biologic treatment was being initiated. Informed 
consent was obtained from all patients older than 12 years of age, in addition to the parents 
or guardians of all patients younger than 16 years of age. The study protocol was centrally 
approved by the Medical Ethics Committee of the Erasmus MC, and local permission 
was obtained from the ethical bodies in the two other participating hospitals (Academic 
Medical Center and Reade). From the ABC register, patient and disease characteristics 
were collected at baseline, including data on disease activity from the following sources: 
physician’s global assessment of disease activity on a visual analogue scale (VAS) (range 
from 0 to 10 cm, with 0 being the best score); Childhood Health Assessment Questionnaire 
(CHAQ) (range from 0 to 3, with 0 being the best score) by patients and/or their parents, 
including global assessment of well-being and pain on a VAS (range from 0 to 10 cm, 
with 0 being the best score); number of joints with active arthritis and joints with limited 
motion; and erythrocyte sedimentation rate (ESR). Using these variables, the Juvenile 
Arthritis Disease Activity Score in 10 active joints (JADAS-10) was calculated. The scale 
from 0 to 40 represents the simple linear sum of the scores of the physician and parent 
and/or patient global assessment, an active joint count (up to 10 joints) and a normalized 
value of ESR to a 0 to 10 scale [9]. 

Image analysis
The standalone Windows product of BoneXpert (BoneXpert, Version 2.1.0.12, Visiana, 
Holte, Denmark) was used to analyze the hand radiographs. BoneXpert automatically 
generates the following outcome variables: (calendar) age, bone age based on Greulich 
and Pyle, Z-scores of bone age (compared with a healthy reference population) [10], 
BHI and Z-scores of BHI [5]. BHI is based on the cortical thickness (T) of the three middle 
metacarpals. In the construction of BHI, metacarpal width (W) and length (L) are also 
incorporated to compensate for the high variation in stature of growing children, as 
expressed in the following formula [5]:

 BHI = π T (1 − T/W) / (LW)0.33
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The radiographs included the complete hand and wrist joints of both the left and right 
sides. All images were collected as a DICOM files from three different centers. If the 
radiographs were available only on conventional films, they were digitized with a Sierra 
Plus scanner (VIDAR Systems, Herndon, VA, USA) and converted to a 300-dpi DICOM file. 
During the analytical process in BoneXpert, possible error messages were noted. The left-
hand radiograph was uploaded and analyzed in BoneXpert a second time in order to be 
able to determine its test-retest reliability.

statistical analysis
Descriptive statistics are reported in terms of absolute numbers, median and interquartile 
range (IQR) or mean and standard deviation (SD). The single measure intraclass correlation 
coefficient (ICC) and Bland-Altman plots were used to determine the agreement of the 
outcome variables of the BoneXpert method. To determine whether the Z-score of bone 
age and the Z-score of BHI were different from those in the healthy population, a one 
sample t-test was used. Univariate linear regression analysis was performed to identify 
variables associated with the Z-score of bone age and the Z-score of BHI. Because of the 
small sample size, only a limited number of variables could be tested. The prespecified 
variables entered into the univariate model were age, sex, JADAS-10, disease duration 
and use of systemic glucocorticoids, defined as ‘ever use’ or ‘never use’. All analyses were 
performed with SPSS version 20 software (SPSS, Chicago, IL, USA).

results

Feasibility
A standard hand radiograph of both hands was available for 69 patients starting 
etanercept treatment. The calculations of bone age and BMD by BoneXpert took a few 
seconds. BoneXpert rejected the radiographs of two patients because of poor image 
quality, resulting in available BoneXpert outcomes of 67 patients. In three patients, an 
error message indicating uncertainty of bone age was given by BoneXpert; these patients 
had calendar ages within the BoneXpert age ranges (2.5 to 17 years for boys and 2 to 
15 years for girls), but their bone age came out of the analysis to be outside these age 
ranges, resulting in an error message. However, BoneXpert produced all outcome variables 
in these three patients, except for a missing Z-score of BHI in one patient.

The ICC of the agreement of all outcome variables between the left and right hand 
radiographs varied from 0.838 to 0.996. Bland-Altman plots of the agreement between 
left- and right-hand radiographs are provided in Additional File 2. The ICC of the agreement 
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of repeated measurements of all left-hand radiographs on Z-scores of bone age and BHI 
varied from 0.999 to 1.000.

table 1 | Patient and disease characteristics at start of etanercept therapy.

Baseline characteristics n = 67

Female, n (%) 36 (54)

Age at onset JIA in years, mean (±SD) 8.5 (±3.8)

Age at start etanercept in years, mean (±SD) 11.0 (±3.1)

JIA disease duration before start etanercept in years, median (IQR) 1.8 (1.1-3.8)

ANA positive, n (%) 14 (21)

Category JIA, n (%)

Systemic JIA 4 (6)

Polyarticular RF negative 27 (40)

Polyarticular RF positive 9 (13)

Oligoarticular extended 18 (27)

Psoriatic arthritis 5 (8)

Enthesitis-related arthritis 4 (6)

Previously used medications, n (%)

Systemic prednisone 32 (48)

Methotrexate 66 (99)

DMARD other than MTX 14 (21)

Concomitant co-medication at start biological, n (%)

Systemic prednisone 26 (39)

Methotrexate 64 (96)

DMARD other than MTX 2 (3)

Disease activity parameters at baseline, median (IQR)

Physician-rated VAS (0 to 10 cm; best score = 0) 6.5 (5.0-7.4)

CHAQ total (0 to 3; best score = 0) 1.50 (0.90-2.10)

VAS pain (0 to 10 cm; best score = 0) 6.3 (2.4-7.7)

VAS well-being (0 to 10 cm; best score = 0) 6.1 (3.2-7.4)

Active joints 11 (7-18)

Limited joints 6 (3-13)

ESR 11 (5-29)

JADAS-10 (0 to 40), mean (±SD) 21 (±5)

Ever hand or wrist involvement, n (%) 64 (96)

Z-score of BA, mean (±SD) -0.36 (±1.44)

Z-score of BHI, mean (±SD) -0.85 (±1.15)*

* significantly different from 0 at the P < 0.05 level.
ANA = Antinuclear antibody; BA = Bone age; BHI = Bone Health Index; CHAQ = Child Health Assessment Questionnaire; 
DMARD = Disease-modifying antirheumatic drug; ESR = Erythrocyte sedimentation rate; JADAS = Juvenile Arthritis Disease 
Activity Score; JIA = Juvenile idiopathic arthritis; MTX = Methotrexate; RF = Rheumatoid factor; VAS = Visual analogue scale; 
Z-score = Standard deviation compared with healthy population.
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patient and disease characteristics
Patient and disease characteristics of the 67 patients who could be evaluated with 
BoneXpert are presented in Table 1. Disease activity of these patients was moderate to 
severe at the time the hand radiographs were made (mean JADAS-10 score = 21±5).

Bone maturation was delayed compared with the normal population, but not significantly 
(mean Z-score of bone age = -0.36 (±1.44), P = 0.051). Bone maturation was greatly 
impaired (below −2 standard deviations (SD)) in eight patients, and three patients had 
highly accelerated bone maturation (above +2 SD). The mean Z-score of bone age was 
strongly influenced by one patient with a very high bone age (+5 SD), who had long-
standing severe polyarticular enthesitis-related arthritis. When this patient was left out 
of the analysis, the mean bone maturation of the remaining patients was significantly 
delayed (mean Z-score of bone age = -0.45 (±1.28), P = 0.008). Compared with the normal 
population, the cBMD was lower (mean Z-score of BHI = -0.85 (±1.15), P < 0.001). Ten 
patients had a Z-score of BHI less than -2 SD.

regression analysis
A univariate linear regression analysis of bone age and BHI was performed to investigate 
which variables were associated with the Z-score of bone age and the Z-score of BHI 
(Tables 2 and 3). Glucocorticoid use was associated with a lower Z-score of bone age 
(0.79 SD, P = 0.028). Only male gender was significantly associated with the Z-score of BHI; 
being a boy lowered the Z-score of BHI of 0.65 points (P = 0.021).

table 2 | Univariate regression coefficients of baseline variables with Z-scores of bone age.

Baseline variable estimated β 95% cI P-value

Age 0.024 -0.116 to 0.164 0.736

Male gender -0.190 -0.921 to 0.541 0.605

Disease duration -0.030 -0.184 to 0.123 0.694

CHAQ -0.021 -0.577 to 0.534 0.940

JADAS-10 0.008 -0.065 to 0.081 0.830

Ever use of systemic glucocorticoids -0.790 -1.492 to -0.088 0.028

CHAQ = Child Health Assessment Questionnaire; JADAS = Juvenile Arthritis Disease Activity Score; Z-score = Standard 
deviation score compared with healthy population.
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table 3 | Univariate regression coefficients of baseline variables with the Z-score of Bone Health 
Index.

Baseline variable estimated β 95% cI P-value

Age 0.067 -0.024 to 0.159 0.147

Male gender -0.649 -1.197 to -0.102 0.021

Disease duration 0.040 -0.080 to 0.160 0.505

CHAQ 0.008 -0.420 to 0.436 0.971

JADAS-10 -0.036 -0.094 to 0.023 0.224

Ever use of systemic glucocorticoids -0.340 -0.904 to 0.224 0.233

CHAQ = Child Health Assessment Questionnaire; JADAS = Juvenile Arthritis Disease Activity Score; Z-score = Standard 
deviation score compared with healthy population.

dIscussIon

Application of the BoneXpert automated method for assessing bone age and cBMD in 
JIA patients proved to be feasible. Its use was easy and fast, and the program rejected 
few radiographs. The Z-scores of bone age and BHI were found to be impaired in the 
population of JIA patients evaluated in this study, compared with a healthy population. 

In addition to its validation in a healthy pediatric population [7,8], bone age measurement 
using BoneXpert has been evaluated in pediatric patients of short stature, children with 
precocious puberty and patients with congenital adrenal hyperplasia [11-13]. In these 
patient groups, in whom bone maturation is likely to be affected, the BoneXpert bone 
measurement proved feasible. We had anticipated a higher number of rejections by 
the BoneXpert program relating to growth abnormalities, periarticular abnormalities 
and deviation of bone age commonly found in severely affected JIA patients [14-17]. 
Unexpectedly, BoneXpert rejected no radiographs because of these abnormalities. 
Besides the two rejections due to poor image quality, only one radiograph with extremely 
accelerated bone maturation resulted in absence of a Z-score of BHI. The low rejection rate 
is advantageous: however, one has to take into account that patients outside of the age 
ranges of the program had to be excluded, who were composed mostly of older patients 
(older than 15 years of age for girls and older than age 17 years for boys). For follow-up of 
patients, it would be useful if a BHI reference existed for children who have reached skeletal 
maturity. Besides a low rejection rate, the method also showed a very good agreement 
between left- and right-hand assessment and two repeated measurements of the left hand 
radiograph. The excellent agreement of the repeated measurement of one radiograph is 
to be expected, whereas BoneXpert is an automated computer technique. Other methods 
used to determine reliability, such as analysis of two radiographs of the same hand of the 
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same patient at one time point, could not be performed, because these radiographs were 
not available. Bone maturation and cBMD were found to be impaired, as was expected for 
this group of JIA patients [1,2,17]. A regression analysis showed that delayed bone age was 
associated with glucocorticoid use and that lower BHI was associated with male gender. 
The association between delayed bone age and glucocorticoid use was not unexpected, 
as numerous studies have shown that glucocorticoid use may slow longitudinal bone 
growth and growth plate senescence [18,19]. In other earlier studies not only bone age 
but also impaired BMD has been associated with the use of glucocorticoids [1,20,21]. 
In the present study, this was not the case; the only variable in the regression analysis 
significantly associated with cBMD was male gender. The lack of association between 
glucocorticoid use and cBMD could be due to the broad definition of glucocorticoid use 
(that is cumulative dose was not taken into account) and the relatively small size of our 
study population. On the other hand, several randomized trials in adults with rheumatoid 
arthritis have shown that glucocorticoids can decelerate the loss of hand BMD [22,23]. 
Although rheumatoid arthritis and JIA are two different entities, a similar protective effect 
of glucocorticoids on hand BMD may have played a role in our population. The association 
with male gender is less easy to interpret. It was previously shown that differences exist 
between healthy boys and girls in BMD of the forearm, with boys having higher BMD of the 
forearm than girls [24]. This difference is not associated with body mass index, but is likely 
to be associated with other factors. The same group also found an association between 
physical activity and BMD of the forearm, combined with the finding that boys are more 
physically active than girls [25]. The difference in BHI between boys and girls in the current 
studies might therefore be explained by low physical activity due to disease activity and by 
boys being relatively less physically active compared to their healthy peers than girls. The 
link between physical activity and lower cortical thickness of the forearm was also hinted 
at in a study in pediatric Crohn’s disease patients. In that study, a lower cortical thickness 
was also found in boys, which improved with treatment, possibly because patients also 
increased their daily physical activities with their response to treatment [26]. 

The BoneXpert method is used to measure bone age and BHI. With respect to bone age, 
the method can be considered feasible for future use in multicenter or longitudinal follow-
up studies in JIA patients, because of its easy use, high precision and small differences 
between left- and right-hand radiographs [8]. Besides its application in research, the 
BoneXpert method can also potentially be of use in clinical practice. The automatic 
determination of bone age and cBMD is less costly than other methods and time-saving 
for both pediatric rheumatologists and -radiologists. Moreover, only one hand -either 
right or left- needs to be analyzed, which increases the feasibility of use in daily practice 
(unless there is an extreme clinical discrepancy between left and right). 
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The other major outcome variable, the BHI, needs more validation studies before it can be 
used in research and clinical practice. The DXR method for the assessment of cBMD, used 
by BoneXpert, has been compared to DXA in several patient groups, including patients 
with inflammatory bowel disease [27]. In these patients, the correlation between DXR 
and DXA was found to be moderate to good. In JIA patients, however, cBMD of the hand 
may be influenced by local inflammation, possibly resulting in a lower correlation with 
generalized BMD, as shown in adult patients with rheumatoid arthritis [28]. If BHI can be 
used as a proxy for generalized BMD in JIA patients, further validation in this population 
is needed, including a comparison with other BMD measurement techniques. This is 
complicated by the fact that there are different methods used to determine BMD without 
consensus on the gold standard, although DXA is the most widely utilized technique. 

limitations
This study is limited by its observational design and the very specific population derived 
from the ABC register. These factors introduce a selection bias, which limits generalization 
to the full JIA population. However, patients included in the ABC register are considered to 
be the most severely affected patients because of their eligibility for biologic treatment: 
therefore, these patients are most likely to have structural bone damage. It can be assumed 
that if the BoneXpert method can be applied in these patients, it can be used in all JIA 
patients. Most radiographs used in this study were digital: however, some conventional 
radiographs were included. BoneXpert works less well with these digitized images, as 
demonstrated by the two radiographs that were rejected by the program. Given the 
widespread use of digital radiology throughout Europe this will not be a problem in future 
studies.

conclusIons

To our knowledge, this study is the first in which the BoneXpert automated determination 
of bone age and cBMD has been evaluated in JIA patients. The method proved feasible 
and easy to use, even in severely affected JIA patients, provided that radiographs were of 
reasonable quality and patients were within the age ranges of the BoneXpert program. 
This method can be implemented in clinical practice for the determination of bone age 
in JIA patients. It needs further validation for the determination of bone health, including 
comparison with existing methods for the determination of BMD.
 



117

Automated determination of bone age and bone mineral density in JIA

7

reFerences

1. Thornton J, Pye SR, O’Neill TW, et al. Bone health in adult men and women with a history of juvenile 
idiopathic arthritis. J Rheumatol 2011;38(8):1689-93.

2. Burnham JM. Inflammatory diseases and bone health in children. Curr Opin Rheumatol 
2012;24(5):548-53.

3. Greulich WW, Pyle SI. Radiographic Atlas of Skeletal Development of the Hand and Wrist. 2nd edition 
ed. Stanford, CA: Stanford University Press, 1959.

4. van Rijn RR, van Kuijk C. Of small bones and big mistakes; bone densitometry in children revisited. 
Eur J Radiol 2009;71(3):432-9.

5. Thodberg HH, van Rijn RR, Tanaka T, Martin DD, Kreiborg S. A paediatric bone index derived by 
automated radiogrammetry. Osteoporos Int 2010;21(8):1391-400.

6. BoneXpert [www.bonexpert.com/the-bonexpert-product].

7. van Rijn RR, Lequin MH, Thodberg HH. Automatic determination of Greulich and Pyle bone age in 
healthy Dutch children. Pediatr Radiol 2009;39(6):591-7.

8. Thodberg HH, Savendahl L. Validation and reference values of automated bone age determination 
for four ethnicities. Acad Radiol 2010;17(11):1425-32.

9. Consolaro A, Ruperto N, Bazso A, et al. Development and validation of a composite disease activity 
score for juvenile idiopathic arthritis. Arthritis Rheum 2009;61(5):658-66.

10. Thodberg HH, Kreiborg S, Juul A, Pedersen KD. The BoneXpert method for automated determination 
of skeletal maturity. IEEE Trans Med Imaging 2009;28(1):52-66.

11. Martin DD, Deusch D, Schweizer R, Binder G, Thodberg HH, Ranke MB. Clinical application of 
automated Greulich-Pyle bone age determination in children with short stature. Pediatr Radiol 
2009;39(6):598-607.

12. Martin DD, Heil K, Heckmann C, et al. Validation of automatic bone age determination in children 
with congenital adrenal hyperplasia. Pediatr Radiol 2013.

13. Martin DD, Meister K, Schweizer R, Ranke MB, Thodberg HH, Binder G. Validation of automatic bone 
age rating in children with precocious and early puberty. J Pediatr Endocrinol Metab 2011;24(11-
12):1009-14.

14. Mason T, Reed AM, Nelson AM, et al. Frequency of abnormal hand and wrist radiographs at time of 
diagnosis of polyarticular juvenile rheumatoid arthritis. J Rheumatol 2002;29(10):2214-8.

15. Oen K, Reed M, Malleson PN, et al. Radiologic outcome and its relationship to functional disability in 
juvenile rheumatoid arthritis. J Rheumatol 2003;30(4):832-40.

16. van Rossum MA, Zwinderman AH, Boers M, et al. Radiologic features in juvenile idiopathic arthritis: a 
first step in the development of a standardized assessment method. Arthritis Rheum 2003;48(2):507-
15.

17. Cassidy JT, Hillman LS. Abnormalities in skeletal growth in children with juvenile rheumatoid arthritis. 
Rheum Dis Clin North Am 1997;23(3):499-522.

18. Gupta N, Lustig RH, Kohn MA, Vittinghoff E. Determination of bone age in pediatric patients with 
Crohn’s disease should become part of routine care. Inflamm Bowel Dis 2013;19(1):61-5.

19. Lui JC, Nilsson O, Baron J. Growth plate senescence and catch-up growth. Endocr Dev 2011;21:23-9.

20. Stagi S, Masi L, Capannini S, et al. Cross-sectional and longitudinal evaluation of bone mass in 
children and young adults with juvenile idiopathic arthritis: the role of bone mass determinants in a 
large cohort of patients. J Rheumatol 2010;37(9):1935-43.

21. Mul D, van Suijlekom-Smit LW, Ten CR, Bekkering WP, SM DMK-S. Bone mineral density and body 
composition and influencing factors in children with rheumatic diseases treated with corticosteroids. 
J Pediatr Endocrinol Metab 2002;15(2):187-92.



118

Chapter 7

22. Haugeberg G, Strand A, Kvien TK, Kirwan JR. Reduced loss of hand bone density with prednisolone 
in early rheumatoid arthritis: results from a randomized placebo-controlled trial. Arch Intern Med 
2005;165:1293-7.

23. Forslind K, Boonen A, Albertsson K, Hafstrom I, Svensson B, Barfot Study G. Hand bone loss measured 
by digital X-ray radiogrammetry is a predictor of joint damage in early rheumatoid arthritis. Scand J 
Rheumatol 2009;38(6):431-8.

24. Hasselstrom H, Karlsson KM, Hansen SE, Gronfeldt V, Froberg K, Andersen LB. Sex differences in bone 
size and bone mineral density exist before puberty. The Copenhagen School Child Intervention 
Study (CoSCIS). Calcif Tissue Int 2006;79(1):7-14.

25. Hasselstrom H, Karlsson KM, Hansen SE, Gronfeldt V, Froberg K, Andersen LB. Peripheral bone mineral 
density and different intensities of physical activity in children 6-8 years old: the Copenhagen School 
Child Intervention study. Calcif Tissue Int 2007;80(1):31-8.

26. Werkstetter KJ, Pozza SB, Filipiak-Pittroff B, et al. Long-term development of bone geometry and 
muscle in pediatric inflammatory bowel disease. Am J Gastroenterol 2011;106(5):988-98.

27. Mentzel HJ, Blume J, Boettcher J, et al. The potential of digital X-ray radiogrammetry (DXR) in the 
assessment of osteopenia in children with chronic inflammatory bowel disease. Pediatr Radiol 
2006;36(5):415-20.

28. Bottcher J, Malich A, Pfeil A, et al. Potential clinical relevance of digital radiogrammetry for 
quantification of periarticular bone demineralization in patients suffering from rheumatoid arthritis 
depending on severity and compared with DXA. Eur Radiol 2004;14(4):631-7.



119

Automated determination of bone age and bone mineral density in JIA

7

addItIonal FIles

additional File 1 | 
Flowchart of patient selection. 

ABC-register = Arthritis and Biologicals in Children register; JIA = juvenile idiopathic arthritis; BA = bone age; BHI = Bone 
Health Index.



120

Chapter 7

additional file 2 | 
Bland-Altman plots depicting the agreement between the left and right hand radiograph

Figure 1 | Bland-Altman plot depicting the agreement of the bone age (BA) between the left and 
right hand radiograph.

Figure 2 | Bland-Altman plot depicting the agreement of the z-score of the bone age (BA) 
between the left and right hand radiograph.
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Figure 3 | Bland-Altman plot depicting the agreement of the Bone Health Index (BHI) between the 
left and right hand radiograph. 

Figure 4 | Bland-Altman plot depicting the agreement of the z-score of the Bone Health Index (BHI) 
between the left and right hand radiograph.
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aBstract 

objectives
Juvenile idiopathic arthritis (JIA) affects bone mineral density (BMD). Dual-energy X-ray 
absorptiometry (DXA) is the most widely used technique to determine BMD. Digital X-ray 
radiogrammetry (DXR) is a feasible method for determination of cortical BMD on hand 
radiographs. This study aimed to compare DXR and DXA in the assessment of BMD in JIA 
patients. 

methods
Thirty-five JIA patients with available DXA and hand radiograph within the same time 
period were included from the Dutch Arthritis and Biologicals in Children register. Outcome 
measures for BMD were Bone Health Index from DXR and BMD total body, BMD lumbar 
spine and Bone Mineral Apparent Density from DXA. All measures were transformed to 
Z-scores. Correlations were assessed with Pearson correlation coefficients. 

results
Median age of the patients (60% female) was 11.7 years. Pearson correlation coefficient 
was significant for the absolute scores: 0.568-0.770 (p < 0.001). No significant correlation 
was found between the Z-scores of DXA and DXR. 

conclusions
The BMD assessment from the DXR was correlated to DXA measures in a cohort of JIA 
patients, although only in absolute scores. Future steps for implementation of DXR in 
clinical practice include evaluation of responsiveness to change, predictive value and 
comparison with other imaging techniques. 
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IntroductIon

Juvenile idiopathic arthritis (JIA) is an umbrella term that encompasses all forms of arthritis 
of unknown aetiology that begin before the age of 16 years and persist for more than 
6 weeks [1]. Chronic inflammatory activity in JIA affects the bone, possibly resulting in 
growth abnormalities and decreased bone mineral density (BMD). Low physical activity, 
chronic exposure to inflammatory cytokines and glucocorticoid therapy all result in a high 
risk for osteoporosis. Monitoring the bone status of JIA patients is therefore important 
for the prevention of fractures and osteoporosis at later age [2]. The finding of impaired 
bone status can lead to preventive actions (e.g. calcium or vitamin D suppletion, physical 
therapy) or treatment with bisphosphonates in the more severe cases [3].

The most widely used technique for the assessment of bone mineral density in paediatric 
patients is dual-energy X-ray absorptiometry (DXA) [4]. Recently however an automated 
method for the evaluation of bone age and BMD has become available, which makes use of 
hand radiographs [5]. This BoneXpert method (BoneXpert, Version 2.1.0.12, Visiana, Holte, 
Denmark) is based on digital X-ray radiogrammetry (DXR) and adjusts radiogrammetric 
measurement of cortical BMD for the automated determined bone age. Advantages of the 
DXR include the availability of normative data, low costs, and low effective radiation dose 
[6]. Additionally, the method proved to be easy-to-use and feasible in the JIA population 
[7]. DXR has only sparsely been compared to DXA in paediatric populations, resulting in 
moderate correlations. This comparison has never been performed in children with JIA 
[8,9]. 

To be able to use this new method in clinical practice, its place in the framework of existing 
techniques for the assessment of BMD has to be determined. Therefore the aim of this 
study was to compare DXR and DXA in the assessment of BMD in JIA patients. 

materIals and methods

patients
Patients were sampled from the Dutch Arthritis and Biologicals in Children (ABC) register. 
We selected patients included in the ABC register between 2003 and 2012, who were 
treated in the Erasmus MC Sophia Children’s Hospital. These patients were evaluated for 
BMD by DXA and had conventional radiographs from their hands taken within the same 
five month period (preferably as close as possible). Patients had to be older than 4 years 
(the lower limit of Z-scores available for BMD measures) and younger than the upper limits 
of the reliability range of the DXR (i.e. 17 years for boys and 15 years for girls). 
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clinical data collection
The ABC register aimed to prospectively include all Dutch JIA patients that started 
treatment with biologic agents since 1999, when the first biologic (etanercept) was 
approved for the treatment of JIA. The study protocol was approved by the Medical Ethics 
Committee at Erasmus MC in Rotterdam. Informed consent was obtained from all parents 
and from patients older than 12 years of age. In the ABC register, demographic data and 
disease characteristics are collected, including longitudinal data on medication use and 
disease activity [10].

digital X-ray radiogrammetry
DXR of the radiographs of the complete left and right hand and wrists was performed using 
the standalone Windows product of BoneXpert (BoneXpert, Version 2.1.0.12, Visiana, Holte, 
Denmark). The DXR outcome variable of interest was the Bone Health index (BHI) [5]. BHI is 
based on the cortical thickness (T) of the three middle metacarpals. In the construction of 
BHI, also metacarpal width (W) and length (L) are incorporated to compensate for the high 
variation in stature of growing children, as expressed in the following formula: 

 BHI = π T (1 − T/W) / (LW)0.33.

The DXR also automatically compares BHI to a Caucasian reference population with the 
same sex and bone age, and expresses it as a Z-score. Additionally the bone age (based 
on Greulich and Pyle) and the Z-score of bone age were measured [5,6]. The mean BHI of 
the right and left hand was analysed, unless only one hand radiograph was available (6 
cases). The agreement between right and left hand DXR measurement in JIA patients is 
very good [7].

dual-energy X-ray absorpiometry
A DXA scan (Lunar Prodigy, GE, USA) was used to measure BMD of the total body 
(BMDTB) and the lumbar spine (BMDLS), expressed in g/cm2. DXA measures areal BMD, 
based on the density of the cortical and the trabecular bone combined, in contrast to 
DXR, which only measures BMD of the cortical bone. The Bone Mineral Apparent Density 
(BMAD) of the lumbar spine was calculated according to the following formula: BMD of 
L2-L4 × [4 / (π × width)], expressed in g/cm3, in which width is the average width of L2-L4 
[11]. BMAD is used to correct for differences in size of the vertebral bodies. An experience 
reader assessed the width of the lumbar vertebral bodies on the scans. When there 
was doubt about the width of lumbar vertebral bodies, another reader was consulted 
and consensus was reached. BMDLS, BMDTB and BMAD were compared to a Caucasian 
reference population from Rotterdam and expressed as Z-scores [12]. 
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statistical analysis
Correlations between BMD measurements by DXA and DXR were assessed with 
Pearson correlation coefficients. To determine whether the BMD measurements differed 
significantly from the reference population, one sample t-tests were used. A p-value of 
<0.05 was considered significant. Linear regression was used to investigate whether the 
relationship between DXA and DXR measurements was influenced by body mass index 
(BMI), bone age or glucocorticoid use (defined as ever versus never use). With DXA Z-scores 
as a reference, sensitivity, specificity and predictive values were calculated to describe 
discriminative properties of DXR in distinguishing impaired (< -2SD) from normal bone 
status. Descriptive statistics are reported as absolute values, mean with standard deviation 
or median with interquartile range. For all analyses IBM SPSS Statistics for Windows version 
21.0 was used (Armonk, NY: IBM Corp.). 

results

patient characteristics
Patient and disease characteristics of the patients included in this study are shown in 
Table 1. The systemic JIA category is highly represented in our patient sample (31%). 
Systemic JIA patients are often treated with high dose systemic glucocorticoids, are 
therefore more likely to develop impaired BMD and often had a DXA scan. Mean BMD 
measurements by both DXA and DXR were significantly impaired compared to the normal 
population. 

correlation between dXa and dXr
Pearson correlation coefficients were calculated between absolute values and Z-scores 
of BHI and the BMD measurements by DXA. BHI was significantly correlated to all DXA 
measurements. The Pearson correlation coefficient was 0.568 (p<0 .001) for BMAD vs 
BHI, 0.665 (p<0.001) for BMDTB vs BHI, and 0.770 (p<0.001) for BMDLS vs BHI. Correlation 
coefficients were lower and not significant for Z-scores of BHI and DXA measurements. 
The Pearson correlation coefficients for DXA measurements with Z-score BHI were: 0.263 
(p=0.127) for Z-score BMAD, 0.137 (p=0.433) for Z-score BMDTB, 0.247 (p=0.153) for Z-score 
BMDLS. The correlations between DXR and DXA for both the absolute values and Z-scores 
are shown in Figure 1. In a multivariate linear regression, the relationship between Z-score 
BMAD and Z-score BHI was not significantly influenced by BMI, bone age or glucocorticoid 
use (ever versus never use).
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table 1 | Patient characteristics and BMD measures of both DXA and DXR.

characteristic n= 35

Female gender, n (%) 21 (60)

BMI in kg/m2, mean (SD) 19.2 (±3.9)

Age at onset of JIA in years , median (IQR) 6.0 (3.4-9.8)

JIA category, n (%)

Systemic JIA 11 (31)

Polyarticular RF positive JIA 3 (9)

Polyarticular RF negative JIA 11 (31)

Oligoarticular extended JIA 7 (20)

Psoriatic JIA 3 (9)

Wrist and/or hand involvement, n (%) 33 (94)

Ever use of glucocorticoids, n (%) 30 (86)

Disease duration at radiograph in years, median (IQR) 4.1 (1.8-8.0)

Age at radiograph in years, median (IQR) 11.7 (9.3-14.1)

Z-score bone age in years, mean (SD) -0.4 (±1.5)

Z-score BMDTB, mean (SD) -0.7 (±1.3)**

Z-score BMDLS, mean (SD) -0.7 (±1.1)**

Z-score BMAD, mean (SD) -0.4 (±1.1)*

Z-score BHI, mean (SD) -1.1 (±1.2)**

Time between hand radiograph and DXA in months, median (IQR) 0.1 (0.0-0.8)

SD = standard deviation; IQR = interquartile range; JIA = juvenile idiopathic arthritis; RF = rheumatoid factor; BMDTB = total 
body bone mineral density; BMDLS = lumbar spine bone mineral density; BMAD = bone mineral apparent density; BHI = 
bone health index; DXA = dual-energy X-ray absorptiometry; DXR = digital X-ray radiogrammetry
* p-value <0.05 on one sample t-test with test value 0
** p-value <0.01 on one sample t-test with test value 0

agreement between dXa and dXr
For treatment purposes it is most important to identify patients deviating more than 2 
standard deviations (SD) from the normal population. We categorized patients according 
to this criterion and compared how patients were classified according to DXA (BMAD) and 
DXR. The results are shown in Table 2. According to DXA (BMAD), 5 patients had severely 
impaired BMD (14%) and according to DXR, BMD was severely impaired in 8 patients 
(23%). Taking DXA (BMAD) as a reference, DXR had a sensitivity of 40% and a specificity of 
80%. A positive test for impaired BMD on DXR resulted in a positive test on DXA in 25% of 
cases. The negative predictive value was much higher (90%). 
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table 2 | Classification of DXR and DXA (BMAD) of patients with impaired bone status (scoring ≤-2SD) 
on either method.

Bmad impaired Bmad not impaired total

BhI impaired 2 6 8

BhI not impaired 3 24 27

total 5 30 35

BHI = bone health index; BMAD = bone mineral apparent density; DXA = dual-energy X-ray absorptiometry; DXR = digital 
X-ray radiogrammetry

dIscussIon

In this study we compared DXA and DXR for the assessment of BMD in JIA patients. Hand 
BMD measured by DXR and BMD of the lumbar spine measured by DXA correlated well 
on absolute scores. However, to properly interpret the values found by both DXR and 
DXA in this paediatric population, one needs to calculate Z-scores, in which the values are 
compared to a reference population matched on sex and (bone) age. The Z-scores derived 
from DXA and DXR measurements did not show any significant correlation. 

DXR using BoneXpert (BoneXpert, Version 2.1.0.12, Visiana, Holte, Denmark) is a new 
method, which has the advantage of calculating a Z-score of the BHI based on a reference 
population matched for sex and bone age. It has never before been compared to DXA 
measurements in a JIA population. In previous studies however, the DXR method, has been 
compared to DXA. These studies found moderate to good correlations for the absolute 
values derived from DXA and DXR in both adult and paediatric populations (Table 3) [8,9, 
13-18]. Only study also compared Z-scores of DXR and DXA (BMDLS) based on a sex and 
age matched population in 26 children with IBD. This correlation was lower than those 
found for the absolute values, but still moderate (r=0.58) [8]. 

There may be several explanations for the lack of correlation between the Z-scores derived 
from DXA and DXR. Firstly, the Z-scores of both measurements are based on different 
reference populations. The BMAD Z-score derived from DXA, which is first corrected for 
vertebral size, is sex and age specific. The BHI Z-score derived from BoneXpert (BoneXpert, 
Version 2.1.0.12, Visiana, Holte, Denmark) is based on a reference population which 
is sex specific, but instead of age uses bone age to match patients on. The bone age of 
our cohort was impaired, which may result in difference in these two Z-scores. Another 
difficulty may lie in the components of the bone on which the two modalities base their 
BMD measurement. DXA determines BMD based on a measurement of trabecular and 
cortical bone, whilst the DXR measurement is based on only cortical bone. Trabecular 
and cortical bone respond differently to stimuli like chronic inflammation, glucocorticoid 
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treatment and low physical activity [19,20]. Secondly, there is a difference in location 
for the BMD measurement, as DXR uses the hand and DXA uses the lumbar spine. This 
is important, because like in RA, BMD in JIA may be affected in two ways [21,22]. There 
may be generalized bone loss due to systemic influences of chronic inflammation and 
glucocorticoid use. Additionally, there may be a periarticular effect of local inflammation, 
functional disability and medication use. In the present study, we could not investigate 
the effects of local inflammation (arthritis of the wrist) and glucocorticoid use, because 
the majority of our patients were exposed to both risk factors. If there is a large effect 
of local inflammation on the local cortical BMD, BoneXpert may not be the appropriate 
method to assess overall BMD, however it may be a marker of disease activity. In adults 
with rheumatoid arthritis (RA), early hand bone loss measured by DXR appears to be an 
independent predictor of erosions later in the disease course [23-26]. 

table 3 | Studies reporting on the correlation between the DXR BMD and a DXA BMD measurement. 

author (year) disease n dXa variable correlation coefficient p-value

Adults 

Bottcher (2004)[13] RA 106 BMDLS r=0.45 <0.01

Desai (2010)[14] RA 138 BMDLS β=0.45 0.004

Forsblad-d’Elia (2011)[15] RA 75 BMDLS r=0.52 <0.001

Özçakar (2005)[16] HIV 27 BMDLS r=0.60 <0.01

Rosholm (2001)[17] Healthy 416 BMDLS r=0.62 <0.0001

Ward (2003)[18] Various 154 BMDLS r=0.56 <0.001

children

van Rijn (2006)[9] ALL 41 BMDLS r=0.760-0.853 <0.01

BMDTB r=0.806-0.878 <0.01

BMAD r=0.666-0.682 <0.01

GHD 26 BMDLS r=0.760-0.779 <0.01

BMDTB r=0.734-0.760 <0.01

BMAD r=0.301-0.414 >0.01

Mentzel[8] IBD 26 BMDLS r=0.78 <0.01

Z-score BMDLS† r=0.58 <0.01

† correlation with Z-score DXR-BMD. DXR BMD = digital X-ray radiogrammetry bone mineral density; DXA BMD = dual 
energy X-ray absorptiometry bone mineral density; r = correlation coefficient; β = beta coefficient; RA = rheumatoid 
arthritis; BMDLS = bone mineral density lumbar spine; BMDTB = bone mineral density total body; BMAD = bone mineral 
apparent density; HIV = human immunodeficiency virus; ALL = acute lymphoblastic leukaemia; GHD = growth hormone 
deficiency. 

Aside from the discussion on the comparability of DXA and DXR, an important point of 
debate is whether DXA is the best technique to assess BMD, especially in the paediatric 
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population. First of all, variations in body composition, which occur commonly in the 
growing child, cause inaccuracies in BMD measurement by DXA [27]. Secondly, although 
the BMAD tries to correct for variations in vertebral body size by taking the width of the 
vertebrae into account, it remains an estimation based on a two-dimensional measurement 
and does not fully capture true volumetric BMD [28]. This may especially cause imprecise 
estimates of BMD in a paediatric population like the JIA cohort in the present study, in 
which patients may have variations in vertebral body size due to physiological and 
pathological changes (e.g. growth and impaired bone maturation).

A method that does measure true volumetric BMD is peripheral quantitative computed 
tomography (pQCT). It is considered to be superior to DXA in its accuracy for BMD 
measurement [4,29]. Absolute scores and Z-scores of DXA and pQCT were weak to 
moderately correlated in children with juvenile systemic lupus erythematosus [30] In light 
of these correlations, it is hard to appreciate the place of this DXR method in the spectrum 
of BMD assessment techniques. A comparison of BoneXpert (BoneXpert, Version 2.1.0.12, 
Visiana, Holte, Denmark) to pQCT for the assessment of both generalized and periarticular 
bone loss would therefore be worthwhile. Disadvantages of pQCT include its mainly its 
costs and availability, whereas radiation dose is relatively low in pQCT [4]. 

In the current study only DXA measurements were available for comparison with DXR. 
Taking DXA as a reference standard, DXR did not identify patients with clinically important 
deviations in BMD incorrectly. It did miss some patients with an impaired bone status 
according to DXA. However, to truly evaluate misclassification of clinically relevant 
impaired bone status, clinical factors like the fracture status would also have to be 
taken into account. Overall, measuring BMD by any method preferably serves as a tool 
to determine whether further assessment of risk factors for impaired bone status (e.g. 
vitamin D levels, calcium intake or physical activity) is warranted. 

This is the first study to compare DXA and DXR for the assessment of BMD in JIA patients. It 
was limited by the small sample size, and the cross sectional nature of the data. 

In conclusion, the DXR method was correlated to DXA, although only in absolute scores. 
The use of DXR for the assessment of BMD in JIA patients is hampered by the complicated 
concept of measuring bone status in children in general and effects of chronic inflammation 
and medication use on different modes of BMD in JIA patients specifically. Future practical 
steps to be taken for the implementation of DXR in clinical practice include the evaluation 
of its responsiveness to change and predictive value for clinically relevant impaired bone 
status. Additionally, if possible, DXR should be compared with (p)QCT, to elucidate on its 
role in identifying both generalized and periarticular BMD. 
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letter to the edItor

Magnetic resonance imaging (MRI) is the only imaging tool that allows us to simultaneously 
assess all relevant structures in juvenile idiopathic arthritis (JIA): the synovium, cartilage, 
bone, ligaments, and tendon sheaths. MRI of the wrist in patients with JIA is confronted 
by many challenges, such as a complex anatomy and the presence of normal variants 
mimicking pathology [1-3]. Besides standardization of MRI interpretation, there is a clear 
need for a universal protocol for MRI acquisition, which enables standardized visualization 
of all involved structures. 

From 2012 onwards, an international collaborative network of clinical and radiological 
experts in imaging in JIA has set out to standardize the challenging MRI acquisition and 
interpretation of JIA disease activity at the wrist [4]. For this purpose, experts from the 
Outcome Measures in Rheumatoid Arthritis Clinical Trials (OMERACT) Working Group 
‘MRI in JIA’ and the Health-e-Child Radiology group joined forces and met twice per year 
[Nusman et al. – accepted in Journal of Rheumatology]. The group addressed the MRI 
acquisition and made recommendations on a core set of mandatory (Table 1) and optional 
(Table 2) protocol settings. Consensus-based recommendations on MRI acquisition 
protocols, as reported in Table 1 and 2, will facilitate comparison of MRI studies thus 
increasing our knowledge on joint pathology in JIA. 

table 1 | Recommendations for MRI sequences for evaluation of wrist joint pathology in JIA.

sequence goal plane time

Cartilage-specific Cartilage coverage of bony 
depressions

At least coronal, multiplanar 
reconstruction might be 
helpful

5 minutes

T2-weighted fat-suppressed
(Dixon technique suggested)

Bone marrow edema-like 
changes, joint effusion

At least coronal for bone 
marrow edema-like change. 
Axial for fluid around tendons 
optional.

3-4 minutes 
per plane

T1-weighted
(Dixon technique suggested)

Anatomy and extent/severity 
of bone marrow edema-like 
pattern

At least coronal, axial is 
optional.

3-4 minutes 
per plane

Post-contrast T1-weighted 
fat-suppressed
(Dixon technique suggested)

Synovial enhancement, 
overall grade of inflammation 
and tenosynovitis

Coronal and axial plane 
required.

3-4 minutes 
per plane
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table 2 | General requisites and recommendations for a MRI wrist protocol in JIA patients.

requisites (obligatory) recommendations (optional)

Field of view: from distal radio-ulnar joint and 
including all carpometacarpal joints

Perform the longest or clinically most important 
sequence first

Pre- and post-contrast fat-suppressed sequences  
in the same plane

Dedicated wrist coil

Scanning time as short as possible, because of 
movement artefacts and patient comfort

Apply venous access prior to MRI suite depending 
on patient preference

One wrist per session 3T if available 

Highest possible voxel resolution within  
acceptable scan time (i.e. 30 minutes)

Neutral position of the wrist joint (no ulnar or  
radial deviation) with third finger in the longitudinal 
axis of the forearm

One of the major differences in our suggested protocol compared to the core set of 
MRI sequences suggested by OMERACT for the use in adults with rheumatoid arthritis, 
is the cartilage-specific sequence [5]. Since cartilage represents the main target of 
the destructive process in JIA, cartilage-specific sequences should be included in the 
MRI protocol for a more accurate and comprehensive evaluation of structural damage. 
Furthermore, cartilage-specific MRI sequences may help discriminate normal, growth-
related bony depressions from pathologic bone erosions (thought to precede and co-
exist with damage to the cartilage). Examples of suitable cartilage-specific sequences are 
proton density sequences and gradient echo sequences with water selective excitation 
specific for cartilage (WATSc) [6,7]. Together with the Dixon sequence, the WATSc is a 
newer MRI technique which uses chemical shift for differentiation between water and 
fat. Whereas Dixon calculates the difference between water and fat based on carefully 
chosen image acquisition time points, WATSc creates a different signal for water and fat 
by another radiofrequent pulse to selectively excite the water. Dixon is considered very 
promising and superior to other fat-supression techniques in musculoskeletal imaging, 
especially in children and for complex anatomy: this perfectly applies for the JIA patient 
with wrist involvement [8]. 

To date the administration of intravenous gadolinium is necessary for proper appreciation 
of the inflamed synovium [9]. It is recommended to apply the venous access for the 
intravenous administration of gadolinium before the patient enters the MRI suite to 
minimize patient’s stress and the possibility of motion during scanning. Preliminary 
results for research on diffusion-weighted imaging in JIA patients raise the suggestion that 
intravenous contrast may be omitted in the future. [Barendregt et al. – Submitted] [10]. 
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Chapter 10

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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In dit proefschrift worden de ontwikkelingen op het gebied van beeldvorming van de 
knie en pols in patiënten met jeugdreuma beschreven. deel 1 van het proefschrift beslaat 
studies met onderwerpen die zowel voor de knie als de pols toepasbaar zijn. Vervolgens 
gaan de studies in deel 2 en deel 3 specifiek over respectievelijk de knie en de pols. 

deel I – Knie en pols
In hoofdstuk 2 beschrijven we de gestandaardiseerde beoordeling van magnetische 
resonantie imaging (MRI) op het gebied van jeugdreuma. De twee internationale 
onderzoeksgroepen ‘Outcome Measures for Rheumatoid Arthritis Clinical Trials (OMERACT) 
MRI in JIA Working group’ en ‘Health-e-Child Radiology group’ hebben hun krachten 
gebundeld en het daaruit volgende vruchtbare samenwerkingsverband met veel expertise 
had één gezamenlijk doel: de waarheid ontrafelen. Eerdere studies op het gebied van MRI 
scoringssystemen in jeugdreuma vormden de basis voor verdere ontwikkeling. Tijdens 
de eerste bijeenkomst werd één van de sleutelprincipes van het samenwerkingsverband 
aangenomen: ‘beschrijf zonder te verklaren’, wat verwijst naar het beoogde beschrijvende 
karakter van de MRI scoringssystemen voor de knie en pols. Daarnaast werd, tijdens 
jaarlijkse bijeenkomsten, gestreefd naar consensus over MRI scoringssystemen, een MRI 
atlas van de gezonde knie en pols van kinderen en een akkoord over de eigenschappen 
waaraan het MRI protocol zou moeten voldoen. De waarde en voortgang van dit 
internationale samenwerkingsverband op het gebied van beeldvorming in jeugdreuma 
wordt verder geïllustreerd in hoofdstuk 9 met een uitwerking van de benodigdheden 
voor een MRI protocol voor de pols van jeugdreuma patiënten. 

hoofdstuk 3 richt zich op de incidentie en voorkeurslocaties van afwijkingen horend bij 
jeugdreuma op MRI van de knie en pols. In MRI scans van 153 patiënten met jeugdreuma 
(110 van de knie en 43 van de pols) werden afwijkingen die kunnen passen bij jeugdreuma 
gescoord volgens definities en locaties van gevalideerde scoringssystemen. De hoge 
incidentie van verdikking van het gewrichtskapsel in de knie en pols onderstreept het 
belang van dit kenmerk voor ziekteactiviteit in jeugdreuma. Verder werd er per afwijking 
(bijvoorbeeld verdikking van het gewrichtskapsel en boterosies) een locatie-top-3 
samengesteld die iedere radioloog kan helpen met een snelle en gemakkelijke navigatie 
door de MRI van jeugdreuma patiënten. Opvallend was dat in 1 op de 4 klinisch actieve 
patiënten, géén afwijkingen op MRI werden gezien. Dit behoeft verdere evaluatie. 

deel II – Knie 
Kennis over de normale anatomie en verschijning van de gewrichten van kinderen op 
MRI-scans is noodzakelijk voor een accurate beoordeling van mogelijk afwijkende 
MRI-scans zoals die in kinderen met jeugdreuma kunnen worden gezien. Het primaire 
aangrijpingspunt van jeugdreuma is het gewrichtskapsel (synovium), hetgeen op MRI 
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alleen van vocht (effusie) in het gewricht kan worden onderscheiden middels het toedienen 
van intraveneus contrastmiddel. Echter, het toedienen van dit intraveneus contrastmiddel 
tijdens een MRI van de gewrichten van gezonde kinderen is ethisch niet haalbaar. Daarom 
zijn kinderen zonder gewrichtsklachten die reeds een MRI met intraveneus contrast voor 
andere indicatie moesten ondergaan, benaderd voor een extra axiale serie plaatjes van 
de knie, die identiek is aan de plaatjes zoals we die in patiënten met jeugdreuma doen. 
In hoofdstuk 4 wordt de prospectieve studie beschreven waarin dit cohort van 25 niet-
aangedane kinderen werd vergeleken met 25 klinisch actieve jeugdreuma patiënten om 
op deze wijze de bestaande MRI scoringsmethode te valideren en optimaliseren. Milde, 
aankleurende verdikking van het gewrichtskapsel bleek aanwezig in ongeveer de helft 
van alle niet-aangedane kinderen. Daarnaast werd een significante verbetering van de 
bestaande scoringsmethode bereikt door het implementeren van weging van bepaalde 
locaties van ontsteking in het gewricht die specifiek waren voor jeugdreuma. Op die manier 
werd het verschil in MRI score voor gewrichtskapselverdikking tussen niet-aangedane 
kinderen en klinisch actieve jeugdreuma patiënten vergroot tot een significante p-waarde 
van 0.011. 

Naast de conventionele MRI van de knie, onderzochten we de rol van dynamische 
contrast-versterkte MRI van de knie in jeugdreuma patiënten. In hoofdstuk 5 beoogden 
we de voorspellende waarde van dynamische contrast-versterkte MRI in klinisch inactieve 
patiënten voor het optreden van een klinische opvlamming van de ziekte. Gedurende 
een follow-up periode van 2 jaar werden 32 klinisch inactieve patiënten met zowel een 
conventionele als dynamische contrast-versterkte MRI gevolgd en werden eventuele 
opvlammingen van de gewrichtsontstekingen geregistreerd. Ongeveer één-derde van de 
patiënten had minimaal één opvlamming tijdens deze follow-up periode. De maximale 
aankleuring op de dynamisch contrast-versterkte MRI was significant hoger in de patiënten 
met opvlammingen van de gewrichtsontstekingen vergeleken met de persisterend 
inactieve patiënten. Conventionele MRI scores verschilden niet tussen deze twee groepen. 

deel III – pols
In tegenstelling tot de knie, was het gebruik van dynamische contrast-versterkte MRI 
en de ‘time-intensity-curve (TIC) shape’ analyse nog nooit geëvalueerd in de pols 
van jeugdreuma patiënten. De TIC-shape analyse typeert ieder aankleuringspatroon 
per pixel in 7 verschillende TIC-shapes, waarbij al eerder is aangetoond dat de snel 
aankleurende TIC-shapes kunnen passen bij agressieve ziekte. De doelstellingen van 
het onderzoek, dat wordt beschreven in hoofdstuk 6, waren tweeledig: enerzijds het 
bepalen van de haalbaarheid van dynamische contrast-versterkte MRI van de pols in 
jeugdreuma patiënten en anderzijds het evalueren van de verschillen in de dynamische 
contrast-versterkte MRI tussen klinisch actieve en inactieve jeugdreuma patiënten. In 
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een prospectieve, observationele studie werden 32 patiënten met dynamische contrast-
versterkte MRI van de pols geïncludeerd; 27 patiënten waren klinisch actief en 5 patiënten 
waren klinisch inactief. De uitkomstmaten voor dynamische contrast-versterkte MRI 
kunnen worden onderverdeeld in de beschrijvende en TIC-shape variabelen. De resultaten 
toonden aan dat dynamische contrast-versterkte MRI haalbaar was, met name door betere 
beeldkwaliteit middels toepassing van bewegingsregistratie. Tevens bleken ‘maximum 
enhancement’ en ‘enhancing volume’ significant te verschillen tussen de twee klinische 
subgroepen. Daarnaast bleek een relatief hoog aantal van TIC-shape 3 veel voor te komen 
in de recidief-actieve patiënten in vergelijking met de nieuw-actieve patiënten. Tenslotte 
correleerden deze zelfde TIC-shape 3 en ‘enhancing volume’ significant met een continue 
score voor klinische ziekteactiviteit. 

Het chronische ziektebeloop van jeugdreuma met langdurige gewrichtsontstekingen 
heeft bij kinderen veel invloed op het groeiende skelet. Zowel groeistoornissen als 
verminderde kwaliteit van het bot (of nog specifieker botmineraaldichtheid) zijn beruchte 
problemen in patiënten met jeugdreuma. In de dagelijkse praktijk worden deze twee 
facetten van botafwijkingen in jeugdreuma geëvalueerd met een röntgenfoto van de 
hand (bepaling van de botleeftijd met behulp van de Greulich & Pyle atlas) en een ‘dual 
energy x-ray absorptiometry’ (DXA) scan. In hoofdstuk 7 en 8 evalueren we het gebruik 
van een nieuwe methode, genaamd BoneXpert, voor het bepalen van botleeftijd en 
botmineraaldichtheid in een cohort met jeugdreuma patiënten. De voordelen van 
BoneXpert zijn de relatief lage kosten, lage stralingsdosis en snel en makkelijk gebruik op 
röntgenfoto’s van de hand. De jeugdreuma patiënten die in deze hoofdstukken worden 
beschreven en die allen een behandeling met biologicals kregen, zijn gerecruteerd uit het 
Nederlands Arthritis and Biologicals in Children (ABC) register. 

hoofdstuk 7 van dit proefschrift richt zich met name op de haalbaarheid van BoneXpert in 
patiënten met jeugdreuma. Daarnaast werd ook de botleeftijd en botmineraaldichtheid in 
onze studiepopulatie, bestaande uit een relatief ernstig aangedane groep, beschreven. De 
toepassing van BoneXpert op jeugdreuma patiënten bleek haalbaar, mits de röntgenfoto’s 
van redelijke kwaliteit waren en de kalenderleeftijd binnen de betrouwbaarheidsgrenzen 
van BoneXpert was (2.5 tot 17 jaar voor jongens en 2 tot 15 jaar voor meisjes). Verder 
bleek dat de botleeftijd achter liep en de botmineraaldichtheid verminderd was in de 67 
beschreven jeugdreuma patiënten ten opzichte van gezonde kinderen. 

De volgende stap van een eventuele implementatie van BoneXpert in de dagelijkse praktijk 
van de behandeling van jeugdreuma patiënten en management van de botkwaliteit zou 
een vergelijking met de meest gebruikte methode voor bepalen van botmineraaldichtheid 
zijn: DEXA. In hoofdstuk 8 werden 35 jeugdreuma patiënten met een hand röntgenfoto 



155

Dutch summary / Nederlandse samenvatting 

11

en DEXA scan binnen een periode van 5 maanden van elkaar geïncludeerd. De bepaling 
van hun botmineraaldichtheid door deze twee verschillende methoden werd met elkaar 
vergeleken. Ondanks het feit dat BoneXpert en DEXA goed met elkaar correleerden op de 
absolute scores, bleek dat de Z-scores (weerspiegeling van de standaard deviatie afwijking 
van een gezond controle cohort) afgeleid van beide methodes heel slecht correleerden. 
Deze bevindingen moeten zorgvuldig in het perspectief van het ingewikkelde concept 
van de botmineraaldichtheidsbepaling bij kinderen worden geplaatst. 

Het eerste en het laatste hoofdstuk maken letterlijk en figuurlijk de cirkel van dit 
proefschrift rond, daar zij allebei een essentieel onderdeel van het onderzoek binnen 
het veld van beeldvorming in jeugdreuma beschrijven: samenwerking. In hoofdstuk 9 
worden aanbevelingen en vereisten voor het MRI protocol van de pols in patiënten met 
jeugdreuma gegeven door het samenwerkingsverband van de ‘OMERACT MRI in JIA 
Working group’ en de ‘Health-e-Child Radiology group’. De belangrijkste verschillen in 
vergelijking met een soortgelijke aanbeveling in volwassenen zijn de toevoeging van een 
kraakbeen-specifieke sequentie en het gebruik van de Dixon techniek. 
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A

lIst oF aBBrevIatIons

AAU Acute anterior uveitis
ABC Arthritis and Biologicals in Children
ACR American Congress of Rheumatology
ANA Antinuclear antibody
ANOME Amsterdam November Meeting
BA Bone age
BHI Bone Health Index
BMAD Bone mineral apparent density
BMD Bone mineral density
BMDLS Bone mineral density of the lumbar spine
BMDTB Bone mineral density of the total body
cBMD Cortical bone mineral density
CCP Cyclic citrullinated peptide
CHAQ Childhood Health Assessment Questionnaire
CRP C-reactive protein
DCE Dynamic contrast-enhanced
DCE-MRI Dynamic contrast-enhanced MRI
DMARD Disease modifying antirheumatic drugs
DXA Dual-energy X-ray absorptiometry
DXR Digital X-ray radiogrammetry
ERA Enthesitis-related arthritis
ESR Erythrocyte sedimentation rate
EV Enhancing volume
FOV Field of view
iAUC Initial Area Under the Curve
IBD Inflammatory bowel disease
ICC Intraclass correlation coefficient
IL Interleukin
ILAR International League of Associations for Rheumatology
IQR Interquartile range
IV Intravenous
JADAS Juvenile Arthritis Disease Activity Score
JAMRIS Juvenile Arthritis MRI Scoring system
JIA Juvenile idiopathic arthritis
ME Maximum enhancement
MIS Maximum initial slope
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MRE Magnetic resonance enterography
MRI Magnetic resonance imaging
MTX Methotrexate
NSAID Non-steroidal anti-inflammatory drugs
OMERACT Outcome Measures in Rheumatoid Arthritis Clinical Trials
PCDAI Pediatric Crohn’s Disease Activity Index
pGALS Pediatric Gait, Arms, Legs, Spine
pQCT Peripheral quantitative computed tomography
PUCAI Pediatric Ulcerative Colitis Activity Index
RA Rheumatoid arthritis
RF Rheumatoid factor
ROI Region of interest
SD Standard deviation
sJIA Systemic juvenile idiopathic arthritis
SI Sacroiliac
SLE Systemic lupus erythematosus
SpA Spondylarthropathy
SUN Standardization of Uveitis Nomenclature
TE Echo time
TIC Time intensity curve
TNF-α Tumor necrosis factor alfa
TR Repetition time
TSE Turbo spin-echo
TTP Time to peak
VAS Visual analogue scale
WATSc Water selective excitation specific for cartilage
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Het is zover: mijn proefschrift is af en daarmee is het ook hoog tijd om iedereen die heeft 
bijgedragen aan de totstandkoming van dit proefschrift te bedanken!

Allereerst wil ik graag alle patiënten en hun ouders bedanken die hebben deelgenomen 
aan de verschillende wetenschappelijke onderzoeken. Zonder jullie bereidheid hadden 
we nooit zulke belangrijke stappen binnen het jeugdreuma onderzoek kunnen maken. 

Mijn promotoren prof. dr. M. Maas en prof. dr. T.W. Kuijpers, wat heb ik geluk gehad met 
twee promotoren zoals jullie!
Beste Mario, inmiddels kennen we elkaar al acht jaar en hebben we samen al zoveel 
meegemaakt en bereikt. Jij bent degene van wie ik in mijn volwassen leven het meeste 
heb geleerd: natuurlijk als medicus en onderzoeker, maar belangrijker nog als mens. Het 
is onmogelijk om te beschrijven hoe zeer ik het heb getroffen met jou als enthousiaste 
inspirator en geduldige mentor met buitengewone communicatieve vaardigheden. Ik heb 
zo ontzettend genoten van onze talloze gesprekken, waarin je me uitdaagde, we elkaar 
aanstaken met coole ideeën en we visies uitwisselden over het werk en het leven. Een 
diepe buiging en heel veel dank, en maak je geen zorgen: je bent nog lang niet van me af!
Beste Taco, ik prijs mezelf gelukkig dat ik met jou heb mogen werken en zoveel van 
jou heb kunnen leren. Je nauwkeurigheid, nieuwsgierigheid en kritische blik zijn 
bewonderenswaardig. Je beheerst het begeleiden van onderzoekers wat mij betreft 
tot in de fijne puntjes, daar ik kon rekenen op simultane zelfstandige vrijheid en nauwe 
betrokkenheid van jou als promotor. Bedankt voor jouw tijd en eindeloze energie om mij 
te ondersteunen en onderwijzen gedurende mijn promotietraject. Ik hoop nog veel van 
je te mogen blijven leren!

De leden van mijn promotiecommissie: prof. dr. R.R. van Rijn, prof. dr. R.H. Engelbert, prof. 
dr. J.W.J. Bijlsma, prof. dr. K. Rosendahl, dr. C.J. van der Laken en dr. R. ten Cate, hartelijk 
dank voor het beoordelen van mijn proefschrift en uw bereidheid zitting te nemen in mijn 
promotiecommissie. 
Dear Karen, your strong personality and professional ambition is admirable. I am truly 
honored that you are willing to take place in my PhD committee. 
Beste Rick, wat was het fijn om af en toe met jou samen te mogen werken: ik waardeer je 
nuchtere en praktische kijk op zaken, die altijd gepaard gaat met een goede dosis humor. 

Mede-auteurs: beste Dieneke, Merlijn, Marion en Koert, bedankt voor jullie betrokkenheid 
en interesse in het (beeldvormend) onderzoek. Jullie klinische blik en kritische noot 
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hebben ervoor gezorgd dat de uitkomsten van de diverse onderzoeken relevanter en 
toepasbaarder zijn geworden. 
Beste collega’s van de kinderMDL, in het bijzonder Marc en Angelika, veel dank voor het 
openstaan voor een buitengewone samenwerking, het includeren van patiënten en het 
out-of-the-box mee denken over een studie met een prachtig eindresultaat. 
Beste Cristina, heel veel dank voor je tijd en geduld in de studies over dynamic contrast-
enhanced MRI. Ik heb veel bewondering voor je toewijding en vaardigheden op het 
gebied van de MRI fysica en ben erg dankbaar dat ik daar van jou heb mogen leren!
Beste Matthan, dank voor je snelle en efficiënte hulp bij de bewegingsregistratie voor de 
dynamische MRI van de pols. 

International colleagues and co-writers: dear Karen, Lil-Sofie, Derk, Andrea, Nikolay, Clara 
and others. Thank you so much for the inspiring, fruitful and fun collaboration during the 
past years. I consider the time we spend together, for example during the weekends in 
Amsterdam, on our quest to finding the truth as the best and most energizing moments 
of my PhD period. I hope to be able to continue to work and laugh with all of you for a very 
long time!

Alle collega onderzoekers van G1 met wie ik lief en leed heb gedeeld de afgelopen jaren: 
Anne, Anneloes, Carl, Charlotte TN, Cheima, Floortje, Franceline, Henk-Jan, Ivo, Jeroen, 
Jordi, Jos, Jurgen, Laura, Marije, Marjolein, Martine, Olvert, Shira, Sjoerd, Tanja en Thierry, 
Heel veel dank voor de mooie tijd, vol met koffiepauzes, hockeytoernooien, kerstdiners en 
vooral heel veel plezier!
Robert, volgens mij had ik me geen betere voorganger kunnen wensen. Ongelofelijk hoe 
jij alles altijd op orde hebt. Ik vind het super fijn om met je samen te werken en hoop dat 
we dat nog lang kunnen doen. Beste Anouk en Charlotte vG, het stokje is over gedragen 
en bijzonder veilig in jullie handen. Jullie zijn een hele waardevolle uitbreiding van 
onze hechte JIA-groep en ik weet zeker dat we met elkaar nog veel mooie wegen gaan 
bewandelen. 

Alle MRI-laboranten: veel dank voor jullie hulp met mijn eindeloze ver- en onderzoeken. 
Het was altijd een ontspannen tijd met jullie achter de MRI, waar ik veel heb opgestoken 
van de techniek. Dames van de MRI-administratie: dank voor jullie moeite en geduld met 
het plannen van de MRI’s op geschikte én snelle tijdstippen. Dames van het dagziekenhuis 
voor kinderen, dank voor de ondersteuning die jullie hebben geboden bij ons onderzoek, 
de samenwerking was altijd erg plezierig! Ook veel dank aan de heren van de IT op de 
radiologie: bij jullie kon ik altijd met al mijn vragen terecht!
De secretaresses van de afdelingen radiologie en kindergeneeskunde bedank ik ook graag 
voor de ondersteuning tijdens mijn promotietraject. Een extra groot woord van dank gaat 
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uit naar Mirjam: jij bent echt onmisbaar. Ik ben bijzonder op je gesteld en ben je enorm 
dankbaar voor je gigantische hulp, de arm om mijn schouder en je eeuwige lach! 

De studenten met wie ik heb samengewerkt de afgelopen jaren: veel dank voor de open-
minded meetingen, de onbevangenheid en de mooie trajecten die we met elkaar hebben 
doorlopen. 

Comissiegenoten van het Amsterdam Kindersymposium: bedankt voor de vele gezellige 
ontbijtjes, het leerzame pad richting het symposium en de twee fantastische dagen in De 
La Mar en de Waag!

Beste Hurleyanen met wie ik heb mogen werken, in het bijzonder Bas, Wouter, Timo, 
Annelies, Thijs en bovenal de spelers/speelsters: dank voor alle prachtige hoogte- en 
dieptepunten die bij de topsport horen en voor het functioneren als mijn uitlaatklep en 
mijn familie in Amsterdam!

Lieve vrienden en familie, heel veel dank voor jullie steun, afleiding en interesse gedurende 
mijn promotietraject. Zonder jullie had ik mijn promotietraject niet op deze fijne manier 
kunnen doorlopen.
Lieve jaargenootjes, wat is het toch heerlijk om te weten dat je zo een veilig en gezellig 
vangnet hebt. Dank voor jullie oneindige interesse en vriendschap, dat is me zeer dierbaar! 
Tessa, dank voor je hulp bij het design van mijn proefschrift. Lieve Nien, een extra grote en 
speciale ‘dankjewel’ voor jou: je onvoorwaardelijke steun en luisterend oor waren heel erg 
belangrijk voor mij en voor dit proefschrift. 

Lieve paranimfen, ik word helemaal rustig van het idee dat ik twee van zulke fantastische 
mensen naast me heb staan op de grote dag. 
Lieve Floortje, jij bent de eerste naar wie ik altijd toe ren op de afdeling als iets me van het 
hart moet. Je vrolijkheid en loyaliteit als mega-attente vriendin en collega maken dat ik 
echt op jou gesteld ben! Ik kan enorm genieten van de tijd die ik met jou doorbreng en 
vind het daarom ook cool dat jij naast me staat tijdens mijn verdediging. 
Lieve Fien, vanaf het eerste moment waren we al onafscheidelijk. We hoeven niet zoveel 
te zeggen om elkaar te begrijpen en samen zorgen we altijd voor van die onvergetelijke 
momenten waarin de tijd stil staat. Ik vind jou echt een ontzettend mooi mens, ben heel 
blij dat je er altijd voor me bent en vooral supertrots met jou naast me op de grote dag!
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Lieve oma’s, altijd zijn jullie vol enthousiasme en kan ik rekenen op een goed gesprek en 
een dikke liefdevolle knuffel. Jullie zijn de beste oma’s die ik me kan wensen en daar ben 
ik heel dankbaar voor!
Lieve Roos, dank voor de avonturen en je liefde, ik kijk er naar uit dat en nog veel meer 
eindeloos met je te kunnen blijven beleven! 
Lieve Died & Floor, als ik met jullie ben, heb ik het gevoel dat ik de hele wereld aan kan. 
Ondanks dat we alledrie totaal verschillend zijn, kennen en begrijpen we elkaar zo goed. 
Ik word echt extreem gelukkig van jullie en ben zo trots als een pauw dat jullie mijn broer 
en zus zijn!
Lieve pap en mam, de opvoeding die jullie mij hebben gegeven heeft mij onmiskenbaar 
gebracht waar ik nu ben. Lieve pap, jouw heerlijke rust en eigenschap om overal intens 
van te genieten zijn fantastisch. Lieve mam, jouw intense kracht en kunde om duizend 
ballen tegelijk in de lucht te houden zijn bewonderenswaardig. Al mijn hele leven staan 
jullie vierkant achter mij en ieder moment van de dag voor mij paraat. Ik kan jullie nooit 
voldoende bedanken voor wat jullie voor me hebben gedaan, maar weet dat ik het nooit 
zal vergeten en ongelofelijk veel van jullie hou!
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Charlotte Madelon Nusman werd geboren in Naarden op 23 april 1989 als eerste kind 
van Henk-Jan Nusman en Birgitte van den Broek. Samen met haar broer Diederick en zus 
Florentine groeide zij op in Hilversum. In de zomer van 2007 slaagde zij cum laude voor het 
eindexamen aan het Gemeentelijk Gymnasium te Hilversum. In datzelfde jaar verhuisde 
ze naar Amsterdam en startte met haar opleiding Geneeskunde aan de Universiteit van 
Amsterdam. Tijdens haar studie deed zij onderzoek op de afdeling Radiologie in het 
Academisch Medisch Centrum naar beeldvorming bij topsporters en volgde zij een 
minor Wetenschapsfilosofie aan de Universiteit van Amsterdam. Na het behalen van 
haar doctoraalexamen in 2011, startte zij in oktober 2011 op de afdeling Radiologie en 
Kindergeneeskunde in het Academisch Medisch Centrum met haar promotieonderzoek 
over beeldvorming bij patiënten met jeugdreuma. Ruim 3 jaar heeft zij met enorm veel 
plezier en gedrevenheid gewerkt aan het onderzoek, uiteindelijk resulterend in dit 
proefschrift. Sinds januari 2015 is zij bezig met de resterende coschappen in Amsterdam 
en omstreken. 


