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Essentially, all models are wrong, but some are useful

George E.P. Box

Reality is complex. Multiple causes, often seemingly insignificant and easily overlooked, 

operate in concert to produce an effect. Usually, none of these causes on its own is 

sufficient to occasion the effect, nor does the combination of multiple causes, even 

though sufficient, need to be necessary for the effect. Alternative combinations of causes 

might also be sufficient. For instance, smoking is a cause of lung cancer, however, in itself 

it is not sufficient to cause a carcinoma.1 This can be easily verified, since many smokers 

do not develop lung cancer. Additionally, tobacco smoking is not necessary to cause lung 

cancer either, i.e., lung cancer can develop in non-smokers. Other conditions, such as 

exposure to environmental pollutants or inflammatory lung processes, are causes as well.1 

These observations led J.L. Mackie to coin the term INUS-condition, an insufficient 

but non-redundant part of an unnecessary but sufficient condition.2;3 According to 

his framework, causes are often complexes of cooperating parts that bring about an 

effect. Thus, each part is in itself insufficient, yet it is non-redundant in the sense that 

in its absence the effect would not have occurred. Each complex of cooperating parts is 

sufficient for the effect, but unnecessary: other complexes of cooperating parts could 

have produced the effect as well. In our example, smoking is such an INUS-condition.

Yet, in a specific patient with lung cancer, his smoking behaviour is often cited as 

the cause of lung cancer. What is meant by such a statement? In light of the discussion 

above, it is not entirely true. Smoking on its own did not cause the carcinoma, yet, 

the remark seeks to communicate that smoking, in the case at hand, was the most 

important part (and perhaps also the most easily identifiable) of the combination of 

conditions that led to the development of cancer. In other words, the complexity of reality 

is reduced to highlight one, or a few, aspects deemed most important in the current case.

The report about lung cancer can be viewed as a model of reality. It simplifies 

reality in order to highlight one or a few important aspects of it. As such, according to 

the aphorism quoted at the start of this chapter, it is wrong but useful.4 Wrong, because 

it is a simplification of reality and mentions as the cause something which is only an 

INUS-condition. Useful, because it focuses attention on key aspects. It is important to 

note, however, that it is precisely the ‘wrongness’ of the model that makes it useful. It 

is the simplification of reality that lets us understand and target one aspect of it, while 

temporarily setting aside other aspects.

Of all areas of reality, human physiology and pathophysiology is probably one of 

the most complex. Numerous are the inter- and intra-cellular pathways and the connections 

between them and many of these have not yet been elucidated. Therefore, disease 

models must necessarily be a simplification of the complexity of reality and are, thus, 

wrong in this respect. Yet, they are helpful. These models help us focus on key points, 

which can form the basis of interventions. The identification of INUS-conditions involved 
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in the pathogenesis of disease is the first step in the process of developing treatments 

against it, or of stratifying patients based on the presence or absence of risk factors. 

To be sure, knowledge of complete disease pathways (i.e., sufficient complexes of 

INUS-conditions) would be of great help, but we need not despair in the absence of 

such knowledge. Knowledge of only one or a few INUS-conditions may be sufficient to 

institute treatment or even prevention. For example, quitting smoking greatly reduces 

the risk of lung cancer and cardio-vascular disease,5;6 even though smoking is ‘just’ an 

INUS-condition for these diseases. The reason why this is so can be easily seen using 

Mackie’s framework.2;3 Elimination of an INUS-condition leads to blockade of at least one 

sufficient complex of parts, thus interrupting the pathway from cause to effect.

All of the above is true in particular in the case of auto-immune diseases. This is 

a very heterogeneous group of diseases, all of which are characterised by a disruption of 

the immune balance towards decreased tolerance of self-antigens. The aetiology of auto-

immune disorders is still unknown, but various contributing factors have been studied 

and demonstrated to play a role, among which genetic predisposition and environmental 

factors.7-12 The causes of auto-immune disorders interfere with the immune system in 

such a way that the balance between pro-inflammatory and anti-inflammatory pathways 

is disrupted, thus leading to inflammation.7;13-16 It is, however, unclear how these 

general mechanisms lead to the specific manifestations characteristic of the various  

auto-immune diseases.

Against this backdrop, the development of disease models for auto-immune diseases 

is of great importance, as they may aid in the identification of predisposing factors 

or in the classification of patients into subgroups of disease. Thus, they could provide 

opportunities to identify people at risk to develop disease or to develop new therapeutic 

strategies. The models may also elucidate factors associated with a worse prognosis, 

which could guide clinical decisions regarding starting and stopping treatment.

Such models will be useful, even though they might be wrong. Wrong in 

the abovementioned sense that they will inevitably simplify reality. Moreover, there is 

an additional way in which the models may be incorrect: The models may point towards 

statistical associations, which are merely that, without underlying causal relationship.17;18 

In other words, to find an association between a clinical parameter and an auto-immune 

disorder (or its prognosis) does not mean that the disorder is caused by this factor, not 

even in the weak sense of that factor being an INUS-condition for the disease. It might 

be that both the clinical factor and the onset of the auto-immune disorder are being 

caused by a third condition. Nonetheless, even though this observation is important when 

talking about causes of disease, it is less significant with respect to prognosis, as long 

as the observed relationship is maintained across populations and is not the immediate 

target of treatment.19

This thesis focuses on statistical models in the context of paediatric rheumatologic 

diseases. The next sections present an introduction to these diseases as well as an outline 

of the thesis.
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JUVENILE IDIOPATHIC ARTHRITIS

Juvenile idiopathic arthritis (JIA) is a group of auto-immune disorders characterised by 

chronic arthritis. It is defined as arthritis of unknown cause, lasting for more than six 

weeks, with an onset before 16 years of age.7;20 All known causes of arthritis, such as 

septic arthritis or reactive arthritis, but also haemato-oncological disorders have to be 

excluded before making a diagnosis of JIA. It is the most common paediatric rheumatologic 

disorder with a prevalence of about 16-150 per 100,000 children.20 Clinically, JIA is 

subdivided in seven categories, based on the number of joints involved, rheumatoid factor 

positivity and the presence of extra-articular symptoms, such as enthesitis, psoriasis or  

systemic features.21

As discussed above, like any other auto-immune disorder, the aetiology of JIA is 

unknown. A multifactorial cause is hypothesised, in which genetic predisposition as well 

as environmental factors play a role.7;8 The best-known genetic association with respect 

to JIA is the one between the category of enthesitis-related arthritis and human leucocyte 

antigen (HLA) B27, but other associations have been found as well, most notably between 

the oligoarticular category and HLA A2, DR5 and DR8. Rheumatoid factor negative 

polyarticular JIA is associated with HLA DRB1*08 and DPB1*03 and rheumatoid factor 

positive polyarticular JIA is associated with HLA DRB1*04, DQA1*03 and DQB1*03.8-12 

Next to HLA associations, various associations with non-HLA loci have been found.10-12

However, given that the concordance between monozygotic twins is in the 25-40% 

range,8 environmental factors must play a role in the aetiology of JIA as well. Potential 

contributors include pathological viruses and bacteria as well as commensal bacteria.7;15;16 

This idea is reinforced by the finding that antibiotic administration in children was associated 

with a higher risk of developing JIA. A potential explanation for this finding is that some 

strains of commensal micro-organisms that are protective against the development of 

autoimmunity are eradicated upon antibiotic administration. However, much is unknown 

yet about the role of environmental factors in the development of auto-immune diseases. 

A possible approach to address this knowledge gap is by demonstrating, first, that 

the exposition to these environmental factors (e.g., gut microbiota) differs between 

patients and healthy subjects, and, secondly, that these differences play a role in 

the pathogenesis of autoimmune diseases.

As a consequence of the unknown cause of JIA, factors defining various subgroups 

with a milder or more severe prognosis are unknown as well. Thus, some patients with 

oligoarthritis may enter disease remission after treatment with relatively mild drugs, 

whereas others experience disease extension beyond four joints and develop extended 

oligoarthritis, a disease category mimicking rheumatoid factor negative polyarthritis.21 

More in general, even though the JIA categories reflect some differences in burden of 

disease, they do not adequately distinguish between patients with a differing prognosis, 

having distinct treatment requirements.
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This lack of information is clinically highly relevant, since it impedes the swift and 

adequate determination of the right therapy for the right patient. Nowadays, a range of 

potent medications is available for JIA patients, ranging from local-acting corticosteroid 

joint injections to biological agents, targeting specific inflammatory molecules, such as 

tumour necrosis factor (TNF)-α, interleukin (IL)-1 and IL-6. Current treatment protocols 

follow a step-up approach, in which drugs are substituted by the next line of therapy in case 

of treatment failure.22 However, this may lead to an important delay in the administration 

of the right therapy and exposes the child to the side effects of various ineffective 

medications. This is especially important given the window-of-opportunity, which is, 

roughly, the idea that treatment administered early in the course of disease is more 

efficacious than later treatment. This effect has been observed in rheumatoid arthritis 

(RA)23-28 and may exist in JIA as well.29-31 However, immediate prescription of biological 

agents without prior failure of at least one synthetic disease-modifying anti-rheumatic 

drug (DMARD) such as methotrexate (MTX) is precluded by legislation in many countries 

and might not be cost-effective, either.32 Moreover, it is unnecessary for a substantial 

group of children with JIA who respond to injections with or without MTX.33-35

In light of the above, there is a clinical need of factors that are able to classify patients 

into subgroups with different prognosis. Treatment plans can then be adapted accordingly 

and tailored to the patient’s needs. Some patients could be treated with and expected 

to respond to mild therapy, whereas others could be managed with more aggressive 

treatment right from the onset of disease, leading to better outcomes and an overall 

reduction in the exposure to unnecessary and ineffective drugs and, hence, a reduction 

in healthcare related costs.

JUVENILE DERMATOMYOSITIS

Juvenile dermatomyositis (JDM) is a rare inflammatory disorder with an incidence of about 

1.9-4.1 per million children per year.36 It is part of a larger spectrum of diseases, called 

the juvenile idiopathic inflammatory myopathies (IIM), of which it is the most common.37;38 

JDM is a systemic vasculopathy, clinically characterised by symmetric proximal muscle 

weakness, as well as skin involvement, including Gottron’s papules, photosensitive 

heliotrope and malar rash, rashes over the large and small joints and other, less common 

manifestations. Capillaries in the nail fold can be examined and appear abnormal. Severe 

vasculopathy manifests itself by gastrointestinal or pulmonary involvement, potentially 

leading to ulceration and perforation. Various overlap forms with other auto-immune 

disorders have been described, including JIA, systemic lupus erythematosus, systemic 

sclerosis and localised scleroderma. Long-term effects of JDM include muscle and skin 

atrophy, calcinosis and lipoatrophy.37

The prognosis of children with JDM is variable. About 24-40% of patients 

experience a monocyclic course and recover within 2 years with adequate therapy, 
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whereas the remainder experiences a chronic course. The latter group is more at risk to 

develop the more severe, systemic manifestations of the disease. The mortality rate is  

about 2-3%.37

Taken together, despite its rarity, JDM represents a large burden of disease, due to its 

chronicity and invalidating manifestations. 

Similar to the case made for JIA, classification of JDM patients into subsets with 

shared clinical phenotype and prognosis is important. Over the last couple of years, it 

was demonstrated that the presence or absence of various autoantibodies distinguishes 

between clinical subgroups of juvenile IIM patients.39;40 The most frequent of the myositis-

specific antibodies is anti-transcription intermediary factor 1γ (anti-TIF-1γ, also known 

as anti-p155/140), followed by anti-nuclear matrix protein 2 (anti-NXP-2, also known as 

anti-MJ).39-42 Patients with these antibodies are mostly white, relatively young at onset 

and present with mild to moderate disease. They also present cutaneous symptoms 

significantly more often, compared to patients with other antibodies. These antibodies 

are therefore associated with JDM.40 Of the myositis-associated antibodies, anti-Ro is 

the most frequent in the juvenile IIM. Approximately 20-30% of juvenile IIM patients are 

autoantibody negative. 

Less is known about the prognosis of JDM patients and potential dependencies of 

the prognosis on the antibody pattern. Like for the overall group of juvenile IIM patients, 

anti-TIF-1γ and anti-NXP-2 are the most frequent myositis-specific antibodies, anti-Ro 

is the most frequent myositis-associated antibody and about 20-30% of patients is 

autoantibody negative.39;40 JDM patients with the anti-melanoma differentiation-

associated gene 5 (anti-MDA5) antibody were found to have milder muscular disease 

activity, but more severe skin involvement, as well as arthritis.41 In another study, 

the subgroup of anti-Mi-2 positive patients, despite having worse findings in the muscle 

biopsy, had a higher probability of being off medication, taken as a surrogate marker for 

lower disease activity.42 Not surprisingly, worse findings in the muscle biopsy, indicated by 

higher global muscle pathology scores or total biopsy scores predicted a lower probability 

of being off treatment at 5 years after diagnosis. Taken together, these findings might 

point to the fact that patients with anti-Mi-2 antibodies, despite having higher disease 

activity at baseline, are more responsive to therapy.

Thus, the juvenile IIM can be classified into distinct subgroups based on their antibody 

patterns. One of these subgroups corresponds by and large to the clinical diagnosis of 

JDM. Nevertheless, even the prognosis of JDM patients is variable and it is currently 

impossible to predict this prognosis accurately, hampering the prescription of medication 

tailored to the patient, like in the case of JIA.
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METHOTREXATE

Methotrexate (MTX) is a cornerstone in the treatment of both JIA and JDM.22;43;44 

Developed as a cytostatic drug, it was discovered that in dosages of 10-15 mg/m2/week 

it is effective as a potent anti-inflammatory agent.33;34 It is usually administered orally or 

subcutaneously. The bioavailability of MTX administered orally is lower in comparison with 

subcutaneous administration and some think this leads to a lower efficacy.45-48 However, 

this has not been demonstrated clinically.49;50

The exact mechanism of action of MTX as an anti-inflammatory agent is not fully 

understood. What is known is that MTX is transported into the cell by reduced folate 

carrier (RFC), also known as solute carrier (SLC) 19A1.51-53 Once inside the cell, a glutamate 

tail of various length is added by folylpolyglutamate synthetase (FPGS), contributing 

to the cellular retention of MTX.54-58 Polyglutamated MTX exerts various actions inside 

the cell by inhibiting dihydrofolate reductase (DHFR) and thymidylate synthase (TS), 

enzymes involved in folate metabolism, leading to a decrease in purine and pyrimidine 

synthesis and a down regulation of cytokine release pathways. It was once thought that 

these actions led to a decreased proliferation of pro-inflammatory cells, thus explaining 

the anti-inflammatory action of MTX.59 However, no depletion of cytotoxic T lymphocytes 

or indeed any other pro-inflammatory cell line was observed in patients treated with 

MTX. It is now thought that the anti-inflammatory actions of MTX are mediated by an 

increase of adenosine, itself a potent anti-inflammatory agent. Adenosine inhibits release 

of toxic oxygen metabolites and of pro-inflammatory cytokines such as TNF-α, while 

promoting the release of anti-inflammatory cytokines such as IL-10.59

Polyglutamation of MTX is reversed by γ-glutamyl hydrolase (GGH).58 Thus, 

the intracellular action of MTX is mediated by a balance between polyglutamation by 

FPGS and depolyglutamation by GGH. Depolyglutamated MTX is excreted from the cell 

by members of the adenosine triphosphate binding cassette (ABC).51

The discussion above makes clear that resistance to the actions of MTX can occur at 

multiple levels, such as by way of impaired uptake, decreased polyglutamation, increased 

depolyglutamation and increased efflux, as well as resistance of MTX target genes to 

its actions.58 Indeed, about one third of JIA patients is non-responsive to the drug, 

necessitating them to switch to more costly biological agents.44 Parallel to the discussion 

described earlier, regarding the need to start effective treatment as soon as possible in 

the course of disease, it is key to know in an early stage, and ideally even before starting 

the drug, the probability of response to the drug. Thus, two sets of predictors are needed: 

one to estimate the severity of disease and consequent need to start aggressive treatment 

or not; the other to estimate the probability of response to treatment, independent of 

the severity of disease. A patient with mild (predicted) disease severity might need more 

aggressive therapy, because of an individually determined resistance to MTX.

Despite being a well-tolerated drug, MTX treatment is associated with side effects. 

The best-known adverse effect is a temporary increase of the liver transaminases, which 
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usually normalises after suspension of treatment.60 Moreover, addition of a low dose of 

folic acid, the natural antagonist to MTX, 24 hours after MTX administration, reduces 

the frequency of this side effect.61;62 Other adverse effects are related to the gastrointestinal 

tract and include nausea, abdominal pain and vomiting. Even though not serious, these 

gastrointestinal adverse effects potentially have a large impact on the quality of life, 

sometimes leading to reluctance to take the drug.63 Furthermore, some patients develop 

an anticipatory or associative component, thus experiencing these side effects even 

before MTX administration or when being reminded of MTX, for example by its yellow 

colour.64;65 This complex of symptoms is termed MTX intolerance. Occurrence of MTX 

intolerance frequently leads to discontinuation of the drug, notwithstanding its efficacy, 

and substitution by a biological agent, rendering it an important clinical problem. Here 

too, prior prediction of the risk of MTX intolerance is helpful in its management, for 

example by starting anti-emetic agents or offering psychological support to deal with 

the anticipatory and associative component of MTX intolerance.66;67

OUTLINE OF THE THESIS

This thesis attempts to provide answers to some of the questions highlighted in 

the introduction. More specifically, it concerns models of JIA and JDM disease activity, 

as well as MTX adverse effects. Thus, the thesis has been divided into three parts.  

Part I deals with JIA. In Chapter 2 the literature is systematically reviewed regarding 

existing knowledge about predictors of the prognosis of JIA and conclusions are drawn 

regarding the feasibility of predicting JIA prognosis using knowledge available in 

literature. Next, we add to this knowledge by attempting to create a prediction model for 

the prognosis of JIA in a large, well-defined, international cohort of JIA patients, using 

clinical, imaging, microbiota and immunological data as potential predictors. The results 

of this study are discussed in Chapter 3. 

Data from the same study are also used to contribute to the problem of JIA aetiology. 

As discussed above, potential environmental factors responsible for the development 

of JIA have not yet been elucidated. It has been hypothesised that commensal micro-

organisms, so-called microbiota might play a role. To demonstrate that, a first step is 

to show that the microbiota composition is different or behaves differently in patients 

compared to healthy people. Therefore, in Chapter 4 the gut microbiota composition of 

Italian and Dutch JIA patients is assessed and compared to the microbiota composition 

in healthy controls.

In Part II, the attention is shifted towards JDM. Chapters 5 and 6 discuss 

the development and results of a disease activity model in this chronic disease. 

Using a large cohort of JDM patients, followed prospectively, clinical determinants of 

disease activity are assessed. Chapter 5 focuses on the statistical intricacies of model 
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development, whereas Chapter 6 concerns the results of the model and places them in 

a clinical context.

Finally, Part III deals with MTX. Known predictors of MTX efficacy and adverse 

effects are reviewed in Chapter 7. The other chapters in this part of the thesis concern 

MTX adverse effects, specifically MTX intolerance. The outline of the problem and its 

associations with the route of administration are sketched in Chapter 8 for a Dutch 

cohort of patients and in Chapter 9 for a German cohort. Chapter 10 discusses 

the development of a prediction model for the occurrence of MTX intolerance.

Finally, in Chapter 11 the results of this thesis are critically discussed and interpreted. 

Furthermore, implications for patient care and future research are considered.
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ABSTRACT

Objectives
Juvenile idiopathic arthritis (JIA) is subdivided in seven categories. Even within these 

categories, the prognosis varies markedly. To start appropriate treatment in patients with 

JIA and to inform patients and their parents correctly, it is essential to know the individual 

prognosis, preferably at the time of diagnosis. The aim of this study was to identify 

variables, which predict disease activity, joint damage, functional ability and quality of life 

(QoL) early in the disease course.

Methods
A systematic literature review was performed and 3,679 articles were identified. 

The results were screened and critically appraised, using predefined criteria. Articles 

that described validated outcomes, such as the Wallace criteria, the childhood health-

assessment questionnaire (CHAQ) and the juvenile arthritis damage index (JADI) and that 

determined predictors in the first 6 months of disease were selected.

Results
Forty mostly retrospective articles were selected. Polyarticular onset predicted a worse 

prognosis for all outcomes, except QoL. A diagnostic delay and the systemic category 

predicted continuation of active disease. Notably, antinuclear antibodies (ANA) did not 

predict disease activity. Symmetric involvement and rheumatoid factor positivity predicted 

more damage. More disease activity was mainly associated with worse functional 

outcome. However, most predictors were not validated.

Conclusions
Few predictors for the selected outcomes were found. Prospective, longitudinal studies 

using standardised outcome measurements, and evaluating a broader range of predictors, 

such as genetics, immunologic and imaging data, should be performed. For the outcomes 

joint assessment and quality of life, standardised and validated outcomes should  

be developed.
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INTRODUCTION

Juvenile idiopathic arthritis (JIA) is characterised by joint inflammation of unknown 

aetiology, lasting for at least 6 weeks with an onset before 16 years of age.1 It is classified 

in seven categories, based on the number of joints involved in the first 6 months and 

the presence of extra-articular symptoms, such as fever, rash, enthesitis or psoriasis.1;2 JIA 

is heterogeneous, because of differing symptoms and a varying prognosis even within 

the same category, ranging from a short and modest inflammation of a single joint to 

long-lasting, debilitating inflammation of multiple joints, leading to joint destruction and 

life-long incapacity.3-6

Nowadays, a range of effective medication stands at the physician’s disposal, from 

non-steroidal anti-inflammatory drugs (NSAIDs) and steroidal intra-articular injections, 

to disease-modifying anti-rheumatic drugs (DMARDs) like methotrexate, and biologicals 

such as etanercept and adalimumab.7-13 In adult rheumatology, early and effective 

treatment in the so-called window of opportunity improves the outcome.14-19 In paediatric 

rheumatology, the time to initiation of methotrexate therapy was shown to be an important 

factor for the response.20 In a recent study of early aggressive therapy in polyarticular JIA, 

fairly high response rates were achieved,21 while early treatment of systemic JIA with 

anti-IL1 therapy was very successful and reduced the use of steroids markedly.22 It seems 

therefore likely that starting early and aggressive therapy in children with JIA can prevent 

long-term sequelae. On the other hand, it is desirable to spare milder cases aggressive 

treatment, for both safety and economic reasons. Consequently, it is essential to know 

the prognosis for the individual patient early in the course of disease and preferentially 

at the time of diagnosis, in order to start the right treatment immediately. Furthermore, 

patients and their parents not only want to know what kind of disease JIA is in general, 

but especially how it will affect their personal lives and prospects, for which, too, it is 

essential to know the individual prognosis.

Much effort has already been done to elucidate predictors of the prognosis. These 

studies have been reviewed by Adib et al. in 2005.3;4 Major finding at that time was 

the variability among studies owing to a lack of standardised criteria. Since then, however, 

the Wallace criteria for disease remission have been developed and validated,23-26  

potentially leading to a reduced variability among studies and the ability to draw  

consistent conclusions.

Therefore, the aim of this study was to systematically review the literature for studies 

that determine predictors for the prognosis within 6 months after the diagnosis of JIA. 

We focused on the outcome measurements disease activity, joint damage, functional 

ability and quality of life.
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METHODS

On 3 October 2013, a systematic literature search was performed in PubMed, Embase, 

The Cochrane Library and PsycInfo. Using the algorithm in table 1, 3,679 articles were 

identified (figure 1). All titles and abstracts were screened for applicability to the research 

subject, using predefined criteria. Studies that evaluated systemic JIA only were excluded, 

because this category is thought to have a different pathogenesis, warranting a separate 

review.1;27-31 Likewise, studies only assessing predictors for the development of uveitis 

were excluded.

Articles that seemed relevant were selected for in-depth full-text screening. If a full-text 

could not be retrieved, the author was contacted. The references of selected articles were 

screened as well. If a relevant article had been missed, the title and abstract of that article 

were screened to identify the relevant key words. Those were then added to the search 

algorithm and the search was repeated, until no more relevant articles were found. Doing 

so, the articles were screened several times. Table 1 shows the final search algorithm.

Selected articles were critically appraised using pre-defined criteria (see supplementary 

table 1). In order to reduce the expected variability among the articles,4 the outcome 

definition and the time of determination of the predictors were emphasised. Outcome 

measurement regarding disease activity was focused on the validated Wallace criteria 

for clinical remission.23-26 Studies in which remission was defined much like the Wallace 

Table 1. Search strategya

Search algorithm PubMedb Embaseb Cochranec PsycInfob

#1 “juvenile idiopathic arthritis” OR “juvenile 
chronic arthritis” OR “juvenile rheumatoid 
arthritis” OR “juvenile rheumatic arthritis” 
OR “childhood arthritis” OR “juvenile 
arthritis” OR JIA OR JCA OR JRA

7,505 8,630 250 381

#2 outcome OR outcomes OR prognosis OR 
“inactive disease” OR “active disease” OR 
“disease activity” OR “persistent disease” 
OR remission OR nonremission OR “disease 
course” OR “disease courses” OR “disease 
severity” OR Wallace OR function OR 
“functional impairment” OR “childhood 
health assessment questionnaire” OR chaq 
OR “bone erosion” OR damage OR JADI OR 
“quality of life” OR qol OR hrqol

2,737,564 2,810,638 226,805 513,983

#3 #1 AND #2 2,438 3,245 117 134

a Search performed on 3 October 2013. No limitations were applied; b In PubMed, Embase and PsycInfo terms 
were searched in title and abstract only; c In The Cochrane Library, terms were searched in title, abstract and 
keywords only.
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PubMed 
2438 

Cochrane 
117 

5934

3679

Remove duplicates

Embase 
3245 

Original research: 
n=79

Title/abstract screening 
Exclusion: 
-DDO not corresponding: n=3543 
-Uveitis: n=21 
-Case reports/series, meeting abstracts: n=14  
-sJIA specific: n=14 

Original research: 
n=40

Full-text screening 
Exclusion: 
-DDO not corresponding: n=31 
-No full-text available: n=9

PsycInfo 
134 

Figure 1. Flow chart. Abbreviations: DDO, domain, determinant and outcome; sJIA, systemic 
juvenile idiopathic arthritis.

criteria were included as well, but other definitions were excluded. Regarding the other 

outcomes, validated measurements were emphasised, such as the juvenile arthritis 

damage index (JADI)32 and the childhood health assessment questionnaire (CHAQ)33, 

although we were less strict regarding the outcomes joint damage and quality of life, 

since no single, broadly recognised evaluation is available in these fields. As an additional 

criterion, we selected articles in which the predictors were determined within 6 months 

after the diagnosis, to enable timely prediction of the prognosis.

Finally, the two authors discussed which articles would be included for analysis, based 

on the critical appraisal.

RESULTS

Forty articles with original research and 7 reviews were identified after full-text screening 

(figure 1), of which the original research articles were critically appraised (supplementary 
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table 1). Of those, 27 assessed disease activity, 14 joint damage, 22 functional ability 

and 4 quality of life (multiple outcomes possible). Almost none of the articles described 

the process of blinding and none described whether the group with the unfavourable 

outcome was eligible to receive the same care as the group with a favourable outcome. 

Studies using the validated outcomes and determining predictors within 6 months after 

diagnosis were selected.

Disease activity
Ten studies assessed disease activity (table 2). Due to our selection, all studies used Wallace 

criteria or very similar criteria as outcome measurement. Nonetheless, there was still some 

heterogeneity, since these criteria were applied in different ways. For example, some 

studies used the percentage of patients achieving either clinical inactive disease (CID), 

clinical remission on medication (CRM) or clinical remission off all medications (CR),24;34-39  

whereas others assessed the percentage or cumulative amount of time spent in CID, 

CRM or CR.24;40;41 Other study parameters differed as well, most notably the duration 

of follow up which varied from 6 months to a median of 15.3 years. Only two studies 

were prospective studies.34;38 One cross-sectional study was included, which assessed only 

a genetic predictor.41 Two studies assessed only a single category of JIA.37;39

Table 3 shows the results the studies obtained, demonstrating that most of the variables 

were clinical and routine laboratory predictors. Only few were genetic, there were 

hardly any imaging-related and no immunological (i.e., cytokine, cellular characteristics) 

predictors. Only demographics, JIA category, antinuclear antibodies (ANA) and few others 

were evaluated more than once. The results show that demographics were not able to 

predict disease activity, with the notable exception of a longer duration between disease 

onset and diagnosis, which predicted a worse prognosis in a multivariate analysis in two 

studies.35;38 The results of JIA category reflected the known worse prognosis in the systemic 

and polyarticular categories. Because of our selection criteria, only onset categories 

could be evaluated making it impossible to note differences between the oligoarticular 

persistent and extended categories. Disease activity parameters showed a doubtful ability 

to predict a worse prognosis. Finally, ANA positivity did not predict disease activity.

Joint damage
Seven studies evaluated joint damage, none of them using the JADI (table 2).32 Instead, 

other outcome measures were used, such as the Dale or Steinbrocker classification.42;43 

Other studies assessed the presence of joint space narrowing, erosions or ankylosis, 

without specifying a classification or scoring system.44-46 Follow up ranged from 5 years 

to a median of 14.9 years, but was unclear in 1 study.44 Three studies were prospective 

cohort studies.44;47;48 Two studies assessed oligoarticular onset JIA patients only.45;49
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Table 2. Characteristics of included studies

Reference Design
Country  
of origin N

Inclusion 
criteria Outcomea Follow up

24 Retrospective Italy, USA 437 JIA, minimum  
4 y FU

1b, 1c, 
1e, 1f

>4 y

34 Prospective Denmark, 
Finland, 
Norway, 
Sweden

440 JIA, population 
based

1b 8 y

41 Cross-sectional Taiwan 107 JRA, minimum 
1 y FU

1d ?b

38 Prospective Canada 356 JIA, maximum 6 
mo FU

1g, 3a, 4b 6 mo

37 Retrospective Norway 55 JIA, ERA only 1b, 3g Median 15.3 
y (1b), median 
23.0 y (3g)

39 Retrospective USA 104 JIA, RF+ and 
RF - poly only, 
minimum 6 mo 
FU

1a, 1b >6 – >36 mo

40 Retrospective Belgium, 
Germany, 
Switzerland, 
The Netherlands

146 JIA, FU >5 y 1f 5 y

35 Retrospective Italy 683 JCA, minimum 
1 y FU

1h Mean 10 y

36 Retrospective Norway 268 JRA 1i, 2a, 3f Median 14.9 y
67 Retrospective Germany 171 JCA, JSpA, 

population 
based

1i Mean 7.4 y

44 Prospective USA 2,704 JIA 2c, 3a ?
48 Prospective Norway 84 JRA and JSpA 2a, 3b Mean 9.7 y
47c Prospective Sweden 132 JCA, population 

based
2b, 3d 5 y

49 Retrospective France 207 JIA, oligo-onset 
only

2a 6 y

45 Retrospective Canada 205 JRA, oligo-onset 
only, minimum 
5 y FU

2c, 3c Median 10.8 
y (CHAQ 0-3 y 
earlier)

46 Retrospective Canada 181 JRA, minimum 
5 y FU, at least 
8 y old

2c, 3e Median >9.2 
y (2c), median 
>11.6 y (3e)

51 Prospective UK 740 JIA, minimum  
1 y FU

3e >1 y

50c Prospective Sweden 132 JCA, population 
based

3b, 4a 17 y

52 Cross-sectional Portugal 114 JIA 3a Median 3 yb
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Table 2. (continued)

Reference Design
Country  
of origin N

Inclusion 
criteria Outcomea Follow up

68 Retrospective Canada 393 JRA, minimum 
5 y FU, at least 
8 y old

3a, 3e Median >11.6 y

69 Retrospective Italy, USA 227 JRA, maximum 
6 mo disease 
duration, 
minimum 5 y FU

3e, 4d >5 y

70 Retrospective Italy 75 JIA, oligo only 3e >5 y, median 
>7 y

71 Retrospective Turkey 67 JRA, minimum 
3 y FU

3e Mean 4.8 y

72 Retrospective Canada 235 JIA, minimum  
6 mo FU

4c Mean >3.1 y

Abbreviations: ACR, American College of Rheumatology; AD, active disease; (C)HAQ, (childhood) health 
assessment questionnaire; CID, clinical inactive disease; CR, clinical remission off all medications; CRM, clinical 
remission on medication; FU, follow up; JAQQ, juvenile arthritis quality of life questionnaire; JCA, juvenile chronic 
arthritis, JIA, juvenile idiopathic arthritis; JRA, juvenile rheumatoid arthritis; JSpA, juvenile spondyloarthropathy; 
MCS, mental component score; mo, months; oligo, oligoarticular; PCS, physical component score; poly, 
polyarticular; QOLS, quality of life scales; RF, rheumatoid factor; SF-36, Short Form 36 items; y, years.
a 1a: Wallace: achievement of CID in first year; 1b: Wallace: achievement of CRM and/or CR during FU; 1c: 
Wallace: duration first period CID; 1d: Wallace: duration first period CRM; 1e: Wallace: duration of AD before 
CID; 1f: Wallace: percentage of time spent in AD, CID, CRM and/or CR; 1g: Quasi Wallace: achievement of CID; 
1h: Quasi Wallace: achievement of CR during FU; 1i: ACR: percentage of patients in remission at last FU visit; 
2a: Dale radiographic classification; 2b: Cassidy radiographic classification; 2c: joint space narrowing, erosions 
and/or ankylosis on imaging; 3a: (C)HAQ continuous; 3b: (C)HAQ dichotomized >0; 3c: (C)HAQ dichotomized 
>0.12; 3d: (C)HAQ dichotomized >0.5; 3e: (C)HAQ dichotomized >0.75; 3f: SF-36 continuous; 3g: SF-36 PCS 
continuous; 4a: SF-36 MCS; 4b: JAQQ continuous; 4c: JAQQ, psychosocial function continuous; 4d: QOLS 
dichotomized >80; b Time after diagnosis; c These describe the same cohort, but different predictors, outcomes 
and follow up.

Table 4 shows the results. Again, it is notable that almost all predictors were clinical 

and laboratory values. Only a few genetic and no imaging or immunological predictors 

were studied. Due to the paucity of studies, many predictors were assessed only once. 

Nonetheless, the results revealed a worse prognosis in the polyarticular categories. 

Of note is the negative predictive value of symmetric joint involvement36;45 and of 

rheumatoid factor (RF) positivity36;47 in two studies. This may be due to correlations with 

the polyarticular categories, because the independent effect of these predictors was not 

studied in multivariate analysis together with JIA category. Other negative predictors 

included disease activity parameters, which, however, were mostly not validated.
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Table 3. Results for outcome disease activitya

Baseline predictors (within 6 months  
after diagnosis)

Number of studies

References-- <b NS >b +

Demographics
 Gender: female 1/1 4 24;35-38;40
 Higher age at onset 5 1/0 1 24;35-38;40;67
 Higher age at diagnosis 1/1 38;39
 Longer time from onset to diagnosis 2 35;38
 Family history of AS in first degree relative 1 37
JIA categoryc 1 40
 Oligoarticular persistent 0/1 67
 Oligoarticular extended 0/1 0/1 24;67
 Systemic 1 0/1 1/1 24;36;38;67
 Poly RF- 1 0/2 1 24;35;36;38
 Poly RF+ 0/3 2 24;35;36;38;39
 Psoriatic 1 38
 ERA 0/1 1 34;38
 Undifferentiated
Disease activity
 Higher active joint count 1 1/0 1 36;38;67
 Higher limited joint count 2 38;67
 Higher PGA 1/0 38
 Higher parent/patient GA 1/0 38
 Higher pain VAS 1/0 38
 Higher CHAQ score 1/0 38
 Higher JAQQ score 1 38
 Hip involvement 1 34
 Ankle involvement 1 37
 Sacroiliitis present 1 34
 Enthesitis present 1 34
 Uveitis 1/0 36
Laboratory
 ANA positive 1/0 3 24;36;38;40
 RF positive 1 1/0 36;38
 Higher ESR 2 38;67
 Higher number of months with elevated ESR  
 (in first 6 months)

1 36

 Higher CRP 2 38;67
 α2- or γ-globulins 1 67
Genetics
 HLA-B27 positive 1 1/1 34;36;67
 HLA-DRB1*08 2 36;37
 RANTES -28G allele 0/1 41
 RANTES -403A allele 1 41
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Table 3. (continued)

Baseline predictors (within 6 months  
after diagnosis)

Number of studies

References-- <b NS >b +

Imaging
 Erosions or joint space narrowing on images 0/1 39

Abbreviations: ANA, antinuclear antibodies; AS, ankylosing spondylitis; CHAQ, childhood health assessment 
questionnaire; CRP, C-reactive protein; ERA, enthesitis-related arthritis; ESR, erythrocyte sedimentation rate; GA, 
global assessment; HLA, human leukocyte antigen; IFN, interferon; IL, interleukin; JAQQ, juvenile arthritis quality 
of life questionnaire; JIA, juvenile idiopathic arthritis; MIF, macrophage migratory inhibition factor; PIP, proximal 
interphalangeal joint; PGA, physician’s global assessment; RF, rheumatoid factor; TGF, transforming growth 
factor; TNF, tumour necrosis factor; VAS, visual analog scale.
a Values are the number of studies which found that particular result for the respective predictors; b The first 
number in this column refers to the number of studies which performed a multivariate analysis disconfirming 
the univariate finding (studies in which the multivariate analysis confirmed the univariate finding, are shown 
in the columns labelled -- and +, respectively). The second number in this column refers to the number of 
studies which did not perform a multivariate analysis; c In studies that evaluated onset categories oligoarticular, 
polyarticular and systemic, results have been duplicated for oligoarthritis persistent and extended, and 
polyarthritis RF positive and negative respectively.
Symbols used: 
-- lower chance of favourable outcome in multivariate analysis (p ≤ 0.05)
< lower chance of favourable outcome in univariate analysis (p ≤ 0.05)
NS: not significant (p > 0.05)
S: significant in univariate analysis. Direction of the effect not shown (p ≤ 0.05)
> higher chance of favourable outcome in univariate analysis (p ≤ 0.05)
+ higher chance of favourable outcome in multivariate analysis (p ≤ 0.05)

Functional ability
Fifteen studies were selected, assessing functional ability (table 2). All but two used 

the CHAQ33 or the HAQ when appropriate as outcome measurement. However, in 

some studies the score was dichotomised, mostly using a score of 0.75 as the cut-off 

point, whereas in other studies it was assessed as a continuous score. Two studies used 

the 36-item Short-Form health survey (SF-36).36;37 Follow up ranged from 6 months to as 

much as 23 years. Six out of 15 studies were prospective cohort studies38;44;47;48;50;51 and 

one was a cross-sectional study52, which assessed genetic predictors only.

Table 5 shows the results. Demographic variables showed varying results. JIA category 

showed the worse prognosis for polyarticular JIA again. Among disease activity parameters, 

quite some significantly associated predictors were identified. In general, more disease 

activity at diagnosis was predictive for a worse prognosis. The two most notable predictors 

were a higher CHAQ score at baseline and, again, the presence of symmetric joint 

involvement. The laboratory parameters showed some mixed results, making it difficult to 

draw an overall conclusion. Some genetic factors, being human leucocyte antigens (HLA) 

and single nucleotide polymorphisms (SNPs) in cytokine genes were analysed. However, 

almost all of these were analysed only once and were insignificant. 
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Table 4. Results for outcome absence of joint damagea

Baseline predictors  
(within 6 months after diagnosis)

Number of studies

References-- <b NS Sb >b +

Demographics
 Gender: female 2 36;48
 Ethnicity: Hispanic 0/1 44
 Ethnicity: North-American native 1 46
 Higher age at onset 0/1 2 1/0 36;46-48
 Longer time from onset to diagnosis 1 48
 Diagnosis at first visit 1 48
JIA categoryc

 Oligoarticular persistent
 Oligoarticular extended
 Systemic 1 1/0 36;46
 Poly RF- 2/1 1/0 36;46-48
 Poly RF+ 2/1 1/0 36;46-48
 Psoriatic
 ERA
 Undifferentiated
Disease activity
 Higher active joint count 1 1/0 36;48
 Higher PGA 1/0 48
 Cervical involvement 1/0 36
 Wrist involvement 1/0 36
 Finger joint involvement 1/0 36
 Hip involvement 1/0 36
 Ankle and/or wrist involvement 1 36;45
 Symmetric involvement 2 36;45
Laboratory
 ANA positive 1 48
 RF positive 1 0/1 36;47
 Higher ESR 2/1 36;48;49
 Higher number of months with elevated ESR  
 (in first 6 months)

1 36

 Higher CRP 1/0 48
 Higher number of platelets 1/0 48
Genetics
 HLA-B27 positive 1 48
 HLA-DPB1*02 1/0 36
 TGF-β1 codon 25G/G (wild type) 1 46
 IL-10 -1082G→A genotypes 1/0 46

For declaration of the symbols, footnotes and abbreviations, see table 3.
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Table 5. Results for outcome functional abilitya

Baseline predictors  
(within 6 months after diagnosis)

Number of studies

References-- <b NS Sb >b +

Demographics
 Gender: female 2 5 36-38;48;50;51;68
 Ethnicity: Hispanic 1 44
 Ethnicity: Native North American 1/0 68
 Higher age at onset 2/1 5 36-38;47;48;50;68;69
 Higher age at diagnosis 1 51
 Longer time from onset to diagnosis 2/0 2 38;48;51;68
 Diagnosis at first visit 1 48
 Family history of AS in first degree relative 1 37
 Residence on a reserve 1 68
 Rural residence 1 68
JIA categoryc 2 48;50
 Oligoarticular persistent
 Oligoarticular extended
 Systemic 1/0 3 36;38;68;69
 Poly RF- 1 2/0 1 36;38;68;69
 Poly RF+ 1 2/0 1 36;38;68;69
 Psoriatic 1 38
 ERA 1 38
Disease activity
 Higher active joint count 4/0 2 36;38;48;50;51;69
 Higher limited joint count 0/1 38
 Higher involved joint count 1 1 37;50
 Higher articular severity score 1 69
 Higher PGA 1/1 1 38;48;51
 Higher parent/patient GA 2/0 38;51
 Higher pain VAS 2/0 38;51
 Higher CHAQ score 2 38;51
 Higher JAQQ score 1 38
 Hand involvement 2/0 36;69
 Hip involvement 1 1 36;37
 Ankle involvement 1 37
 Symmetric involvement 2 1/0 36;45;69
Laboratory
 ANA positive 2 1 50;68;69
 RF positive 1 1/0 1 36;50;69
 Higher ESR 2/0 4 37;38;48;50;51;69
 Higher number of months with elevated  
 ESR (in first 6 months)

1 36

 Higher CRP 2 38;48
 Higher number of platelets 1 48
 Higher albumin level 1/0 69
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Quality of life
Only four studies assessing quality of life were retrieved (table 2). Different outcome 

measurements were used, namely the SF-36 mental component summary scale, 

the Juvenile Arthritis Quality of Life Questionnaire (JAQQ)53 and the Quality of Life Scales 

(QOLS).54;55 Follow up ranged from 6 months to 17 years. Two studies were prospective 

cohort studies.38;50

Table 6 shows the results. A comparison is difficult to make, due to the paucity of 

studies and the difference in outcome measurements. Most of the predictors were 

studied only once. Generally, only disease activity parameters and potentially a longer 

doctor’s delay showed some prospects as predictors of quality of life.

Table 5. (continued)

Baseline predictors  
(within 6 months after diagnosis)

Number of studies

References-- <b NS Sb >b +

Genetics
 HLA-B5 (51,52) 1 69
 HLA-B8 1 69
 HLA-B27 1 37
 HLA-B35 1 69
 HLA-C3 (9,10) 1/0 69
 HLA-DR1 (15,16) 1 69
 HLA-DR3 (17,18) 1 69
 HLA-DR5 (11,12) 1 69
 HLA-DRB1*08 1/0 37
 HLA-DRB1*01 1 37
 HLA-DRB1*04 1 37
 HLA-DPB1*02 1 37
 HLA-DPB1*03 1 37
 HLA-DQ3 1 69
 TNF-α -308G→A 2 46;52
 TGF-β codon 10T→C 1 46
 TGF-β codon 25G→C 1 46
 IFN-γ+874T→A 1 46
 IL-6 -174G→C 1 46
 IL-10 -1082G→A 1 46
 IL-10 -819C→T 1 46
 IL-10 -592C→A 1 46
 MIF -173 C allele 0/1 1 70;71
 MIF -794 CATT repeats 1 70

For declaration of the symbols, footnotes and abbreviations, see table 3.
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DISCUSSION

The aim of our study was to identify early predictors of disease activity, joint damage, 

functional ability and quality of life in JIA. The most consistent predictor was polyarticular 

onset of JIA, which was identified in multiple studies for three of the outcomes assessed. 

This reflects the known worse prognosis for the polyarticular categories of JIA.1;4;5 

Table 6. Results for outcome quality of lifea

Baseline predictors  
(within 6 months after diagnosis)

Number of studies

References-- <b NS Sb >b +

Demographics
 Gender: female 3 38;50;72
 Higher age at onset 3 38;50;69
 Higher age at diagnosis 1 72
 Longer time from onset to diagnosis 1 38
JIA categoryc 2 1/0 38;50;69
Disease activity
 Higher active joint count 1 1/0 1 38;50;69
 Higher limited joint count 0/1 1 38;50
 Higher articular severity score 1/0 69
 Higher PGA 0/1 38
 Higher parent/patient GA 1/0 38
 Higher pain VAS 1 38
 Higher CHAQ score 1/0 38
 Higher JAQQ score 1 38
 Hand involvement 1 69
 Symmetric involvement 1 69
Laboratory
 ANA positive 2 50;69
 RF positive 1/0 1 50;69
 Higher ESR 1 2 38;50;69
 Higher CRP 1 38
 Higher albumin level 1 69
Genetics
 HLA-B5 (51,52) 1 69
 HLA-B8 1 69
 HLA-B35 1 69
 HLA-C3 (9,10) 1 69
 HLA-DR1 (15,16) 1 69
 HLA-DR3 (17,18) 1 69
 HLA-DR5 (11,12) 1 69
 HLA-DQ3 1 69

For declaration of the symbols, footnotes and abbreviations, see table 3.
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However, as was already noted by Adib et al. in their review in 2005, there is considerable 

variance in the prognosis also within categories and it is hence useful to identify other 

factors which can predict that variance.4

Many of the assessed variables did not show that ability. For example, demographic 

and laboratory data showed too variable results to be valuable predictors, with 

the notable exception of a diagnostic delay, predicting continuation of disease activity. 

Other valuable results were shown by disease activity parameters, such as the number of 

active joints at baseline, the physician’s global assessment, the parent or patient global 

assessment, the CHAQ score and especially symmetric joint involvement. However, 

most of these parameters were assessed in only a few studies, leaving the question of 

reproducibility open. Moreover, the issue of confounding arises, since the number of 

affected joints defines the distinction between oligoarticular and polyarticular onset JIA, 

and other disease activity parameters may correlate with this predictor. To what extent 

disease activity parameters show individual predictive capabilities, should be evaluated 

in multivariate analysis. Lastly, it remains to be elucidated if the involvement of specific 

joints has any relationship with the outcome. Here too, confounding might obscure 

the relationships, since, for example, the finger joints are more frequently affected in 

the polyarticular categories.1;6

Overall, demographic, clinical and laboratory values were insufficient to predict 

the individual prognosis timely. It is noteworthy that hardly any other potential predictors 

were taken into account, such as cytokine levels, cell characteristics, results of imaging 

obtained early in the disease course or genetic evaluations, such as HLA and SNPs in 

genes with a known function in the immune system. Future studies should address  

this issue.

There were some concerns about the validity of the studies. Many of the identified 

studies were retrospective. Since children with a worse disease course tend to visit their 

physician more often and for a longer period, these retrospective studies are prone to 

a selection bias. Moreover, many of the studies did not perform a multivariate analysis 

in order to elucidate individual predictors and try to rule out confounding. Furthermore, 

almost none of the studies described the process of blinding, a lack of which could 

lead to information bias, especially in retrospective studies, where the outcome is known 

at the time of predictor determination. Finally, the selected studies were performed 

in different periods and made use of different treatment regimens, which potentially 

confounded our results.

In 2011, the American College of Rheumatology (ACR) issued their recommendations 

for the treatment of JIA, which included some features of poor prognosis.12 It was difficult 

to compare these features with our results, since the paper did not mention their outcome 

criteria and these features were not all determined in the first 6 months after diagnosis, 

as in our review. Furthermore, they included predictors that associated only in univariate 

analysis, but not in multivariate analysis, that were only based on the authors’ clinical 

experience or that were shown to correlate with the outcome instead of predicting 
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the prognosis. Consequently, the evidence for some of these prognostic features  

was wanting. 

In 2005, Adib et al. noted the variability among studies and recommended 

the development of standardised outcome criteria. Since then, the Wallace criteria 

have been developed.23-26 In short, each visit is scored as clinical inactive disease (CID) 

if there are no joints with active arthritis, no systemic features, no uveitis, ESR and/or 

CRP are normal, physician’s global assessment is the best possible on the scale used 

and duration of morning stiffness is less than 15 minutes. A child is regarded to be in 

clinical remission on medication (CRM) when these criteria are met during 6 consecutive 

months and she is regarded to be in clinical remission off medications (CR) when these 

criteria are met during 12 consecutive months while using no anti-arthritis or anti-uveitis 

medication.23-26 In our results, Wallace criteria were used in different ways. For example, 

outcome was defined as the percentage of patients in CID, CRM or CR at the last visit, 

or as the cumulative amount of time patients spent in CID, CRM or CR during follow 

up. To avoid variability, the outcome definition should be standardised. Since JIA has 

a fluctuating disease course,24;35;56 the longitudinal aspect of disease activity should be 

taken into account. Hence, the best outcome measurement seems to be the cumulative 

amount of time in CID, CRM or CR. A core set of data should routinely be collected 

in daily clinical practice allowing the evaluation of JIA according to these standardised 

outcomes such as Wallace criteria or the juvenile arthritis disease activity score (JADAS)57, 

thus facilitating clinical studies.

Regarding joint damage, none of the identified studies used the JADI, which is 

a validated assessment of both articular and extra-articular damage.32 Instead, they 

used the visual assessment of radiographic images for joint space narrowing, erosions 

and ankylosis, which is regarded as the gold standard.58 However, its reliability, validity 

and reproducibility are limited due to the lack of validated scoring systems in paediatric 

rheumatology.32;58 Those that exist focus on the knee and wrist joints, whereas damage 

can occur in any joint.32;43;59-61 Consequently, such validated scoring systems should be 

developed for other joints as well and longitudinal outcome studies should be performed 

with either the JADI or these scoring systems.

The CHAQ is a standardised and validated questionnaire for functional ability.33 It 

measures the abilities and disabilities in various day to day activities, such as dressing, 

grooming, eating and grip on a 0-3 point scale. It is still a widely used questionnaire, 

although there are concerns about its ceiling effect and sensitivity to change.62-65 Since 

most of the analysed studies used the CHAQ, comparability among them was good. 

Finally, for quality of life, many validated questionnaires exist, such as the SF-36, JAQQ 

and QOLS. Because all of these were used in the studies we analysed, comparability was 

very limited. If quality of life is to be an important outcome measurement, one validated 

measurement should be settled on.

All selected studies focused on finding parameters, which predicted the outcome 

significantly (P < 0.05). Alternatively, one could construct a clinically usable prediction rule, 



REV
IEW

 O
F PRED

IC
TO

RS IN
 JIA

43

2

which yields an individual score indicating the probability of a certain outcome. In such an 

approach, statistical significance is not important, but the focus is on the predictive value 

instead.66 So far, no such prediction rules for the outcome in JIA have been developed. 

This hiatus should be addressed in future studies.

We chose to make a strict selection of articles to be analysed, in order to focus on 

early predictors, homogenise the results and to be able to draw a consistent conclusion. 

The drawback of this approach is that we may have missed some predictors, by excluding 

articles that used other outcome definitions. We feel our approach is justified, because if 

such studies would have been added to the analysis, comparability would be very limited. 

In order to be not too strict, we did include some articles with outcome measurements 

very close to the Wallace criteria, some of which were, indeed, also used by Wallace et al. 

to test their criteria against.25

In conclusion, demographic, clinical and laboratory values are insufficient as early 

predictors for long-term outcome. Studies that evaluate other early predictors, such 

as genetics or immunologic parameters, hardly exist. Since standardised criteria for 

disease remission and functional ability have been developed, future efforts should be 

directed at performing prospective studies, using these validated outcomes, assessing 

not only clinical but also immunologic, genetic and imaging variables within 6 months 

of the disease course. These validated outcomes should therefore routinely be registered 

in daily clinical practice. Finally, validated and standardised outcome measures should 

be developed for joint damage and quality of life, if these are to be important outcome 

measures in longitudinal studies.
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SUPPLEMENTARY MATERIAL

Supplementary table 1. Critical appraisal

Reference Design

Relevance Validity

Dom Det Out Blind Rec SoC Loss Mis

Outcome: disease activity
34 Prospective + + + ? + ? + +
41 Cross-sectional +/- +/- + ? + ? ? ?
38 Prospective + + +/- ? + ? + +
37 Retrospective +/- + + ? + ? + +
39 Retrospective +/- +/- + ? + ? + +
24 Retrospective +/- +/- + ? + ? + +
40 Retrospective + +/- + ? + ? +/- +/-
35 Retrospective +/- +/- +(/-) ? + ? - +
36 Retrospective +/- + +/- +/- + ? + +
67 Retrospective +/- +/- +/- ? + ? ? ?
73 Prospective +/- - +/- ? ? ? + +
74 Prospective + +/- + ? +/- ? +/- +/-
75 Prospective +/- + +/- - +/-a ? + +
44 Prospective + + - ? + ? + +
50 Prospective +/- + - ? + ? +/- ?
76 Prospective +/- + - ? + ? ? ?
45 Retrospective +/- + - ? + ? + +
68 Retrospective +/- + - ? +b ? + +/-
46 Retrospective +/- + - ? + ? +/- +/-
47 Prospective +/- +/- - ? + ? + +
52 Prospective + +/- - ? + ? ? ?
77 Unclear + +/- - ? + ? ? ?
78 Retrospective +/- +/- - ? + ? + +
71 Retrospective +/- +/- - ? + ? ? +
79 Retrospective +/- +/- - ? + ? +/- +/-
80 Retrospective +/- +/-c - ? + ? ? ?
81 Prospective +/- + - ? - ? + +

Outcome: joint damage
44 Prospective + +/- +/- ? + ? + +
48 Prospective +/- + +/- ? + ? + +
47 Prospective +/- +/- +/- ? + ? + +
36 Retrospective +/- + +/- +/- + ? + +
49 Retrospective +/- + +/- ? + ? + +
45 Retrospective +/- + +/- ? + ? +/- +
46 Retrospective +/- + +/- +/- + ? +/- +/-
74 Prospective + +/- + ? +/- ? +/- +/-
75 Prospective +/- + +/- - +/-a ? + +
82 Retrospective +/- + +/- +/- ?d ? +/- +
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Supplementary table 1. (continued)

Reference Design

Relevance Validity

Dom Det Out Blind Rec SoC Loss Mis

73 Prospective +/- +/- +/- +/- ? ? + +
83 Retrospective +/- + + ? - ? + ?
84 Retrospective +/- + +/- +/- - ? + ?
81 Prospective +/- + +/- ? - ? +/- +

Outcome: functional ability
44 Prospective + + + ? + ? + +
51 Prospective + + + ? + ? + +
48 Prospective +/- + +/- ? + ? + +
50 Prospective +/- + + ? + ? +/- ?
52 Cross-sectional + +/- + ? + ? ? ?
47 Prospective +/- +/- + ? + ? + +
38 Prospective + + +/- ? + ? + +
68 Retrospective +/- + + ? +b ? + +/-
45 Retrospective +/- + + ? + ? +/- +
46 Retrospective +/- + + ? + ? +/- +/-
69 Retrospective +/- + + ? + ? +/- +/-
70 Retrospective +/- +/- + +/- + ? + +
71 Retrospective +/- +/- + ? + ? ? +
36 Retrospective +/- + +/- ? + ? + +
37 Retrospective +/- + +/- ? + ? +/- +
85 Prospective +/- + + - +/-a ? + +
74 Prospective + +/- + ? +/- ? + +/-
86 Retrospective +/- + + ? ?e ? +/- +
82 Retrospective +/- + + +/- ?d ? +/- +/-
84 Retrospective +/- + + ? - ? ? +/-
87 Prospective +/- + + ? - ? + +
88 Retrospective +/- + + ? - ? +/- ?

Outcome: Quality of Life
50 Prospective +/- + + ? + ? +/- ?
38 Prospective + + +/- ? + ? + +
72 Retrospective + + + ? +b ? - +
69 Retrospective +/- + + ? + ? +/- +/-

Abbreviations: Blind, blinding; Det, determinant; Dom, domain; Loss, loss to follow up; Mis, missing predictors; 
Out, outcome; Rec, recruitment; Ref, reference number; SoC, standardization of care.
Shaded articles were excluded for analysis.
a Clarified in personal communication with the author; b Some covariates in the multivariable analysis were 
determined after 6 months; c Predictors were entered in a multivariable analysis, but only predictors determined 
after >6 months were entered as covariates; d Predictors were determined at the time of the first radiograph. 
No information about the interval between diagnosis and the first radiograph is given. However, the strongest 
predictor for all outcomes was radiographic progression in the first year (+/-); e Predictors were determined at 
the time of the first CHAQ. No information about the interval between diagnosis and the first CHAQ is given.
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Supplementary table 1. (continued)

Criteria: Domain: + Children with confirmed JIA, according to currently valid ILAR criteria +/- Children with 
JCA/JRA according to previously valid criteria, or children with JIA and additional criteria (e.g. hospitalized, 
specific categories only) - All other domains; Determinant: + Prediction model or single predictors corrected 
for confounding in multivariable analysis +/- Single predictors in univariate analysis - No predictors; Outcome: + 
Clinical remission: (preliminary) Wallace criteria for clinical inactive disease; joint damage: JADI score; functional 
ability: CHAQ; quality of life: any validated questionnaire; and follow-up ≥1 year +/- Clinical remission: criteria 
similar to Wallace criteria; Other outcomes: all validated outcome measures, or follow-up <1 year - Clinical 
remission: no use of Wallace criteria; Other outcomes: no use of validated outcome criteria; Blinding: + Both 
patient and physician blinded (or not applicable in case of objective measurements) +/- Patient or physician not 
blinded - Not blinded; Recruitment: + Predictors determined at time of diagnosis or <6 months (or time of 
determination does not matter as in genetic evaluations, gender, age at onset, etc.) +/- Predictors determined 
more than 6 months after diagnosis, but <1 year - Predictors determined after 1 year, or completely at random; 
Standardization of care: + All participants treated according to standards of care - No standardized care; 
Loss to follow up (missing outcome): + <20% and unselective loss to follow up; or >20%, unselective and 
solved with a statistically valid method (imputation) +/- >20% (not imputed) but unselective loss to follow up - 
Selective loss to follow up; Missing predictors: + <20% and unselective; or >20%, unselective and solved with 
a statistically valid method (imputation) +/- >20% (not imputed) but unselective - Selective missing predictors.
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ABSTRACT

Objectives
To predict the occurrence of inactive disease in juvenile idiopathic arthritis (JIA) in the first 

two years of disease.

Methods
An inception cohort of 152 treatment-naïve JIA patients with disease duration less 

than six months was analyzed. Potential predictors were baseline clinical variables, joint 

ultrasound, gut microbiota composition and a panel of inflammation-related compounds 

in blood plasma. Various algorithms were employed to predict inactive disease according 

to Wallace criteria at six months intervals in the first two years. Performance of the models 

was evaluated using the split-cohort technique. The cohort was analyzed in its entirety, 

and separate models were developed for oligoarticular patients, polyarticular rheumatoid 

factor (RF) negative patients and anti-nuclear antibody (ANA) positive patients.

Results
All models analyzing the cohort as a whole showed poor performance in test data 

(area under the curve [AUC] <0.65). The subgroup models performed better. Inactive 

disease was predicted by lower baseline juvenile arthritis disease activity score (JADAS)-

71 and lower relative abundance of the operational taxonomic unit Mogibacteriaceae 

for oligoarticular patients (AUC in test data 0.69); shorter duration of morning stiffness, 

higher hemoglobin and lower CXCL-9 levels at baseline for polyarticular RF negative 

patients (AUC in test data 0.69); and shorter duration of morning stiffness and higher 

baseline hemoglobin for ANA positive patients (AUC in test data 0.72).

Conclusions
Inactive disease could not be predicted with satisfactory accuracy in the whole cohort. 

Interesting predictors were found in more homogeneous subgroups. These need to be 

validated in future studies.
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INTRODUCTION

Juvenile idiopathic arthritis (JIA) is an umbrella-term covering chronic arthritis of unknown 

cause lasting for more than six weeks with an onset before 16 years of age.1 The prognosis 

of children with JIA has improved considerably over the last decades. Following the advent 

of methotrexate and biologic agents, many children achieve disease remission within 

a reasonable time frame.2-5 Nevertheless, there is still a substantial proportion of children 

who do not achieve inactive disease, or fail to do so within a short period of time. 

Prolonged disease activity causes distress, diminishes the overall well-being of the child 

and is associated with a higher risk of long term sequelae of the disease, including 

irreversible joint damage.6-10 On top of this, the so-called window of opportunity, known 

from adult rheumatoid arthritis,11-15 may also be present in pediatric rheumatology, 

meaning that better outcomes are achieved if effective treatment is started early in 

the course of disease.

For various reasons, it is not feasible to prescribe biologic agents to all children with 

JIA. First, this would expose many children to the potential side effects of the drugs 

and, secondly, this practice would be too costly. Moreover, not all children need biologic 

agents, since some respond well to intra-articular corticosteroid injections only or, failing 

that strategy, may benefit from the addition of methotrexate.16

Therefore, there is a clinical need of predictors capable of stratifying JIA patients 

according to their prognosis, thus enabling to identify early in the course of disease, ideally 

at the time of diagnosis, those patients in need of more aggressive therapy. A review 

of the literature revealed that it is unlikely that clinical predictors suffice to achieve 

that goal.17 This conclusion was challenged by a recently published clinical prediction 

model that performed well in test data.18 However, its performance was poor in our 

cohort. Therefore, other categories of predictors need to be taken into consideration for 

the accurate prediction of the prognosis of JIA.

Our aim was to construct a prediction model of the prognosis of JIA patients in a well-

defined, multicentre cohort, using clinical, imaging and microbiota data as well as a panel 

of inflammation-related compounds in blood plasma.

METHODS

We performed a prospective, observational cohort study at the Istituto Giannina 

Gaslini (IGG, Genoa, Italy), Ospedale Pediatrico Bambino Gesù (OPBG, Rome, Italy) and 

the Wilhelmina Children’s hospital (WKZ, Utrecht, The Netherlands), between October 

2013 and December 2015 (IGG and OPBG) and between March 2014 and December 

2015 (WKZ). Consecutive patients with JIA according to international league against 

rheumatism (ILAR) criteria19 at disease onset (onset of symptoms at most six months 
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before enrolment), who had not started any treatment other than non-steroidal anti-

inflammatory drugs (NSAIDs) were eligible for enrolment. Systemic JIA patients were  

not included.

At baseline, clinical parameters regarding demographics and disease manifestations 

were collected and routine laboratory examinations were performed. The childhood 

health assessment questionnaire was completed by the child or his parents. Information 

about ongoing treatment (NSAIDs) was collected. An additional sample of blood was 

collected, peripheral blood plasma was isolated and frozen at -80 °C. These samples were 

then shipped to WKZ on dry ice by overnight shipment to perform an in-house developed 

and validated (ISO9001 certified) multiplex immunoassay (Laboratory of Translational 

Immunology, University Medical Centre Utrecht) based on Luminex technology (xMAP, 

Luminex Austin TX USA). The assay was performed as described previously.20 Aspecific 

heterophilic immunoglobulins were pre-absorbed from all samples with heteroblock 

(Omega Biologicals, Bozeman MT, USA). Acquisition was performed with the Biorad 

FlexMAP3D (Biorad laboratories, Hercules USA) in combination with xPONENT software 

version 4.2 (Luminex). Data were analyzed by 5-parametric curve fitting using Bio-Plex 

Manager software, version 6.1.1 (Biorad).

Additionally, a stool sample for gut microbiota determination was collected and frozen 

at -80 °C. These samples were shipped to OPBG on dry ice by overnight shipment for 16S 

bacterial ribosomal RNA pyrosequencing, as described in literature.21 Reads were analyzed 

by Quantitative Insights into Microbial Ecology (QIIME, v.1.8.0), grouped into operational 

taxonomic units (OTUs) at a sequence similarity level of 97%.22-25 [Van Dijkhuizen et al., 

in preparation].

Finally, an extended joint ultrasonography was performed using a pre-specified 

protocol. Details of the protocol have been published previously [Lanni et al. Clin Exp 

Rheum, in press].

Enrolled patients were evaluated every 6 months and additionally in case of a relapse, 

for 2 years or until the end of the study period in February 2017, whichever was 

first. At each visit, disease activity was assessed using the Wallace criteria for inactive 

disease.26 Ongoing treatment was categorized as 1) no treatment; 2) intra-articular joint 

injections with or without NSAIDs; 3) methotrexate with or without oral steroids; and 4)  

biological agents.

Statistical analysis
Three different prediction models were developed: one consisting of clinical (including 

ultrasound) data only; one containing clinical and microbiota data; and one using 

clinical and Luminex data. The outcome was inactive disease versus active disease for 

all models. Missing clinical data were imputed by multiple imputations using chained 

equations (MICE) producing 10 imputed data sets.27 All other clinical variables, including 
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the outcome, were used in the imputations, provided they were not linearly related to 

the variables to be imputed.27 Missing microbiota and Luminex data were only due to 

missing samples in our cohort and were therefore not imputed.

The cohort was split at random into two thirds for model training and one third for 

model validation. To eliminate the influence of the data split on the model evaluation, 

the split was performed ten times and the model was trained and tested in each of these 

split data sets. The performance was summarized as the mean over the 10 splits.

In the training data, univariate variable selection was performed by fitting a model 

and retaining the variables with a p-value <0.1, or <0.2 in case no variable had a p-value 

<0.1. If variables correlated in training data (Spearman’s |rho| >0.6), the variable with 

the lowest p-value was retained. The remaining variables were pooled in a multivariable 

model in the training data and this model was subsequently applied to the test data.

Several different algorithms were tried and model performance was assessed in an 

appropriate manner for each algorithm. In the primary analysis, to exploit the information 

contained in all visits for all patients, a repeated measurements analysis using 

generalized estimating equations (GEE) was performed.28;29 Performance of this model 

was tested using an area under the curve (AUC)-like statistic, adapted to models with  

repeated measurements.30 

Secondary analyses
Various secondary analyses were performed, including Cox proportional hazards models 

of time to first inactive disease and Cox regressions of time to inactive disease, using 

recurrent events analysis.31 The performance of these models was assessed by predicting 

the risk score of patients in the test data and correlating this risk score with the observed 

outcome in the test data set, using Somer’s D correlation, adapted to censored data,32;33 

from which the c-statistic (similar to the AUC) was calculated.

Moreover, next to the longitudinal approach, the outcomes at 6 months and 12 

months after baseline were analyzed separately. This approach opened up the possibility 

of applying more algorithms: we fitted logistic regression models, random forests and 

support vector machines. Performance of these models was assessed by calculating 

the AUC.

Finally, to reduce the heterogeneity of JIA, we fitted models to the groups of oligoarticular 

patients, polyarticular rheumatoid factor (RF) negative patients and antinuclear antibody 

(ANA) positive patients separately. Patients were pragmatically considered ANA positive, 

if they had at least one positive ANA determination at baseline (titer ≥1:160).

Statistical analyses were carried out using R 3.3.2 (R foundation for statistical 

computing, Vienna, Austria).
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RESULTS

Of 169 enrolled patients, 10 were enrolled after the start of methotrexate and 7 were lost 

to follow up (i.e., no follow up data collected at all), leaving 152 patients to be analyzed. 

Luminex data was available for 121 patients and gut microbiota data for 91 patients. 

Missing Luminex and microbiota data were due to difficulties in the collection or shipment 

of samples and were unrelated to disease characteristics. Blood samples for Luminex 

analysis were collected in EDTA tubes at OPBG (compared to sodium heparin tubes at 

IGG and WKZ). Consequently, the Luminex results of OPBG patients were incomparable 

to those of the remainder of patients (data not shown). Therefore, the Luminex results of 

OPBG patients were excluded from the analysis. Thus, the clinical models were developed 

in 152 patients, contributing 508 visits, the microbiota models in 91 patients contributing 

310 visits and the Luminex models in 80 patients contributing 261 visits.

Baseline characteristics are shown in Table 1. The majority of patients were female, 

presented with four active joints or fewer and continued to have persistent oligoarthritis. 

Almost 90% of patients with oligoarticular disease onset and all patients with polyarticular 

onset presented with high disease activity, according to the cut-off points of the juvenile 

arthritis disease activity score (JADAS)-71.34 Most patients achieved inactive disease 

during follow up, but a substantial minority (about 20-40%) showed active disease at 

the follow up visits (Table 2).

Primary analysis
The best GEE model for all patients combined is presented in supplementary tables 1, 

showing poor performance in test data (AUC 0.65).

Secondary analyses
The results of the Cox models for time to first remission, Cox models with recurrent 

events, the logistic regression at 6 and 12 months are shown in supplementary  

tables 2-5. All models, as well as the random forest and support vector machine algorithms 

(not shown), performed poorly in test data.

Improved results were obtained when fitting a GEE model to the oligoarticular 

patients, polyarticular RF negative patients and ANA positive patients separately. For 

oligoarticular patients, the best model was the model with clinical and microbiota 

predictors. The odds of achieving inactive disease were decreased by a higher JADAS-71 

score at baseline and higher relative abundance of the operational taxonomic unit 

(OTU) Mogibacteriaceae. Other variables were associated in univariate analysis, but lost 

significance in the multivariable model (Table 3). The mean AUC over the imputed data 

sets was 0.79 in training data and 0.69 in test data (compared to 0.65 for the model with 

clinical variables only).
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Table 1. Baseline characteristics

Baseline variables N = 152

Female, n (%) 112 (73.7)
Age at onset, median [1st, 3rd quartile] 4.0 [2.1, 7.8]
Disease duration, median [1st, 3rd quartile] 0.2 [0.2, 0.3]
Age at diagnosis/enrolment, median [1st, 3rd quartile] 4.3 [2.4, 8.2]
Active joints, median [1st, 3rd quartile] 2 [1, 5]
More than 4 active joints, n (%) 43 (28.3)
JADAS-71, median [1st, 3rd quartile] 13.2 [8.2, 18.6]
ANA positive, n (%)a 84 (55.3)
RF positive, n (%)a 2 (1.3)
Uveitis, n (%) 8 (5.3)
Luminex data, n (%) 121 (79.6)
Gut microbiota data, n (%) 91 (59.9)

ILAR category at 6 months follow up
Oligoarthritis persistent, n (%) 90 (59.2)
Oligoarthritis extended, n (%) 5 (3.3)
Polyarthritis RF positive, n (%) 2 (1.3)
Polyarthritis RF negative, n (%) 43 (28.3)
Psoriatic arthritis, n (%) 5 (3.3)
ERA, n (%) 4 (2.6)
Undifferentiated arthritis, n (%) 3 (2.0)

a Missing clinical variables were imputed: ANA, n = 6; JADAS-71, n = 10; RF, n = 33.
Abbreviations: ANA, antinuclear antibodies; ILAR, international league against rheumatism; JADAS, juvenile 
arthritis disease activity score; RF, rheumatoid factor.

Table 2. Observed disease activity status according to Wallace criteria in the entire cohort and the three 
main subgroups.

Time point

Entire cohort Oligoarticular
Polyarticular  
RF negative ANA positive

N ID, n (%) N ID, n (%) N ID, n (%) N ID, n (%)

6 months 151 89 (58.9) 51 34 (66.7) 29 14 (48.3) 87 49 (56.3)
12 months 139 103 (74.1) 47 36 (76.6) 27 18 (66.7) 81 58 (71.6)
18 months 110 87 (79.1) 41 34 (82.9) 23 17 (73.9) 64 51 (79.7)
24 months 82 61 (74.4) 31 24 (77.4) 16 10 (62.5) 53 45 (84.9)
Additional flare visits 26 0 (0) 9 0 (0) 5 0 (0) 13 0 (0)

Abbreviations: ANA, antinuclear antibody; ID, inactive disease; RF, rheumatoid factor.

The best model for the polyarticular RF negative patients was the model with 

clinical and Luminex predictors. Among the variables associated in univariate analysis, 

the hemoglobin level and the erythrocyte sedimentation rate (ESR) were correlated  

(Spearman’s rho = -0.71), therefore the ESR was excluded. Likewise, the chemokine 
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CXCL-9 correlated with soluble vascular endothelium derived growth factor receptor 1 

(sVEGF-R1; Spearman’s rho = 0.88), therefore sVEGF-R1 was excluded. The multivariable 

model is shown in Table 4. The odds of achieving inactive disease were decreased by 

a longer duration of morning stiffness, lower hemoglobin levels and higher CXCL-9 levels 

at baseline (supplementary Figure 1). The mean AUC over the imputed data sets was 

0.79 in training data and 0.69 in test data (marginally higher than the model with clinical 

predictors only, which had an AUC of 0.67). CXCL-9 was subsequently dichotomized. 

The best cut-off was at 30 pg/ml (supplementary Figure 1), yielding an AUC of 0.78 

in training data and 0.69 in test data. The sensitivity of this cut-off to predict patients 

achieving inactive disease at maximally 50% of follow up visits was 0.31. The specificity 

was 0.94.

Finally, for the ANA positive patients, the best model was the clinical model (Table 5). 

The odds of achieving inactive disease were decreased by a duration of morning stiffness 

>2 hours and lower hemoglobin levels at baseline. The mean AUC over the imputed data 

sets was 0.79 in training data and 0.72 in test data.

The predicted probabilities of inactive disease according to the three models as 

a function of the significant predictors are illustrated in Figure 1.

Table 3. Best performing GEE model oligoarticular patients (N = 52)

Parameter Visits (m = 179) OR 95% CI Wald p-value

Intercept 2.79 0.37-21.10 0.99
Duration of morning stiffness

None or <15 minutes 105 (58.7) Reference category
15 minutes – 2 hours 49 (27.4) 1.28 0.38-4.27 0.69
>2 hours 25 (14.0) 0.26 0.05-1.45 0.12

Knee involvement (count) 0.67 0.29-1.53 0.34
JADAS-71 0.89 0.80-0.997 0.04
Christensenella 0.85 0.69-1.04 0.11
Mogibacteriaceae 0.82 0.68-0.98 0.03
Therapy during follow up

None 53 (29.6) Reference category
IACI +/- NSAIDs 43 (24.0) 2.35 0.78-7.05 0.13
MTX +/- steroids or biologic agents 83 (46.4) 2.60 0.81-8.32 0.11

Interval between baseline and visit, y 2.31 0.89-5.96 0.08

AUC-like statistic

Minimum Mean Maximum

Training data 0.79 0.79 0.79
Test data 0.69 0.69 0.70

Included variables showed a univariate p-value <0.1 and no bivariate correlations (Spearman’s |rho| ≤0.6).
Abbreviations: AUC, area under the curve; CI, confidence interval; GEE, generalized estimating equations; 
IACI, intra-articular corticosteroid injections; JADAS, juvenile arthritis disease activity score; MTX, methotrexate; 
NSAIDs, non-steroidal anti-inflammatory drugs; OR, odds ratio.
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Table 4. Best performing GEE model polyarticular RF negative patients (N = 29)

Parameter Visits (m = 100) OR 95% CI Wald p-value

Intercept 0.02 0.0002-1.54 0.08
Duration of morning stiffness

None or <15 minutes 21 (21) Reference category
15 minutes – 2 hours 54 (54) 0.26 0.08-0.84 0.02
>2 hours 25 (25) 0.27 0.09-0.85 0.03

Hemoglobin 1.52 1.07-2.16 0.02
CXCL-9 0.98 0.97-0.996 0.009
Therapy during follow up

Biologic agents 14 (14) 2.80 0.96-8.16 0.06
Interval between baseline and visit, y 2.37 0.84-6.69 0.10

AUC-like statistic

Minimum Mean Maximum

Training data 0.79 0.79 0.79
Test data 0.69 0.69 0.69

Included variables showed a univariate p-value <0.1 and no bivariate correlations (Spearman’s |rho| ≤0.6).
Abbreviations: AUC, area under the curve; CI, confidence interval; CXCL-9, chemokine C-X-C motif ligand 9; 
GEE, generalized estimating equations; OR, odds ratio; RF, rheumatoid factor.

DISCUSSION

The aim of this study was to develop a prediction model for the prognosis of JIA patients 

in the first two years of disease. The strength of the study was that we collected clinical, 

imaging, microbiota and Luminex data in a well-defined cohort of treatment-naïve JIA 

patients at onset. The prognostic value of these variables has never been analyzed before. 

We employed a large number of statistical algorithms, taking a longitudinal approach by 

incorporating outcome information of all visits, as well as performing survival analysis and 

cross-sectional analyses at 6 and 12 months after diagnosis and initiation of treatment. 

Moreover, machine learning algorithms such as random forest and support vector 

machines were used. Nevertheless, we were unable to construct a prediction model with 

satisfying accuracy in the prediction of inactive disease according to Wallace criteria, in 

all patients together.

Despite the failure to develop a model in all patients together, we were able to 

generate prediction models for oligoarticular, polyarticular RF negative and ANA positive 

patients separately, even though the performance in test data was still only moderate 

(AUC 0.69-0.72). For the oligoarticular patients, the odds of attaining inactive disease 

decreased following a higher JADAS-71 score and higher relative abundance of the OTU 

Mogibacteriaceae at baseline (Table 3). For polyarticular RF negative patients, the odds 

of inactive disease decreased following a longer duration of morning stiffness, lower 

hemoglobin levels and higher CXCL-9 levels at baseline (Table 4). Similarly, the odds of 
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inactive disease decreased following a duration of morning stiffness >2 hours and lower 

hemoglobin levels at baseline, for ANA positive patients (Table 5).

Associations in a prediction model do not prove causality. Nonetheless, the predictors 

in these models merit further attention. Regarding the model for oligoarticular patients, 

intuitively it is convincing that patients with higher disease activity at baseline experience 

decreased odds of achieving inactive disease. Nothing is known about Mogibacteriaceae 

in the context of autoimmune diseases. In our previous analysis, there was no difference 

in the relative abundance of Mogibacteriaceae between JIA patients and healthy 

children [Van Dijkhuizen et al., in preparation]. Mogibacteriaceae were less abundant in 

obese Japanese people, with respect to lean subjects,35 and a decreased abundance of 

Mogibacteriaceae in the bronchial microbiome of asthmatic subjects has been observed.36 

Regarding the predictors for the polyarticular RF negative and the ANA positive 

patients, a longer duration of morning stiffness was associated with decreased 

Table 5. Best performing GEE model ANA positive patients (N = 88)

Parameter Visits (m = 298) OR 95% CI Wald p-value

Intercept 0.001 6.2 × 10-6 – 0.17 0.008
Duration of morning stiffness

None 88 (29.5) Reference category
<15 minutes 39 (13.1) 2.16 0.55-8.40 0.27
15 minutes – 1 hour 79 (26.5) 0.78 0.25-2.37 0.66
1 hour – 2 hours 40 (13.4) 1.52 0.39-5.88 0.55
>2 hours 52 (17.4) 0.26 0.10-0.69 0.007

Hemoglobin 1.69 1.16-2.46 0.007
Knee involvement (count) 0.86 0.49-1.49 0.59
Wrist involvement (count) 0.76 0.43-1.33 0.33
Cervical spine involvement 11 (3.7) 0.38 0.07-2.21 0.28
JADAS-71 0.99 0.93-1.06 0.76
Therapy during follow up

None 50 (16.8) Reference category
IACI +/- NSAIDs 56 (18.8) 3.03 0.99-9.26 0.05
MTX +/- steroids 151 (50.7) 2.24 0.79-6.32 0.13
Biologic agents 41 (13.8) 6.90 1.68-28.41 0.007

Interval between baseline and visit, y 3.83 1.75-8.35 0.0007

AUC-like statistic

Minimum Mean Maximum

Training data 0.78 0.79 0.81
Test data 0.71 0.72 0.74

Included variables showed a univariate p-value <0.1 and no bivariate correlations (Spearman’s |rho| ≤0.6).
Abbreviations: ANA, antinuclear antibodies; AUC, area under the curve; IACI, intra-articular corticosteroid 
injections; JADAS, juvenile arthritis disease activity score; MTX, methotrexate; NSAIDs, non-steroidal anti-
inflammatory drugs.
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Figure 1. Predicted probabilities of inactive disease during two years of follow up according to 
the models for oligoarticular (A), polyarticular RF negative (B) and ANA positive (C) JIA patients. 
Shown are four selected patients with different values for the significant variables in each of 
the models, illustrating how the predicted probability of inactive disease varies across the values 
according to the model. Confidence intervals are not shown, but are very wide, indicating poor 
precision of the prediction. Patients are not the same across the three panels. The dots in panel 
A and C indicate visits following an intra-articular corticosteroid injection, causing the predicted 
probability of inactive disease to be higher for those visits.

odds of achieving inactive disease. Notably, this predictor was very consistent in all 

the algorithms that were employed (supplementary Table 1-5). In a previous analysis, 

it was also a determinant of the satisfaction of JIA patients with their current illness 

condition [Del Giudice et al., in preparation]. These findings highlight the importance 

of the patient’s opinion in the evaluation of disease activity and support the notion to 

take their evaluation into account in therapeutic decision-making. Indeed, the value of 
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the clinical JADAS as a criterion for treatment escalation improved when the patient’s 

opinion was fully taken into account [Swart et al., submitted]. Hemoglobin level was 

correlated with the ESR and therefore was thought to be reflective of anemia of chronic 

disease, making the relationship between a low hemoglobin level and decreased odds of 

achieving inactive disease convincing. 

CXCL-9 is a pro-inflammatory chemokine induced by interferon (IFN)-γ and is a ligand 

of CXCR-3. It induces T helper 1 and 17 cells and recruits these to sites of inflammation. 

Indeed, CXCR-3 positive cells are highly enriched in the synovium of inflamed joints in 

rheumatoid arthritis37-40 and JIA.41 Moreover, due to its role in osteoclast activation, it may 

be involved in the development of bone erosions.42 In JIA, synovial expression of CXCL-10, 

another ligand of CXCR-3 with function very similar to CXCL-9, was increased.43;44 Taken 

together, the potential role of this chemokine in the pathogenesis of JIA merits further 

investigation. The cut-off of 30 pg/ml may be used to identify patients with worse 

prognosis, but needs validation in future studies.

A recent review of the literature showed that accurate prediction of JIA prognosis 

using clinical variables alone is unlikely to be achieved.17 Nevertheless, a clinical prediction 

model was published recently, showing good predictive performance in test data (AUC 

0.85).18 The best AUC of this model was 0.68 in our data, obtained when classifying 

patients as those who never achieved inactive disease versus those who achieved it 

at least once. However, few patients (n = 11) were in the unfavorable category and 

only one of these was predicted correctly. Thus, these results reinforced the doubts 

about the prognostic value of clinical data. We are now the first to demonstrate that 

gut microbiota composition and Luminex data are insufficient to predict JIA prognosis 

as well. Nevertheless, improved prediction accuracy may be expected when separating 

JIA patients into more homogeneous subgroups. This finding supports previously made 

suggestions for a revision of the JIA classification criteria.45-48

A limitation of our study is the number of patients and visits with respect to the number 

of predictors tested. According to some, 40 cases are needed per screened predictor.49 

However, in our situation, this would amount to a cohort of over 10,000 children. It is 

not feasible to collect full clinical, immunological and gut microbiota data of such a large 

cohort of JIA patients. Nevertheless, the prediction models developed in the secondary 

analyses have to be interpreted with caution (especially the model for polyarticular RF 

negative patients). Many predictors in the multivariable analysis were not significant. This, 

coupled with the fact that the number of patients in the subgroups was substantially lower 

with respect to the full cohort, might indicate that the increased predictive performance 

was due to overfitting. Further validation and optimization of the models is needed.

In conclusion, the prognosis of JIA could not be predicted accurately in this well-defined 

cohort of treatment-naïve patients at disease onset, using clinical, imaging, microbiota 

and Luminex data and a wide array of statistical algorithms. Nevertheless, prediction 

accuracy improved when analyzing oligoarticular, polyarticular RF negative and ANA 

positive patients separately, suggesting that the heterogeneity of JIA impeded the accurate 
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prediction. The subgroup models showed that the duration of morning stiffness was 

associated with decreased odds of inactive disease, highlighting the importance of 

the patients’ evaluation of disease activity. Moreover, Mogibacteriaceae were associated 

with lower odds of inactive disease in oligoarticular patients and CXCL-9 in polyarticular 

patients. Efforts should be directed at validating the prognostic value of this OTU and 

chemokine and at elucidating their potential role in the pathogenesis of JIA.
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SUPPLEMENTARY MATERIAL

List of available covariates
Demographics
Sex, height, weight, age at onset, age at diagnosis, disease duration at diagnosis.

Disease characteristics
Subtype (at baseline, hence subject to change), onset subtype (oligoarticular or 

polyarticular, i.e., ≤4 joints or >4 joints), subtype at 6 months (ILAR subtype after 6 

months), ANA positivity, RF positivity, HLA-b27 positivity, uveitis, enthesitis, presence and 

duration of morning stiffness.

ACR core set criteria
Physician’s global assessment of disease activity, number of active joints, number of 

limited joints, VAS pain, VAS well-being, CHAQ score.

Joint count and scores
Involvement of the cervical spine, temporomandibular joint, shoulder, elbow, wrist, MCP, 

PIP, DIP, finger, upper limb, hip, knee, tibiotalar joint, subtalar joint, intertarsal joint, MTP, 

toe (the number of involved joints of each type was counted), symmetric involvement, 

JADAS-71, cJADAS.

Routine laboratory
Leukocyte count, neutrophil count, lymphocyte count, hemoglobin, thrombocyte count, 

ESR, CRP

Ultrasound data
Count of number of joints involved on ultrasound, count of number of tendons involved 

on ultrasound.

Cytokine data
IL-1RA, IL-1b, IL-6, IL-8, IL-10, IL-12, IL-13, IL-15, IL-17, IL-17F, IL-18, IL-22, IL-23, IL-25, 

IL-27, TNFα, IFNα, IFNγ, LIGHT, TWEAK, MIF, TSLP, MCP-1, MIP-1α, MIP-1β, MCP-2, 

TARC, MDC, MPIF, TECK, C-TACK, ENA-78, MIG, IP-10, BLC, OPN, SOST, GM.CSF, AR, 
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NGF, VEGF, sCD40L, HSP70, sPD.1, FAS, FAS-L, LAIR-1, IL.18Bpa, IL-1R1, IL-1R2, TNF-R1, 

TNF-R2, sCD19, sIL-2Ra, sCD27, sIL-7Ra, sVEGF.R1, Trappin-2, Endoglin, Dkk-1, S100A8, 

Vimentin, YKL-40, LAP, GDF-15, PARC, Leptin, Resistin, sICAM, sVCAM, MMP-1, MMP-3, 

MMP-8, MMP-9, TIMP-1, sIL-6R, C5a, sCD14.

Microbiota data
Shannon entropy, Chao 1 richness index, Actinomyces, Akkermansia muciniphila, 

Anaerostipes, Anaerotruncus, Bacteroidaceae, Bacteroides, Bacteroides caccae, 

Bacteroides fragilis, Bacteroides ovatus, Bacteroides uniformis, Barnesiellaceae, 

Blautia, Blautiaproducta, Bulleidia, Christensenella, Christensenellaceae, Clostridiaceae, 

Clostridium, Coprobacillus, Coprococcus, Coriobacteriaceae, Dialister, Dorea, 

Eggerthella lenta, Enterobacteriaceae,Erysipelotrichaceae, Eubacterium dolichum, 

Faecalibacterium prausnitzii, Gemellaceae, Granulicatella, Haemophilus parainfluenzae, 

Holdemania, Klebsiella, Lachnospira, Lachnospiraceae, Mogibacteriaceae, Odoribacter, 

Oscillospira, Parabacteroides, Parabacteroides distasonis, Peptostreptococcaceae, 

Phascolarctobacterium, Prevotella, Prevotella copri, Pseudomonas, Rikenellaceae, 

Roseburia, Ruminococcaceae, Ruminococcus, Ruminococcus bromii, Ruminococcus 

gnavus, Sediminibacterium, Streptococcus, Sutterella, Turicibacter,Veillonella dispar, 

Others (non-classifiable rest group).
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Supplementary Figure 1. Scatterplot of the concentration of CXCL-9 in blood plasma at baseline 
against the proportion of follow up visits in inactive disease according to Wallace criteria, for 
polyarticular RF negative JIA patients. The plot shows a negative correlation (red line, Spearman’s 
rho = -0.45) between CXCL-9 and the proportion of visits in inactive disease, which remained even 
after removal of the two outliers with CXCL-9 >100 pg/ml (Spearman’s rho = -0.39). The results 
remained the same when calculating the correlation weighted on the number of follow up visits 
per patient.
The horizontal dashed line indicates the optimal cut-off value at 30 pg/ml. Of 13 patients 
with a proportion of visits in inactive disease ≤50%, 4 are above the cut-off (sensitivity 0.31). 
Of 16 patients with a proportion of visits in inactive disease >50%, 15 are below the cut-off  
(specificity 0.94).

Spearman's r = - 0.45
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Supplementary Table 1. Results clinical GEE model all patients (N = 152, m = 508 visits)

Parameter OR 95% CI Wald p-value

Intercept 0.28 0.007-10.68 0.50
Duration of morning stiffness

None Reference category
<15 minutes 1.13 0.44-2.88 0.80
15 minutes – 1 hour 0.52 0.25-1.09 0.08
1 hour – 2 hours 0.71 0.26-1.95 0.50
>2 hours 0.24 0.10-0.59 0.002

Hemoglobin 1.15 0.88-1.50 0.32
Cervical spine involvement 0.50 0.15-1.62 0.25
TMJ involvement 0.53 0.32-0.88 0.01
Pain VAS 1.04 0.93-1.17 0.47
CHAQ score 1.33 0.78-2.25 0.30
JADAS-71 0.95 0.91-1.00 0.04
Therapy during follow up

None Reference category
IACI +/- NSAIDs 1.41 0.72-2.75 0.31
MTX +/- steroids 1.35 0.69-2.62 0.38
Biologic agents 3.35 1.12-9.97 0.03

Interval between baseline and visit, y 2.12 1.31-3.45 0.002

AUC-like statistic

Minimum Mean Maximum

Training data 0.70 0.70 0.70
Test data 0.65 0.65 0.65

Abbreviations: AUC, area under the curve; CHAQ, childhood health assessment questionnaire; CI, confidence 
interval; GEE, generalized estimating equations; IACI, intra-articular corticosteroid injections; JADAS, juvenile 
arthritis disease activity score; MTX, methotrexate; NSAIDs, non-steroidal anti-inflammatory drugs; OR, odds 
ratio; TMJ, temporomandibular joints; VAS, visual analog scale.
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Supplementary Table 2. Results clinical Cox proportional hazards model, all patients (N = 152)

Variable HR 95% CI P-value

Duration of morning stiffness
None Reference category
<15 minutes 1.36 0.76-2.41 0.30
15 minutes – 1 hour 0.81 0.52-1.26 0.34
1 – 2 hours 0.68 0.37-1.25 0.22
>2 hours 0.53 0.29-0.96 0.04

Therapy during follow up
None/IACI/NSAIDs Reference category
MTX +/- steroids 0.49 0.33-0.74 0.0008
Biological agents 0.41 0.24-0.70 0.001

Performance in test data

C-statistic Somers’ Dxy HR 95% CI Log-rank p value

Minimum 0.62 0.24 2.16 1.23-3.81 0.16
Mean 0.62 0.25 2.16 1.24-3.81 0.16
Maximum 0.62 0.25 2.16 1.24-3.82 0.16

Abbreviations: CI, confidence interval; HR, hazard ratio; IACI, intra-articular corticosteroid injection; MTX, 
methotrexate, NSAIDs, non-steroidal anti-inflammatory drugs.

Supplementary Table 3. Results clinical Cox proportional hazards model with recurrent events, all 
patients (N = 152)

Variable HR 95% CI P-value

Presence of morning stiffness 0.64 0.49-0.83 0.0009
TMJ involvement 0.76 0.65-0.89 0.0009
Therapy during follow up

None Reference category
IACI +/- NSAIDs 2.99 1.55-5.75 0.001
MTX +/- steroids 1.92 1.06-3.48 0.03
Biological agents 2.13 1.14-3.97 0.02

Performance in test data

HR 95%-CI P-value R2

2.30 1.33-4.00 0.03 0.05

Abbreviations: CI, confidence interval; HR, hazard ratio; IACI, intra-articular corticosteroid injection; MTX, 
methotrexate; NSAIDs, non-steroidal anti-inflammatory drugs; TMJ, temporomandibular joints.
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Supplementary Table 5. Results Luminex logistic regression 12 months outcome, all patients (N = 121)

Variable OR 95% CI P-value

Intercept 0.21 0.02-2.70 0.23
Duration of morning stiffness

None Reference category
<15 minutes 0.36 0.04-3.28 0.37
15 minutes – 1 hour 0.31 0.07-1.41 0.13
1 – 2 hours 0.21 0.04-1.20 0.08
>2 hours 0.10 0.01-0.67 0.02

sICAM (× 1000 pg/mL) 1.005 1.001-1.008 0.008
Therapy during follow up

None/IACI +/- NSAIDs Reference category
MTX +/- steroids 0.75 0.17-3.31 0.70
Biological agents 0.92 0.12-7.01 0.93

AUC

Minimum Mean Maximum

Training data 0.78 0.80 0.83
Test data 0.63 0.65 0.68

Abbreviations: AUC, area under the curve; CI, confidence interval; IACI, intra-articular corticosteroids injection; 
MTX, methotrexate; NSAIDs, non-steroidal anti-inflammatory drugs; OR, odds ratio; VAS, visual analog scale.

Supplementary Table 4. Results clinical logistic regression 6 months outcome, all patients (N = 152)

Variable OR 95% CI P-value

Intercept 4.04 1.94-8.40 0.0003
Duration of morning stiffness

None Reference category
<15 minutes 2.06 0.52-8.13 0.30
15 minutes – 1 hour 0.60 0.22-1.60 0.31
1 – 2 hours 1.14 0.34-3.86 0.84
>2 hours 0.25 0.06-1.00 0.05

Parent/patient VAS well-being 0.92 0.77-1.09 0.32
Therapy during follow up

None/IACI +/- NSAIDs Reference category
MTX +/- steroids 0.43 0.19-0.94 0.04
Biological agents 0.54 0.12-2.37 0.42

AUC

Minimum Mean Maximum

Training data 0.73 0.74 0.75
Test data 0.65 0.67 0.68

Abbreviations: AUC, area under the curve; CI, confidence interval; IACI, intra-articular corticosteroids injection; 
MTX, methotrexate; NSAIDs, non-steroidal anti-inflammatory drugs; OR, odds ratio; VAS, visual analog scale.
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ABSTRACT

Objectives
To assess the composition of gut microbiota in Italian and Dutch juvenile idiopathic 

arthritis (JIA) patients at baseline, in inactive disease and persistent activity, compared to 

healthy controls.

Methods
In a prospective, multicenter, observational cohort study, fecal samples were collected 

of 78 Italian and 21 Dutch treatment-naïve JIA patients at baseline with less than 6 

months disease duration and compared to 107 geography-matched healthy control 

samples. Furthermore, 44 follow up samples in inactive disease and 25 in persistent 

activity were analyzed. Gut microbiota composition was determined by 16S rRNA-

based-metagenomics. The α- and β-diversity were computed, and log-ratios of relative 

abundance were compared between patients and healthy controls using random forest 

models and logistic regression.

Results
Patient samples at baseline showed reduced richness compared to healthy controls  

(p = 0.004). Random forest distinguished Italian and Dutch baseline samples from controls 

(area under the curve in test data >0.99 and 0.71, respectively). Mainly the Operational 

Taxonomic Units (OTUs) Erysipelotrichaceae, Allobaculum and Faecalibacterium prausnitzii 

showed different relative abundance in Italian baseline samples compared to controls 

(false discovery rate [FDR] correction by the Benjamini-Hochberg procedure). Some OTUs 

differed between Dutch samples and healthy controls, but no evidence remained after 

FDR correction. No differences were found in paired analysis between Italian baseline and 

inactive disease samples.

Conclusions
We found evidence for dysbiosis in JIA patients. Only patient/control status, age and 

geographical origin appeared to be drivers of the microbiota profiles, regardless of disease 

activity stage, inflammation and autoimmunity markers.
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INTRODUCTION

The human body is host to a myriad of non-pathogenic micro-organisms, the so-called 

microbiota. Many factors contribute to its composition, among which are mode of 

delivery, diet and drug use.1 The interaction between host and microbiota is complex and 

not yet fully elucidated. What is known is that the microbiota plays a role in host-defense 

against pathogens and provides the host with nutrients and vitamins.1;2

Recent studies have demonstrated alterations in the composition of gut microbiota 

in patients with autoimmune disorders, such as rheumatoid arthritis and type 1 diabetes 

mellitus.1;3-5 These alterations of the microbial profile induce a dysbiosis state of 

the microbiota also affecting functional activities of the gut.3;6 It is still unclear if there 

is any causal relationship underlying the association between dysbiosis and autoimmune 

disorders. However, various observations in germ-free mice are compatible with such 

a pathogenic role of gut dysbiosis.1;7;8

Preliminary observations have suggested the presence of dysbiosis also in pediatric 

patients with juvenile idiopathic arthritis (JIA).9-12 JIA is defined as any arthritis of 

unknown etiology, lasting for more than six weeks, with an onset before 16 years of 

age.13 The findings in JIA are interesting because of the hypothesized pathogenic role of 

the gut microbiota and potential therapeutic ramifications. However, the previous studies 

of microbiota in JIA were inconclusive, since they were small cross-sectional studies, 

and some included patients with long-standing disease treated with disease-modifying 

anti-rheumatic drugs (DMARDs). Differences between patients with active and inactive 

disease have only been explored in small groups. Finally, the statistical analysis used in 

these studies can lead to a marked increase of the false discovery rate (FDR), up to 68%.14

The hypothesis of dysbiosis in JIA patients needs therefore to be explored further. This 

study addresses the aforementioned problems as it is a large, multicenter, longitudinal 

study of the gut microbiota composition in a well-defined cohort of JIA patients at 

baseline and in inactive disease, compared to healthy children.

METHODS

We conducted a multicenter, observational, prospective cohort study in Italy (Istituto 

Giannina Gaslini [IGG] and Ospedale Pediatrico Bambino Gesù [OPBG]) and The Netherlands 

(Wilhelmina Children’s hospital [WKZ]). All consecutive patients were enrolled who 

presented between October 2013 and December 2015 with new-onset juvenile idiopathic 

arthritis (JIA) according to International League Against Rheumatism (ILAR) criteria15 and 

less than six months disease duration since the first disease symptoms. Patients with 

systemic JIA and patients previously treated with disease modifying anti-rheumatic 

drugs (DMARDs), intra-articular steroid injections or systemic steroids were excluded. 
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Patients were included at the time of diagnosis and followed up every six months until 

24 months. Collected clinical data included patient demographics, JIA category, full joint 

count, juvenile arthritis disease activity score (JADAS) -71,16 physician’s global assessment 

of disease activity, parent or patient global assessment of well-being, the presence of 

active uveitis, anti-nuclear antibody (ANA) positivity, rheumatoid factor (RF) positivity, 

erythrocyte sedimentation rate (ESR), c-reactive protein (CRP) and the use of non-steroidal 

anti-inflammatory drugs (NSAIDs). At the follow up visits, data was collected regarding 

treatment and disease activity status, defined according to the Wallace criteria for  

inactive disease.17

The study was approved by the local ethics committees and was conducted according 

to the principles of good clinical practice and the declaration of Helsinki. Written informed 

consent was obtained of all participants.

Fecal samples
A fecal sample was collected at baseline and during follow up in case of inactive disease, 

persistent activity or disease flare. Details of sample collection and analysis are specified 

in the supplementary material.

At the time of withdrawal of the samples, information was collected regarding diet, 

previous antibiotic, prebiotic and probiotic use, as well as gastro-intestinal infections and 

diagnosis of inflammatory bowel disorder.

Additionally, healthy control samples, matched on geography with baseline samples of 

patients, were collected. Data of Italian healthy controls were available in the biobank of 

OPBG, whereas Dutch healthy control samples were collected at primary and secondary 

schools in the vicinity of the hospital.

Statistical analysis
To assess overall differences in microbial community structure between patient groups 

and healthy controls, we calculated measures of α-diversity by ChaoI and Shannon indices 

using the “alpha_rarefaction.py” script of the QIIME software.18. The former summarizes 

microbial diversity (richness) per sample accounting for rare species, which might have 

been missed due to undersampling. The Shannon index is a measure of entropy taking 

account of species richness and evenness in the sample. These indices were compared 

between patients and controls in linear models using age, sex and geography as 

covariates. Moreover, measures of  β-diversity were calculated by unweighted UniFrac,19 

using the scripts, “beta_diversity_through_plots.py” and “compare_categories.py” of 

the QIIME software.18 They were compared across groups using principal coordinates 

analysis and Adonis. These measures of β-diversity, as opposed to α-diversity, take 

account of the distance of OTUs along the phylogenetic tree.
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OTUs present in less than 20% of the samples were removed from the analysis. Since 

microbiota data are expressed as relative abundances of the OTUs, the sum of which 

equals to 100% for each sample, they cannot be analyzed using standard statistical 

techniques.14;20;21 Rather, the analysis should be based on log-ratios of the individual parts 

with the geometric mean of the sample, according to the framework of compositional 

data analysis.20;21 This was performed using the package “compositions” in the statistical 

software R. Since it is impossible to take the logarithm of 0, zeros were imputed by 

means of robust imputation using the package “robCompositions”, as specified in 

literature.22;23 Next, the log-ratio-transformed OTU relative abundances were analyzed 

using principal components analysis (PCA), showing that Italian and Dutch samples 

clustered in two different clusters (supplementary figure 1). Therefore they were analyzed 

separately. Likewise, baseline, inactive disease and persistent activity samples were  

analyzed separately.

A random forest classification model was employed to classify Italian baseline and 

control samples, using the microbiota composition, age and sex. To this end, the data 

were split at random in 70% for model training and 30% for model testing. The best 

model was selected in the training set, using 10-fold cross-validation, repeated 10 times. 

This model was then applied to the test set to assess its performance. The same procedure 

was used for the Dutch samples.

Differences in the log-ratio-transformed relative abundances of all OTUs between 

baseline samples and healthy controls, inactive disease samples and healthy controls and 

persistent activity samples and healthy controls were assessed with logistic regression, 

using age and sex as covariates and patient/control status as dependent variable. 

A separate model was fitted for each of the OTUs and each of the disease states. As 

before, Italian patients and healthy controls were analyzed separately from Dutch patients 

and healthy controls. The false discovery rate (FDR) was controlled by the Benjamini-

Hochberg procedure.

Finally, associations between the gut microbiota compositions and various 

clinical variables were explored using PCA, principal components regression and  

k-means clustering.

Statistical analysis was carried out using R statistics version 3.3.2 (The R foundation for 

statistical computing, Vienna, Austria).

RESULTS

In total, 169 patients were included. Baseline fecal samples were collected of 99 patients 

(78 Italian and 21 Dutch). Samples of the remainder of patients were not collected due 

to difficulties collecting or shipping the samples. There were no differences between 

patients of whom a sample was taken and patients of whom no sample was taken (data 
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not shown). Baseline characteristics of the analyzed patients are shown in Table 1 and 

reflect characteristics common to a population with recent onset JIA. The majority of 

participants were female and most had oligoarticular JIA. Disease activity at baseline was 

moderate to high according to the JADAS-71.16;24 Corresponding to clinical observations, 

the age at disease onset was higher in Dutch patients compared to Italians.

The baseline samples were matched with 107 healthy control samples, with similar 

age and sex (Table 1). Furthermore, 44 patients contributed at least one sample in inactive 

disease (39 Italian and 5 Dutch; supplementary Table 1). These samples were collected 

a median time of 1.0 year after diagnosis (range 0.3-2.0 years). Persistent activity or flare 

samples were available of 25 patients (24 Italian and 1 Dutch; supplementary Table 2), 

collected a median time of 0.5 years after diagnosis (range 0.1-1.1 years).

After data filtering, a total of 998,583 sequence reads of 16S rRNA gene amplicons 

were obtained with an average of 3,210 reads/sample and an average length of 487 base 

pairs, calculated after primer removal. 

In all samples together, 321 different operational taxonomic units (OTUs) were 

discovered. After removal of those OTUs present in less than 20% of the samples, 57 

remained for analysis (supplementary Table 3). 

Baseline samples
Linear models with age, gender and geography as covariates showed strong evidence for 

a reduced richness indicated by a lower ChaoI index for baseline samples with respect 

to healthy controls (β -73; 95% confidence interval [CI] -124, -23; p=0.005; Figure 1A). 

The model also showed evidence that richness was reduced for Dutch female healthy 

controls samples, compared to the average (Figure 1A). There was no evidence of 

differences in the Shannon index. β-diversity differed between Italian baseline samples 

and healthy controls (p=0.001) as well as between Dutch baseline samples and healthy 

controls (p=0.013; Figure 1B).

The random forest classification algorithm separated Italian baseline patients from 

healthy controls almost perfectly, with an area under the curve (AUC) of the receiver 

operating characteristics (ROC) curve >0.99 in both training and test data. This was 

mainly due to the OTUs Allobaculum, Erysipelotrichaceae, Propionibacterium acnes  

and Barnesiellaceae.

In the comparison of Italian samples at baseline and healthy controls,  

Erysipelotrichaceae, F. prausnitzii, Parabacteroides, Enterococcus and Ruminococcaceae 

were increased, whereas Allobaculum, Gemellaceae, Propionibacterium acnes and 

Turicibacter were less abundant in patients with respect to healthy controls (false 

discovery rate [FDR] corrected p-value <0.05; see Table 2 for OTUs with crude p-value 

<0.05, supplementary Table 4 for full list). Figure 2 shows the relative abundances 

of the four OTUs with the strongest evidence of differences between patients and  

healthy controls.
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Dutch baseline samples were separated well from healthy control samples by 

the random forest algorithm in the training set (AUC of the ROC curve >0.99). The most 

important OTUs for this separation were Eggerthella lenta, Rikenellaceae, Coprobacillus 

and Mogibacteriaceae. In the test data set (n = 14), the AUC of the ROC curve was 0.71 

(95% CI 0.41, >0.99). Various OTUs showed a difference in relative abundance in logistic 

regression models, but no evidence of differences was maintained after FDR correction 

(Figure 3, supplementary Table 5).

Table 1. Clinical features of patients and healthy controls at baseline.

Italian Dutch

Patients Controls Patients Controls

N 78 79 21 28
Female, n (%) 61 (78.2) 38 (48.1) 16 (76.2) 20 (71.4)
Age, median [IQR] 3.9 [2.3, 6.7] 8 [5, 11] 8.5 [4.8, 11.7] 8.0 [4.8, 11.2]
JIA category at onset
 Oligoarticular, n (%) 47 (60.3) 14 (66.7)
 Polyarticular RF positive, n (%) 2 (2.6) 0 (0)
 Polyarticular RF negative, n (%) 24 (30.8) 4 (19.0)
 Enthesitis-related, n (%) 0 (0) 2 (9.5)
 Psoriatic, n (%) 3 (3.8) 1 (4.8)
 Undifferentiated, n (%) 2 (2.6) 0 (0)
Number of active joints, median [IQR] 3 [1, 5] 2 [1, 4]
PGA, median [IQR] 6 [4, 8] 2.0 [1.5, 3.0]
Parent GA, median [IQR] 3.1 [1.0, 5.2] 5.7 [2.0, 8.1]
JADAS-71, median [IQR] 13.2 [8.6, 19.0] 9.5 [6.6, 13.5]
ESR, median [IQR] 23 [14, 43] 11 [6, 31]
ANA, n (%) 51 (65.4) 8 (38.1)
RF, n (%) 2 (2.6) 0 (0)
NSAIDs, n (%) 62 (79.5) 17 (81.0)
Antibiotics, n (%) 13 (16.7) 0 (0) 0 (0) 0 (0)
Prebiotics, n (%) 14 (17.9) 0 (0) 8 (38.1) 9 (32.1)
Probiotics, n (%) 14 (17.9) 0 (0) 0 (0) 3 (10.7)
GI infections, n (%) 11 (14.1) 0 (0) 3 (14.3) 1 (3.6)
GI disorders, n (%)a 6 (7.7) 0 (0) 2 (9.5) 0 (0)

Abbreviations: ANA, anti-nuclear antibodies; ESR, erythrocyte sedimentation rate; GA, global assessment of 
disease activity; GI, gastro-intestinal; IQR, interquartile range; JADAS, juvenile arthritis disease activity score; JIA, 
juvenile idiopathic arthritis; NSAID, non-steroidal anti-inflammatory drug; PGA, physician global assessment of 
disease activity; RF, rheumatoid factor.
a GI disorders were: constipation (n = 3), celiac disease (n = 2), milk and egg allergy (n = 1), abdominal bloating 
(n = 1), irritable bowel syndrome and lactose intolerance (n = 1).
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Figure 1. Plots of α- (A) and β- (B-C) diversity. A: Boxplots of the ChaoI index for Italian and Dutch 
samples of male and female subjects. Shown are the distributions for healthy controls, baseline 
samples, inactive disease and persistent activity. Linear models of the ChaoI index with age, sex and 
geography as covariates showed evidence of reduced richness in baseline samples, inactive disease 
and persistent activity as compared to healthy controls. The plot show that sex, even though not 
a determinant of the microbiota composition in itself, confounded the relation between disease 
activity state and microbiota richness. B-C: Principal coordinates analysis of measures of β-diversity, 
calculated by unweighted UniFrac for Italian (B) and Dutch (C) subjects. Shown are patients at 
baseline and controls (left panels), and baseline, inactive disease, persistent activity and healthy 
controls (right panels). Adonis showed evidence of pairwise differences between all subgroups, 
except for persistent activity vs. inactive disease samples. Abbreviations: ID, inactive disease; PA, 
persistent activity; PC, principal coordinate; PCoA, principal coordinates analysis.

Table 2. Differences in relative abundance between Italian baseline samples and healthy controls by 
separate logistic regressions.

OTUsa Relative abundance in patients Crude p-value Adjusted p-valueb

Erysipelotrichaceae Increased <0.001 <0.001
Allobaculum Decreased <0.001 <0.001
F. prausnitzii Increased <0.001 0.009
Gemellaceae Decreased 0.001 0.016
Propionibacterium acnes Decreased 0.002 0.016
Parabacteroides Increased 0.002 0.016
Enterococcus Decreased 0.003 0.025
Turicibacter Decreased 0.004 0.025
Ruminococcaceae Increased 0.005 0.033
Phascolarctobacterium Increased 0.012 0.07
Blautia Decreased 0.017 0.09
Barnesiellaceae Decreased 0.026 0.12
Dorea Increased 0.037 0.16

a Selected list of OTUs with crude p-value < 0.05. The full list can be accessed in supplementary Table 4.
b False discovery rate control using the Benjamini-Hochberg procedure.

Inactive disease samples
There was strong evidence of a reduced richness as evidenced by a lower ChaoI measure 

in inactive disease samples versus healthy controls using a linear model with age, gender 

and geography as covariates (β -141; 95% CI -202, -81; p<0.001; Figure 1). There was 

no evidence of differences in the Shannon measure. The analysis of β-diversity showed 

evidence of differences between inactive disease samples and healthy controls (p=0.001) 

as well as between inactive disease samples and baseline samples (p=0.035; Figure 1)

Various OTUs in Italian inactive disease samples were differently abundant 

compared to control samples (supplementary Table 6). Figure 4 shows the regression 

coefficients and false coverage rate-corrected CIs in comparison with those obtained in 
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the analysis of baseline samples. Erysipelotrichaceae and F. prausnitzii were increased 

in both baseline and inactive disease samples compared to healthy controls, whereas 

Allobaculum and Propionibacterium acnes were decreased. Enterococcus, Gemellaceae, 

Parabacteroides, Ruminococcaceae and Turicibacter showed differences at baseline, 

but not in inactive disease, whereas Bacteroides caccae, Barnesiellaceae and Dorea 

showed differences in inactive disease samples, but not at baseline. A paired analysis of 

selected OTUs was performed of 24 Italian patients who contributed a sample at baseline 

and inactive disease, showing no differences between baseline and inactive disease  

(supplementary figure 2).

No evidence for differences between Dutch inactive disease samples and healthy 

controls was found (supplementary Table 7).

Persistent activity
Analysis of α-diversity showed decreased richness of persistent activity samples 

compared to healthy controls according to the ChaoI index (p=0.004; Figure 1). There 

Figure 2. Boxplots of the relative abundance of the four OTUs with strongest evidence of differences 
between Italian baseline samples and healthy controls. The age of the subjects confounded 
the relationship between patient-control status and the relative abundance. Therefore, the plots 
were divided into patients older than the median age of 6 years (upper row) and younger than 
the median age (bottom row). Shown are the relative abundances; the analysis was performed on 
the log-ratio of the relative abundances. The horizontal dashed line represents the limit of detection 
at a relative abundance of 4.5 × 10-5. Relative abundances below this line were not observed, but 
were the results of imputation. Note the log10-transformation of the y-axis.
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was no evidence of differences according to the Shannon index. Analysis of β-diversity 

showed evidence of differences between persistent activity samples and healthy controls 

(p=0.001). There was weak evidence of differences between persistent activity samples 

and baseline samples (p=0.02) and very weak evidence of differences between persistent 

activity and inactive disease samples (p=0.07; Figure 1).

Results of the logistic regressions comparing Italian persistent activity and healthy 

control samples are reported in supplementary Table 8. Evidence of differences was found 

for Allobaculum and Erysipelotrichaceae only. Figure 4 compares the results with those 

obtained in the baseline and inactive disease analyses.

Clinical features
Principal components regression showed strong evidence that the microbiota composition 

differed with age (association with the first and second principal component, p=0.02 and 

p<0.001 respectively). A weak association was found with the presence of uveitis at 

Figure 3. Boxplots of the relative abundance of the four OTUs with strongest evidence of differences 
between Dutch baseline samples and healthy controls. The age of the subjects confounded 
the relationship between patient-control status and the relative abundance. Therefore, the plots 
were divided into patients older than the median age of 8 years (upper row) and younger than 
the median age (bottom row). No evidence of differences was maintained after false discovery rate 
control by the Benjamini-Hochberg procedure. Shown are the relative abundances; the analysis 
was performed on the log-ratio of the relative abundances. The horizontal dashed line represents 
the limit of detection at a relative abundance of 4.5 × 10-5. Relative abundances below this line 
were not observed, but were the results of imputation. Note the log10-transformation of the y-axis.
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baseline. Differently abundant OTUs were Blautia (p=0.003), Coriobacteriaceae (p=0.009), 

Coprococcus (p=0.03) and Lachnospiraceae (p=0.04; unadjusted p-values; no differences 

remained after FDR correction). However, only seven patients had uveitis at baseline. 

No or very weak associations were found with gender, JIA subtype, physician’s global 

assessment of disease activity, number of active joints, ANA, NSAIDs, prebiotics, prior 

gastrointestinal infections or gastrointestinal disorders (see Table 1 for gastrointestinal 

disorders in the cohort).

Sensitivity analyses
The administration of antibiotics or probiotics in the month prior to sample collection was 

weakly associated with the gut microbiota composition. Therefore, all abovementioned 

analyses were repeated after exclusion of subjects having taken either, without any 

substantial differences (data not shown). A further analysis was performed calculating 

Figure 4. Comparison of differences in relative abundance between baseline samples and healthy 
controls (black lines), inactive disease samples and healthy controls (dark grey lines) and persistent 
activity samples and healthy controls (light grey lines). Shown are the regression coefficients and 
false coverage rate-corrected confidence intervals for the depicted OTUs, obtained in a separate 
multivariable logistic regression analysis for each OTU, with age and sex as covariates and patient/
control status as dependent variable. Only OTUs with an adjusted p-value <0.05 for at least one of 
the baseline, the inactive disease or the persistent activity analysis are shown. Regression coefficients 
and confidence intervals to the left of the vertical dashed line (at x = 1) denote decreased relative 
abundance in patients and those to the right denote increased relative abundance in patients. 
Abbreviations: ID, inactive disease; OTUs, operational taxonomic units.
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log-ratios using simple multiplicative replacement of zeros in the data,22 instead of robust 

imputation, without major differences (data not shown).

DISCUSSION

This is the first report of microbiota composition in a prospective inception cohort of JIA 

patients, taking into account JIA disease activity state.10-12 The results of our study lent 

support to the hypothesis that the composition of microbiota is different in JIA patients 

compared to healthy controls. First, evidence was found that microbiota richness, in terms 

of rare OTUs, as measured by the ChaoI index was reduced in JIA patients compared to 

healthy controls, at baseline, in inactive disease and during persistent disease activity in 

both Italian and Dutch patients. Measures of β-diversity were different in all subgroups of 

patient samples compared to healthy controls. Differences in gut microbiota composition 

were observed between JIA patients at baseline and healthy children, both when 

classifying samples using the random forest algorithm (AUC >0.99 for Italian samples 

and 0.71 for Dutch samples) and when analyzing the OTUs individually. Most notably 

Erysipelotrichaceae and F. prausnitzii increased, while Allobaculum decreased (Table 2; 

Figure 4) in Italian patient samples. Dutch samples were dissimilar to Italian samples, 

confirming the prior belief that the gut microbiota composition differs between these 

populations, potentially due to diet and other environmental factors. However, it could 

not be ruled out that the observed differences were due to different sample collection 

procedures used in the Italian and Dutch cohorts.

Few OTUs were differently abundant between controls and patients across all disease 

activity states. Nonetheless, when comparing baseline samples with paired inactive 

disease samples, no differences in relative abundance were found (supplementary  

Figure 2). This may indicate that the gut microbiota profile is specific to the inflammatory 

process underlying JIA, rather than disease activity status. Yet, it should be taken into 

account that JIA is very heterogeneous, clinically, and that different diseases may be 

underlying the clinical symptoms. Therefore, this conclusion is still preliminary. Finally, 

the results also indicated a strong relationship of the microbiota composition with age, as  

found previously.25;26

The results lead towards the question whether the microbiota composition is 

involved in the pathogenesis of JIA. Observations compatible with a pathogenic role of 

microbiota are a reduced number of T helper 17 (Th17) and Forkhead box P3 (FoxP3) 

positive regulatory T cells in germ-free mice.1;2;7 Administration of stools from healthy 

mice to these germ-free mice led to a reconstitution of Th17 numbers,27 suggesting that 

microbiota influence the development of the immune system. These cell populations are of 

critical importance in the immune homeostasis and play a key role in the pathogenesis of 

autoimmune diseases, among which JIA.2;28 Furthermore, the risk to develop autoimmune 

disorders appeared increased following the use of antibiotics in early childhood. This 
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risk was dependent on the number, dose and timing of the antibiotic prescriptions.29;30 

Finally, fecal microbiota transplantation has led to promising, though varying results for 

inflammatory bowel disorders.31-34 Nevertheless, more research is needed to corroborate 

these findings.

The OTUs Erysipelotrichaceae, F. prausnitzii and Allobaculum have been associated 

with human disease previously. Erysipelotrichaceae appears to be highly immunogenic35;36 

and can potentially overgrow in the gut after treatment with broad spectrum antibiotics.37 

F. prausnitzii was identified to have anti-inflammatory properties, and a decreased 

abundance of this microorganism in the gut has been associated with Crohn’s disease38 

and JIA.11;12 Yet, in our study it was increased in Italian patients at baseline. However, 

previous studies examined enthesitis-related arthritis only, whereas our cohort contained 

a majority of oligoarticular and polyarticular patients. The discrepancy might also be 

occasioned by differences in the statistical analysis. Furthermore, the balance among 

different subspecies of F. prausnitzii can result in changes in short-chain fatty acids (SCFA) 

production, therefore a fine-level characterization of F. prausnitzii strains is important to 

better understand their real function in the microbiome.39 Such a fine-level characterization 

was not available in our study. Allobaculum is associated with obesity. Several studies 

reported that its abundance was lower in the gut of obese mice40;41 and increased in 

weight-reduced mice.42 Furthermore, Allobaculum was positively correlated with plasma 

high-density lipoprotein concentrations in hamsters43 and negatively correlated with 

leptin concentration.42

The strengths of our study are that we studied a large cohort of treatment-naïve JIA 

patients compared to healthy controls. Patients were followed longitudinally, allowing 

comparing the microbiota between various disease activity states. Finally, we used 

compositional data analysis, to analyze data expressed as proportions of a whole, such as 

microbiota relative abundances.20;21 Failure to do so, can lead to an increased FDR, up to 

68%.14 Despite this being the largest study of gut microbiota composition in JIA patients, 

a limitation is the relatively small number of Dutch inactive disease and persistent disease 

activity samples, as well as the number of paired samples, re-emphasizing the need for 

replication in future cohorts.

In conclusion, our results supported the hypothesis of gut dysbiosis in JIA patients, in 

terms of richness and compositional deviation from healthy subjects. Since the microbiome 

profile appeared to be independent from disease stage, inflammation and autoimmunity 

indices, it seems plausible to hypothesis that the JIA microbiome affects the disease, 

rather than vice versa. Clearly, future investigations should be aimed at replicating these 

results in other populations, elucidating the potential causal role of gut microbiota in 

the pathogenesis of JIA and investigating the interaction amongst genetics, microbiota 

and environmental factors that concur in the development of JIA.
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SUPPLEMENTARY MATERIAL

Detailed methods
Fecal sample collection
A fecal sample was collected at baseline and during follow up in case of inactive disease, 

persistent activity or disease flare. Samples were collected on-site in sterile containers and 

stored at -80 ºC within 24 hours. Alternatively, samples were collected at home, shipped 

to the hospital and stored at -80 ºC within 24 hours. Dutch samples were collected at 

home, stored in the domestic freezer and brought to the hospital in frozen condition 

at the time of the next scheduled visit. Samples were stored at -80 ºC in the hospital. 

Samples from IGG and WKZ were shipped on dry ice to OPBG for analysis.

Genomic DNA Extraction, Pyrosequencing and Quantitative Analysis of the 
Microbiome Composition
Genomic DNA was isolated from the entire set of samples, using the QIAamp DNA Stool 

Mini Kit (Qiagen, Germany). The V1-V3 regions of the 16S ribosomal RNA (rRNA) locus 

were amplified for the next pyrosequencing step on a 454-Junior Genome Sequencer 

(Roche 454 Life Sciences, Branford, USA)18. Reads were analyzed by Quantitative 

Insights into Microbial Ecology (QIIME, v.1.8.0),19 grouped into operational taxonomic 

units (OTUs) at a sequence similarity level of 97% by PyNAST19 for sequence alignment 

and by UCLUST44 for the matching of OTUs against Greengenes database (v. 13.8).45  

The α- and β-diversity and the ANOSIM tests were carried out by QIIME software, 

using alpha_rarefaction.py, beta_diversity_through_plots.py and compare_categories. 

py scripts.46
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Supplementary figure 1. Scatterplot of the scores of the first and second principal component 
of all baseline patient and healthy control samples together (A). Panel B shows samples of healthy 
controls. Dutch samples cluster together, therefore these subgroups were analyzed separately.
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Supplementary figure 2. Relative abundance of 12 selected OTUs in 24 Italian patients who 
contributed a sample at baseline and in inactive disease. OTUs were selected if they showed 
a significantly different relative abundance between patients and healthy controls at baseline or in 
inactive disease. Paired differences of the log-ratio of the relative abundance were analyzed using 
the Wilcoxon signed-rank test. All p>0.05. Note the different scale and the log10-transformation of 
the y-axis.
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Supplementary Table 1. Clinical features of patients with inactive disease sample.

Italian Dutch

N 39 5
Female, n (%) 33 (84.6) 3 (60)
Age, median [IQR] 5.5 [3.8-9.6] 7.5 [5.9-13.0]
JIA category at onset
 Oligoarticular persistent, n (%) 30 (76.9) 3 (60)
 Oligoarticular extended, n (%) 1 (2.6) 0 (0)
 Polyarticular RF positive, n (%) 0 (0) 0 (0)
 Polyarticular RF negative, n (%) 8 (20.5) 2 (40)
 Enthesitis-related, n (%) 0 (0) 0 (0)
 Psoriatic, n (%) 0 (0) 0 (0)
 Undifferentiated, n (%) 0 (0) 0 (0)
Number of active joints, median [IQR] 0 [0, 0] 0 [0, 0]
PGA, median [IQR] 0 [0, 0] 0 [0, 0]
Parent GA, median [IQR] 0 [0, 0] 0 [0, 0.1]
JADAS-71, median [IQR] 0 [0, 0.5] 0 [0, 0.1]
ESR, median [IQR] 9 [6, 15] 6 [5, 6]
ANA, n (%) 28 (71.8) 1 (20)
RF, n (%) 0 (0) 0 (0)
NSAIDs, n (%) 2 (5.1) 3 (60)
Intra-articular corticosteroids, n (%) 8 (20.5) 3 (60)
Oral steroids, n (%) 2 (5.1) 1 (20)
MTX, n (%) 27 (69.2) 3 (60)
Anti-TNF, n (%) 7 (17.9) 1 (20)
Antibiotics, n (%) 0 (0) 0 (0)
Prebiotics, n (%) 3 (7.7) 2 (40)
Probiotics, n (%) 2 (5.1) 0 (0)
GI infections, n (%) 6 (15.4) 0 (0)
GI disorders, n (%) 0 (0) 1 (20)

Abbreviations: ANA, anti-nuclear antibodies; anti-TNF, anti-tumor necrosis factor; ESR, erythrocyte 
sedimentation rate; GA, global assessment of disease activity; GI, gastro-intestinal; IQR, interquartile 
range; JADAS, juvenile arthritis disease activity score; JIA, juvenile idiopathic arthritis; NSAID, non-
steroidal anti-inflammatory drug; MTX, methotrexate; PGA, physician global assessment of disease activity;  
RF, rheumatoid factor.
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Supplementary Table 2. Clinical features of patients with persistent activity or flare sample.

Italian

N 24
Female, n (%) 17 (70.8)
Age, median [IQR] 4.7 [3.2, 7.9]
JIA category at onset
 Oligoarticular persistent, n (%) 18 (75.0)
 Oligoarticular extended, n (%) 1 (4.2)
 Polyarticular RF positive, n (%) 1 (4.2)
 Polyarticular RF negative, n (%) 4 (16.7)
 Enthesitis-related, n (%) 0 (0)
 Psoriatic, n (%) 0 (0)
 Undifferentiated, n (%) 0 (0)
Number of active joints, median [IQR] 2 [1, 3]
PGA, median [IQR] 3.0 [1.5, 4.0]
Parent GA, median [IQR] 2.0 [0.5, 3.9]
JADAS-71, median [IQR] 7.8 [5.7, 11.1]
ESR, median [IQR] 14 [8, 26]
ANA, n (%) 19 (79.2)
RF, n (%) 1 (4.2)
NSAIDs, n (%) 8 (33.3)
Intra-articular corticosteroids, n (%) 4 (16.7)
Oral steroids, n (%) 0 (0)
MTX, n (%) 12 (50.0)
Anti-TNF, n (%) 3 (12.5)
Antibiotics, n (%) 0 (0)
Prebiotics, n (%) 1 (4.2)
Probiotics, n (%) 0 (0)
GI infections, n (%) 1 (4.2)
GI disorders, n (%) 0 (0)

Abbreviations: ANA, anti-nuclear antibodies; anti-TNF, anti-tumor necrosis factor; ESR, erythrocyte 
sedimentation rate; GA, global assessment of disease activity; GI, gastro-intestinal; IQR, interquartile 
range; JADAS, juvenile arthritis disease activity score; JIA, juvenile idiopathic arthritis; NSAID, non-
steroidal anti-inflammatory drug; MTX, methotrexate; PGA, physician global assessment of disease activity;  
RF, rheumatoid factor.
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Supplementary Table 3. List of OTUs.

OTUs Frequency (%)a Meanb Includedc

Abiotrophia 16.3 0.0007 No
Acidaminococcus 7.5 0.0022 No
Acinetobacter 4.2 0.0009 No
Acinetobacter rhizosphaerae 0.7 0.0001 No
Acinetobacter venetianus 0.7 0.0006 No
Actinobacillus parahaemolyticus 2.3 0.0007 No
Actinomyces 36.3 0.0010 Yes
Actinotalea 0.3 0.0002 No
Adlercreutzia 10.8 0.0008 No
Aerococcaceae 2.6 0.0003 No
Aeromicrobium 1.0 0.0026 No
Aeromonadaceae 1.6 0.0004 No
Aggregatibacter 0.7 0.0019 No
Aggregatibacter segnis 1.0 0.0005 No
Agrobacterium 2.6 0.0024 No
Agrococcus jenensis 0.3 0.0002 No
Akkermansia muciniphila 49.3 0.0046 Yes
Alcaligenaceae 1.3 0.0014 No
Alistipes indistinctus 0.3 0.0002 No
Alistipes massiliensis 1.0 0.0005 No
Allobaculum 21.2 0.0077 Yes
Alloiococcus 0.7 0.0002 No
Alloiococcus otitis 1.0 0.0004 No
Alphaproteobacteria 0.3 0.0009 No
Alteromonadales 0.3 0.0002 No
Anaerococcus 8.5 0.0004 No
Anaerofustis 10.8 0.0006 No
Anaeroplasmataceae 0.7 0.0009 No
Anaerostipes 51.6 0.0022 Yes
Anaerotruncus 19.3 0.0007 No
Anoxybacillus kestanbolensis 0.3 0.0003 No
Arcanobacterium 0.3 0.0006 No
Arthrobacter psychrolactophilus 0.7 0.0003 No
Atopobium 15.4 0.0008 No
Aurantimonadaceae 0.3 0.0026 No
Bacillaceae 0.3 0.0004 No
Bacillus 1.0 0.0008 No
Bacillus clausii 0.3 0.0004 No
Bacteroidaceae 22.2 0.0013 Yes
Bacteroides 93.1 0.0309 Yes
Bacteroides acidifaciens 0.3 0.0003 No
Bacteroides caccae 37.9 0.0020 Yes
Bacteroides coprophilus 0.3 0.0051 No
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Supplementary Table 3. (continued)

OTUs Frequency (%)a Meanb Includedc

Bacteroides eggerthii 8.8 0.0027 No
Bacteroides fragilis 53.9 0.0063 Yes
Bacteroides ovatus 55.2 0.0050 Yes
Bacteroides plebeius 4.2 0.0012 No
Bacteroides uniformis 69.9 0.0072 Yes
Barnesiellaceae 44.4 0.0037 Yes
Bifidobacteriaceae 0.3 0.0002 No
Bifidobacterium 7.5 0.0010 No
Bifidobacterium adolescentis 2.6 0.0010 No
Bifidobacterium bifidum 0.7 0.0003 No
Bifidobacterium longum 10.5 0.0013 No
Blautia 85 0.0044 Yes
Blautiaproducta 17 0.0008 No
Bradyrhizobiaceae 3.3 0.0003 No
Brochothrix 0.3 0.0006 No
Bulleidia 20.3 0.0007 Yes
Bulleidia moorei 3.3 0.0006 No
Butyricimonas 15.4 0.0012 No
Butyrivibrio 1.3 0.0002 No
Campylobacter 2.6 0.0004 No
Candidatus Rhodoluna 1.3 0.0007 No
Capnocytophaga 0.7 0.0003 No
Carnobacterium 0.7 0.0076 No
Catenibacterium 1.6 0.0021 No
Catonella 0.3 0.0003 No
Caulobacter 1.6 0.0010 No
Caulobacteraceae 3.9 0.0020 No
Cellulomonas 0.3 0.0002 No
Cellvibrio 0.3 0.0004 No
Cerasicoccaceae 0.3 0.0002 No
Cetobacterium somerae 0.3 0.0005 No
Christensenella 23.9 0.0010 Yes
Christensenellaceae 35.3 0.0019 Yes
Chryseobacterium 2.9 0.0041 No
Citrobacter 4.2 0.0009 No
Cloacibacterium 1.0 0.0002 No
Clostridia 1.6 0.0005 No
Clostridiaceae 82.4 0.0039 Yes
Clostridium 65.4 0.0023 Yes
Clostridium hiranonis 0.3 0.0003 No
Clostridium methylpentosum 0.3 0.0004 No
Clostridium perfringens 0.7 0.0006 No
Clostridium piliforme 0.3 0.0002 No
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Supplementary Table 3. (continued)

OTUs Frequency (%)a Meanb Includedc

Clostridium saccharogumia 1.3 0.0003 No
Collinsella 0.7 0.0005 No
Collinsella aerofaciens 18.3 0.0028 No
Collinsella stercoris 2.0 0.0013 No
Comamonadaceae 7.2 0.0017 No
Comamonas 3.3 0.0033 No
Coprobacillus 27.1 0.0012 Yes
Coprobacillus cateniformis 1.0 0.0014 No
Coprococcus 88.2 0.0068 Yes
Coriobacteriaceae 64.7 0.0019 Yes
Corynebacteriaceae 2.6 0.0004 No
Corynebacterium 15.4 0.0008 No
Corynebacterium durum 3.3 0.0004 No
Corynebacterium variabile 0.7 0.0008 No
Defluvibacter 0.3 0.0010 No
Dehalobacteriaceae 0.3 0.0003 No
Dehalobacterium 15.4 0.0007 No
Delftia 0.7 0.0020 No
Dermabacter 0.3 0.0012 No
Desulfitobacter 0.3 0.0040 No
Devosia 1.3 0.0005 No
Dialister 72.9 0.0201 Yes
Dietzia 0.3 0.0019 No
Dietziaceae 0.3 0.0019 No
Dorea 66.3 0.0020 Yes
Dorea formicigenerans 0.7 0.0003 No
Dyadobacter 1.3 0.0003 No
Dysgonomonas 1.0 0.0015 No
Dysgonomonas gadei 0.3 0.0019 No
Eggerthella lenta 34 0.0015 Yes
Enhydrobacter 1.3 0.0002 No
Enterobacteriaceae 82 0.0140 Yes
Enterococcaceae 16 0.0020 No
Enterococcus 20.9 0.0023 Yes
Epulopiscium 1.0 0.0011 No
Erysipelotrichaceae 70.6 0.0048 Yes
Ethanoligenens 0.3 0.0002 No
Eubacterium 1.3 0.0004 No
Eubacterium biforme 8.8 0.0081 No
Eubacterium cylindroides 0.7 0.0051 No
Eubacterium dolichum 39.2 0.0014 Yes
Exiguobacterium 0.3 0.0011 No
Faecalibacterium prausnitzii 93.5 0.0317 Yes
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Supplementary Table 3. (continued)

OTUs Frequency (%)a Meanb Includedc

Filifactor 0.3 0.0002 No
Finegoldia 4.2 0.0003 No
Flavobacteriaceae 1.6 0.0006 No
Flavobacterium 4.9 0.0045 No
Flavobacterium succinicans 2.0 0.0136 No
Flectobacillus 0.7 0.0008 No
Fluviicola 0.3 0.0010 No
Fusobacteriales 0.3 0.0003 No
Fusobacterium 5.6 0.0005 No
Gallicola 0.7 0.0003 No
Gemella 2.6 0.0004 No
Gemellaceae 25.8 0.0007 Yes
Geobacillus 0.3 0.0006 No
Gordonia 1.0 0.0003 No
Granulicatella 36.9 0.0010 Yes
Haemophilus parainfluenzae 30.4 0.0018 Yes
Holdemania 24.8 0.0007 Yes
Hydrogenophaga 0.7 0.0001 No
Hydrogenophilus 2.3 0.0005 No
Hymenobacter 1.3 0.0002 No
Hyphomicrobium 3.9 0.0004 No
Janibacter 1.6 0.0005 No
Janthinobacterium 2.3 0.0022 No
Janthinobacterium lividum 1.3 0.0012 No
Jonquetella anthropi 0.3 0.0002 No
Kineococcus 0.3 0.0007 No
Klebsiella 23.2 0.0018 Yes
Lachnospira 57.2 0.0019 Yes
Lachnospiraceae 97.7 0.0457 Yes
Lactobacillaceae 3.9 0.0011 No
Lactobacillus 16.3 0.0012 No
Lactobacillus brevis 0.3 0.0006 No
Lactobacillus reuteri 0.3 0.0007 No
Lactobacillus zeae 3.9 0.0010 No
Lactococcus 10.1 0.0010 No
Lactococcus garvieae 1.0 0.0052 No
Legionellaceae 0.3 0.0004 No
Leptotrichia 1.0 0.0007 No
Leucobacter 0.3 0.0002 No
Leuconostoc 1.6 0.0004 No
Leuconostocaceae 1.3 0.0006 No
Listeriaceae 0.3 0.0016 No
Macrococcus caseolyticus 0.3 0.0003 No
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Supplementary Table 3. (continued)

OTUs Frequency (%)a Meanb Includedc

Megamonas 4.9 0.0011 No
Megasphaera 4.6 0.0018 No
Mesorhizobium 2.0 0.0004 No
Methylibium 0.7 0.0006 No
Methylobacteriaceae 2.0 0.0038 No
Methylobacterium 0.3 0.0002 No
Methylophilaceae 2.3 0.0048 No
Microbacteriaceae 3.3 0.0007 No
Microbacterium 0.7 0.0003 No
Micrococcaceae 2.0 0.0005 No
Mobiluncus 1.0 0.0005 No
Mogibacteriaceae 63.4 0.0024 Yes
Mogibacterium 7.5 0.0007 No
Moraxella 1.6 0.0007 No
Moraxellaceae 7.8 0.0012 No
Morganella 1.0 0.0008 No
Morganella morganii 1.3 0.0008 No
Mycobacteriaceae 0.3 0.0003 No
Mycobacterium 0.7 0.0006 No
Mycobacterium vaccae 0.3 0.0003 No
Nannocystis 0.3 0.0004 No
Neisseria 0.3 0.0005 No
Neisseria subflava 1.6 0.0004 No
Neisseriaceae 0.7 0.0011 No
Nitrospira 0.3 0.0007 No
Nocardioidaceae 1.0 0.0004 No
Novosphingobium 0.3 0.0002 No
Odoribacter 32 0.0010 Yes
Odoribacteraceae 0.3 0.0012 No
Oligella 0.3 0.0003 No
Oribacterium 2.0 0.0002 No
Oscillospira 91.5 0.0066 Yes
Oxalobacter formigenes 7.2 0.0012 No
Paenibacillaceae 0.3 0.0005 No
Parabacteroides 52 0.0043 Yes
Parabacteroides distasonis 28.4 0.0016 Yes
Parabacteroides gordonii 0.7 0.0008 No
Paracoccus 2.3 0.0005 No
Paraprevotella 12.1 0.0024 No
Paraprevotellaceae 0.7 0.0009 No
Parvimonas 13.7 0.0006 No
Pasteurellaceae 3.6 0.0010 No
Pediococcus 1.6 0.0008 No
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Supplementary Table 3. (continued)

OTUs Frequency (%)a Meanb Includedc

Pedobacter 2.0 0.0328 No
Pelomonas 0.7 0.0002 No
Peptococcaceae 1.0 0.0005 No
Peptococcus 1.6 0.0006 No
Peptoniphilus 8.2 0.0007 No
Peptostreptococcaceae 64.7 0.0038 Yes
Peptostreptococcus 2.9 0.0004 No
Phascolarctobacterium 30.4 0.0038 Yes
Phenylobacterium 1.0 0.0007 No
Phycicoccus 0.3 0.0002 No
Phyllobacteriaceae 9.8 0.0005 No
Pirellulaceae 0.3 0.0001 No
Planococcaceae 4.9 0.0003 No
Polaromonas 0.3 0.0004 No
Porphyromonadaceae 3.9 0.0006 No
Porphyromonas 12.4 0.0008 No
Prevotella 30.1 0.0012 Yes
Prevotella 3.6 0.0031 No
Prevotella copri 23.5 0.0046 Yes
Prevotella intermedia 0.3 0.0001 No
Prevotella melaninogenica 1.3 0.0004 No
Prevotella stercorea 0.7 0.0023 No
Prevotellaceae 1.0 0.0003 No
Propionibacteriaceae 1.0 0.0008 No
Propionibacterium acnes 20.9 0.0007 Yes
Propionibacterium granulosum 0.3 0.0004 No
Propionivibrio 1.0 0.0003 No
Proteus 0.7 0.0012 No
Pseudomonadaceae 7.5 0.0007 No
Pseudomonadales 1.0 0.0002 No
Pseudomonas 22.2 0.0015 Yes
Pseudoramibacter 10.1 0.0020 No
Pseudoxanthomonas mexicana 0.3 0.0004 No
Pyramidobacter piscolens 2.6 0.0010 No
Ralstonia 1.3 0.0005 No
Renibacterium 0.3 0.0004 No
Rheinheimera 2.3 0.0007 No
Rhizobiaceae 0.3 0.0019 No
Rhodobacter 0.3 0.0002 No
Rhodobacteraceae 3.9 0.0007 No
Rhodococcus 1.6 0.0016 No
Rhodococcus fascians 2.0 0.0032 No
Rhodocyclaceae 2.3 0.0014 No
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Supplementary Table 3. (continued)

OTUs Frequency (%)a Meanb Includedc

Rhodoferax 0.3 0.0003 No
Rhodoplanes 0.3 0.0003 No
Rhodospirillaceae 4.2 0.0007 No
Rikenella 0.7 0.0024 No
Rikenellaceae 76.5 0.0088 Yes
Roseburia 64.7 0.0023 Yes
Roseomonas mucosa 0.3 0.0004 No
Rothia aeria 0.7 0.0003 No
Rothia mucilaginosa 0.7 0.0005 No
Rubelli microbium 0.3 0.0008 No
Rubrobacter 2.3 0.0005 No
Ruminococcaceae 99 0.1234 Yes
Ruminococcus 94.8 0.0122 Yes
Ruminococcus bromii 62.7 0.0087 Yes
Ruminococcus flavefaciens 1.0 0.0008 No
Ruminococcus gnavus 49.3 0.0020 Yes
Ruminococcus torques 3.9 0.0005 No
Salinispora 1.3 0.0002 No
Schwartzia 0.3 0.0005 No
Sediminibacterium 13.7 0.0005 No
Selenomonas 0.7 0.0003 No
Selenomonas noxia 0.3 0.0004 No
Serratia 0.7 0.0016 No
Shewanella 0.3 0.0001 No
Simplicispira 0.3 0.0003 No
Sinobacteraceae 0.7 0.0004 No
Slackia 5.6 0.0010 No
Solibacillus 0.7 0.0003 No
Sphingobacteriaceae 0.3 0.0023 No
Sphingobium 1.0 0.0020 No
Sphingomonadaceae 5.9 0.0013 No
Sphingomonas 11.4 0.0006 No
Sphingomonas wittichii 1.3 0.0009 No
Staphylococcaceae 6.5 0.0004 No
Staphylococcus 2.9 0.0005 No
Staphylococcus aureus 5.9 0.0005 No
Staphylococcus epidermidis 0.3 0.0008 No
Streptococcaceae 1.6 0.0008 No
Streptococcus 84.6 0.0068 Yes
Streptococcus anginosus 0.3 0.0003 No
Streptococcus luteciae 0.3 0.0003 No
Succiniclasticum 2.3 0.0017 No
Succinivibrio 0.3 0.0567 No
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Supplementary Table 3. (continued)

OTUs Frequency (%)a Meanb Includedc

Sutterella 46.4 0.0020 Yes
Synergistaceae 1.0 0.0012 No
Tannerella 0.3 0.0002 No
Tatlockia 0.3 0.0018 No
Tissierellaceae 9.8 0.0010 No
Trabulsiella 0.3 0.0004 No
Turicibacter 46.1 0.0012 Yes
Varibaculum 2.9 0.0007 No
Variovorax paradoxus 7.5 0.0008 No
Veillonella 7.5 0.0046 No
Veillonella dispar 54.9 0.0022 Yes
Veillonella parvula 1.3 0.0003 No
Veillonellaceae 9.2 0.0007 No
Victivallaceae 3.3 0.0008 No
Weeksellaceae 1.0 0.0002 No
Xanthobacteraceae 0.3 0.0003 No
Xanthomonadaceae 2.3 0.0008 No
Yonghaparkia 0.3 0.0008 No
Others 99 0.0301 Yes

a The percentage of samples in which the OTU was present.
b The geometric mean of the samples in which the OTU was present.
c OTUs were included in the analysis if they were present in at least 20% of the samples.
Abbreviations: OTU, operational taxonomic unit.
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Supplementary Table 4. Differences in relative abundance between Italian baseline samples and 
healthy controls.

OTUs
Relative abundance 
in patients

Crude 
p-value

Adjusted  
p-valuea

Erysipelotrichaceae Increased <0.001 <0.001
Allobaculum Decreased <0.001 <0.001
Faecalibacterium prausnitzii Increased <0.001 0.009
Gemellaceae Decreased 0.001 0.016
Propionibacterium acnes Decreased 0.002 0.016
Parabacteroides Increased 0.002 0.016
Enterococcus Decreased 0.003 0.025
Turicibacter Decreased 0.004 0.025
Ruminococcaceae Increased 0.005 0.033
Phascolarctobacterium Increased 0.012 0.07
Blautia Decreased 0.017 0.09
Barnesiellaceae Decreased 0.026 0.12
Dorea Increased 0.037 0.16
Christensenella Increased 0.06 0.26
Granulicatella Decreased 0.07 0.26
Clostridium Decreased 0.08 0.28
Clostridiaceae Increased 0.11 0.34
Bacteroides uniformis Increased 0.11 0.34
Bacteroides ovatus Increased 0.11 0.34
Bacteroides Increased 0.19 0.53
Prevotella copri Increased 0.19 0.53
Oscillospira Increased 0.20 0.53
Coriobacteriaceae Decreased 0.25 0.61
Bacteroides caccae Decreased 0.26 0.61
Eubacterium dolichum Decreased 0.27 0.61
Eggerthella lenta Decreased 0.28 0.61
Klebsiella Increased 0.29 0.62
Lachnospira Decreased 0.33 0.67
Bacteroides fragilis Increased 0.39 0.73
Holdemania Increased 0.39 0.73
Christensenellaceae Increased 0.40 0.73
Sutterella Increased 0.41 0.73
Veillonella dispar Decreased 0.44 0.76
Pseudomonas Decreased 0.46 0.77
Ruminococcus gnavus Increased 0.48 0.78
Ruminococcus bromii Increased 0.52 0.78
Odoribacter Increased 0.54 0.78
Bulleidia Increased 0.54 0.78
Coprococcus Decreased 0.55 0.78
Coprobacillus Decreased 0.56 0.78
Actinomyces Decreased 0.57 0.78
Ruminococcus Decreased 0.58 0.78
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Supplementary Table 4. (continued)

OTUs
Relative abundance 
in patients

Crude 
p-value

Adjusted  
p-valuea

Peptostreptococcaceae Decreased 0.62 0.82
Bacteroidaceae Increased 0.66 0.84
Haemophilus parainfluenzae Decreased 0.67 0.84
Parabacteroides distasonis Increased 0.69 0.86
Others Decreased 0.75 0.90
Streptococcus Increased 0.76 0.90
Rikenellaceae Increased 0.80 0.93
Lachnospiraceae Increased 0.85 0.95
Akkermansia muciniphila Decreased 0.87 0.95
Dialister Increased 0.87 0.95
Prevotella Increased 0.91 0.96
Mogibacteriaceae Decreased 0.91 0.96
Roseburia Increased 0.93 0.96
Enterobacteriaceae Decreased 0.97 0.98
Anaerostipes Increased 0.98 0.98

a False discovery rate control using the Benjamini-Hochberg procedure.
Abbreviations: OTU, operational taxonomic unit.
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Supplementary Table 5. Differences in relative abundance between Dutch baseline samples and 
healthy controls.

OTUs
Relative abundance 
in patients

Crude 
p-value

Adjusted 
p-valuea

Parabacteroides distasonis Increased 0.003 0.12
Klebsiella Increased 0.004 0.12
Faecalibacterium prausnitzii Decreased 0.010 0.16
Haemophilus parainfluenzae Increased 0.011 0.16
Actinomyces Decreased 0.015 0.17
Veillonella dispar Increased 0.018 0.17
Mogibacteriaceae Decreased 0.029 0.17
Others Decreased 0.029 0.17
Eggerthella lenta Decreased 0.030 0.17
Ruminococcus Decreased 0.031 0.17
Rikenellaceae Increased 0.032 0.17
Bacteroidaceae Increased 0.040 0.18
Ruminococcaceae Decreased 0.046 0.18
Enterobacteriaceae Increased 0.047 0.18
Bacteroides caccae Increased 0.048 0.18
Allobaculum Decreased 0.07 0.25
Christensenella Decreased 0.07 0.25
Bacteroides Increased 0.09 0.26
Blautia Decreased 0.09 0.26
Dialister Decreased 0.09 0.26
Coprobacillus Decreased 0.11 0.29
Bacteroides uniformis Increased 0.13 0.32
Clostridium Decreased 0.15 0.35
Pseudomonas Increased 0.16 0.35
Eubacterium dolichum Decreased 0.16 0.35
Bulleidia Decreased 0.16 0.35
Prevotella Decreased 0.17 0.36
Lachnospira Decreased 0.19 0.36
Granulicatella Decreased 0.19 0.36
Enterococcus Decreased 0.20 0.36
Coriobacteriaceae Decreased 0.20 0.36
Sutterella Increased 0.21 0.36
Barnesiellaceae Increased 0.21 0.36
Lachnospiraceae Decreased 0.23 0.38
Prevotella copri Decreased 0.25 0.42
Bacteroides fragilis Increased 0.33 0.52
Dorea Increased 0.34 0.52
Propionibacterium acnes Decreased 0.35 0.52
Parabacteroides Increased 0.39 0.57
Oscillospira Decreased 0.40 0.57
Roseburia Increased 0.41 0.57
Turicibacter Decreased 0.46 0.62
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Supplementary Table 5. (continued)

OTUs
Relative abundance 
in patients

Crude 
p-value

Adjusted 
p-valuea

Christensenellaceae Decreased 0.51 0.68
Anaerostipes Increased 0.53 0.68
Odoribacter Decreased 0.53 0.68
Erysipelotrichaceae Decreased 0.59 0.71
Akkermansia muciniphila Decreased 0.60 0.71
Streptococcus Decreased 0.61 0.71
Peptostreptococcaceae Decreased 0.62 0.71
Ruminococcus bromii Decreased 0.64 0.71
Clostridiaceae Decreased 0.66 0.71
Phascolarctobacterium Increased 0.66 0.71
Gemellaceae Increased 0.66 0.71
Coprococcus Increased 0.68 0.72
Ruminococcus gnavus Decreased 0.69 0.72
Holdemania Decreased 0.80 0.82
Bacteroides ovatus Increased 0.98 0.98

a False discovery rate control using the Benjamini-Hochberg procedure.
Abbreviations: OTU, operational taxonomic unit.



G
U

T M
IC

RO
BIO

TA
 C

O
M

PO
SITIO

N
 IN

 JIA

109

4

Supplementary Table 6. Differences in relative abundance between Italian inactive disease samples 
and healthy controls.

OTUs
Relative abundance 
in patients

Crude 
p-value

Adjusted 
p-valuea

Erysipelotrichaceae Increased <0.001 <0.001
Allobaculum Decreased <0.001 <0.001
Bacteroides caccae Decreased <0.001 0.013
Propionibacterium acnes Decreased 0.001 0.013
Barnesiellaceae Decreased 0.001 0.013
Faecalibacterium prausnitzii Increased 0.003 0.033
Dorea Increased 0.005 0.044
Clostridiaceae Increased 0.007 0.050
Christensenella Increased 0.013 0.09
Bacteroidaceae Decreased 0.020 0.11
Pseudomonas Decreased 0.027 0.14
Phascolarctobacterium Increased 0.047 0.21
Coprococcus Increased 0.049 0.21
Bacteroides fragilis Increased 0.052 0.21
Coriobacteriaceae Decreased 0.06 0.22
Streptococcus Increased 0.06 0.22
Ruminococcaceae Increased 0.07 0.22
Lachnospiraceae Increased 0.09 0.28
Haemophilus parainfluenzae Decreased 0.10 0.29
Roseburia Increased 0.12 0.35
Lachnospira Decreased 0.14 0.38
Peptostreptococcaceae Increased 0.15 0.39
Gemellaceae Decreased 0.18 0.43
Bacteroides Increased 0.18 0.43
Bulleidia Increased 0.20 0.46
Clostridium Decreased 0.21 0.46
Anaerostipes Increased 0.22 0.46
Bacteroides uniformis Increased 0.22 0.46
Mogibacteriaceae Increased 0.24 0.47
Oscillospira Increased 0.33 0.62
Parabacteroides Increased 0.38 0.70
Dialister Decreased 0.40 0.72
Eggerthella lenta Decreased 0.42 0.72
Klebsiella Decreased 0.45 0.76
Blautia Decreased 0.47 0.76
Odoribacter Decreased 0.49 0.78
Rikenellaceae Decreased 0.52 0.79
Others Decreased 0.53 0.79
Ruminococcus gnavus Increased 0.57 0.81
Akkermansia muciniphila Decreased 0.57 0.81
Enterococcus Decreased 0.59 0.82
Bacteroides ovatus Increased 0.60 0.82
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Supplementary Table 6. (continued)

OTUs
Relative abundance 
in patients

Crude 
p-value

Adjusted 
p-valuea

Veillonella dispar Decreased 0.62 0.82
Turicibacter Decreased 0.65 0.83
Prevotella copri Increased 0.66 0.83
Prevotella Increased 0.68 0.83
Eubacterium dolichum Increased 0.70 0.83
Granulicatella Increased 0.70 0.83
Enterobacteriaceae Decreased 0.75 0.87
Ruminococcus Decreased 0.79 0.88
Coprobacillus Increased 0.79 0.88
Parabacteroides distasonis Decreased 0.80 0.88
Ruminococcus bromii Increased 0.84 0.89
Christensenellaceae Decreased 0.84 0.89
Sutterella Decreased 0.88 0.91
Actinomyces Increased 0.95 0.96
Holdemania Increased 0.96 0.96

a False discovery rate control using the Benjamini-Hochberg procedure.
Abbreviations: OTU, operational taxonomic unit.
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Supplementary Table 7. Differences in relative abundance between Dutch inactive disease samples 
and healthy controls.

OTUs
Relative abundance 
in patients

Crude 
p-value

Adjusted 
p-valuea

Veillonella dispar Increased 0.07 0.85
Parabacteroides distasonis Increased 0.09 0.85
Bacteroidaceae Increased 0.09 0.85
Coprobacillus Decreased 0.10 0.85
Ruminococcus bromii Increased 0.10 0.85
Bacteroides uniformis Decreased 0.14 0.85
Haemophilus parainfluenzae Increased 0.15 0.85
Dorea Decreased 0.15 0.85
Actinomyces Decreased 0.15 0.85
Klebsiella Increased 0.16 0.85
Eggerthella lenta Decreased 0.18 0.85
Dialister Increased 0.18 0.85
Oscillospira Decreased 0.21 0.87
Bacteroides ovatus Decreased 0.21 0.87
Bacteroides caccae Decreased 0.25 0.91
Sutterella Increased 0.26 0.91
Coprococcus Increased 0.27 0.91
Anaerostipes Increased 0.29 0.91
Coriobacteriaceae Decreased 0.30 0.91
Allobaculum Decreased 0.34 0.93
Propionibacterium acnes Decreased 0.39 0.93
Christensenella Decreased 0.40 0.93
Others Decreased 0.42 0.93
Prevotella copri Decreased 0.45 0.93
Mogibacteriaceae Decreased 0.45 0.93
Parabacteroides Increased 0.45 0.93
Bulleidia Decreased 0.47 0.93
Ruminococcus Increased 0.51 0.93
Akkermansia muciniphila Decreased 0.53 0.93
Rikenellaceae Increased 0.53 0.93
Christensenellaceae Increased 0.53 0.93
Odoribacter Increased 0.55 0.93
Faecalibacterium prausnitzii Decreased 0.56 0.93
Enterococcus Decreased 0.57 0.93
Peptostreptococcaceae Decreased 0.58 0.93
Gemellaceae Decreased 0.59 0.93
Eubacterium dolichum Increased 0.65 0.96
Phascolarctobacterium Decreased 0.65 0.96
Turicibacter Increased 0.68 0.96
Clostridiaceae Decreased 0.69 0.96
Streptococcus Decreased 0.69 0.96
Pseudomonas Decreased 0.73 0.96
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Supplementary Table 7. (continued)

OTUs
Relative abundance 
in patients

Crude 
p-value

Adjusted 
p-valuea

Clostridium Decreased 0.76 0.96
Granulicatella Decreased 0.78 0.96
Lachnospiraceae Increased 0.78 0.96
Holdemania Increased 0.80 0.96
Erysipelotrichaceae Decreased 0.81 0.96
Prevotella Increased 0.81 0.96
Bacteroides Increased 0.86 0.97
Bacteroides fragilis Increased 0.87 0.97
Ruminococcaceae Increased 0.90 0.97
Blautia Increased 0.91 0.97
Lachnospira Increased 0.91 0.97
Ruminococcus gnavus Decreased 0.91 0.97
Barnesiellaceae Increased 0.98 0.99
Roseburia Decreased 0.98 0.99
Enterobacteriaceae Decreased 0.99 0.99

a False discovery rate control using the Benjamini-Hochberg procedure.
Abbreviations: OTU, operational taxonomic unit.
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Supplementary Table 8. Differences in relative abundance between Italian persistent activity samples 
and healthy controls.

OTUs
Relative abundance 
in patients

Crude 
p-value

Adjusted 
p-valuea

Erysipelotrichaceae Increased <0.001 <0.001
Allobaculum Decreased <0.001 <0.001
Blautia Decreased 0.003 0.06
Klebsiella Increased 0.006 0.09
Phascolarctobacterium Increased 0.008 0.10
Coriobacteriaceae Decreased 0.016 0.16
Bacteroides caccae Decreased 0.019 0.16
Enterococcus Decreased 0.031 0.22
Parabacteroides distasonis Increased 0.047 0.30
Faecalibacterium prausnitzii Increased 0.07 0.34
Prevotella copri Increased 0.07 0.34
Ruminococcus Decreased 0.08 0.34
Propionibacterium acnes Decreased 0.08 0.34
Pseudomonas Increased 0.09 0.38
Rikenellaceae Decreased 0.11 0.41
Turicibacter Decreased 0.12 0.43
Others Decreased 0.13 0.44
Anaerostipes Increased 0.16 0.50
Gemellaceae Decreased 0.17 0.50
Bacteroidaceae Increased 0.18 0.52
Veillonella dispar Increased 0.19 0.52
Eggerthella lenta Decreased 0.21 0.54
Bacteroides Increased 0.23 0.56
Christensenellaceae Decreased 0.24 0.57
Bacteroides fragilis Increased 0.28 0.62
Haemophilus parainfluenzae Increased 0.28 0.62
Holdemania Decreased 0.31 0.65
Lachnospira Decreased 0.33 0.67
Enterobacteriaceae Increased 0.34 0.67
Clostridium Decreased 0.37 0.69
Oscillospira Increased 0.39 0.69
Coprobacillus Decreased 0.40 0.69
Coprococcus Decreased 0.40 0.69
Actinomyces Decreased 0.47 0.76
Lachnospiraceae Decreased 0.48 0.76
Bacteroides uniformis Increased 0.48 0.76
Barnesiellaceae Decreased 0.50 0.76
Ruminococcus gnavus Increased 0.53 0.78
Dialister Decreased 0.54 0.78
Granulicatella Decreased 0.55 0.78
Dorea Increased 0.56 0.78
Bulleidia Decreased 0.57 0.78
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Supplementary Table 8. (continued)

OTUs
Relative abundance 
in patients

Crude 
p-value

Adjusted 
p-valuea

Bacteroides ovatus Decreased 0.59 0.78
Roseburia Decreased 0.64 0.82
Clostridiaceae Increased 0.67 0.83
Ruminococcaceae Decreased 0.69 0.83
Streptococcus Increased 0.70 0.83
Odoribacter Increased 0.70 0.83
Parabacteroides Increased 0.72 0.84
Peptostreptococcaceae Increased 0.79 0.89
Mogibacteriaceae Decreased 0.79 0.89
Ruminococcus bromii Decreased 0.86 0.94
Akkermansia muciniphila Decreased 0.91 0.97
Eubacterium dolichum Increased 0.92 0.97
Christensenella Decoreased 0.95 0.98
Sutterella Decreased 0.97 0.98
Prevotella Increased 0.98 0.98

a False discovery rate control using the Benjamini-Hochberg procedure.
Abbreviations: OTU, operational taxonomic unit.
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ABSTRACT

Juvenile dermatomyositis is the most common form of the juvenile idiopathic 

inflammatory myopathies characterised by muscle and skin inflammation, leading to 

symmetric proximal muscle weakness and cutaneous symptoms. It has a fluctuating 

course and varying prognosis. In a Bayesian framework, we develop a joint model for four 

longitudinal outcomes, which accounts for within individual variability as well as inter-

individual variability. Correlations among the outcome variables are introduced through 

a subject-specific random effect. Moreover, we exploit an approach similar to a hurdle 

model to account for excess of a specific outcome in the response. Clinical markers 

and symptoms are used as covariates in a regression set-up. Data from an ongoing 

observational cohort study are available, providing information on 340 subjects, who 

contributed 2725 clinical visits. The model shows good performance and yields efficient 

estimations of model parameters, as well as accurate predictions of the disease activity 

parameters, corresponding well to observed clinical patterns over time. The posterior 

distribution of the by-subject random intercepts shows a substantial correlation between 

two of the outcome variables. A subset of clinical markers and symptoms are identified 

as associated with disease activity. These findings have the potential to influence clinical 

practice as they can be used to stratify patients according to their prognosis and guide 

treatment decisions, as well as contribute to on-going research about the most relevant 

outcome markers for patients affected by juvenile dermatomyositis.
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INTRODUCTION

The juvenile idiopathic inflammatory myopathies (IIM) are a group of heterogeneous 

chronic diseases whose prime manifestation is skeletal muscle inflammation. Juvenile 

dermatomyositis (JDM) is the most common of the juvenile IIM, with an incidence of 

about 1.9–4.1 per million children per year.1 Besides the skeletal muscle inflammation, 

JDM is characterised by skin inflammation and manifests itself clinically as symmetric 

proximal muscle weakness and cutaneous symptoms such as papules over the knuckles 

(Gottron’s papules), skin rashes, nail fold erythema, ulceration and calcinosis (deposition 

of subcutaneous or intramuscular calcium). JDM is a systemic disease, potentially 

involving other organ systems as well. If not adequately treated, the inflammation may 

cause muscular damage, leading to permanent muscle weakness and life-long disabilities, 

and skin atrophy.2;3 The prognosis of JDM is variable with about 24–40% of patients 

experiencing a monocyclic course, and the majority of patients (50–60%) showing 

a chronic disease pattern. The mortality rate of JDM is about 2–3%.3

This clinical picture highlights that JDM is a disease with a significant medical, social 

and economic burden.1;4 Some studies suggest that early aggressive treatment improves 

the outcome for children with JDM, thereby alleviating this burden.5 On the other hand, 

the treatment itself is associated with serious side effects, such as growth failure, pubertal 

delay and osteoporosis. As a consequence, it is good practice to administer as few drugs 

as possible, especially in paediatrics, in order to limit the negative effects on the normal 

physiology of the developing child. As such, the clinical challenge is to stratify patients 

according to their prognosis and adapt their treatment plans in concordance with their 

expected prognosis.

To answer the clinical question of interest, we need to identify clinical markers 

associated with disease activity and capable of predicting its evolution. Insight has been 

gained by the study of the various antibody patterns in the juvenile IIM2;3;6 mainly to 

distinguish between JDM and the other subtypes of the juvenile IIM. Two previous studies 

have evaluated the potential of clinical variables to predict disease activity1;7 but these 

studies have the limitation of measuring disease activity as a binary outcome (active vs. 

non-active). Moreover, whereas Stringer et al.7 analyse the time to remission, Ravelli et al.1 

evaluate disease activity cross-sectionally at approximately 7.7 years after disease onset.

In contrast, the aim of the current study is to identify variables associated with disease 

activity of JDM by modelling clinically relevant, continuous response variables over time 

using clinical markers and symptoms of the disease as covariates. Such a model could be 

used to inform physicians about features associated with disease activity, as well as guide 

clinicians in the management of the disease.
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DATA

Data collection
Data are available from a national longitudinal cohort study, in which children with 

definite or probable JDM according to Bohan and Peter criteria8;9 are enrolled across 

the UK. The study has been described previously.4

Enrolment started in 2000 and is ongoing. Patients are enrolled at diagnosis, or as 

soon as they come to the attention of one of the participating centres, and are followed 

up every 3 months for 2 years and subsequently at least annually. Data collected concern 

disease manifestations, such as muscular involvement, skin disease and other organ 

involvement. Routine laboratory blood tests are also performed.

At each visit four outcome parameters10 are measured as proxy of disease activity:

 ∙ Serum creatine kinase level (CK), a muscle enzyme which is released into the blood 

stream in increased amounts in case of muscular inflammation. The serum level of this 

enzyme is usually elevated in active JDM, but tends to be relatively low.3 Its theoretical 

range is in 0,∞( ) and values exceeding 150 U/L are considered pathological.10 Many 

laboratories report a censored value of <20 U/L if the level is below the laboratory’s 

detection limit.

 ∙ Childhood myositis assessment scale (CMAS) which assesses muscular strength and 

endurance.11 The CMAS consists of a series of little tasks, which the child is asked 

to perform, such as raising his/her head for at least 2 minutes while laying supine, 

raising to his/her feet from a sitting position and performing sit ups, with and without 

counterbalance. A predefined number of points is assigned based on the performance 

of the child and the total CMAS score is the sum over all tasks, ranging from 0 to 

53, with a lower score indicating more active disease. Scores of at least 48 points are 

considered normal.10

 ∙ Manual muscle testing of 8 muscle groups (MMT8), which consists in the assessment 

of muscle strength of 8 predefined muscle groups. Each muscle group is then 

assigned by the examiner a score ranging from 0 (equal to a complete loss of muscle 

contraction) to 10 (equal to full muscle strength). The total MMT8 is the sum over 

all muscle groups, thus ranging from 0 to 80, with a lower score indicating higher 

disease activity. A value of at least 78 points is considered normal.10

 ∙ Physician’s global assessment of disease activity (PGA), which is the physician’s rating 

of disease activity, taking into account muscular disease, skin involvement and all 

other organ involvement. The PGA ranges from 0.0, indicating no disease activity, to 

10.0, indicating maximal disease activity. The PGA should be at most 0.2 points to be 

considered normal.10

Ethical approval of the study was obtained and all participants and their parents (as 

appropriate) provided informed consent. The study was conducted according to good 

clinical practice guidelines and the declaration of Helsinki.
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Data cleaning
At the time of analysis, 4122 visits of 469 patients are available. Patients not fulfilling 

the inclusion criteria of having probable or definite JDM according to Bohan and Peter 

criteria are excluded, leaving 413 patients contributing 3881 visits. Missing data are 

imputed in the Bayesian model, except for missing data on history variables, because 

these are based on patient’s recollection. This leads to the exclusion of 73 patients. 

Therefore, the final model includes 340 patients, contributing 2725 visits. Baseline 

characteristics of included and excluded patients are compared in Table 1. As expected, 

due to the exclusion of visits with missing data, patients having contributed fewer visits 

are more likely to be excluded altogether from the study. This, in turn, is more likely to 

occur in patients enrolled later in the course of their disease, therefore presenting less 

disease activity at enrolment (Table 1).

Of the 340 included subjects, five fully observed participants (i.e., no missing values in 

the dependent and independent variables for all visits) are randomly selected for the out 

of sample predictions and are therefore excluded from the training set.

The original dataset contains 83 covariates that can be used as predictor variables, 

including the time elapsed since diagnosis at the visit, disease signs and symptoms and 

treatment variables. The number of covariates is reduced by excluding those hardly 

containing any information. To this end, a pre-selection is made by fitting linear mixed 

effects models, using the package lme412 available in the R software.13 More in details, 

for each covariate we fit four independent linear mixed models, one for each outcome, 

including also time from diagnosis and a random intercept for the time from diagnosis. We 

obtain a p-value for the covariate by employing a Wald t test and retain the smallest one 

Table 1. Baseline table

Parameter
Included
N = 340

Excluded
N = 73

Female, n (%) 236 (69.4) 54 (74.0)
Age at diagnosis, y 7.4 [4.5, 10.5] 7.3 [4.1, 11.1]
Disease duration at diagnosis, y 0.3 [0.2, 0.6] 0.3 [0.2, 1.0]
Time after diagnosis at enrolment, y 0.2 [0.1, 1.1] 2.3 [0.4, 5.4]
Duration of follow up, y 4.1 [1.6, 7.1] 1.2 [0.1, 2.6]
Disease activity at enrolment:
CK, U/L 103 [64, 440] 98 [45, 256]
CMAS, points 41 [21, 50] 46 [37, 52]
MMT8, points 65 [45, 80] 80 [64, 80]
PGA, cm 3 [1.3, 6.0] 2.3 [0.5, 4.0]

Values are the median [1st quartile, 3rd quartile], except where indicated otherwise.
Abbreviations: CK, creatine kinase; cm, centimetre; CMAS, childhood myositis assessment scale; MMT8, 
manual muscle testing of 8 muscle groups; PGA, physician’s global assessment of disease activity; U/L, units 
per litre; y, year.
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among the four models. We then rank the covariates according to their most significant 

p-value and in such a way we select the 50% most significant predictors.

MODEL

Model specification
As discussed previously, the data consist of N = 340 patients, each of them contributing 

multiple visits. For each patient i at visit j, a vector of four outcome variables is measured, 

Y Y Y Y Yij ij ij ij ij= ( )( ) ( ) ( ) ( )CK CMAS MMT8 PGA, , , i N j mi= … = …1 2 1 2, , , , where mi  is the number of 

observations for the ith patient. Additionally, for each subject i at visit j, a vector of 

covariates Xij  is available and tij  denotes the time elapsed since diagnosis. To account 

for the longitudinal nature of the study and for dependency between visits for the same 

patients, we introduce a subject-specific random effect for each of the response variables. 

We then link the response variables by assuming a joint model for the random effects.

The continuous outcome variables are transformed to ensure normality: we take 

a log-transformation for the CK levels, whereas we choose a square-root transformation 

for CMAS, MMT8 and PGA, as it is a well-known variance stabilising transformation that 

can deal with the presence of zeros in the data. For ease of notation, in what follows 

log(CK), CMAS , MMT8  and PGA  are referred to as CK, CMAS, MMT8 and PGA, 

respectively. The empirical distribution of the transformed outcome measures is shown in 

Figure 1. These variables are modelled using a Bayesian approach.

Let us first consider the outcome variable CK, which we assume normally distributed:

Y Nij ij ij
(CK) (CK)

CK
(CK)

CK| , , �µ µ σσ( ) ( )∼ ( )2 2

where

µ α η γ θ βij i i ij ijt XCK CK CK CK CK CK( ) ( ) ( ) ( ) ( ) ( )= + + +( )× +

Here, α CK( )  is a mean effect common to all subjects, β CK( )  is the vector of coefficients for 

the covariates Xij , γ
CK( )�is the common effect for the time elapsed since diagnosis tij , ηi

CK( )  

is a subject-specific random intercept, while θi
CK( )  is a patient-specific random coefficient 

for the time elapsed since diagnosis.

As mentioned above, some of the CK values (n = 14, 0.5% of the observations) 

are below the laboratory’s detection level and reported as <20 or <21 (depending on 

the laboratory). These instances are modelled as truncated values, by specifying this 

observation as right-truncated at 20 or 21.
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Most patients reach disease remission after a certain period of time and a large 

number of non-pathological values for CMAS, MMT8 and PGA are observed. From  

Figure 1, it is clear that these variables are not normally distributed, but they show an 

excess of non-pathological values. For these clinical outcomes we assume a mixture of 

a point mass at the most frequent value ( 53  for CMAS, 80  for MMT8 and 0 for PGA) 

and a truncated Normal distribution for the other observations. This strategy is similar to 

the hurdle model14 as we recognise the possibility that the mechanism determining non-

pathological values may differ from those that influence the distribution of pathological 

observations. We specify a probit regression to link the probability of observing a non-

pathological value for subject i at visit j to the time elapsed since diagnosis. Moreover, we 

assume a linear regression model for the continuous part of the mixture.

More in details, let k∈{ }CMAS, MMT8, PGA  denote one of the clinical outcomes of 

interest. Then,

 (1)

where δ  is the Kronecker delta and the non-pathological values are:

Y w w w TNij
k

ij
k

ij
k

k ij
k

Y ij
k

ij
k

k
( ) ( ) ( )

( )
( ) ( ) (∼ + −( )×( )| , ,µ σ δ µ2 1

�

))
( )( ),σ k
2

log(CK) sqrt(CMAS)

sqrt(MMT8) sqrt(PGA)
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Figure 1. Empirical distribution of the four transformed outcomes.
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Y

k
k
�
( ) =

=








53

80
0

,

,

if CMAS

, k = MMT8
k =if PGA

if

Here, TN µ σ, 2( )  denotes a truncated Normal distribution with mean TN µ σ, 2( ) and variance σ 2 .  

The truncation limit changes depending on the outcome variable, but the idea is to 

truncate the normal distribution according to the range of possible values the response 

can assume (since they represent clinical scores) and the non-pathological value. As such, 

on the transformed scale, the distribution of CMAS is truncated on the interval (0, 53 ),  

the distribution of MMT8 on (0, 80 ) and the distribution of PGA on the interval  

(0, 10 ).

We assume a probit regression for the weights of the mixture:

w zij
k

ij
k( ) ( )= ( )Φ

where Φ  is the cumulative distribution function of the standard Normal distribution and

 (2)

As in the case of creatine kinase, α k( )  and γ k( )  are the common intercept and regression 

coefficient, respectively, common to all subjects, while ηi  is the patient specific random 

effect. We complete the model by specifying a linear regression model for the continuous 

component of the mixture (see equation (1)):

µ ψ λ βij
k k k

ij ij
kt X( ) ( ) ( ) ( )= + × + � �

Note that we do not include an individual random effect for µij
k( ) .

The four disease outcomes are measured in the same patient at the same time and 

capture different aspects of the same biological entity, i.e. disease activity. As such, they 

are correlated, especially CMAS and MMT8. Therefore, it is important to account for these 

correlations in the model. Following Li et al.,15 we specify a multivariate Normal distribution 

on subject-specific random effects to take the inherent correlation of the longitudinal 

outcomes into account. This approach leads to a more efficient estimation of the model 

parameters. Hence, the four by-subject random intercepts for the outcome variables are 

modelled as follows:

z tij
k k

i
k k

ij
( ) ( ) ( ) ( )= + + ×α η γ
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 (3)

where 0 is a four-dimensional vector of zeros and η

η

η

η

η

i

i

i

i

i

=





















∼ ( )

( )

( )

( )

( )

CK

CMAS

MMT8

PGA

N 0,Ω denotes the precision matrix.

Prior specification
The model is completed by specifying uninformative prior distributions on the remaining 

parameters. We use independent Normal(0, 1000) priors for the intercepts α k( )  and ψ k( ) , 

as well as for the regression coefficients γ k( )  and λ k( ) , with k∈{ }CK, CMAS, MMT8, PGA . 

We place a Normal(0, σθ
2 ) prior on the patient-specific random slope θi

(CK)  for the CK model, 

as well as a Normal(0, σβ
2 ) prior on the regression coefficients β k( ) , with common variance 

σβ
2  shared by all β k( ) . We elicit independent Gamma distributions with hyper-parameters 

(0.001, 0.001) for the observation precision τ
σ

k

k

( )

( )
=

1
2 , k∈{ }CK, CMAS, MMT8, PGA , 

τ
σθ
θ

=
1

2  and τ σβ
β

=
1

2 .

We assume a Multivariate Normal prior as random effects distribution. We choose for 

computational reasons a conjugate Wishart prior for the precision matrix η

η

η

η

η

i

i

i

i

i

=





















∼ ( )

( )

( )

( )

( )

CK

CMAS

MMT8

PGA

N 0,Ω in equation (3) 

with degrees of freedom ν = 6  and centering matrix S I= × ×ν 10 , where I  is the identity 

matrix of appropriate dimension. As such the prior mean is given by E Ω( ) = 0 1. I .15

Bayesian variable selection
To identify the most influential variables on disease progression and to obtain a sparser 

and more interpretable model, we perform Bayesian variable selection of the 47 covariates 

entered into the model (except for time from diagnosis), following the approach proposed 

by Kuo and Mallick.16 See O’Hara and Sillanpää17 for a review of Bayesian variable  

selection methods.

In short, for each covariate we introduce an indicator variable δ p p P, , , ,= …1 2  taking 

values in {0, 1}. Here, P denotes the total number of available covariates. When δ p =1,  

we include the pth predictor in the regression model. When δ p = 0 , we omit 

the pth predictor. We then add the indicator functions to the regression term by defining  

new coefficients

�β δ βp p p=

We complete the model by eliciting independent prior distributions on the δ p :

η

η

η

η

η

i

i

i

i

i

=





















∼ ( )

( )

( )

( )

( )

CK

CMAS

MMT8

PGA

N 0,Ω
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The Beta hyperprior induces sparsity as it places most of its mass on 0 or 1. The same 

indicator variable is used for all instances of each covariate in the model, so that 

the covariate would be included or not simultaneously in the models describing the four 

longitudinal outcomes, i.e. the mean of the CK model, and the linear parts of the CMAS, 

MMT8 and PGA models. The prior on the coefficients β p  is still a Normal distribution 

with mean 0 and common precision τβ , to which we assign a Gamma distribution with 

parameters (0.001, 0.001), as described previously.

RESULTS

Posterior inference is performed in the R software version 3.2.213 and JAGS, using 

the package rjags18 as interface. We run the chain for 30,000 iterations with a burn-in of 

5000 and 2000 adaptation iterations. We thin the chain every 10 iterations.

The goodness of fit of the model is assessed visually in six randomly selected patients, 

each having contributed at least 10 visits. Their observed values of CK, CMAS, MMT8 

and PGA are plotted over time, together with the model fit and 95% credible intervals 

(CI). The plot for PGA is shown in Figure 2, plots for CK, CMAS and MMT8 were similar. 

The plots show a good fit of the model to the data. In particular, fluctuating patterns 

over time are predicted well by the model. Some observed values in Figure 2 are outside 

the posterior 95% CI, however, this happens only for 1.8% of the observations.

Moreover, to better understand the predictive ability of the model, we consider 

the posterior predictive probability of an observation falling beyond the cut-off point for 

pathological values for each of the four longitudinal outcomes, as defined in literature 

(i.e., >150 for CK, <48 for CMAS, <78 for MMT8 and >0.2 for PGA; note that these 

cut-off points are defined on the original measurement scale10). These predictions concern 

pathological values and are, therefore, relevant from a clinical point of view.

In order to assess the predictive performance of the proposed model we employ 

the Brier statistic.19 This statistic assesses the quality of predictions when the response 

variable is binary:

Brier = −( )
=
∑1

1

2

N
f o

i

N

i i

where oi  is a binary observation, fi  is its predicted probability and N is the number of 

observations in the sample.

δ π

π
p p

p

p P∼ ( ) = …

∼ ( )
Bernoulli

Beta

, , , ,

. , . �

1 2

0 1 0 1
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In our case, the response variable is continuous, so in order to apply this statistic we 

discretise the response variable. We are interested in predicting whether each clinical 

outcome is above or below the above-mentioned thresholds. Then, the predicted fij  is 

the predictive probability of obtaining values larger or smaller than the specified threshold 

for each patient i in the sample and visit j. Hence, the Brier statistic becomes:

Brier = −( )
=

= =∑
∑∑1

1
1 1

2

i

N
i i

N

j

m

ij ij
d

m
f Y

i

where Yij
d  is the ijth response discretised with respect to the critical threshold (equal to 

1 if Yij  assumes pathological values and 0 otherwise), N is the number of patients and 
mi  is the number of observations for individual i. The sum is taken over all the patients 

in the sample and the observation times. The Brier score assumes values between 0 and 

1, with lower scores indicating a better performance.20 We obtain Brier scores equal 

to 0.12, 0.12, 0.08 and 0.05 for CK, CMAS, MMT8 and PGA, respectively. Following 

Steyerberg et al.,20 we calculate rescaled Brier scores, which are normalised with respect to 

74 188 190

234 286 289
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1

2

3

0 3 6 9 12 0 3 6 9 12 0 3 6 9 12
Time from diagnosis (years)
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rt(

P
G

A
) Legend

Observed
Predicted
95%−CI

Figure 2. Model fit for PGA. Observed values of sqrt(PGA) over time of six randomly selected 
subjects are represented by dark grey dots, the fitted trajectory by the dashed line and the 95% 
credible interval around the fit is given by the shaded area.
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the maximum obtainable Brier score for a non-informative model based on the observed 

frequency of the outcomes. The scaled Brier score is very similar to Pearson’s R2 statistic 

(high values indicate a good predictive performance). In our analysis, we obtain 49%, 

42%, 63% and 80% for CK, CMAS, MMT8 and PGA, respectively, indicating moderate 

to good performance of the model.

We also perform out of sample predictions on the four outcomes for five randomly 

selected, fully observed patients collectively contributing seven observations (Figure 3). 

Once again, the results show good accuracy, with the model’s predictions being close to 

the observed values and almost always on the same side of the cut-off point discriminating 

pathological values from non-pathological values, as established in the literature (150 

U/L for CK, 48 points for CMAS, 78 points for MMT8 and 0.2 points for PGA).10 In only 

two cases involving CMAS, the observed value is below the cut-off point, indicating 

a pathological value, whereas the predicted value is above. However, on a closer inspection 

we notice that in both these cases the observed values are close to the cut-off point (46 

and 47, respectively). The relatively wide CIs reflect the uncertainty in the predictions, 

the estimation of the parameters, as well as in the imputation of missing values.

The posterior estimates of the regression coefficients of the time elapsed since 

diagnosis and the 46 covariates are reported in Figure 4. The variability associated with 

the estimates is reasonable as shown by the CI. As expected, CMAS, MMT8 and PGA tend 

sqrt(MMT8) sqrt(PGA)

log(CK) sqrt(CMAS)

7.0 7.5 8.0 8.5 9.0 0 1 2

2 4 6 5 6 7

Value

Legend
Observed
Predicted

Figure 3. Out-of-sample predictions. Observed values are represented by black dots, while predicted 
values with corresponding 95% credible intervals are represented by grey dots with error bars 
for all four outcomes in seven visits of five randomly selected patients. The vertical line indicates 
the pathological value as defined in literature.
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to normalise over time, whereas the CK level does not significantly change from the time 

from diagnosis. Various clinical signs and symptoms are associated with the four outcomes, 

most notably a range of manifestations of skin disease, such as periorbital rash, rash on 

the trunk, rash over large joints, nail fold changes and facial swelling. These parameters 

are not only associated with PGA, but also with the strictly muscular outcomes CK and 

CMAS, indicating that patients who are doing worse with respect to muscular disease 

activity, tend to have higher cutaneous disease activity as well. As expected, patients 

having myalgia (muscle pain) or dysphonia (altered voice pitch due to inflammation of 

the muscles of the vocal cords) have much worse disease activity. Of signs and symptoms 

Figure 4. Medians (dots) and 95% credible intervals (horizontal lines) for the fixed effects 
for the time elapsed since diagnosis and all the covariates. We plot the results for each of  
the four outcomes.
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present at diagnosis, only arthritis is associated with improved disease activity with regard 

to the CMAS and MMT8 at the follow up visits, probably reflecting a subset of patients 

with an overlap syndrome between JDM and juvenile idiopathic arthritis (JIA).

The methodology developed by Li et al.15 for modelling multiple correlated outcomes 

is adopted, because of the prior belief that the four outcomes for JDM are correlated. 

The posterior distribution of the correlation between the by-subject random intercepts 

for the four outcomes supports this prior belief. The estimates are shown in Table 2, 

evidencing a substantial correlation between ηi
CMAS( )  and ηi

MMT8( )  (0.54, 95% CI 0.42–

0.65), highlighting the appropriateness of the adopted methodology.

In Appendix A, we present four extensions of the proposed modelling strategy and 

compare their performance to the one of the model presented in the previous section. 

Appendix B contains the JAGS code used to fit the original model.

DISCUSSION

The aim of this work is to jointly model four correlated longitudinal outcomes that measure 

disease activity in JDM, including clinical markers and symptoms as covariates. To the best 

of our knowledge, this is the first study to model disease activity in JDM, taking account 

of (i) longitudinal disease activity; (ii) continuous outcome measures; (iii) four different 

response variables, measured simultaneously, accounting for correlations among them; 

and (iv) the particular characteristics of the distribution of the outcome variables due to 

the fact that many patients attain disease remission at a certain time point.

To achieve this, we propose a statistical approach based on the work of Li et al.15 

and specify a joint random effects distribution for the four outcomes (see equation (3)). 

Moreover, since most enrolled patients present disease remission at a certain point in time, 

normal (i.e., non-pathological) values are observed for CMAS, MMT8 and PGA for a large 

number of follow up visits. Therefore, we observe an excess of non-pathological values 

Table 2. Estimated correlations with 95% credible intervals of subject random intercepts for the four 
outcomes CK, CMAS, MMT8 and PGA.

Comparison ρ = 0.54ˆ 95% CI

CK vs. CMAS 0.07 (-0.07, 0.23)
CK vs. MMT8 -0.001 (-0.16, 0.15)
CK vs. PGA 0.0007 (-0.15, 0.16)
CMAS vs. MMT8 0.54 (0.42, 0.65)
CMAS vs. PGA 0.17 (0.01, 0.32)
MMT8 vs. PGA 0.23 (0.08, 0.32)

Abbreviations: CI: credible interval; CK: creatine kinase; CMAS: childhood myositis assessment scale; MMT8: 
manual muscle testing of 8 muscle groups; PGA: physician’s global assessment.
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in the empirical distribution of these variables. To account for this peak in the empirical 

distribution, we adopt an approach similar to a hurdle model for CMAS, MMT8  

and PGA.14

Our results show that the proposed model leads to accurate prediction of the outcome 

variables, corresponding well to observed patterns in the data over time. Moreover, 

even though the CIs of the predictions are often large, the variability associated with 

the estimates for the regression coefficients is reasonable, as shown by relatively narrow 

CI. Indeed, Li et al.15 demonstrated that their methodology leads to a more efficient 

estimation of the model parameters compared to a strategy that considers each outcome 

individually. Moreover, the posterior distribution of Ω shows evidence of correlation 

between the by-subject random intercepts, especially between those for CMAS and MMT8 

(ρ = 0.54ˆ 0.54, 95% CI 0.42–0.65, Table 2), indicating that those subjects with a higher CMAS 

tend to have a higher MMT8 as well. This corresponds to existing clinical knowledge.

Our analysis shows that disease activity tends to decrease over time, especially 

with respect to CMAS, MMT8 and PGA, whereas CK levels in general do not change 

significantly over time (the change in CK level is estimated to be e0.031 1.03= 1.03 U/L per year 

follow up; Figure 4). This is consistent with the clinically observed fact that CK levels tend 

to be relatively low in patients with JDM.3 In the described cohort, the median CK level at 

baseline, shortly after diagnosis, is 103 U/L (Table 1), which is considered a normal value.10 

Nonetheless, patients with myalgia, dysphonia or haematuria, all signs of more severe 

(systemic) disease, present more elevated CK levels (Figure 4).

Furthermore, we find that different cutaneous manifestations of the disease, most 

notably periorbital rash, rash on the trunk, rash over large joints, nail fold changes and 

facial swelling, are associated with disease activity, especially with PGA, which is the only 

clinical response taking cutaneous disease activity into account directly. However, some 

of these skin manifestations, such as periorbital rash and nail fold changes, are associated 

with the strictly muscular disease activity responses as well. These findings are in line with 

previous studies, even though based on a different methodology.1;7

While Ravelli et al.1 found associations between disease activity and sex, age at onset 

and dysphonia/dysphagy at onset, this study does not replicate these results (although we 

find an association between dysphonia at the visit and all four outcome variables). These 

differences may be explained by differences in ethnic composition of the samples (a mix of 

European and Latin-American patients for Ravelli et al.1 while this study recruits only UK 

patients) and methodology. Specifically, Ravelli et al.1 analysed each outcome individually 

using logistic regression at a median of 7.7 years after disease onset, therefore discretising 

the response and not accounting for the development over time, while we propose joint 

modelling of the longitudinal outcome on their original scale. Furthermore, this analysis 

includes time-varying clinical markers and symptoms determined at each study visit, 

whereas Ravelli et al.1 mainly considered baseline variables. It can be hypothesised that 

the association between current signs and symptoms and disease activity parameters 
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overwhelms the associations between baseline parameters and disease activity at 

the study visits. Indeed, most baseline variables are not shown to be influential when we 

perform Bayesian variable selection (Figure 4). This is probably due to the fact that we 

integrate in the model information from different sources and across time, allowing us to 

better explain variability in the responses.

Since we did not impute history variables, we have excluded visits with missing values 

for these variables. Owing to this procedure, 73 patients are excluded altogether from 

the study. From a probabilistic point of view, patients contributing less visits are less 

likely to have any visit with completely observed history variables. This, in turn, is more 

likely to happen in patients who are enrolled in the study not immediately at the time of 

diagnosis, but later during their course of disease. Consequently, they have lower disease 

activity at enrolment. These observations explain the differences between included 

and excluded patients (Table 1). These patients represent a biased subset of the study, 

often contributing just a few visits, and we believe their exclusion is not problematic. 

Missing values in non-history variables are imputed in the Bayesian model, by assuming 

missingness at random and as a result we are able to retain a large number of patients 

and visits in the model.

In conclusion, the proposed methodology based on joint modelling of four correlated 

longitudinal measures of disease activity in JDM and exploiting a hurdle model approach, 

leads to a well-fitting model able to explain observed patterns over time, resulting in 

clinically meaningful inferences. Various clinical markers and symptoms of JDM are shown 

to be associated with disease activity. The clinical implications of these findings will be 

discussed in a clinical paper.

APPENDIX A: ADDITIONAL MODELS

We fit four additional models to the data and their performance is assessed and compared 

to that of the original model using the deviance information criterion (DIC).21 Results 

are reported in Table 3. Note that the original model makes use of the JAGS dinterval() 

distribution to deal with censored CK values, which has to be removed in order to 

calculate the DIC. Posterior inference is performed in the R software13 and JAGS, using 

the package rjags.18 In order to calculate DICs, two chains are required. Each chain is run 

for 15,000 iterations with a burn-in of 5000 and 2000 adaptation iterations. As before, 

we thin the chain every 10 iterations.

The DIC of the model presented in the paper is 4.1 × 106 (Table 3).

The first additional model we consider contains a time-dependent error term 

for all four outcomes in the model. Thus, instead of eliciting independent Gamma 

distributions with hyper-parameters (0.001, 0.001) for the observation precision 

τ
σ

k

k

k( )

( )
= ∈{ }1

2 , CK, CMAS, MMT8, PGA , σ k
2  is assumed to follow:
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 log σ α βσ σk ij
k k

ijt( )
( ) ( )( ) = + ×,

2

where tij  is the time elapsed from diagnosis for individual i at visit j. Independent Normal(0, 

1000) priors are specified for the coefficients ασ
k( )  and βσ

k( ) . The DIC of this model is 4.0 

× 106 (Table 3). Even though this is slightly lower than the DIC of the original model, we 

judge this improvement too little to justify the increased complexity of the model with 

time-dependent error terms. Moreover, visual inspection of the out-of-sample predictions 

reveals that they do not improve in comparison with the original model (same accuracy 

and precision).

We also consider a model in which missing values are imputed conditionally on the sex 

of the patient and the time elapsed since diagnosis. This model, too, yields a slight 

improvement in DIC (4.0 × 106, Table 3), but once again the reduction in DIC is judged 

too small to justify the increased complexity.

Furthermore, we investigate the effect of including covariate information in the model 

for the weights w kij
k( ) ∈{ }, CMAS, MMT8, PGA . In this case, equation (2) becomes:

 z t Xij
k k

i
k k

ij ij w
k( ) ( ) ( ) ( ) ( )= + + × +� � �α η γ β

where we added the term Xij w
kβ ( ) . The βw

k( )  are subject to the same Bayesian variable 

selection procedure as described for the original model. Thus, we define new coefficients 
�β δ βw p p w p, ,=  and specify independent Normal(0, 1

τβ ) priors for βw p, . Here, δ p  and τβ  are 

defined as previously. The same δ p  is used for all instances of the covariate in the model, 

i.e., the linear part of CK and the linear parts and weights of CMAS, MMT8 and PGA. 

The DIC of this model is 7.2 × 106, which is higher than the original model (Table 3).

Finally, we extend the original model by introducing random intercepts and random 

slopes for the effect of time since diagnosis in all components of the model, i.e., the linear 

Table 3. Deviance information criterion (DIC) for four extensions of the model.

Model Mean deviance Penalty DIC

TVE 2.1 × 104 4.0 × 106 4.0 × 106

CI 2.0 × 104 4.0 × 106 4.0 × 106

OM 2.2 × 104 4.0 × 106 4.1 × 106

CW 2.2 × 104 7.2 × 106 7.2 × 106

RIS 2.2 × 104 13.5 × 106 13.5 × 106

TVE: model with time dependent error terms; CI: model with imputation based on time from diagnosis and 
sex; OM: original model; CW: model that specifies a regression term for the weights of hurdle models for 
CMAS, MMT8 and PGA; RIS: model that includes a random intercept and slope for the coefficient of time from 
diagnosis for the mean and the weights of all four response variables.
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term of the CK response as well as the linear terms and weights of CMAS, MMT8 and 

PGA models. Due to the significantly larger number of parameters, the DIC is much 

higher, 13.5 × 106 (Table 3).

APPENDIX B: JAGS CODE

This appendix includes the JAGS code of the model presented in this paper. For the sake 

of brevity, imputations are removed from the code presented here.

data {

  mu.ranint[1] <- 0

  mu.ranint[2] <- 0

  mu.ranint[3] <- 0

  mu.ranint[4] <- 0

}

model {

  # Imputations omitted

  # Random intercepts and random slope for time from diagnosis

  for (j in 1:J) {

    ranint[j, 1:4] ~ dmnorm(mu.ranint, Omega)

    ranslope.ck[j] ~ dnorm(0, tau.ranslope.ck)

  }

  # Model for each observational unit

  for (i in 1:N) {

    # X[, 1] contains time from diagnosis

    # X[, 2:nvar] all other predictors

    # CK

    mu.ck[i] <- alpha.ck + ranint[subj[i], 1] + (gamma.ck +

      ranslope.ck[subj[i]]) * X[i, 1] + inprod(X[i, 2:nvar], beta.ck)

    y.ck[i] ~ dnorm(mu.ck[i], tau.e.ck)

    censored[i] ~ dinterval(y.ck[i], cut[i])

    # CMAS

    probit(p.cmas[i]) <- zeta.cmas + ranint[subj[i], 2] + 

      theta.cmas * X[i, 1]

    ind.cmas[i] ~ dbern(p.cmas[i])

    mu.cmas.temp[i] <- alpha.cmas + gamma.cmas * X[i, 1] + 

      inprod(X[i, 2:nvar], beta.cmas)

    mu.cmas[i] <- ifelse(ind.cmas[i] == 0, sqrt(53), mu.cmas.temp[i])

    y.cmas[i] ~ dnorm(mu.cmas[i], 

      tau.e.cmas[ind.cmas[i] + 1])T(0, sqrt(53))

    # MMT8
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    probit(p.mmt[i]) <- zeta.mmt + ranint[subj[i], 3] + 

      theta.mmt * X[i, 1]

    ind.mmt[i] ~ dbern(p.mmt[i])

    mu.mmt.temp[i] <- alpha.mmt + gamma.mmt * X[i, 1] + 

      inprod(X[i, 2:nvar], beta.mmt)

    mu.mmt[i] <- ifelse(ind.mmt[i] == 0, sqrt(80), mu.mmt.temp[i])

    y.mmt[i] ~ dnorm(mu.mmt[i], 

      tau.e.mmt[ind.mmt[i] + 1])T(0, sqrt(80))

    # PGA

    probit(p.pga[i]) <- zeta.pga + ranint[subj[i], 4] + 

      theta.pga * X[i, 1]

    ind.pga[i] ~ dbern(p.pga[i])

    mu.pga.temp[i] <- alpha.pga + gamma.pga * X[i, 1] + 

      inprod(X[i, 2:nvar], beta.pga)

    mu.pga[i] <- ifelse(ind.pga[i] == 0, 0, mu.pga.temp[i])

    y.pga[i] ~ dnorm(mu.pga[i], 

      tau.e.pga[ind.pga[i] + 1])T(0, sqrt(10))

  }

  # Prior for Omega

  # I is 4 x 4 identity matrix

  Omega ~ dwish(R, 6)

  R <- I * 60

  # Priors for fixed intercepts and slopes

  alpha.ck ~ dnorm(0, 0.001)

  gamma.ck ~ dnorm(0, 0.001)

  alpha.cmas ~ dnorm(0, 0.001)

  gamma.cmas ~ dnorm(0, 0.001)

  zeta.cmas ~ dnorm(0, 0.001)

  theta.cmas ~ dnorm(0, 0.001)

  alpha.mmt ~ dnorm(0, 0.001)

  gamma.mmt ~ dnorm(0, 0.001)

  zeta.mmt ~ dnorm(0, 0.001)

  theta.mmt ~ dnorm(0, 0.001)

  alpha.pga ~ dnorm(0, 0.001)

  gamma.pga ~ dnorm(0, 0.001)

  zeta.pga ~ dnorm(0, 0.001)

  theta.pga ~ dnorm(0, 0.001)

  for (i in 1:(nvar - 1)) {

    # Variable selection. Use same indicator for all four outcomes

    # (i.e. same variables are “in” and “out”)

    ind[i] ~ dbern(pind[i])

    pind[i] ~ dbeta(0.1, 0.1)

    betaT.ck[i] ~ dnorm(0, taub)
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    betaT.cmas[i] ~ dnorm(0, taub)

    betaT.mmt[i] ~ dnorm(0, taub)

    betaT.pga[i] ~ dnorm(0, taub)

    beta.ck[i] <- ind[i] * betaT.ck[i]

    beta.cmas[i] <- ind[i] * betaT.cmas[i]

    beta.mmt[i] <- ind[i] * betaT.mmt[i]

    beta.pga[i] <- ind[i] * betaT.pga[i]

  }

  taub ~ dgamma(0.001, 0.001)

  # Prior for tau of random slope

  tau.ranslope.ck ~ dgamma(0.001, 0.001)

  # Prior for error terms

  # High precision in case the observation is estimated to be 

  # in the point mass. Non-informative prior otherwise.

  tau.e.ck ~ dgamma(0.001, 0.001)

  tau.e.cmas[1] <- 10000000

  tau.e.cmas[2] ~ dgamma(0.001, 0.001)

  tau.e.mmt[1] <- 10000000

  tau.e.mmt[2] ~ dgamma(0.001, 0.001)

  tau.e.pga[1] <- 10000000

  tau.e.pga[2] ~ dgamma(0.001, 0.001)

}
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ABSTRACT

Objective
To find clinical features most strongly associated with outcome variables in juvenile 

dermatomyositis (JDM) as a first step towards tailor-made treatment.

Methods
In a large, prospectively followed, multicenter cohort study of 340 JDM patients 

contributing multiple visits each, a Bayesian model of disease activity was developed, 

using the four continuous outcome variables creatine kinase (CK), childhood myositis 

assessment score (CMAS), manual muscle testing of 8 muscle groups (MMT8) and 

the physician’s global assessment of disease activity (PGA). Covariates were clinical 

signs and symptoms. Dependencies among visits of the same patient were resolved by 

introducing subject-specific random effects.

Results
Myalgia and dysphonia were associated with worse disease activity according to all 

outcome variables. Periorbital rash, rash on the trunk, rash over large joints, nail fold 

changes and facial swelling were associated with higher PGA. Notably, periorbital rash 

was also associated with higher CK and lower CMAS and nail fold changes with lower 

CMAS. Contractures were associated with lower CMAS and MMT8 and higher PGA. 

Patients with higher CMAS exhibited a higher MMT8 as well. PGA had the highest 

probability among the four outcome variables of being abnormal even if the other three 

outcome variables were normal.

Conclusion
The signs and symptoms associated with disease activity could be used to stratify patients 

and adapt treatment plans to disease activity. The correlation between CMAS and MMT8 

and the unique information captured by PGA implied that PGA should be maintained as 

an outcome variables, whereas CMAS and MMT8 might be simplified.
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INTRODUCTION

The childhood inflammatory idiopathic myopathies (IIM) are a group of heterogeneous 

disorders, characterized by chronic skeletal muscle inflammation. Of these, juvenile 

dermatomyositis (JDM) is the most common, though still a rare disease with an 

incidence of about 1.9-4.1 per 1,000,000 children.1 Its hallmark is muscle inflammation 

characterized by proximal muscle weakness, in concert with skin involvement presenting 

itself typically as Gottron’s papules, heliotrope rash, malar rash or erythema overlying 

the extensor surfaces of the joints.2 JDM potentially involves other internal organ systems 

as well, most notably the gastrointestinal and the respiratory tracts and cases with major 

organ involvement have a poor prognosis.2 JDM is heterogeneous in nature, in terms of 

disease severity and various patterns of involvement of muscle, skin and internal organ 

systems. About 24-40% of patients experience a monocyclic course, whereas 50-60% 

have chronic disease activity.2 The mortality rate is around 2-3%.2

Given the severity and burden of the disease and possible long-term complications, 

adequate treatment is of utmost importance.2;3 A recent trial has shown that 

the combination of prednisone and methotrexate has the best potential to induce 

disease remission in new-onset JDM.4 Ideally, treatment is tailored to the patient, in such 

a way that patients with high disease activity, at risk to develop serious sequelae of 

the disease, receive early and aggressive treatment, whereas those with less severe forms 

of the disease get milder therapy. Previous studies have revealed some clinical factors 

associated with a worse prognosis.1;5;6 However, in these reports disease activity was 

either taken dichotomously at a single point in time, or analyzed as time to remission. 

The aim of the current study was to find clinical signs and symptoms associated with 

higher disease activity as measured by four widely-used continuous outcome variables, 

being the serum level of creatine kinase (CK), the childhood myositis assessment scale 

(CMAS), manual muscle testing of 8 muscle groups (MMT8) and the physician’s global 

assessment of disease activity (PGA), assessed longitudinally in a large, multicenter cohort 

of JDM patients. Such associations with high disease activity could be used in follow up 

studies to predict disease outcome in JDM patients.

PATIENTS AND METHODS

Patients were retrieved from the ongoing UK Juvenile Dermatomyositis Cohort and 

Biomarker Study, which started recruitment of JDM cases across the UK in 2000.7 Patients 

were enrolled at diagnosis or shortly thereafter, and followed up approximately every 3 

months for 2 years and subsequently at least annually. At each visit, data were collected 

regarding signs and symptoms of the disease, such as skin manifestations, muscular 

involvement and symptoms of involvement of other organ systems (see supplementary 



C
LIN

IC
A

L SIG
N

S A
N

D
 SY

M
PTO

M
S O

F D
ISEA

SE A
C

TIV
ITY

 IN
 JD

M

148

6

data for full list). Blood was drawn for routine laboratory testing. Furthermore, data 

was collected regarding treatment and disease activity according to the four selected 

outcome variables, i.e., CK, CMAS,8 MMT8 and PGA. These outcomes were selected 

because they have been validated as a set of parameters able to classify JDM patients 

as active or inactive.9 Furthermore, they are widely used and readily available in routine 

daily care. However, rather than applying previously published criteria for inactive disease 

and dichotomizing patients as active or inactive, we modelled the four parameters in 

a continuous way, thus taking full advantage of the information they contain.

Ethical approval was obtained by the multicenter ethical review board covering 

all participating institutions. All participants provided written informed consent, or 

age-appropriate assent with parental consent. The study was performed according to 

the declaration of Helsinki and good clinical practice guidelines.

At the time of analysis 4,122 visits of 469 patients were available. Of these, 413 

patients contributing 3,881 visits met the inclusion criteria of having probable or definite 

JDM according to Bohan and Peter criteria.10;11 

Statistical analysis
The data were analyzed using a Bayesian approach. Details of the analysis have been 

described elsewhere.12 Briefly, a mixed effect regression model was fitted, by specifying 

a joint model for the four clinical outcome variables. These outcome parameters were 

modelled as continuous variables. This approach allowed us to account for the correlation 

among disease activity measures and, therefore, better exploit the information contained 

in the variables, compared to an analysis which considers the four outcomes as 

independent and treats the responses as dichotomous. In the analysis, CK values were 

log-transformed so that the distribution of CK was closer to a normal. On the other 

hand, CMAS, MMT8 and PGA were square root transformed, as they are non-negative 

variables potentially assuming value zero. More interestingly, these three variables 

showed an excess of the best possible clinical value for that parameter for visits in disease 

remission and a long tail towards the pathological end of the scale. These distributional 

characteristics must be accounted for in the analysis to avoid bias in the estimates. As 

such we model CMAS, MMT8 and PGA using an approach similar to hurdle models,13 

which assumes a mixture of a point mass at the non-pathological values and a continuous 

distribution. This implies that the outcome variable will be equal to the non-pathological 

value with a certain probability p, which is also object of inference, and with probability 

1-p is a draw from a continuous distribution, in our case a truncated normal distribution. 

We model p, the probability of the non-pathological value, using probit regression. 

This step is therefore similar to a regression model with binary outcome data. For 

the continuous component of the mixture, we assume that the mean of the truncated 

normal distribution is a linear function of the covariates, as in standard linear regression. 
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This approach allowed the model to estimate many more visits to be in disease remission 

than a standard linear regression would do, thus mirroring the observed distribution of 

the outcome parameters.

To make maximal use of the information contained in the dataset, all visits of all patients 

were analyzed simultaneously. Temporal correlation between multiple visits of the same 

patient was accounted for using a subject-specific random intercept and, in the case of 

CK level, a subject-specific random slope for the time since diagnosis, in a way similar to 

a mixed model in a repeated measurements analysis.14 Furthermore, due to correlations 

between the four outcome parameters, the four subject-specific random intercepts (one 

for each outcome variable) were modelled by specifying a multivariate normal distribution 

as random effect distribution. The covariance matrix of this distribution was estimated 

from the data.15 This allowed the assessment of the correlation among the outcome 

parameters (i.e., the correlation which measures whether one outcome parameter tended 

to increase if another parameter increased as well within the same individual over time). 

Missing values in the covariates were imputed in the Bayesian model, by specifying an 

appropriate model for them. We did not impute missing values for the history variables, 

since this would amount to imputing a participant’s recollection, the accuracy of which 

is doubtful. Visits with any unobserved history variables were therefore excluded from 

the analysis.

The aim of the model was to find all clinical features associated with disease 

activity. Therefore, all clinical signs and symptoms and treatment variables, as well as 

the time elapsed since diagnosis were eligible to be included as independent variables 

in the model. A variable pre-selection was performed by selecting 50% of the variables 

using univariate linear mixed models. All treatment covariates and the time elapsed since 

diagnosis were included in the model, regardless of their performance in the univariate 

analysis. Bayesian variable selection on the pre-selected covariates was performed.16 This 

approach yields the sparsest set of predictors that is still able to estimate the outcome 

parameters accurately. A predictor variable would either be included for all four outcomes 

variables, or excluded.

The goodness of fit of the model was assessed visually by checking the fit of the model 

for patients with more than 10 visits, by looking at 95% Bayesian credible intervals (CI) 

for the disease trajectory over time. Furthermore, the ability of the model to predict 

values above or below the validated cut-off points (CK ≤150, CMAS ≥48, MMT8 ≥78 

and PGA ≤0.2),9 was assessed by calculating the scaled Brier score. This score has a range 

from 0 to 100% and has an interpretation similar to Pearson’s R2 statistic.17 The out of 

sample prediction ability of the model was tested by randomly selecting five fully observed 

patients and leaving them out while fitting the model. The predicted values for the four 

outcomes over time were then compared to the observed values. Statistical analysis was 

performed in R 3.2.2 (R foundation for statistical computing, Vienna, Austria) and JAGS, 

using the package rjags.18
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RESULTS

Due to exclusion of visits with missing data in history variables, 340 of 413 patients 

were included in the analysis. Of these, the majority (69.4%) was female, the median 

age at diagnosis was 7.4 years (1st quartile-3rd quartile 4.5-10.5) and disease duration 

since the onset of the first symptoms was short (median of 0.3 years, 1st quartile-3rd 

quartile 0.2-0.6). Patients contributing more visits to the study were more likely to have 

at least one visit without missing values in the history variables and were therefore more 

likely to be included. Excluded patients had shorter duration of follow up in the study, 

longer period of time after diagnosis before enrolment, and less active disease (Table 1). 

The proportion of missing data in the analyzed data set was 7.3%.

The goodness of fit of the model was good as evidenced by a plot of the observed 

values versus the predicted values and 95% Bayesian CI (Figure 1). Over all visits and 

outcome parameters, only 1.8% of observed values were outside of the CIs. The scaled 

Brier score was 49%, 42%, 63% and 80% of the maximally obtainable Brier score for CK, 

CMAS, MMT8 and PGA, respectively. The visual check of the out of sample predictions 

showed accurate predictions of the four outcomes. Only in two cases involving CMAS 

the predicted value was above the cut-off point for inactive disease (48 points), whereas 

the observed value was below, but in both these cases the observed value was close to 

the cut-off point (46 and 47 respectively). The precision of the predictions was modest 

as evidenced by wide prediction CIs, owing to uncertainties in predictions, parameter 

estimation and missing value imputation.

Table 1. Baseline table

Parameter
Included
N = 340

Excluded
N = 73

Female, n (%) 236 (69.4) 54 (74.0)
Age at diagnosis, y 7.4 [4.5, 10.5] 7.3 [4.1, 11.1]
Disease duration at diagnosis, y 0.3 [0.2, 0.6] 0.3 [0.2, 1.0]
Time after diagnosis at enrolment, y 0.2 [0.1, 1.1] 2.3 [0.4, 5.4]
Duration of follow up, y 4.1 [1.6, 7.1] 1.2 [0.1, 2.6]
Disease activity at enrolment:
CK, U/L 103 [64, 440] 98 [45, 256]
CMAS, points 41 [21, 50] 46 [37, 52]
MMT8, points 65 [45, 80] 80 [64, 80]
PGA, cm 3 [1.3, 6.0] 2.3 [0.5, 4.0]

Values are the median [1st quartile, 3rd quartile], except where indicated otherwise.
Abbreviations: CK, creatine kinase; cm, centimeter; CMAS, childhood myositis assessment scale; MMT8, 
manual muscle testing of 8 muscle groups; PGA, physician’s global assessment of disease activity; U/L, units 
per liter; y, year.
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Estimates of regression coefficients of the continuous component of the model showed 

that CMAS, MMT8 and PGA tended to normalize over time, whereas hardly any influence 

of time on CK was noted (Figure 2). Many muscular symptoms, such as myalgia and 

dysphonia were associated with higher disease activity. Cutaneous symptoms such as 

periorbital rash, rash on the trunk, rash over large joints, nail fold changes and facial 

swelling were associated with higher disease activity and, notably, were in some cases 

associated with more disease activity according to strictly muscular outcome parameters 

(e.g., periorbital rash was associated with higher CK values and lower CMAS and nail fold 

changes was associated with lower CMAS).

The presence of contractures was associated with lower CMAS and MMT8 values and 

higher PGA, whereas CK was not affected. An association was found between calcinosis 

and higher CMAS and PGA values. Joint swelling was associated with lower CMAS, 

lower CK and higher PGA and the presence of hematuria was accompanied by markedly 

elevated CK levels. Of all signs and symptoms at baseline, only arthritis was associated 

with increased CMAS and MMT8. 

Figure 1. Goodness of fit of the physician’s global assessment of disease activity. Observed values of 
the (square root transformed) parameter (dark grey dots) for six randomly selected individuals were 
plotted against the predicted values by the model (dashed line) and the 95% CI (light grey area), 
showing that the predicted values corresponded well to observed patterns over time. Goodness of 
fit of the other outcome parameters was similar (not shown). Abbreviations: CI, credible interval; 
sqrt, square root.
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The use of both cyclophosphamide and IV steroids was associated with higher disease 

activity, though cyclophosphamide was also associated with lower CK levels. Conversely, 

oral steroids were associated with lower disease activity.

Correlations between the subject-specific random intercepts showed that patients 

with a higher CMAS tended to have a higher MMT8 as well (correlation coefficient 0.54, 

95% Bayesian CI 0.42-0.65). A weak correlation was found between MMT8 and PGA 

(0.23, 95% CI 0.08-0.38) and CMAS and PGA (0.17, 95% CI 0.01-0.32). All correlations 

Figure 2. Regression coefficients (dots) with 95% credible interval (horizontal lines) of the fixed 
effects of time elapsed since diagnosis and all covariates in the model, for all outcomes. Regression 
coefficients to the left of the vertical dashed line indicate the parameter is associated with lower 
values of the corresponding outcome measurement, and conversely for regression coefficients to 
the right of the dashed line. Some credible intervals are collapsed to 0 (e.g., association between 
sex and log(CK)), due to there not being any association at all.
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between the subject-specific random intercept for CK and the other three parameters 

were low (<0.07).

Of visits during which three outcome variables showed normal values, the median (1st, 

3rd quartile) probability that the predicted value for PGA remained abnormal (i.e. > 0.2) 

was estimated to be 52% (<1, 78%). The median (1st, 3rd quartile) probability was 6% (2, 

20%), 1% (<1, 8%) and 1% (<1, 17%), for CK, CMAS and MMT8 respectively.

DISCUSSION

This study identified clinical signs and symptoms associated with four outcome 

parameters taken continuously and longitudinally in a large, multicenter cohort of JDM 

patients. This approach not only allowed to estimate the associations of the various 

signs and symptoms with disease activity, but also enabled to assess correlations among 

the outcome parameters, in order to have a clearer understanding of disease activity 

by accounting jointly for all the outcome values. The results showed as expected that 

dysphonia, already known to be a marker of severe disease activity,2 was associated with 

higher disease activity. Hematuria was also associated with markedly elevated CK levels. 

Hematuria was measured by urine dipstick, which gives a positive result in the case of 

hematuria or myoglobinuria. In the former case, hematuria is an indication of severe 

systemic (i.e., renal) disease. In the latter case, myoglobinuria is due to severe muscular 

involvement, leading to rhabdomyolysis. 

Cutaneous symptoms were associated with PGA, the only parameter taking account 

of cutaneous disease activity, but, interestingly, periorbital rash and nail fold changes 

were also associated with lower CMAS values and higher CK values, implying that 

cutaneous and muscular disease were correlated. It could therefore be hypothesized that 

the return of cutaneous symptoms in a patient in disease remission signals an imminent 

muscular relapse. This finding lends support to the expert-based opinion that ongoing 

skin disease reflects ongoing systemic disease activity.19 Interestingly, Gottron’s papules, 

pathognomonic for JDM, were not associated with any outcome parameter.

The association between contractures and lower CMAS and MMT8 values might 

be due to difficulty in performing these instruments in the presence of contractures,20 

especially given the absence of association with CK. Likewise, the association between 

calcinosis and higher CMAS levels might indicate that this phenomenon occurred in a late 

stage of disease and persisted in disease remission. Yet, the results showed that physicians 

gave higher PGA scores to patients with calcinosis.

Arthritis at diagnosis was associated with increased CMAS and MMT8, potentially 

due to a subset of patients with an overlap between JDM and juvenile idiopathic arthritis 

(JIA) with less severe muscular inflammation.2 Joint swelling at the visit was associated 
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with a higher PGA and lower CMAS, possibly indicating difficulty in executing the tasks 

of the CMAS in the presence of arthritis.

The substantial correlation between the subject-specific random intercepts for CMAS 

and MMT8 indicated that patients with a higher CMAS tended to have a higher MMT8, 

as reported previously.20 This implied that information captured by CMAS was also 

partially captured by MMT8 and vice versa. Conversely, in many visits where CK, CMAS 

and MMT8 were normal, the model estimated PGA to be abnormal, implying that PGA 

captures aspects of disease that are not measured by the other outcome parameters. This 

was consistent with the observation that PGA was the only outcome parameter taking 

account of cutaneous and other organ involvement.21;22 Similar estimates for the other 

outcome parameters in our model were much lower, indicating that these variables 

captured information already conveyed by the other outcome measures. In conclusion, 

our observations supported the previously made proposal to increase the weight of PGA 

in the evaluation of JDM disease activity, to account for cutaneous disease activity.22 

Moreover, our results suggested that the three muscular disease activity measures, mainly 

CMAS and MMT8, could be shortened or even summarized into a single instrument, thus 

saving precious time during busy clinics, whilst retaining the same level of information.

The results of our study were in line with results obtained previously.1;5;6 In a large 

cohort of 490 JDM patients, analyzing the dichotomized outcome parameter at one time 

point, a mean of 7.7 years after diagnosis, an association of CMAS with dysphagia and 

dysphonia was found.1 This study also found an increased probability of having a CMAS 

score of 52 points for patients with cutaneous symptoms at onset, whereas in our study 

cutaneous manifestations (though not at onset) were associated with a lower CMAS 

score.1 In a Canadian cohort of 84 patients, the persistence of skin rash, especially Gottron’s 

papules, three months after diagnosis was associated with a longer time to remission.5 

However, given that disease remission was defined in this study as absence of skin rash 

(including Gottron’s papules), myositis and arthritis, this finding might be tautological.5 

Gottron’s papules were not associated with any of the four outcome parameters in our 

study. In a retrospective study of 61 JDM patients, a lower skin disease activity score (DAS) 

at baseline was also associated with a monocyclic disease course.6

Next to clinical factors, the antibody patterns in the childhood IIM have been studied 

extensively and were found to determine different subsets of the disease, characterized 

among others by the distribution of skin rash, contractures, dysphonia, dysphagia, and 

the outcome of the disease.23;24 Furthermore, prediction of outcome could be aided by 

muscle biopsy findings.25;26

The goal of our study was to find clinical signs and symptoms associated with four 

frequently used disease activity parameters.9;22 As a consequence, no other outcome 

parameters, mainly cutaneous disease activity measurements, were considered. Future 

work may amend this, however, this would entail that cutaneous symptoms that form 

part of the outcome measurement are not available as predictors anymore.
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Hardly any features at baseline were associated with disease activity at follow up. This 

was most probably because the model included also signs and symptoms during follow 

up, the associations of which overwhelmed associations with baseline variables. Future 

work may investigate the predictive ability of these signs and symptoms in the assessment 

of disease activity.

In conclusion, the associations between clinical signs and symptoms and four continuous 

disease activity measurements in this large, multicenter cohort of JDM patients who were 

followed longitudinally open up possibilities to personalize treatment plans in JDM, by 

offering more aggressive treatment to patients with signs and symptoms associated with 

higher disease activity. Follow up studies may attempt to predict future disease activity 

using the associations found in the current study. Furthermore, the associations highlight 

interesting patterns, such as the association between skin disease and muscular outcome 

measures. Finally, the correlations between the subject-specific random effects for each 

of the four outcome measurements and the probabilities for each outcome parameter of 

having an abnormal value during visits where the other three parameters were normal, 

as estimated by the model, provided insight into unique information captured by each 

parameter and might be helpful in the determination of a parsimonious set of outcome 

parameters in JDM, for example by summarizing the CMAS and MMT8 in a single 

instrument and increasing the importance of PGA in the evaluation of disease remission.
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SUPPLEMENTARY MATERIAL

List of available covariate data
Demographics 
Sex, age at diagnosis.

History at diagnosis 
Rash, weakness, myalgia, dyspnoea, dysphonia, dysphagia, joint pain, joint stiffness, joint 

swelling, fever, alopecia, weight loss, fatigue, mouth ulcers, headache, irritability, chest 

pain, abdominal pain, diarrhoea, melena, haematuria, facial or body swelling.

Physical examination at diagnosis 
Weakness, arthritis, Gottron’s papules, ulceration, oedema.

Symptoms at visit 
Rash, weakness, myalgia, dyspnoea, dysphonia, dysphagia, joint pain, joint stiffness, joint 

swelling, Raynaud’s phenomenon, fever, alopecia, weight loss, fatigue, mouth ulcers, 

headache, irritability, chest pain, abdominal pain, diarrhoea, melena, haematuria, facial 

or body swelling.

Physical examination at visit 
Periorbital rash, periungual rash, rash on trunk, rash over small joints, rash over large 

joints, Gottron’s papules, nail fold changes, ulceration, calcinosis, lipoatrophy, arthritis, 

contractures, oedema, periorbital or facial oedema, limb oedema, trunk oedema, 

hepatomegaly, splenomegaly.

Measurements at visit 
Childhood health assessment questionnaire, parent global assessment of well-being, 

parent assessment of pain.

Treatment 
Methotrexate, oral steroids, intravenous (IV) steroids, cyclosporine, azathioprine, 

cyclophosphamide, hydroxychloroquine, IV immunoglobulins, plasmapheresis.
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ABSTRACT

Background
Methotrexate (MTX) is the cornerstone disease-modifying anti-rheumatic drug in juvenile 

idiopathic arthritis (JIA). In JIA, it is important to start effective treatment early to avoid 

long-term sequelae, such as joint damage. To accomplish this goal, it is crucial to know 

beforehand who is going to respond well to MTX. In addition, MTX adverse effects such 

as MTX intolerance occur frequently, potentially hindering its efficacy. To avoid inefficacy 

of an otherwise effective drug, the physician should be timely aware of these adverse 

events. Consequently, to optimise treatment of JIA patients with MTX, predictors for 

efficacy and adverse events should be used in daily clinical practice. The aim of this study 

was to summarise the existing knowledge about such predictors.

Methods
A systematic literature search was performed in PubMed, Embase and The Cochrane 

Library, and 1,331 articles were identified. These were selected based on their relevance 

to the topic and critically appraised according to pre-defined criteria. Predictors for MTX 

efficacy and adverse events were extracted from the literature and tabulated.

Results
Twenty articles were selected. The overall quality of the studies was good. For MTX 

efficacy, candidate predictors were antinuclear antibody positivity, the childhood 

health assessment questionnaire score, the myeloid-related protein 8/14 level, long-

chain MTX polyglutamates, bilateral wrist involvement and some single nucleotide 

polymorphisms (SNPs) in the adenosine triphosphate binding cassette and solute carrier 

transporter gene families. For MTX adverse events, potential predictors were alanine 

aminotransferase and thrombocyte level and two SNPs in the γ-glutamyl hydrolase and 

methylenetetrahydrofolate reductase genes. However, validation of most predictors in 

independent cohorts was still lacking.

Conclusions
Interesting candidate predictors were found, especially for MTX efficacy. However, most 

of these were not validated. This should be the goal of future efforts. A clinically relevant 

way to validate the predictors is by means of creating a clinical prediction model.
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INTRODUCTION

Juvenile Idiopathic Arthritis (JIA) is the most common childhood rheumatologic disorder, 

with a prevalence of 16-150 per 100,000 children. It is characterised by chronic arthritis 

of unknown aetiology, lasting at least 6 weeks, with an onset before 16 years of age.1 

JIA is a heterogeneous group of disorders, whose manifestations range from relatively 

mild inflammation of a single joint, to severe involvement of multiple joints lasting into 

adulthood and leading to structural joint damage and incapacity. These long-term sequelae 

should be avoided and it is thought that early and effective therapy in the so-called 

window of opportunity is crucial in doing so.2-4 

The most widely used disease-modifying anti-rheumatic drug (DMARD) in the treatment 

of JIA is methotrexate (MTX), which has been used since more than 25 years. It is an 

inexpensive and safe drug and is beneficial in around 70% of JIA patients.5;6 Other 

treatment options include intra-articular joint injections or the more potent biologicals 

for MTX or corticosteroid resistant cases. It is still impossible to predict the individual 

prognosis and hence the treatment requirements at the onset of the disease,7 leading to 

the current step-up approach of starting MTX and adding a biological if the patient does 

not respond sufficiently well to MTX monotherapy. However, given the abovementioned 

goal to start effective treatment immediately in order to prevent joint damage and the fact 

that MTX monotherapy is completely ineffective in around 30% of patients, it is essential 

to know beforehand who is going to respond well to MTX and who is not. The latter 

group may then be prescribed a biological from the outset.

Next to drug effectiveness, its side effects should be taken into account. It has been 

shown previously that MTX despite being safe frequently causes transient elevation of 

liver enzymes and potentially also cytopenias, for which periodic evaluation of blood 

counts and liver function tests are advised.6;8 Perhaps more importantly, gastrointestinal 

side effects and MTX intolerance occur frequently.9-12  MTX intolerance has been shown 

to influence the quality of life of patients negatively.13 Furthermore, these adverse effects 

potentially cause non-compliance and hence ineffectiveness of an otherwise effective 

drug,9;12;14;15 interfering with the goal to induce early disease remission. To avoid this 

problem, the risk of occurrence of these adverse effects should be known early, in order 

for the physician to intervene timely.

Therefore, to optimise treatment of JIA patients, it is necessary to predict the probability 

of response as well as the risk of developing adverse events. This systematic literature 

review aims to find and summarise studies, which assessed factors capable of doing so.

METHODS

On 20 April 2014, a systematic literature search was performed in PubMed, Embase 

and The Cochrane Library, without any publication date or language constraints. Using 
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the algorithm in table 1 to retrieve all papers regarding JIA and MTX, 1,331 articles 

were identified (figure 1). These were then screened for applicability to the research 

subject, the identification of predictors of MTX efficacy and adverse effects (outcome) 

in JIA patients (domain). Based on the title and the abstract, 45 articles were selected 

for full-text screening (figure 1). To ensure that all relevant articles had been found, 

references of selected articles were screened to identify any missed papers. 

Selected articles were critically appraised, using predefined criteria (table 2). Studies 

that were selected, aimed to find predictors for MTX efficacy or side effects within 6 

months after the start of therapy in JIA patients, using standardised outcome criteria. 

The assessed predictors in the selected studies were summarised in tabular form. 

Because of the high number of studies and predictors, it was decided to show the direction 

of the effect of each predictor only, instead of providing an odds ratio and 95% confidence 

interval. A cut point of P <0.05 was defined to denote significance. Even though some of 

the assessed studies aimed at constructing a prediction model, for which this cut point is 

not important, we report significant predictors (P <0.05) only.

RESULTS

After full-text screening, 20 original research papers and 3 reviews were selected  

(figure 1), of which the former were critically appraised (table 2). The overall relevance 

and validity of the selected papers was good, leading to only a few papers being excluded 

from the analysis. No study described whether all patients were eligible to receive the same 

treatment, but we knew this was the case in our own studies and assumed it was the case 

in all other studies. Hardly any article described if the physician and researchers were 

Table 1. Search strategya

Search algorithm PubMedb Embaseb Cochranec

#1 “juvenile idiopathic arthritis” OR “juvenile chronic 
arthritis” OR “juvenile rheumatoid arthritis” OR “juvenile 
rheumatic arthritis” OR “childhood arthritis” OR “juvenile 
arthritis” OR JIA OR JCA OR JRA

7,844 10,906 296

#2 methotrexate OR MTX OR “disease-modifying 
antirheumatic drug” OR “disease-modifying antirheumatic 
drugs” OR “disease-modifying anti rheumatic drug” OR 
“disease-modifying anti rheumatic drugs” OR DMARD OR 
DMARDs

34,919 50,157 5,251

#3 #1 AND #2 662 1,229 64

a Search performed on 11 April 2014
b In PubMed and Embase terms were searched in title and abstract only
c In The Cochrane Library terms were searched in title, abstract and keywords only
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blinded for the outcome at the time of predictor determinations. Follow up was only 

short term (<1 year) in almost all studies.

MTX efficacy
Fifteen studies assessed MTX efficacy, of which some used a derivation cohort and an 

independent replication cohort. Since these were independent cohorts, results obtained 

in these cohorts were reported as if obtained in separate studies. In most of the studies, 

MTX was started within a median time of 1.5 years after disease onset. The most often 

used outcome criteria were the American College of Rheumatology (ACR) response 

criteria. Follow up ranged from 6 months to 1 year, but was as much as 7.3 years in one 

study (table 3).

The results of these studies are shown in supplementary table 1. Demographics, as well 

as JIA categories, were analysed extensively and were not predictive in almost all studies. 

Disease activity parameters showed inconsistent results in general, but the childhood 

health assessment questionnaire (CHAQ) score was a potential predictor. The same 

 

PubMed 
2438 

Cochrane 
117

5934

3679

Remove duplicates 

Embase 
3245 

Original research: 
n=79 

Title/abstract screening 
Exclusion: 
-DDO not corresponding: n=3543 
-Uveitis: n=21 
-Case reports/series, meeting 
abstracts: n=14  
-sJIA specific: n=14 

Original research: 
n=40 

Full-text screening 
Exclusion: 
-DDO not corresponding: n=31 
-No full-text available: n=9 

PsycInfo 
134

Figure 1. Flow chart of the article selection procedure. Abbreviations: DDO, domain, determinant 
and outcome.
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Table 2. Critical appraisal

Reference Design

Relevance Validity

Dom Det Out Blind Rec SoC Loss Mis

Outcome: MTX efficacy
17 Retrospective (validation prospective) + + +/- + + + + +
22 Mixed retrospective and prospective + + +/- + + + + +
28 Prospective + + +/- + + + + ?
29 Prospective + + +/- +/- + ? ? +
30 Cross-sectional + + +/- +/- + ? ? +
10 Retrospective + + +/- ? + ? + +
31 Retrospective + + +/- ? + ? ? +
16 Mixed retrospective and prospective + +/- +/- ? + ? + +
32 Prospective (validation unknown) + +/- +/- ? + ? ? ?
33 Prospective (validation unknown) + +/- +/- ? + ? ? ?
34a Retrospective +/- +/- + ? + ? +/- +
23 Prospective +/- + +/- ? + ? + +
35 Prospective +/- + +/- ? + ? + +/-
36 Prospective +/- + +/- ? + ? + ?
37 Retrospective +/- +/- + ? + ? +/- +
34b Retrospective +/- +/- +/- ? + ? +/- +
38 Retrospective + + - ? + ? + +
39 Cross-sectional + + - +/- + ? ? ?
40 Retrospective + +/- - +/- + ? ? ?
41 Retrospective +/- + - ? + ? ? +
Outcome: MTX adverse effects
19 Prospective + + +/- + + + + +
28 Prospective + + +/- + + + ? ?
10 Retrospective + + +/- ? + ? + +
31 Retrospective + + +/- ? + ? ? +
30 Cross-sectional + + +/- +/- + ? ? +
39 Cross-sectional + + +/- +/- + ? ? ?
40 Retrospective + +/- +/- +/- + ? ? ?
42 Cross-sectional - + + ? - ? + +

Abbreviations: Blind, blinding; Det, determinant; Dom, domain; Loss, loss to follow up; Mis, missing predictors; 
Out, outcome; Rec, recruitment; Ref, reference number; SoC, standardization of care.
Shaded articles were excluded for analysis.
a Predictors after 6 months for outcome after 5 years; b Predictors at baseline for outcome after 6 months.
Criteria: Domain: + Children with confirmed JIA, according to currently valid ILAR criteria, starting MTX +/- 
Children with JCA/JRA according to previously valid criteria, or children with JIA and additional criteria (e.g. 
hospitalized, specific categories only), starting MTX - Children without JIA/JCA/JRA, or no MTX; Determinant: 
+ Prediction model or single predictors corrected for confounding in multivariable analysis +/- Single predictors 
in univariate analysis - No predictors; Outcome: + Efficacy: Any standardized outcome measurement, follow 
up >1 year. Adverse effects: Any outcome measurement, follow up >1 year +/- follow-up <1 year - Efficacy: 
No use of standardized outcome criteria; Blinding: + Both patient and physician blinded (or not applicable in 
case of objective measurements) +/- Patient or physician not blinded - Not blinded; Recruitment: + Predictors 
determined at time of start of MTX or <6 months (or time of determination does not matter as in genetic 
evaluations, gender, age at onset, etc.) +/- Predictors determined more than 6 months after start of MTX, but <1 
year - Predictors determined after 1 year, or completely at random; Standardization of care: + All participants
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Table 2. (continued)

treated according to standards of care - No standardized care; Loss to follow up (missing outcome): + <20% 
and unselective loss to follow up; or >20%, unselective and solved with a statistically valid method (imputation) 
+/- >20% (not imputed) but unselective loss to follow up - Selective loss to follow up; Missing predictors: + 
<20% and unselective; or >20%, unselective and solved with a statistically valid method (imputation) +/- >20% 
(not imputed) but unselective - Selective missing predictors.

held true for the physician’s global assessment (PGA), although less convincingly so. 

The involvement of individual joints was assessed in too few studies to be conclusive, 

but bilateral wrist involvement was a potential predictor. Among laboratory data, positive 

antinuclear antibody (ANA) was a predictor of better response in three studies. Other 

interesting predictors could be long-chain MTX polyglutamates (PGs), the myeloid-

related protein (MRP) 8/14 (also known as S100A8/A9), the pro-inflammatory molecule 

osteopontin, or even the haemoglobin level, although these were assessed in only one 

study each (supplementary table 1).

Next to these predictors, many single-nucleotide polymorphisms (SNPs) were analysed. 

These were SNPs in genes involved in the MTX metabolic pathway and in genes with 

altered post-treatment gene expression. Moreover, recently a genome-wide analysis study 

(GWAS) was published.16 Of the latter study, only gene regions showing association with 

MTX response could be reported in this review.

Overall, no unequivocal predictive SNP has been found yet, because many were 

assessed in only one study, or were predictive in one study and showed no effect in 

others. However, some SNPs (rs1045642, rs35592 and rs4793665) in the B1, C1 and C3 

members of the adenosine triphosphate binding cassette (ABC) transporter family, and 

others (rs3763980 and rs1051266) in the 16A7 and 19A1 members of the solute carrier 

(SLC) transporter family were interesting. Furthermore, the gene regions associated in 

the GWAS study were promising predictors (supplementary table 1).

In all, many potential predictors for MTX efficacy were assessed, yielding some 

interesting candidates, which, however, were analysed in too few studies to draw a firm 

conclusion yet.

MTX adverse events
Seven of the selected studies assessed MTX adverse events (table 3). The assessed 

outcome varied from overall adverse events to single adverse events such as liver 

toxicity, gastrointestinal complaints or MTX intolerance measured with the Methotrexate 

Intolerance Severity Score (MISS).9 None of the articles focused on (serious) infections. 

Since the outcome MTX adverse events is a composite of all these outcomes, all studies 

were included. Follow up ranged from 6 months to a mean of 58.2 months.

Many predictors were evaluated in only one or two studies, making the results 

inconclusive. However, interesting predictors were the alanine aminotransferase (ALT) 



REV
IEW

 O
F M

TX
 PRED

IC
TO

RS

170

7

Ta
b

le
 3

. C
ha

ra
ct

er
is

tic
s 

of
 in

cl
ud

ed
 s

tu
di

es

R
ef

er
en

ce
D

es
ig

n
C

o
u

n
tr

y 
o

f 
o

ri
g

in
N

In
cl

u
si

o
n

 c
ri

te
ri

a
O

u
tc

o
m

ea
Fo

llo
w

 u
p

28
b

Pr
os

pe
ct

iv
e

Th
e 

N
et

he
rl

an
ds

11
3

JI
A

, 
st

ar
ti

ng
 M

TX
1k

, 
2a

, 
2d

, 
2f

1 
y

29
Pr

os
pe

ct
iv

e
U

K
87

JI
A

, 
st

ar
ti

ng
 M

TX
1b

, 
1j

6 
m

o
22

c
Re

tr
os

pe
ct

iv
e 

an
d 

pr
os

pe
ct

iv
e

Th
e 

N
et

he
rl

an
ds

28
7

JI
A

, 
st

ar
ti

ng
 M

TX
1c

1 
y

10
Re

tr
os

pe
ct

iv
e

G
er

m
an

y
41

1
JI

A
, 

st
ar

ti
ng

 M
TX

1a
, 

1b
, 

1c
, 

2i
1 

y
17

 (
de

ri
v)

Re
tr

os
pe

ct
iv

e 
Th

e 
N

et
he

rl
an

ds
18

3
JI

A
, 

st
ar

ti
ng

 M
TX

1e
1 

y
17

 (
re

p)
Pr

os
pe

ct
iv

e
Th

e 
N

et
he

rl
an

ds
10

4
JI

A
, 

st
ar

ti
ng

 M
TX

1e
1 

y
32

 (
de

ri
v)

d
Pr

os
pe

ct
iv

e
U

K
19

7
JI

A
, 

st
ar

ti
ng

 M
TX

1d
6 

m
o

32
 (

re
p)

d
U

nk
no

w
n

U
SA

21
0

JI
A

, 
st

ar
ti

ng
 M

TX
1g

6 
m

o
39

C
ro

ss
-s

ec
ti

on
al

Ja
pa

n
92

JI
A

, 
at

 le
as

t 
3 

m
o 

M
TX

2e
M

ea
n 

58
.2

 m
oe

33
 (

de
ri

v)
d

Pr
os

pe
ct

iv
e

U
K

19
7

JI
A

, 
st

ar
ti

ng
 M

TX
1d

6 
m

o
33

 (
re

p)
d

U
nk

no
w

n
U

SA
21

0
JI

A
, 

st
ar

ti
ng

 M
TX

1g
6 

m
o

30
C

ro
ss

-s
ec

ti
on

al
C

ze
ch

 R
ep

ub
lic

69
JI

A
, 

at
 le

as
t 

3 
m

o 
M

TX
1i

, 
2d

, 
2f

, 
2g

, 
2h

M
ed

ia
n 

1.
3-

1.
4 

ye

36
f

Pr
os

pe
ct

iv
e

M
ul

ti
na

ti
on

al
 (

PR
IN

TO
)

56
3

RF
 n

eg
at

iv
e 

po
ly

ar
ti

cu
la

r 
co

ur
se

 J
IA

, 
st

ar
ti

ng
 M

TX
1a

, 
1c

6 
m

o

23
Pr

os
pe

ct
iv

e
It

al
y

60
JI

A
, 

≥2
 a

ct
iv

e 
jo

in
ts

 in
 o

lig
o 

pe
rs

is
te

nt
, 

≥5
 a

ct
iv

e 
jo

in
ts

 
in

 o
th

er
 c

at
eg

or
ie

s

1b
1 

y

35
f

Pr
os

pe
ct

iv
e

M
ul

ti
na

ti
on

al
 (

PR
IN

TO
)

52
1

RF
 n

eg
at

iv
e 

po
ly

ar
ti

cu
la

r 
co

ur
se

 J
IA

, 
st

ar
ti

ng
 M

TX
1l

6 
m

o

34
Re

tr
os

pe
ct

iv
e

It
al

y
12

5
Po

ly
ar

ti
cu

la
r 

JI
A

, 
st

ar
ti

ng
 

M
TX

1f
, 

1i
6 

m
o,

 5
 y

40
Re

tr
os

pe
ct

iv
e

G
er

m
an

y
58

JI
A

, 
at

 le
as

t 
3 

m
o 

M
TX

2d
, 

2i
M

ea
n 

48
 m

on
th

s
31

Re
tr

os
pe

ct
iv

e
It

al
y

80
JI

A
, 

at
 le

as
t 

6 
m

o 
M

TX
1a

, 
2c

, 
2g

Ef
fic

ac
y:

 6
 m

o

To
xi

ci
ty

: 
m

ed
ia

n 
6-

9 
m

o
37

Re
tr

os
pe

ct
iv

e
U

SA
49

JR
A

, 
st

ar
ti

ng
 M

TX
1h

M
ea

n 
2.

6 
y 

(r
an

ge
 1

.0
-7

.3
 y

)
19

b
Pr

os
pe

ct
iv

e
Th

e 
N

et
he

rl
an

ds
15

2
JI

A
, 

st
ar

ti
ng

 M
TX

2b
1 

y



REV
IEW

 O
F M

TX
 PRED

IC
TO

RS

171

7

Ta
bl

e 
3.

 (c
on

tin
ue

d)

R
ef

er
en

ce
D

es
ig

n
C

o
u

n
tr

y 
o

f 
o

ri
g

in
N

In
cl

u
si

o
n

 c
ri

te
ri

a
O

u
tc

o
m

ea
Fo

llo
w

 u
p

16
Re

tr
os

pe
ct

iv
e 

an
d 

pr
os

pe
ct

iv
e

C
ze

ch
 R

ep
ub

lic
, 

U
K

, 
Th

e 
N

et
he

rl
an

ds
69

4
JI

A
, 

st
ar

ti
ng

 M
TX

1f
6 

m
o

A
b

b
re

vi
at

io
n

s:
 A

C
R3

0/
50

/7
0,

 A
m

er
ic

an
 C

ol
le

ge
 o

f 
Rh

eu
m

at
ol

og
y 

pe
di

at
ri

c 
30

, 
50

 o
r 

70
 r

es
po

ns
e 

cr
it

er
ia

, 
re

sp
ec

ti
ve

ly
; 

A
E,

 a
dv

er
se

 e
ve

nt
; 

A
LT

, 
al

an
in

e 
am

in
ot

ra
ns

fe
ra

se
; 

A
ST

, a
sp

ar
ta

te
 a

m
in

ot
ra

ns
fe

ra
se

; C
H

Q
, c

hi
ld

 h
ea

lt
h 

qu
es

ti
on

na
ire

; d
er

iv
, d

er
iv

at
io

n 
co

ho
rt

; G
I, 

ga
st

ro
in

te
st

in
al

; H
RQ

O
L,

 h
ea

lt
h-

re
la

te
d 

qu
al

it
y 

of
 li

fe
; J

A
D

A
S,

 ju
ve

ni
le

 a
rt

hr
it

is
 

di
se

as
e 

ac
ti

vi
ty

 s
co

re
; J

IA
, j

uv
en

ile
 id

io
pa

th
ic

 a
rt

hr
it

is
; m

in
, m

in
ut

es
; M

IS
S,

 m
et

ho
tr

ex
at

e 
in

to
le

ra
nc

e 
se

ve
ri

ty
 s

co
re

; m
o,

 m
on

th
s;

 M
TX

, m
et

ho
tr

ex
at

e;
 N

R,
 n

on
-r

es
po

ns
e;

 P
hS

, 
ph

ys
ic

al
 c

om
po

ne
nt

 s
um

m
ar

y 
sc

or
e;

 P
sS

, 
ps

yc
ho

so
ci

al
 c

om
po

ne
nt

 s
um

m
ar

y 
sc

or
e;

 R
A

, 
rh

eu
m

at
oi

d 
ar

th
ri

ti
s;

 r
ep

, 
re

pl
ic

at
io

n 
co

ho
rt

; 
RF

, 
rh

eu
m

at
oi

d 
fa

ct
or

; 
U

LN
, 

up
pe

r 
lim

it 
of

 n
or

m
al

; 
y,

 y
ea

rs
.

a 
1a

: 
A

ch
ie

ve
m

en
t 

of
 A

C
R3

0;
 1

b
: 

A
ch

ie
ve

m
en

t 
of

 A
C

R5
0;

 1
c:

 A
ch

ie
ve

m
en

t 
of

 A
C

R7
0;

 1
d

: 
A

ch
ie

ve
m

en
t 

of
 A

C
R7

0 
vs

. 
no

n-
ac

hi
ev

em
en

t 
of

 A
C

R3
0;

 1
e:

 A
ch

ie
ve

m
en

t 
of

 
A

C
R7

0 
in

 2
/3

 v
is

it
s;

 1
f:

 N
R 

vs
. 

A
C

R3
0 

vs
. 

A
C

R5
0 

vs
. 

A
C

R7
0;

 1
g

: >
70

%
 im

pr
ov

em
en

t 
in

 jo
in

t 
co

un
t 

vs
. 

<
30

%
; 1

h
: A

da
pt

ed
 A

C
R 

cr
it

er
ia

 f
or

 R
A

: 
m

or
ni

ng
 s

ti
ff

ne
ss

 <
15

 m
in

, 
no

 f
at

ig
ue

, 
no

 j
oi

nt
 s

w
el

lin
g,

 n
o 

jo
in

t 
pa

in
 f

or
 2

 c
on

se
cu

ti
ve

 m
on

th
s;

 1
i: 

C
lin

ic
al

 i
na

ct
iv

e 
di

se
as

e 
on

 M
TX

 m
on

ot
he

ra
py

 a
cc

or
di

ng
 t

o 
W

al
la

ce
 c

ri
te

ri
a;

 1
j: 

JA
D

A
S-

10
; 

1k
: 

JA
D

A
S-

27
; 

1l
: 

H
RQ

O
L:

 C
H

Q
 P

hS
 ≥

30
 a

nd
 P

sS
 ≥

30
; 

2a
: 

M
IS

S:
 in

to
le

ra
nt

 (
sc

or
e 

>
6)

; 
2b

: 
M

IS
S:

 in
to

le
ra

nt
 (

sc
or

e 
>

6)
 a

ft
er

 6
 a

nd
/o

r 
12

 m
on

th
s;

 2
c:

 A
LT

/A
ST

 >
U

LN
; 

2d
: 

A
LT

/
A

ST
 >

2 
U

LN
; 

2e
: A

LT
 >

5 
U

LN
; 

2f
: B

on
e 

m
ar

ro
w

 s
up

pr
es

si
on

 (
an

y 
cy

to
pe

ni
a)

; 
2g

: G
I t

ox
ic

it
y;

 2
h

: O
th

er
 (

al
op

ec
ia

, 
he

ad
ac

he
s,

 b
eh

av
io

ur
al

 c
ha

ng
es

, 
no

du
lo

si
s)

; 2
i: 

A
ny

 A
E;

 b
 

Th
is

 is
 t

he
 s

am
e 

co
ho

rt
 a

s 
th

e 
re

pl
ic

at
io

n 
co

ho
rt

 o
f 

17
, 

bu
t 

di
ff

er
en

t 
ou

tc
om

e 
an

d/
or

 p
re

di
ct

or
s;

 c
 T

hi
s 

co
ho

rt
 is

 t
he

 d
er

iv
at

io
n 

an
d 

re
pl

ic
at

io
n 

co
ho

rt
 o

f 
17

 t
og

et
he

r, 
bu

t 
us

es
 

a 
sl

ig
ht

ly
 d

iff
er

en
t 

ou
tc

om
e 

an
d 

di
ff

er
en

t 
pr

ed
ic

to
rs

; d
 T

he
se

 a
re

 t
he

 s
am

e 
co

ho
rt

s,
 b

ut
 t

he
y 

us
e 

di
ff

er
en

t 
pr

ed
ic

to
rs

; e
 T

im
e 

af
te

r 
st

ar
t 

of
 M

TX
; f  T

he
se

 a
re

 t
he

 s
am

e 
co

ho
rt

s,
 

bu
t 

th
ey

 u
se

 d
iff

er
en

t 
ou

tc
om

e 
m

ea
su

re
m

en
ts

.



REV
IEW

 O
F M

TX
 PRED

IC
TO

RS

172

7

and thrombocyte level, as well as a SNP (rs1800909) in the γ-glutamyl hydrolase 

(GGH) gene, involved in the breakdown of MTX PGs, and another SNP (rs1801133) 

in the methylenetetrahydrofolate reductase (MTHFR) gene, involved in the folate 

metabolism. Finally, the polyarticular categories could potentially pose a risk to develop 

MTX side effects (supplementary table 2).

DISCUSSION

This systematic literature review aimed to find predictors for MTX efficacy and adverse 

events in JIA patients. For MTX efficacy, many candidate predictors were investigated, and 

some interesting results were found, such as ANA positivity, the CHAQ score, the MRP 

8/14 (S100A8/A9) level, long-chain MTX PGs, bilateral wrist involvement, osteopontin 

level, haemoglobin, some SNPs in the ABC and SLC transporter gene families and several 

gene regions elucidated in the recently published GWAS. Most of these variables have not 

yet been validated in independent cohorts. Therefore, future efforts should be directed 

at validating these candidate predictors. A clinically relevant way to do so consists in 

combining these predictors into a prediction model and assessing the prognostic accuracy 

of the model. Thus far, only one prediction model for MTX efficacy in JIA patients has been 

developed, containing the erythrocyte sedimentation rate and four SNPs in genes involved 

in the MTX metabolic pathway.17 This model could be improved using the abovementioned 

candidate predictors. The advantage of this method is twofold: statistically, the selection 

of predictors for the model in the independent cohort will be literature-driven, instead of 

data-driven, leading to a reduction in the so-called optimism.18 Clinically, physicians will 

have an easy-to-use tool at hand to determine the probability of MTX efficacy in individual 

patients, allowing them to start MTX in patients with a high probability of responding and 

to initiate biologicals in those with a low probability of responding. The clinical benefit of 

this approach should ideally be estimated in a randomised clinical trial.

Regarding MTX adverse events, the results were less clear. Although some interesting 

candidate predictors were found, such as ALT and thrombocyte level and two SNPs in 

the GGH and MTHFR genes, here too, validation of these was lacking. Furthermore, 

it seemed questionable if these predictors would be sufficient to predict the individual 

patients’ risk of developing MTX adverse effects. Consequently, future efforts should be 

directed both at validating existing candidate predictors and at finding new predictors. 

These too should be combined in a clinical prediction model, an example of which is 

presented in the accompanying paper.19 Such a tool could be used to monitor high-risk 

patients more closely, intervening as soon as adverse events occur, for example by 

lowering the dose, stopping MTX temporarily or prescribing other drugs. On the other 

hand, low-risk patients could be saved the burden of frequent checks.

Recently, a review was published about genetic predictors of MTX efficacy and toxicity 

in rheumatoid arthritis.20 SNPs investigated in five or more independent studies were 
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considered (n=4). Only ATIC rs2372536 showed a potential association of the minor allele 

with toxicity. This SNP did not show an association with adverse events in our review. 

Conversely, whereas we found an association of SLC19A1 rs1051266 with efficacy 

(though in a single study), results about this SNP were inconsistent in the adult review. 

Thus, the results of the adult and paediatric review were quite different. This might be 

due to incomparability of children and adults in this respect, maybe because of a different 

metabolization of MTX.21 On the other hand, it shows there is still much to do in the field 

of MTX prediction.

 Most SNPs investigated in this review were located in genes involved in the MTX 

metabolic pathway. In short, MTX enters the cell via the members of the SLC protein family. 

It becomes polyglutamated by FPGS, causing its cellular retention. Depolyglutamation 

is brought about by GGH. MTX is pumped out of the cell by members of the ABC 

transporter family. Intracellular MTX-PGs exert a range of actions. First, they inhibit DHFR 

and influence MTHFR, enzymes in the folate pathway involved in polyamine synthesis. 

Secondly, they inhibit TYMS, an enzyme in the pyrimidine synthesis pathway. Finally, by 

blocking ATIC, MTX-PGs stimulate the production of adenosine, an anti-inflammatory 

agent. Other important enzymes in this pathway are ITPA and AMPD1, which themselves 

are not influenced by MTX.20;22 It can be hypothesised that SNPs in any of these genes 

cause increased or decreased sensibility to the actions of MTX-PGs and hence lead to 

altered MTX efficacy.

Other potential predictors included the MRP8/14 (S100A8/A9) level, a danger signal 

and activator of toll-like receptor 4, which in turn plays a role in the innate immune 

response in inflammatory conditions. MRP8/14 was earlier shown to predict disease 

flare or continuation of remission after withdrawal of MTX in children who were in 

remission.5 Another candidate predictor, osteopontin, is expressed by natural killer cells 

and activated T cells, and plays a role in the production of pro-inflammatory cytokines. 

It is overexpressed in synovial T cells in patients with rheumatoid arthritis, demonstrating 

its role in inflammatory arthritis.23 The theoretical background of these candidate 

predictors may increase the likelihood that they really have something to do with MTX 

efficacy, however, it should be kept in mind that the found associations do not prove  

a causal effect.

The most frequently used outcome criteria with respect to MTX efficacy were 

the American College of Rheumatology (ACR) response criteria.24 These criteria, though 

validated, have their limitations in practical use. For example, a patient with 69% 

improvement in all core set criteria will not be an ACR70 responder, whereas someone with 

70% improvement in three core set criteria and worsening up to 29% in the remainder 

will be an ACR70 responder, despite the fact that the former obviously responds 

better than the latter. Hence, if one takes the achievement of ACR70 response status 

as an outcome measurement, considerable misclassification may occur. Alternatively, 

the percentage of change of the juvenile arthritis disease activity score (JADAS) could be 

used as an outcome measurement to assess MTX efficacy.25;26 Because this is a continuous 
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and composite outcome, the risk of misclassification may be reduced. Recently, the ACR 

criteria and the JADAS were compared, showing excellent ability of the JADAS to classify 

the ACR response categories.27 To answer the question which outcome measurement 

should be preferred, both measurements should be compared to a reference standard, 

such as a panel of experts.

The studies that were analysed in this review were generally of good quality. They 

recruited patients at the start of MTX and followed them prospectively. However, many 

articles did not describe whether the studies were blinded, an absence of which could 

lead to biases. On a review level, due to our extensive search strategy, it is likely that 

we found all pertinent papers. However, some negative results might not have been 

published, leading to reporting and publication bias. The results found in different studies 

were often quite variable. This may be due to heterogeneity of patient groups, differences 

in sample size and the absence or presence of linkage disequilibrium between the tested 

SNP and the actual polymorphism which causes the altered MTX response.20 Furthermore, 

other patient factors may confound the observed relationship, reason why it is important 

to perform a multivariate analysis. This was not done in all studies. Finally, the authors 

of this review were (co-)authors of some of the included papers, causing them to know 

more about the study design and potentially biasing them to be more lenient towards 

their own studies.

In conclusion, this systematic review of the literature with respect to predictors for 

MTX efficacy and adverse events shows that many interesting candidates were found. 

However, validation of these potential predictors is still lacking in many cases. Therefore, 

future efforts should be directed at validating these candidate predictors, potentially by 

means of a clinical prediction model. For the outcome adverse events, next to validating 

existing candidates, more candidate predictors should be investigated.
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Supplementary table 1. Results for outcome MTX efficacya

Baseline predictors  
(within 6 months after MTX start)

Number of studies

References-- <b NS Sb >b +

Demographics
Gender: female 8 17;29-31;34-36
Higher age at onset 7 17;29;31;34-36
Higher age at MTX start 8 17;29-31;35-37
Longer disease duration before MTX start 1 7 17;29;31;34-37
Higher body surface area 1 30

JIA categoryc

Oligoarticular persistent 1 37
Oligoarticular extended 3 1 31;34;35;37
Systemic 7 17;31;34-37
Polyarticular, rheumatoid factor negative 0/1 6 17;31;34-37
Polyarticular, rheumatoid factor positive 0/1 6 17;31;34-37
Psoriatic 2 17
Enthesitis-related arthritis 2 17
Undifferentiated 2 17

Disease activity
Higher active joint count 1/0 5 1/0 1/0 17;29-31;34-36
Higher swollen joint count 1/0 1/0 35;36
Higher limited joint count 6 1 17;29;30;34-36
Higher painful joint count 1 1/0 35;36
Higher PGA 4 1/0 1 17;29;34-36
Higher parent/patient GA 1 2 1 29;34-36
Higher pain VAS 1 1 35;36
Higher CHAQ score 2 1/0 2 29;31;34-36
Functional status 1 37
Higher CHQ PhS score 1 36
Higher CHQ PsS score 1 36
Achievement ACR70 at 6 months 0/1 34
Hand or wrist involvement 1/0 31
Wrist: right and left activity 1 36
Wrist: ≥1 active 1/0 36
MCP 1: right and left activity 1/0 36
MCP 1: ≥1 active 1/0 36
MCP 2: ≥1 active 1/0 36
MCP 3: ≥1 active 1/0 36
PIP 1: right and left activity 1/0 36
PIP 2: right and left activity 1/0 36
Knee: ≥1 active 1/0 36

SUPPLEMENTARY MATERIAL
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Supplementary table 1. (continued)

Baseline predictors  
(within 6 months after MTX start)

Number of studies

References-- <b NS Sb >b +

Laboratory
ANA positive 2 0/1 2 17;35-37
Rheumatoid factor positive 1 37
Higher ESR 1 5 2/1 17;23;29-

31;34-36
Higher CRP 1 29
Higher haemoglobin 1 23
Higher MRP8/14 1 29
Higher IL-1β 1 29
Higher IL-2 1/0 29
Higher IL-6 1 29
Higher IL-10 1 29
Higher IL-12 1 29
Higher IL-18 1 29
Higher IL-22 1 29
Higher TNF-α 1 29
Higher IFN-γ 1 29
Higher osteopontin level 1 23

Medication
Higher MTX start dose 6 17;29;34;36;37
Subcutaneous route of administration 3 29;36;43
Start with folic acid 2 17
Taking corticosteroids 2 31;36
Taking NSAIDs 1 36

MTX-polyglutamates
Higher MTX-PG1 1 28
Higher MTX-PG2 1 28
Higher MTX-PG3 1 28
Higher MTX-PG4 1 28
Higher MTX-PG5 1 28
Higher MTX-PG3-5 1 28
Higher total MTX-PG 1 28

Imaging
Presence of radiologic lesions 2 31;37
Higher Poznanski score 1 34

Geneticsd

MTHFR rs7538516, minor allele 1 32
MTHFR rs4846047, minor allele 1 32
MTHFR rs4846049, minor allele 1 32
MTHFR rs2274976, minor allele 1 32
MTHFR rs3818762, minor allele 1 32
MTHFR rs12121543, minor allele 1 32
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Supplementary table 1. (continued)

Baseline predictors  
(within 6 months after MTX start)

Number of studies

References-- <b NS Sb >b +

MTHFR rs1801133, dominant model 3 17;30
MTHFR rs1801133, homozygous variant vs.  
wild type

1 30

MTHFR rs1801133, heterozygous vs. wild type 1 30
MTHFR rs1801133, minor allele 2 30;32
MTHFR rs1801131, dominant model 2 0/1 17;30
MTHFR rs1801131, homozygous variant vs.  
wild type

1 30

MTHFR rs1801131, heterozygous vs. wild type 1 30
MTHFR rs1801131, minor allele 1 30
MTHFR rs17367504, minor allele 1 32
MTHFR rs7553194, minor allele 1 32
MTRR rs1801394, dominant model 1 1/0 17
AMPD1 rs6658815, minor allele 1 32
AMPD1 rs6679869, minor allele 1 32
AMPD1 rs2268699, minor allele 1 32
AMPD1 rs2336363, minor allele 1 32
AMPD1 rs2268701, minor allele 1 32
AMPD1 rs17602729, dominant model 2 17
AMPD1 rs17602729, minor allele 1 32
AMPD1 rs11587596, minor allele 1 32
ATIC rs2372536, dominant model 2 17
ATIC rs12995526, minor allele 0/1 1 32
ATIC rs12477799, minor allele 1 32
ATIC rs16853826, minor allele 1 32
ATIC rs4673990, minor allele 0/1 1 32
ATIC rs4672768, minor allele 1 32
ATIC rs10498036, minor allele 1 32
ABCB1 rs1128503, recessive model 3 17;22
ABCB1 rs1045642, recessive model 1 1/0 1 17;22
ABCB1 rs2032582, recessive model 1 22
ABCB1 rs1128503/rs32032582/rs1045642 
haplotype AAA, recessive model

1 22

ABCB1 rs1128503/rs32032582/rs1045642 
haplotype GCG, recessive model

1/0 22

ABCC1 rs35592, dominant model 1 1 17
ABCC1 rs35592, recessive model 1/0 22
ABCC1 rs3784862, dominant model 2 17
ABCC1 rs3784862, recessive model 1 22
ABCC2 rs4148396, recessive model 1 22
ABCC2 rs717620, dominant model 2 17
ABCC2 rs717620, recessive model 1 22
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Supplementary table 1. (continued)

Baseline predictors  
(within 6 months after MTX start)

Number of studies

References-- <b NS Sb >b +

ABCC2 rs4148396/rs717620 haplotype TC, 
recessive model

1 22

ABCC2 rs4148396/rs717620 haplotype TT, 
recessive model

1 22

ABCC3 rs4793665, dominant model 2 17
ABCC3 rs4793665, recessive model 1 22
ABCC3 rs3785911, dominant model 2 17
ABCC3 rs3785911, recessive model 1 22
ABCC5 rs2139560, dominant model 2 17
ABCC5 rs2139560, recessive model 1 22
ABCG2 rs13120400, dominant model 2 17
ABCG2 rs13120400, recessive model 1/0 22
ABCG2 rs13120400/rs2231142 haplotype CC, 
recessive model

1 22

ABCG2 rs13120400/rs2231142 haplotype CG, 
recessive model

1/0 22

ABCG2 rs13120400/rs2231142 haplotype TG, 
recessive model

1/0 22

ABCG2 rs2728124, minor allele 1 32
ABCG2 rs2231164, minor allele 1 32
ABCG2 rs12505410, minor allele 1 32
ABCG2 rs2622621, minor allele 1 32
ABCG2 rs2199936, minor allele 1 32
ABCG2 rs1564481, minor allele 1 32
ABCG2 rs3114018, minor allele 1 32
ABCG2 rs3109823, minor allele 1 32
ABCG2 rs6857600, minor allele 1 32
ABCG2 rs2622626, minor allele 1 32
ABCG2 rs17731799, minor allele 1 32
DHFR rs1222809, minor allele 1 32
DHFR rs12517451, minor allele 1 32
DHFR rs1650723, minor allele 1 32
DHFR rs1643657, minor allele 1 32
DHFR rs11951910, minor allele 1 32
DHFR rs10072026, minor allele 1 32
DHFR rs380691, minor allele 1 32
GGH rs11545078, minor allele 1 32
GGH rs12335094, minor allele 1 32
GGH rs16930092, minor allele 1 32
GGH rs3780130, minor allele 1 32
GGH rs10957267, minor allele 1 32
GGH rs17194931, minor allele 1 32
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Supplementary table 1. (continued)

Baseline predictors  
(within 6 months after MTX start)

Number of studies

References-- <b NS Sb >b +

GGH rs719235, minor allele 1 32
GGH rs10106587, dominant model 2 17
GGH rs10106587, recessive model 1 22
GGH rs3758149, dominant model 2 17
GGH rs3758149, recessive model 1 22
GGH rs3758149, minor allele 1 32
GGH rs10106587/rs3758149 haplotype AA, 
recessive model

1 22

GGH rs10106587/rs3758149 haplotype CG, 
recessive model

1 22

GGH rs10106587/rs3758149 haplotype AG, 
recessive model

1 22

GGH rs6998134, minor allele 1 32
FPGS rs4451422, recessive model 1 22
FPGS rs4451422, minor allele 1 32
FPGS rs10819309, minor allele 1 32
MTHFD1 rs2983733, minor allele 1 32
MTHFD1 rs1956545, minor allele 1 32
MTHFD1 rs8011839, minor allele 1 32
MTHFD1 rs8003379, minor allele 1 32
MTHFD1 rs1950902, minor allele 1 32
MTHFD1 rs17101851, minor allele 1 32
MTHFD1 rs3783726, minor allele 1 32
MTHFD1 rs2236224, minor allele 1 32
MTHFD1 rs11629135, minor allele 1 32
MTHFD1 rs3818239, minor allele 1 32
MTHFD1 rs1256146, minor allele 1 32
MTHFD1 rs11627387, minor allele 1 32
MTHFD1 rs745686, minor allele 1 32
MTHFD1 rs3742609, minor allele 1 32
SHMT1 rs1979276, minor allele 1 32
SHMT1 rs2168781, minor allele 1 32
SHMT1 rs11868708, minor allele 1 32
SHMT1 rs2273027, minor allele 1 32
SHMT1 rs2273026, minor allele 1 32
SHMT1 rs9901160, minor allele 1 32
SHMT1 rs8065874, minor allele 1 32
TYMS rs9966612, minor allele 1 32
TYMS rs11664283, minor allele 1 32
TYMS rs2853741, minor allele 1 32
TYMS rs2853533, minor allele 1 32
TYMS rs2612095, minor allele 1 32
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Supplementary table 1. (continued)

Baseline predictors  
(within 6 months after MTX start)

Number of studies

References-- <b NS Sb >b +

TYMS rs2847150, minor allele 1 32
TYMS rs9948583, minor allele 1 32
TYMS rs2298582, minor allele 1 32
TYMS rs2741186, minor allele 1 32
TYMS rs7239738, minor allele 1 32
ITPA rs6051639, minor allele 1 32
ITPA rs2295553, minor allele 0/1 32
ITPA rs6051644, minor allele 1 32
ITPA rs6084305, minor allele 1 32
ITPA rs1127354, minor allele 1 32
ITPA rs4815576, minor allele 1 32
ITPA rs6037506, minor allele 1 32
ITPA rs6139035, minor allele 1 32
ITPA rs13830, minor allele 1 32
ITPA rs6051655, minor allele 1 32
ITPA rs3810560, minor allele 1 32
SLC16A7 rs17122830, minor allele 2 33
SLC16A7 rs1497474, minor allele 2 33
SLC16A7 rs10877327, minor allele 1 33
SLC16A7 rs7976956, minor allele 1 33
SLC16A7 rs1000708, minor allele 1 33
SLC16A7 rs7971953, minor allele 2 33
SLC16A7 rs12231740, minor allele 2 33
SLC16A7 rs2711669, minor allele 2 33
SLC16A7 rs2706301, minor allele 1 33
SLC16A7 rs10877333, minor allele 1 0/1 33
SLC16A7 rs2711655, minor allele 0/1 33
SLC16A7 rs12718000, minor allele 1 33
SLC16A7 rs3763980, minor allele 0/2 33
SLC16A7 rs10784000, minor allele 1 33
SLC16A7 rs2706301/ rs10877333/ rs2711655/ 
rs12718000/ rs3763980/ rs10784000  
haplotype GTGGAA

0/1 33

SLC16A7 rs2706301/ rs10877333/ rs2711655/ 
rs12718000/ rs3763980/ rs10784000  
haplotype CTAGTG

1 33

SLC16A7 rs2706301/ rs10877333/ rs2711655/ 
rs12718000/ rs3763980/ rs10784000  
haplotype GGAGTA

0/1 33

SLC16A7 rs2706301/ rs10877333/ rs2711655/ 
rs12718000/ rs3763980/ rs10784000  
haplotype CTAGTA

1 33
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Supplementary table 1. (continued)

Baseline predictors  
(within 6 months after MTX start)

Number of studies

References-- <b NS Sb >b +

SLC16A7 rs2706301/ rs10877333/ rs2711655/ 
rs12718000/ rs3763980/ rs10784000  
haplotype GTGATA

1 33

SLC16A7 rs2706301/ rs10877333/ rs2711655/ 
rs12718000/ rs3763980/ rs10784000  
haplotype GTGGTA

1 33

SLC19A1 rs1051266, recessive model 1 22
SLC19A1 rs2274808, minor allele 1 32
SLC19A1 rs9977268, minor allele 1 32
SLC19A1 rs11702425, minor allele 1 32
SLC19A1 rs1556329, minor allele 1 32
SLC19A1 rs2236475, minor allele 1 32
SLC19A1 rs2236479, minor allele 1 32
SLC19A1 rs7279445, minor allele 1 32
SLC19A1 rs3753019, minor allele 1 32
SLC19A1 rs10483080, minor allele 1 32
SLC19A1 rs2838950, minor allele 1 32
SLC19A1 rs2838951, minor allele 1 32
SLC19A1 rs12483377, minor allele 1 32
SLC19A1 rs7499, minor allele 1 32
SLC19A1 rs17004785, minor allele 1 32
SLC19A1 rs2838956, minor allele 1 32
SLC19A1 rs3788205, minor allele 1 32
SLC46A1 rs2239907, dominant model 2 17
SLC46A1 rs2239907, recessive model 1 22
FOLR2 rs514933, recessive model 1 22
ADORA2A rs5751876, dominant model 2 17
ADORA2A rs1041748, minor allele 1 32
ADORA2A rs5751846, minor allele 1 32
ADORA2A rs6004146, minor allele 1 32
ADORA2A rs5751862, minor allele 1 32
ADORA2A rs4822488, minor allele 1 32
ADORA2A rs3761422, minor allele 1 32
ADORA2A rs11704811, minor allele 1 32
ADORA2A rs2236624, minor allele 1 32
THAP6 rs3853187, minor allele 1 33
THAP6 rs1841934, minor allele 1 33
THAP6 rs2126854, minor allele 1 33
THAP6 rs9307834, minor allele 1 33
THAP6 rs6535523, minor allele 1 33
THAP6 rs12649508, minor allele 1 33
BAT1 rs3132454, minor allele 1 33
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Supplementary table 1. (continued)

Baseline predictors  
(within 6 months after MTX start)

Number of studies

References-- <b NS Sb >b +

BAT1 rs9267464, minor allele 1 33
BAT1 rs3093993, minor allele 1 33
BAT1 rs3093992, minor allele 1 33
BAT1 rs3093988, minor allele 1 33
BAT1 rs2734574, minor allele 1 33
BAT1 rs2259435, minor allele 1 33
BAT1 rs3130055, minor allele 1 33
BAT1 rs3219190, minor allele 1 33
BAT1 rs2734583, minor allele 1 33
BAT1 rs2239709, minor allele 1 33
BAT1 rs2844509, minor allele 1 33
BAT1 rs2239705, minor allele 1 33
BAT1 rs2071591, minor allele 1 33
BAT1 rs2523500, minor allele 1 33
BAT1 rs6916921, minor allele 1 33
BAT1 rs6929796, minor allele 1 33
ZEB1 rs11008463, minor allele 1 33
ZEB1 rs2839657, minor allele 1 33
ZEB1 rs172683, minor allele 1 33
MALAT1 rs600231, minor allele 1 33
MALAT1 rs3200401, minor allele 1 33
NFATC2IP rs12931589, minor allele 1 33
NFATC2IP rs11150675, minor allele 1 33
NFATC2IP rs7192056, minor allele 1 33
Region LMX1A, PBX1 0/1 16
Region CDH6 0/1 16
Region CFTR, CTTNBP2 0/1 16
Region CSMD1 0/1 16
Region SNX16 0/1 16
Region PVT1, ADCY8 0/1 16
Region ZMIZ1 0/1 16
Region ANGPTL5, KIAA1377 0/1 16
Region ANKS1B, ANO4, ARL1, SPIC 0/1 16
Region CMKLR1 0/1 16
Region GABRB3 0/1 16
Region TGIF1 0/1 16
Region CYTH4 0/1 16
Region CACNA1I 0/1 16
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Supplementary table 1. (continued)

Abbreviations: ABCB1 to ABCG2, members of the adenosine triphosphate binding cassette (ABC) transporters; 
ACR70, American College of Rheumatology paediatric 70 response criterion; ADCY8, adenylate cyclase 8; 
ADORA2A, adenosine A2A receptor; ALT, alanine aminotransferase; AMPD1, adenosine monophosphate 
deaminase; ANA, antinuclear antibodies; ANGPTL5, angiopoietin-like 5; ANKS1B, ankyrin repeat and sterile 
alpha motif domain containing 1B; ANO4, anoctamin 4; ARL1, ADP-ribosylation factor-like 1; AST, aspartate 
aminotransferase; ATIC, 5-aminoimidazole-4-carboxamide ribonucleotide transformylase; BAT1, HLA-B associated 
transcript 1; CACNA1I, calcium-channel, voltage-dependent, T type, alpha 1I subunit; CDH6, cadherin 6; CFTR, 
cystic fibrosis transmembrane conductance regulator; CHAQ, childhood health assessment questionnaire; CHQ, 
child health questionnaire; CMKLR1, chemokine-like receptor 1; CRP, C-reactive protein; CSMD1, CUB and Sushi 
multiple domains 1; CTTNPB2, cortacting-binding protein 2; CYTH4, cytohesin 4; DHFR, dihydrofolate reductase; 
ESR, erythrocyte sedimentation rate; FOLR, folate receptor; FPGS, folylpolyglutamate synthetase; GA, global 
assessment; GABRB3, gamma-aminobutyric acid A receptor, beta 3; GGH, γ-glutamyl hydrolase; HLA, human 
leukocyte antigen; IFN, interferon; IL, interleukin; ITPA, inosine triphosphatase; JADAS, juvenile arthritis disease 
activity score; JIA, juvenile idiopathic arthritis; LMX1A, LIM homeobox transcription factor 1 alpha; MALAT1, 
metastasis associated lung adenocarcinoma transcript 1; MCP, metacarpophalangeal joint; MRP, myeloid-related 
protein; MTHFD1, methylenetetrahydrofolate dehydrogenase; MTHFR, methylenetetrahydrofolate reductase; 
MTRR, methionine synthase reductase; MTX, methotrexate; MTX-PG, methotrexate polyglutamate; NFATC2IP, 
nuclear factor of activated T-cells, cytoplasmic, calcineurin-dependent 2 interacting protein; NSAIDs, non-
steroidal anti-inflammatory drugs; PBX1, pre-B-cell leukemia homeobox 1; PGA, physician’s global assessment; 
PhS, physical component summary score; PIP, proximal interphalangeal joint; PsS, psychosocial component 
summary score; PVT1, Pvt1 oncogene; SHMT1, serine hydroxymethyltransferase; SLC, solute carrier; SNP, 
single nucleotide polymorphism; SNX16, sorting nexin 16; SPIC, Spi-C transcription factor; TGIF1, transforming 
growth factor beta-induced factor homeobox 1; THAP6, THAP domain containing 6; TNF, tumor necrosis factor; 
TYMS, thymidylate synthase; VAS, visual analog score; ZEB1, zinc finger-enhancer protein 1, ZMIZ1, zinc-finger, 
MIZ-type containing 1.
a Values are the number of studies which found that particular result for the respective predictors; b The first 
number in this column refers to the number of studies which performed a multivariate analysis disconfirming 
the univariate finding (studies in which the multivariate analysis confirmed the univariate finding, are shown 
in the columns labelled -- and +, respectively). The second number in this column refers to the number of 
studies which did not perform a multivariate analysis; c In studies that evaluated onset categories oligoarticular, 
polyarticular and systemic, results have been duplicated for oligoarthritis persistent and extended, and 
polyarthritis RF positive and negative respectively; d SNPs were analyzed in different ways, denoted in the table as 
follows: minor allele: allelic comparison. Odds ratios shown in the source study are allelic odds ratios, indicating 
the increase in odds per minor allele. Dominant model: homozygous variant and heterozygous subjects vs. 
wild type. Recessive model: homozygous variant vs. heterozygous and wild type. Haplotype: recessive model: 
subjects homozygous for the shown haplotype versus all other subjects. 
Symbols used: 
-- lower chance of favourable outcome in multivariate analysis (p ≤0.05)
< lower chance of favourable outcome in univariate analysis (p ≤0.05)
NS: not significant (p >0.05)
S: significant in univariate analysis. Direction of the effect not shown, or different SNPs in the same region with 
opposed effects (p ≤0.05)
> higher chance of favourable outcome in univariate analysis (p ≤0.05)
+ higher chance of favourable outcome in multivariate analysis (p ≤0.05)
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Supplementary table 2. Results for outcome absence of MTX adverse eventsa

Baseline predictors  
(within 6 months after MTX start)

Number of studies

References-- <b NS >b +

Demographics
Gender: female 3 19;31;39
Higher age at onset 3 19;31;39
Higher age at MTX start 2 19;31
Longer disease duration before MTX start 3 19;31;39

JIA categoryc

Oligoarticular persistent
Oligoarticular extended 1 31
Systemic 2 19;31
Polyarticular, rheumatoid factor negative 1 1 19;31
Polyarticular, rheumatoid factor positive 1 1 19;31
Psoriatic 1 19
Enthesitis-related arthritis 1 19
Undifferentiated 1 19

Disease activity
Higher active joint count 2 19;31
Higher limited joint count 1 19
Higher PGA 1 19
Higher parent/patient GA 1 19
Higher pain VAS 1 19
Higher CHAQ score 2 19;31
Higher JADAS-27 1/0 19
Hand or wrist involvement 1 31
Uveitis present 1 19

Laboratory
ANA positive 1 19
Rheumatoid factor positive 1 19
Higher ESR 2 19;31
Higher CRP 1 19
Higher hemoglobin 1 19
Higher leukocyte count 1 19
Higher thrombocyte count 1 1 19;31
Higher ALT level 1 19
Higher AST level 1 19
Higher creatinine level 1 19

Medication
Subcutaneous route of administration 1 43
Restart of MTX 1 19
Start with folic acid 1 39
Taking corticosteroids 2 31;39
Taking NSAIDs 1 19
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Supplementary table 2. (continued)

Baseline predictors  
(within 6 months after MTX start)

Number of studies

References-- <b NS >b +

MTX-polyglutamates
Higher MTX-PG1 1 28
Higher MTX-PG2 1 28
Higher MTX-PG3 1 28
Higher MTX-PG4 1 28
Higher MTX-PG5 1 28
Higher MTX-PG3-5 1 28
Higher total MTX-PG 1 28

Imaging
Presence of radiologic lesions 1 31

Geneticsd

HLA-B27 positive 1 19
MTHFR rs1801133, dominant model 0/1 1 39;40
MTHFR rs1801133, recessive model 1/0 2 19;30;39
MTHFR rs1801133, homozygous variant vs. wild type 1/0 30
MTHFR rs1801133, heterozygous vs. wild type 0/1 1 30;40
MTHFR rs1801133, minor allele 1 1 30;39
MTHFR rs1801131, dominant model 4 19;30;39;40
MTHFR rs1801131, recessive model 1 39
MTHFR rs1801131, homozygous variant vs. wild type 1 30
MTHFR rs1801131, heterozygous vs. wild type 2 30;40
MTHFR rs1801131, minor allele 2 30;39
MTRR rs1801394, dominant model 1 19
AMPD1 rs17602729, dominant model 1 19
ATIC rs2372536, dominant model 2 19;39
ATIC rs2372536, recessive model 1 39
ATIC rs2372536, minor allele 1 39
ABCB1 rs1128503, recessive model 1 19
ABCB1 rs1045642, recessive model 1 19
ABCB1 rs2032582, dominant model 1 19
ABCC1 rs35592, dominant model 1 19
ABCC1 rs3784862, dominant model 1 19
ABCC2 rs4148396, recessive model 1 19
ABCC2 rs717620, dominant model 1 19
ABCC3 rs4793665, dominant model 1 19
ABCC3 rs3785911, dominant model 1 19
ABCC4 rs868853, dominant model 1 19
ABCC4 rs2274407, dominant model 1 19
ABCC5 rs2139560, dominant model 1 19
ABCG2 rs13120400, dominant model 1 19
ABCG2 rs2231142, dominant model 2 19;39
ABCG2 rs2231142, recessive model 1 39
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Supplementary table 2. (continued)

Baseline predictors  
(within 6 months after MTX start)

Number of studies

References-- <b NS >b +

ABCG2 rs2231142, minor allele 1 39
GGH rs1800909, dominant model 1 39
GGH rs1800909, recessive model 1 39
GGH rs1800909, minor allele 1 39
GGH rs11545078, recessive model 1 39
GGH rs11545078, minor allele 1 39
GGH rs10106587, dominant model 1 19
GGH rs3758149, dominant model 1 19
FPGS rs10106, dominant model 1 39
FPGS rs10106, recessive model 1 39
FPGS rs10106, minor allele 1 39
FPGS rs4451422, dominant model 1 19
ITPA rs1127354, recessive model 1 19
SLC19A1 rs1051266, dominant model 1 39
SLC19A1 rs1051266, recessive model 2 19;39
SLC19A1 rs1051266, minor allele 1 39
SLC46A1 rs2239907, dominant model 1 19
ADORA2A rs5751876, recessive model 1 19

For declaration of symbols, footnotes and abbreviations, see supplementary table 1.
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ABSTRACT

Objective
To design and validate a new questionnaire for identifying patients with methotrexate 

(MTX) intolerance, and to determine the prevalence of MTX intolerance in patients with 

juvenile idiopathic arthritis (JIA) using this questionnaire.

Methods
The MTX Intolerance Severity Score (MISS) questionnaire was constructed, consisting 

of 5 domains: stomach ache, nausea, vomiting, sore mouth, and behavioral symptoms. 

The domains each consisted of 3 questions pertaining to the presence of a symptom 

upon, prior to (anticipatory), and when thinking of (associative) MTX intake. The MISS 

questionnaire was validated in 86 patients by determining its discriminative power 

between patients with and those without MTX intolerance, identified as such by a gold 

standard (physician’s opinion). Using the MISS questionnaire, the prevalence of MTX 

intolerance was determined in 297 JIA patients.

Results
The MISS questionnaire discriminated well between MTX-intolerant and MTX-tolerant 

patients. A cutoff score of 6 yielded the best sensitivity (88%) and specificity (80%). MTX 

intolerance was found in 150 (50.5%) of 297 patients. Of 220 patients receiving oral 

MTX, 98 (44.5%) experienced MTX intolerance, whereas 67.5% of 77 patients receiving 

parenteral MTX experienced intolerance to the drug (P = 0.001).

Conclusion
Our findings indicate that the MISS questionnaire is a highly sensitive and specific tool for 

the diagnosis of MTX intolerance, and that there is a high prevalence of MTX intolerance 

among JIA patients. The prevalence of intolerance in patients receiving parenteral MTX 

exceeds that in patients receiving oral MTX. The frequent occurrence of anticipatory 

and associative symptoms suggests that classic conditioning plays an important role in  

MTX intolerance.
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INTRODUCTION

Juvenile idiopathic arthritis (JIA), an autoimmune disease characterized by chronic arthritis 

in one or more joints, is one of the most common chronic diseases in childhood, with 

a reported prevalence of between 16 and 159 per 100,000.1 It encompasses various 

subtypes whose severity and clinical course differ.1

Methotrexate (MTX) is the first-choice disease-modifying anti-rheumatic drug (DMARD) 

for the treatment of JIA. It is an effective drug that induces disease remission in >70% of 

patients.2;3 Serious adverse effects, such as hepatotoxicity and bone marrow suppression, 

are infrequent and usually transient if MTX is stopped.4 However, gastrointestinal adverse 

effects, which include nausea, abdominal pain, vomiting, or diarrhea, are common during 

MTX treatment.5;6 Folic acid supplementation is one of the accepted strategies to treat 

and prevent the development of these adverse effects.7-10 Despite folic acid use, many JIA 

patients experience gastrointestinal adverse effects after MTX intake. JIA patients also 

develop anticipatory and associative gastrointestinal adverse effects occurring before MTX 

intake and when thinking of MTX as well as behavioral symptoms, such as restlessness 

and crying, when taking MTX.6 These adverse effects arise as a conditioned response to 

the above-mentioned physical symptoms experienced after MTX intake. 

Anticipatory nausea and vomiting, related to strongly emetogenic chemotherapy 

treatments, are well-known conditioned responses in cancer patients, with a reported 

frequency of 30%.11;12 In contrast to cancer patients, this problem has remained largely 

unrecognized in JIA patients. Although these adverse effects, in concert with behavioral 

symptoms, could lead to refusal and premature discontinuation of an otherwise efficacious 

and safe drug, their type and frequency are poorly elucidated.

The objectives of this study were to design and validate a new questionnaire for MTX-

related gastrointestinal and behavioral symptoms, termed MTX intolerance, and to use 

this questionnaire to determine the prevalence of MTX intolerance in patients with JIA.

PATIENTS AND METHODS

Study design, study population, and data collection
We performed a cross-sectional descriptive study in 4 University Medical Centers 

(UMC) in The Netherlands that have pediatric rheumatology departments (Utrecht, 

Nijmegen, Groningen, and Rotterdam). The MTX intolerance study was approved by 

the local medical ethics committees, and it was performed under good clinical practice 

conditions. The study population consisted of patients between 2 and 18 years of age, 

with a confirmed JIA diagnosis according to the International League of Associations for 

Rheumatology criteria,13 who were seen in the outpatient clinic between August 2007 

and June 2009. All patients had been receiving either oral or parenteral MTX for at least 
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3 months at the time of inclusion. Patients with a history of noncompliance to earlier 

treatments unrelated to MTX were excluded. Written informed consent was obtained 

from all patients and/or their parents.

Demographic data, such as sex, JIA subtype, and age at disease onset, were obtained 

from medical records. Information on duration of MTX use, MTX route of administration 

(oral or parenteral), and MTX dosage (mg/m2/week) was obtained. The physician’s 

global assessment of disease activity (on a 0-10 scale) at the time the questionnaire 

was completed was documented. We acquired information on the concomitant use of 

folic acid, nonsteroidal anti-inflammatory drugs (NSAIDs), oral steroids (mg/kg), and 

other DMARDs, such as anti-tumor necrosis factor α therapy and anti-interleukin-1  

receptor blockade.

MTX Intolerance Severity Score
To determine the prevalence of MTX intolerance, we designed the MTX Intolerance 

Severity Score (MISS) questionnaire. MTX intolerance included gastrointestinal adverse 

effects and behavioral symptoms occurring after MTX intake, before MTX intake 

(anticipatory symptoms), and/or when thinking of taking the medication (associative 

symptoms). Behavioral symptoms were included in the MISS questionnaire since they 

often develop in response to MTX-induced gastrointestinal symptoms or the anticipation 

thereof. The MISS questionnaire was constructed by 2 physicians (MWH and NMW) 

and a psychologist (GS), based on their extensive clinical experience with JIA patients 

with MTX intolerance. The initial MISS questionnaire contained 16 items divided into 

5 domains, namely, abdominal pain (stomach ache), nausea, vomiting, oral pain (sore 

mouth), and behavioral symptoms. The first 4 domains contained 3 items each, pertaining 

to adverse effects experienced after MTX intake as well as anticipatory and associative 

adverse effects. The fifth domain, on behavioral symptoms, included restlessness, crying, 

irritability, and refusal of MTX. On each item a patient could score 0 (no symptoms), 1 

point (mild symptoms), 2 points (moderate symptoms), or 3 points (severe symptoms).

Validation of the MISS questionnaire
The initial MISS questionnaire was validated in JIA patients from UMC Utrecht by 

determining its ability to discriminate between patients with and those without MTX 

intolerance as established by the gold standard. Since there were no available instruments 

designed to measure MTX intolerance, a physician’s opinion on the presence or absence of 

MTX intolerance was considered the gold standard. The physician indicated that a patient 

was intolerant to MTX if the patient or the patient’s parents confirmed the following 

during a short interview at the outpatient clinic: the presence of gastrointestinal symptoms 

before and after MTX intake, a persistent nature of these symptoms, and/or a negative 
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effect of these symptoms in the days after MTX intake. The physician was blinded with 

regard to the results of the questionnaire, and the patients were blinded with regard to 

the physician’s opinion.

To analyze whether the MISS questionnaire could significantly (P ≤ 0.05) discriminate 

between patients with and those without MTX intolerance, we compared the scores on 

each item of the questionnaire between the 2 groups, using the Mann-Whitney U test. 

Next, we removed the items that were not significantly discriminative between patients 

with and those without MTX intolerance. Additionally, to evaluate the reliability of 

the MISS questionnaire, its homogeneity was assessed by item-analysis using Cronbach’s 

alpha. Items that lowered the homogeneity of the MISS questionnaire were removed 

to ensure optimal homogeneity. Subsequently, we determined whether the total score 

on the modified MISS questionnaire could discriminate between patients with and 

those without MTX intolerance. To evaluate the discriminant validity of the modified 

questionnaire, the area under the receiver operating characteristic (ROC) curve and 

the 95% confidence interval (95% CI) were computed. Next, we determined the optimal 

cutoff score on the MISS questionnaire for classifying patients as either tolerant or 

intolerant to MTX. Sensitivity, specificity, the sum of sensitivity and specificity, positive 

predictive value (PPV), and negative predictive value (NPV) were computed for 10 cutoff 

values for the MISS questionnaire. The cutoff value with the maximum score for the sum 

of sensitivity and specificity was considered the optimal cutoff point.

Prevalence of MTX intolerance
We determined the prevalence of MTX intolerance in JIA patients from all 4 UMCs, using 

the validated MISS questionnaire with the optimal cutoff score. Furthermore, scores on 

the MISS questionnaire and the prevalence of MTX intolerance in patients receiving oral 

MTX were compared with those in patients receiving parenteral MTX, by chi-square test. 

The Mann-Whitney U test was used to determine whether the total MISS and the scores 

for the separate domains of the MISS, as well as MTX dose, JIA subtype, physician’s 

global assessment of disease activity, disease duration, and duration of MTX use, differed 

between MTX-intolerant patients who were receiving oral MTX and those who were 

receiving parenteral MTX.

To evaluate associations of MTX intolerance with clinically relevant covariates, such 

as the route of MTX administration, MTX dose, co-medication (oral steroids, NSAIDs, 

anti-emetics, biologic agents, or other DMARDs), JIA subtype, age, physician’s global 

assessment of disease activity, disease duration, and duration of MTX use, we performed 

a multivariate logistic regression using a P value of >0.10 as a removal criterion and 

a P value of ≤0.05 as an inclusion criterion. Odds ratios (ORs) and 95% CIs were 

calculated to express these associations. Statistical analyses were carried out using SPSS,  

version 15.0.1.
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RESULTS

The MISS questionnaire discriminates between patients with and those 
without MTX intolerance
For the purpose of validation of the MISS questionnaire, 89 patients attending the UMC 

Utrecht outpatient clinic completed the questionnaire. Three patients did not meet 

the inclusion criteria and were therefore excluded. According to the gold standard 

(physician’s opinion), 29.1% of the patients experienced MTX intolerance.

All items of the MISS questionnaire were discriminative between patients with and 

those without MTX intolerance as determined by the gold standard (data not shown), with 

the exception of “vomiting when thinking of MTX” (associative vomiting) and the entire 

domain of oral pain. These 4 items also reduced the homogeneity of the MISS questionnaire, 

and removal of these items resulted in a high Cronbach’s alpha of 0.919, which confirmed 

the reliability of the questionnaire. Upon exclusion of the 4 non-discriminative items 

(i.e., associative vomiting and the oral pain domain), the total score of the modified 

12-item MISS questionnaire remained discriminative between MTX-intolerant patients 

(median score 13 [interquartile range 7.5–18.5]) and MTX-tolerant patients (median score 

1 [interquartile range 0-4]). The modified MISS questionnaire had a minimum possible 

score of 0 points and a maximum possible score of 36 points. The modified 12-item MISS 

questionnaire satisfies the criteria of feasibility, face validity, and content validity since it 

is short and easy to complete by patients or parents, easy to interpret by physicians, and 

contains all relevant aspects of MTX intolerance as established by a consensus of expert 

rheumatologists (WA, EPAH, SK, WK, and NMW). This questionnaire was used for further 

analysis and will be referred to as the MISS questionnaire (see Supplementary table 1).

The area under the ROC curve was 0.90 (95% CI 0.83–0.96), indicating that 90% of 

the patients were classified correctly with the MISS questionnaire. Based on the scores 

obtained, we expected to find the most discriminative value between 2 and 11 points. 

Table 1 shows sensitivity, specificity, PPV, and NPV for the scores between 2 and 11 points. 

Cutoff scores of 5 and 6 showed the highest sum score of sensitivity (88%) and specificity 

(80%), namely, 168%. At these cutoff points, 88% of the patients diagnosed as having 

MTX intolerance according to the gold standard would also be identified as intolerant 

to MTX according to the MISS questionnaire. Furthermore, 80% of the patients who 

were tolerant to MTX according to the gold standard would indeed be identified as MTX 

tolerant according to the MISS questionnaire. At these cutoff points, 65% of patients 

who were intolerant to MTX (PPV) and 94% who were tolerant to MTX (NPV) would 

be correctly diagnosed. The diagnostic parameters of the cutoff scores 5 and 6 were 

equal, since there were no patients in the validation cohort with a score of 5. Since 

MTX-intolerant patients scored high on gastrointestinal symptoms before MTX intake and 

when thinking of MTX intake, we defined MTX intolerance as a total score of ≥6 with at 

least 1 point on anticipatory and/or associative and/or behavioral symptoms.
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High prevalence of MTX intolerance in JIA patients
Two hundred ninety-seven patients completed the MISS questionnaire during outpatient 

visits. All 86 patients in the validation cohort were included in the larger cohort. There 

were no significant differences between the validation cohort patients and the JIA patients 

included in this cohort with respect to sex distribution, JIA subtype, or MTX dose (data 

not shown). Table 2 shows the baseline characteristics of the patients.

We found that 150 (50.5%) of the patients had MTX intolerance according to 

the above-mentioned definition (Table 3). Furthermore, the frequency of gastrointestinal 

adverse events in each domain was significantly higher in patients diagnosed as having 

MTX intolerance compared to patients without MTX intolerance. The percentages of 

patients diagnosed as having MTX intolerance who had nausea and behavioral symptoms 

were 91.3% and 88.7%, respectively. Twenty-eight (18.7%) of the MTX-intolerant 

patients experienced anticipatory vomiting, whereas this symptom did not occur in 

patients considered to be tolerant to MTX (Table 3). Twenty-three (56.1%) of the 41 

patients who were taking anti-emetics were intolerant to MTX.

Patients with MTX intolerance were receiving a slightly higher MTX dosage than 

patients without MTX intolerance (10.9 mg/m2/week and 9.8 mg/m2/week, respectively 

[P = 0.002]). Furthermore, MTX-intolerant patients had longer disease durations and 

received MTX for longer periods than did MTX-tolerant patients (median disease duration 

4.3 years in MTX-intolerant patients versus 3.0 years in MTX-tolerant patients [P = 0.026] 

and median duration of MTX use 2.0 years in MTX-intolerant patients versus 1.2 years in 

MTX-tolerant patients [P = 0.001]). Patients with MTX intolerance were also somewhat 

younger than those without MTX intolerance (median age 11 years versus 12 years  

Table 1. Sensitivity, specificity, PPV, and NPV for various cutoff scores on the MISS questionnaire*

Cutoff score Sensitivity Specificity ∑† PPV NPV

2 100 59 159 50 100
3 92 67 159 53 95
4 92 72 164 58 96
5 88 80 168‡ 65 94
6 88 80 168‡ 65 94
7 84 81 164 64 92
8 76 82 158 63 89
9 64 84 148 62 85
10 60 90 150 71 85
11 60 90 150 71 85

* Values are the %. The Methotrexate Intolerance Severity Score (MISS) questionnaire was validated in a cohort 
of 86 patients. PPV = positive predictive value; NPV = negative predictive value.
† Sum of sensitivity and specificity.
‡ Optimal sum of sensitivity and specificity.
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[P = 0.015]). JIA subtype and physician’s global assessment of disease activity did not 

differ significantly between the 2 groups.

Higher prevalence of MTX intolerance in patients receiving parenteral MTX 
than in patients receiving oral MTX
We determined the prevalence of MTX intolerance in patients receiving oral MTX and in 

patients receiving parenteral MTX. Table 3 shows that the prevalence of MTX intolerance 

Table 2. Baseline characteristics of the 297 patients at the time of completing the MISS questionnaire*

Sex, female 204 (68.7)
JIA subtype
Oligoarticular JIA, persistent 79 (26.6)
Oligoarticular JIA, extended 50 (16.8)
Polyarticular JIA, RF positive 20 (6.7)
Polyarticular JIA, RF negative 95 (32)
Systemic-onset JIA 31 (10.4)
Enthesitis-related JIA 5 (1.7)
Psoriatic arthritis 17 (5.7)
Disease characteristics
ANA positive† 141 (50.0)
RF positive‡ 21 (9.9)
HLA–B27 positive§ 21 (22.3)
Chronic iridocyclitis 52 (17.5)
Age, mean ± SD years 10.9 ± 3.9
JIA duration, mean ± SD years 4.9 ± 4.1
Duration of MTX use, median (IQR) years 1.6 (0.6-3.6)
Disease activity, toxicity, and medication use
Physician’s global assessment of disease activity, median (IQR) (0-10 scale) 0.5 (0-2)
MTX dose (mg/m2/week), median (IQR)¶ 10.2 (8.1-12.8)
Oral route of MTX administration 220 (74.1)
Folic acid 295 (99.3)
NSAIDs 189 (63.6)
Oral steroids 27 (9.1)
Antiemetics 41 (13.8)
Other DMARDs# 49 (16.5)

* Except where indicated otherwise, values are the number (%) of patients. MISS = Methotrexate Intolerance 
Severity Score; JIA = juvenile idiopathic arthritis; IQR = interquartile range; NSAIDs = nonsteroidal anti-
inflammatory drugs.
† Antinuclear antibody (ANA) status was determined in 282 patients.
‡ Rheumatoid factor (RF) status was determined in 212 patients.
§ HLA-B27 status was determined in 94 patients.
¶ Data on methotrexate (MTX) dose (mg/m2) were available for 292 patients.
# Of the 49 patients taking other disease-modifying anti-rheumatic drugs (DMARDs), 32 were taking etanercept, 
9 were taking anakinra, 4 were taking adalimumab, and 4 were taking infliximab.
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was significantly higher in patients who were receiving parenteral MTX than in patients 

who were receiving oral MTX (67.5% and 44.5%, respectively [P = 0.001]). Significantly 

more patients who were receiving parenteral MTX than those who were receiving oral 

MTX refused to take the drug (P = 0.005) and exhibited restlessness (P = 0.005) as well 

as crying (P = 0.015) when taking MTX (Table 3). More patients who were receiving 

parenteral MTX than patients who were receiving oral MTX experienced vomiting after 

administration of MTX and anticipatory vomiting as well as anticipatory and associative 

abdominal pain and nausea, though these differences were not statistically significant. 

Although the prevalence of MTX intolerance was higher in patients receiving parenteral 

MTX, the severity of MTX intolerance did not differ between the 2 groups; the median 

score on the MISS questionnaire was 12 points for both patients receiving oral MTX and 

patients receiving parenteral MTX.

In The Netherlands, it is common clinical practice to initially treat patients with oral 

MTX; those patients in need of higher dosages to reach clinical efficacy are treated with 

Table 3. Overall and per domain prevalence of MTX-related gastrointestinal symptoms in all patients 
and by route of MTX administration*

Tolerance to 
MTX

Intolerance to 
MTX Oral MTX

Parenteral 
MTX

Total 147 (49.5) 150 (50.5) 220 (74.1) 77 (25.9)
Cutoff score ≥6 0 (0) 150 (100) 98 (44.5) 52 (67.5)†
Abdominal pain 41 (27.9) 111 (74.0) 72 (73.5) 39 (75.0)
After MTX 34 (23.1) 100 (66.7) 66 (67.3) 34 (65.4)
Anticipatory and associative 12 (8.2) 85 (56.7) 54 (55.1) 31 (59.6)
Nausea 54 (36.7) 137 (91.3) 90 (91.8) 47 (90.4)
After MTX 43 (29.3) 126 (84.0) 83 (84.7) 43 (82.7)
Anticipatory and associative 22 (15.0) 116 (77.3) 75 (76.5) 41 (78.8)
Vomiting 7 (4.8) 74 (49.3) 45 (45.9) 29 (55.8)
After MTX 7 (4.8) 73 (48.7) 45 (45.9) 28 (53.8)
Anticipatory 0 (0) 28 (18.7) 14 (14.3) 14 (26.9)
Behavioral symptoms 39 (26.5) 133 (88.7) 82 (83.7) 51 (98.1)‡
Restlessness 22 (15.0) 116 (77.3) 69 (70.4) 47 (90.4)§
Crying 2 (1.4) 69 (46.0) 38 (38.8) 31 (59.6)¶
Irritability 22 (15.0) 105 (70.0) 67 (68.4) 38 (73.1)
Refusal of MTX 22 (15.0) 116 (77.3) 69 (70.4) 47 (90.4)§

* Values are the number (%) of patients. Intolerance to methotrexate (MTX) was defined as a score of ≥6 on 
the MTX Intolerance Severity Score questionnaire. For tolerance and intolerance, the percentages for each 
symptom are out of the total number of patients; for oral MTX and parenteral MTX, the percentages for each 
symptom are out of the number of patients with a cutoff score of ≥6. Anticipatory refers to before MTX intake, 
and associative refers to when thinking of MTX.
† P = 0.001 versus oral MTX, by chi-square test.
‡ P = 0.008 versus oral MTX, by chi-square test.
§ P = 0.005 versus oral MTX, by chi-square test.
¶ P = 0.015 versus oral MTX, by chi-square test.
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parenteral MTX. As expected, patients receiving parenteral MTX received a higher median 

MTX dosage (13.5 mg/m2/week) than patients receiving oral MTX (9.6 mg/m2/week) (P < 

0.001). JIA subtype, physician’s global assessment of disease activity, duration of JIA, and 

duration of MTX use did not differ between the 2 groups. In addition, the median age of 

MTX-intolerant patients who were receiving oral MTX (10.7 years) was similar to that of 

MTX-intolerant patients who were receiving parenteral MTX (10.0 years).

In a multivariate logistic regression analysis, MTX intolerance was associated with 

the route of MTX administration only. Patients receiving parenteral MTX had higher odds 

of having MTX intolerance than patients receiving oral MTX (OR 1.9 [95% CI 1.01-3.58], 

P = 0.046). Moreover, patients receiving a higher MTX dose showed a trend toward 

increased odds of having MTX intolerance (OR 1.08 [95% CI 1.00–1.16], P = 0.051). 

Significant associations were not found between MTX intolerance and other covariates, 

such as age, co-medication, JIA subtype, physician’s global assessment of disease activity, 

disease duration, and duration of MTX use.

DISCUSSION

We designed and validated the MISS questionnaire. Using this tool we determined that 

the prevalence of MTX intolerance reached 50.5% in JIA patients.

To date, the only instrument used to determine gastrointestinal symptoms in JIA 

patients is the Gastrointestinal Symptom Scale for Kids (GISSK).14 The GISSK assesses 

the presence and the severity of gastrointestinal symptoms, such as heartburn, bloating, 

nausea, vomiting, stomach ache, stool consistency, and loss of appetite. In contrast to 

the GISSK, which screens for gastrointestinal side effects in JIA patients in general and 

irrespective of treatment, the MISS questionnaire assesses gastrointestinal adverse effects 

related to MTX use specifically. Furthermore, unlike the GISSK, the MISS questionnaire 

considers the occurrence of MTX-related anticipatory and associative gastrointestinal 

adverse effects and behavioral symptoms. The MISS questionnaire is therefore a more 

appropriate tool to determine the frequency of such symptoms related to MTX intake.

We found a notably high prevalence of MTX intolerance. Several studies have 

demonstrated that gastrointestinal adverse effects occur frequently in JIA patients 

receiving MTX.5;14;15 Three previous studies determined the prevalence of MTX-related 

gastrointestinal adverse effects, which ranged from 10% to 21% depending on the type 

of gastrointestinal symptoms.3;16;17 The substantially higher prevalence of MTX intolerance 

in our study compared to the aforementioned findings could have several explanations. We 

used a specific definition to determine the prevalence of MTX intolerance, which included 

gastrointestinal symptoms before and after MTX intake as well as behavioral symptoms. 

Previously, these frequently occurring symptoms were not taken into account, which 

could have resulted in the higher prevalence of MTX intolerance in our study. Moreover, 
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we determined the prevalence of MTX intolerance with a structured questionnaire. This 

could have led the patients and their parents to consider the occurrence of MTX-related 

symptoms more thoroughly, leading to a higher prevalence.

The prevalence of MTX intolerance was 23% higher in patients receiving parenteral 

MTX than in patients receiving oral MTX. The higher prevalence of MTX intolerance in 

patients receiving parenteral MTX originates from a higher prevalence of behavioral 

symptoms as well as anticipatory and associative abdominal pain, nausea, and vomiting in 

these patients, although the differences in the prevalence of these gastrointestinal effects 

were not great. In addition to the aversion to MTX, fear of needles likely contributed 

to a higher prevalence of these adverse effects and in turn to a higher prevalence of 

MTX intolerance in patients receiving parenteral MTX.18 However, the prevalence of these 

adverse effects in the absence of needles, namely in patients receiving oral MTX, is also 

very high. This shows that aversion to MTX plays an important role in the induction of 

anticipatory and associative gastrointestinal adverse effects and behavioral problems for 

both routes of administration.

The frequent occurrence of the above-mentioned symptoms before MTX intake 

supports the notion that classic conditioning mechanisms play an important role in 

the development of MTX intolerance. In classic conditioning terms, an unconditioned 

stimulus (i.e., MTX) produces an unconditioned response, such as abdominal pain, nausea, 

or vomiting, once MTX is administered. At that moment, many potential conditioned 

stimuli are present. The most commonly reported conditioned stimuli at our outpatient 

clinic are the yellow color of the pill or injection fluid, and the liquid with which MTX is 

administered, such as orange juice or water. After a number of weeks of taking MTX, 

the conditioned stimuli mentioned above lead to the conditioned response of anticipatory 

and associative adverse effects. It is thought that these pretreatment adverse effects 

occur as a result of stimulation of the higher centers of the central nervous system if 

a patient experiences the conditioned stimuli.19 Therefore, cognitive-behavioral therapy 

may be beneficial in treating JIA patients with MTX intolerance.6

Anticipatory and associative adverse effects are clinically not very evident. 

Consequently, these symptoms cannot easily be detected by physician assessment only, 

but can be detected with the MISS questionnaire. Therefore, using the MISS questionnaire 

is advantageous, since it allows early detection of MTX intolerance symptoms, which 

could create a window of opportunity for the treatment of MTX intolerance before 

the conditioned response becomes so severe that it negatively affects the patient’s quality 

of life or leads to early cessation of an otherwise effective MTX treatment.

Interestingly, post-treatment gastrointestinal adverse effects were equally prevalent 

in patients receiving oral MTX and those receiving parenteral MTX. This suggests that 

MTX, regardless of the route of administration, uses the same mechanism to induce post-

treatment gastrointestinal symptoms. Nausea and vomiting after treatment with cytostatic 

agents occur as a consequence of stimulation of the chemoreceptor trigger zone, which 
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in turn stimulates the vomiting center in the medulla.20 It is, however, unknown whether 

low-dose MTX treatment in JIA can stimulate the chemoreceptor trigger zone, thereby 

causing nausea and vomiting in these patients.

The findings of the present study do not indicate which clinical variables (i.e., MTX 

dose, age) are associated with the development of MTX intolerance and how many 

patients discontinue MTX due to intolerance. Large prospective trials following up JIA 

patients from the start of MTX treatment are needed to answer such questions. We are 

presently gathering a large prospective JIA cohort in order to address such issues.

To our knowledge, this is the first study to demonstrate a high prevalence of MTX 

intolerance in JIA patients, using a newly designed MISS questionnaire. Since the extent of 

MTX intolerance in JIA patients often remains unrecognized in clinical practice, we suggest 

that clinicians use the MISS questionnaire in their assessment of the frequency, severity, 

and type of MTX intolerance symptoms. We showed that anticipatory and associative 

gastrointestinal adverse effects as well as behavioral symptoms occurred frequently, 

strongly suggesting that classic conditioning plays a central role in the development of 

MTX intolerance. Therefore, we are currently performing a randomized controlled trial to 

compare the effect of cognitive-behavioral therapy on MTX intolerance with the effect of 

a switch to parenteral MTX or a continuation of oral MTX with a concomitant antiemetic.
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SUPPLEMENTARY MATERIAL

Supplementary table 1. Methotrexate intolerance severity score – MISS.

NO complaints
COMPLAINTS

(score 1-3 points)

Mild Moderate Severe

0 1 2 3

STOMACHACHE
 ∙ My child has a stomachache after taking MTX □ □ □ □
 ∙ My child has a stomachache several hours to 

one day before taking MTX
□ □ □ □

 ∙ My child has a stomachache when  
thinking of MTX

□ □ □ □

NAUSEA
 ∙ My child is nauseous after taking MTX □ □ □ □
 ∙ My child is nauseous several hours to one day 

before taking MTX
□ □ □ □

 ∙ My child is nauseous when thinking of MTX □ □ □ □

VOMITING
 ∙ My child vomits after taking MTX □ □ □ □
 ∙ My child vomits hours to one day before 

taking MTX
□ □ □ □

BEHAVIORAL COMPLAINTS
 ∙ My child is restless when taking MTX □ □ □ □
 ∙ My child cries when taking MTX □ □ □ □
 ∙ My child is irritable when taking MTX □ □ □ □
 ∙ My child refuses to take MTX □ □ □ □
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ABSTRACT

Objective
Methotrexate (MTX) is the cornerstone disease-modifying anti-rheumatic drug (DMARD) 

in juvenile idiopathic arthritis (JIA). In Dutch patients, MTX intolerance occurred 

frequently and was associated with subcutaneous (SC) administration. The aim of this 

study was to assess the prevalence of MTX intolerance and its association with the route 

of administration in a German cohort of JIA patients.

Methods
A cross-sectional study of JIA patients on MTX was performed. Primary outcome was MTX 

intolerance, which was determined using the validated Methotrexate Intolerance Severity 

Score (MISS) questionnaire. The prevalence of gastrointestinal adverse effects and MTX 

intolerance was compared between patients on MTX SC and PO.

Results
Of 179 JIA patients on MTX, 73 (40.8%) were intolerant. The odds of MTX intolerance 

were higher in patients using MTX exclusively SC compared to exclusively PO (adjusted 

odds ratio 3.37 [95% confidence interval 1.19-10.0]). There was strong evidence that 

the former experienced more behavioural complaints (76.1% versus 47.4%, P = 0.001) 

and weak evidence that they experienced more abdominal pain after MTX intake (43.5% 

versus 27.4%, P = 0.056).

Conclusion
The prevalence of MTX intolerance was high and exclusively SC administration of MTX 

was associated with MTX intolerance and behavioural adverse effects. The prevalence of 

gastrointestinal adverse effects was at least as high as in patients on MTX PO. The frequently 

held assumption that SC causes fewer side effects than PO seems unwarranted. Definite 

answers about the differences between SC and PO administration with respect to safety 

and efficacy should be obtained by randomised trials.
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INTRODUCTION

Juvenile idiopathic arthritis (JIA) is the most common chronic rheumatic disease in 

childhood with a prevalence between 16 and 150 per 100,000.1 It is defined as chronic 

joint inflammation of unknown aetiology, lasting at least 6 weeks, with the onset before 

16 years of age. In JIA, methotrexate (MTX) is the most frequently used disease-modifying 

anti-rheumatic drug (DMARD)2;3 because it is beneficial in around 70% of the patients,2;4 

safe and relatively inexpensive.5;6 It is usually administered orally (PO) or subcutaneously 

(SC) in a dose of 10-20 mg/m2/week.2;7 MTX can give rise to adverse effects including 

gastrointestinal complaints, such as abdominal pain, nausea and vomiting.3;8-12 It is 

thought that these originate from intestinal serotonin release or by stimulation of 

the chemoreceptor trigger zone (CTZ). This zone is located in the medulla oblongata and 

communicates with the area postrema (the vomiting centre) in the medulla. However, 

the exact mechanism remains unknown.13;14  

These gastrointestinal complaints after MTX intake in turn can lead to complaints 

occurring prior to MTX intake (anticipatory complaints) or when thinking of MTX 

(associative complaints), via what is thought to be a classical conditioning response.3;10;11;15 

These symptoms, occurring not only after but also before MTX intake, are termed MTX 

intolerance. It has been observed in about 50% of the JIA patients on MTX.15 MTX 

intolerance influences the quality of life of JIA patients negatively.16 Moreover, up to 

three-quarters of MTX intolerant patients are reluctant to take MTX, potentially leading 

to non-compliance, inefficacy and switch to costly biologicals.11;15;17 

Previously it has been assumed that MTX SC causes fewer adverse effects.8;10;18 

Furthermore, because MTX SC has a higher drug bioavailability and a greater 

absorption,18-21 it has been supposed that it is more efficacious, compared to MTX PO.10;21 

However, both assumptions have been challenged recently. Firstly, in a Dutch cohort, 

the prevalence of MTX intolerance in patients receiving MTX SC exceeded the prevalence 

in patients on MTX PO significantly (67.5% vs. 44.5%, P = 0.001).15 Secondly, in a German 

observational cohort, no differences between MTX PO and SC were found in terms of 

efficacy or toxicity. Furthermore, MTX SC was significantly more frequently discontinued 

because of adverse effects.22 MTX SC may therefore not be superior to MTX PO regarding 

adverse effects and efficacy. These findings are clinically relevant, since they may guide 

physicians in their choice of the route of administration of MTX and may spare JIA patients 

unnecessary injections.

To date, the prevalence of MTX intolerance and its related factors have only been 

assessed in Dutch patients. Furthermore, the finding that MTX intolerance was more 

frequent in patients taking MTX SC was quite unexpected. Consequently, the question of 

what route of administration to choose when starting MTX in daily clinical practice has 

not yet been settled unequivocally. The aim of this study was to determine the prevalence 

of MTX intolerance in a cohort of German JIA patients and to determine whether this 
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prevalence was associated with the route of administration of MTX, to aid physicians in 

the choice of route of administration. 

PATIENTS AND METHODS

Study design and population
We performed a cross-sectional multicentre study in five hospitals in Germany that have 

paediatric rheumatology departments (Garmisch-Partenkirchen, Sendenhorst, Tübingen, 

Sankt Augustin and Münster). Centres were gradually added, as the number of participants 

remained low. In one centre (Sankt Augustin), patients of one paediatric rheumatologist 

were enrolled (GH). The case mix of patients among rheumatologists in this centre was 

comparable. The study was approved by the local medical ethics committees, and it was 

performed according to good clinical practice regulations and the declaration of Helsinki. 

Written informed consent was obtained from all the patients and/or their parents.

All patients with a confirmed JIA diagnosis according to ILAR criteria,23 aged between 

2 and 18 years and using MTX for at least three months, either orally or subcutaneously, 

were eligible. The cohort contained 190 patients, who were included between August 

2009 and April 2013. 

MTX intolerance
To determine whether the patients experienced intolerance, they completed the validated 

Methotrexate Intolerance Severity Score (MISS) questionnaire, either at the outpatient 

clinic, or at home (Sendenhorst).15 The MISS consists of 12 questions distributed over four 

domains, being abdominal pain, nausea, vomiting and behavioural symptoms. The first 

three domains each assess experiencing symptoms after intake of MTX, anticipatory 

(before intake) and/or associative (when thinking of MTX) complaints. The behavioural 

domain assesses crying, irritability, restlessness and refusal to take MTX. The items can 

be assigned 0 (no symptoms), 1 (mild), 2 (moderate) or 3 (severe) points. The MISS was 

calculated as the sum of the questionnaire, while blank questions were assigned 0 points. 

The score could range from 0 to 36. A patient was considered intolerant if she had 

a score above the validated cut point of 6 points in concert with at least one associative, 

anticipatory or behavioural symptom.15

Data collection
Patient characteristics were collected from the medical records at the time of completion 

of the questionnaire (Table 1). For five patients, the dose of MTX in mg/wk was converted 

to mg/m2/wk using the mean body surface area for their age and gender. The juvenile 
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Table 1. Baseline characteristics by MTX intolerance

Characteristics
Tolerant
N=106 (59.2)

Intolerant
N=73 (40.8) P value*

Sex, female 69 (65.1) 49 (67.1) 0.78
Age (years), mean ± SD 10.3 ± 4.8 11.0 ± 4.1 0.30†

JIA subtype
Oligoarticular, persistent 24 (22.6) 20 (27.4) 0.47
Oligoarticular, extended 14 (13.2) 18 (24.7) 0.049
Polyarticular 41 (38.7) 19 (26.0) 0.08
Systemic 3 (2.8) 2 (2.7) 0.99#

Enthesitis-related 12 (11.3) 5 (6.8) 0.44#

Psoriatic arthritis 8 (7.5) 5 (6.8) 0.99#

Undifferentiated 4 (3.8) 4 (5.5) 0.72#

Disease characteristics
ANA positive 65 (61.9) 42 (61.8) 0.95
RF positive 7 (8.4) 2 (3.4) 0.31#

HLA-B27 positive 17 (17.5) 9 (15.0) 0.83#

Disease duration (years), mean ± SD 3.2 ± 3.3 5.2 ± 4.1 <0.001†

AJC, median (IQR) 0.0 (0.0-1.0) 0.0 (0.0-2.0) 0.078
JLM, median (IQR) 1.0 (0.0-2.0) 1.5 (0.0-3.0) 0.034
ESR (mm/h), median (IQR) 8.0 (4.0-14.0) 6.0 (4.0-12.0) 0.22
PGA, median (IQR) 1.0 (0.0-3.0) 2.0 (1.0-3.0) 0.32
Parent/patient global assessment, median (IQR) 2.0 (0.0-3.0) 2.0 (0.0-3.0) 0.79
JADAS-10, median (IQR) 4.0 (2.0-9.0) 4.0 (1.6-7.5) 0.91

MTX use
Route of administration, exclusively PO 67 (63.2) 28 (38.4) 0.001
Route of administration, exclusively SC 26 (24.5) 20 (27.4) 0.67
Duration use (months), median (IQR) 14.5 (6.0-23.0) 21.0 (10.0-31.0) 0.006
Dose (mg/m2/wk), median (IQR) 12.0 (10.0-14.0) 11.4 (9.8-13.2) 0.30

Additional medication
Steroids 15 (21.7) 4 (10.3) 0.19#

NSAIDs 33 (47.8) 18 (46.2) 0.87
Folic acid 39 (56.5) 21 (53.8) 0.79
Other DMARDs 14 (20.3) 12 (30.8) 0.22

MTX intolerance: MISS, median (IQR) 1.0 (0.0-3.0) 11.0 (8.0-16.0) <0.001

Abbreviations: AJC, active joint count; ANA, antinuclear antibodies; DMARDs, disease-modifying anti-
rheumatic drugs; ESR, erythrocyte sedimentation rate; HLA-B27, human leukocyte antigen type B27; IQR, 
interquartile range; JADAS, juvenile arthritis disease activity score; JIA, juvenile idiopathic arthritis; JLM, joints 
limited in movement; MISS, Methotrexate Intolerance Severity Score; MTX, methotrexate; NSAIDs, non-steroidal 
anti-inflammatory drugs; PGA, physician global assessment; PO, oral administration; RF, rheumatoid factor; SC, 
subcutaneous administration; SD, standard deviation.
Values are the number (%) of patients of non-missing data, except where indicated otherwise. ANA status was 
determined in 174 patients, RF in 141, HLA-B27 in 157, AJC in 174, JLM in 161, ESR in 147, PGA in 122, Parent/
patient global assessment in 89, JADAS-10 in 87 and additional medication in 108 patients. 
* Continuous variables were tested with the Mann-Whitney U test and categorical variables with Pearson’s chi-
square test, except where indicated otherwise.
# Fisher’s exact test.
† Student’s t test.
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arthritis disease activity score (JADAS)-10 was calculated from the number of active joints, 

PGA, ESR and the parent/patient assessment of wellbeing.24

Statistical analysis
To determine factors associated with intolerance, the patient characteristics were tested 

in a univariate analysis for differences between intolerant and tolerant patients. Route of 

administration was categorised as exclusively PO, exclusively SC, switch from PO to SC and 

switch from SC to PO, and differences of patient characteristics between the exclusively 

PO and exclusively SC groups were tested. Differences between the two groups who 

switched route of administration and the other two groups were not tested, since 

the reason and date of switch were not known. The crude odds ratio (OR) of the effect 

of route of administration on MTX intolerance was calculated using logistic regression. 

Other patient characteristics, such as age, gender, dosage and duration of MTX use and 

concomitant medication (especially NSAIDs), were subsequently added one by one and 

the change in OR was observed to detect potential confounding of the effect.

Finally, the prevalence of MTX adverse effects, according to the responses on the MISS 

questionnaire, was evaluated for differences between the tolerant and intolerant patients 

and between the exclusively PO and exclusively SC patients. We used the chi-square 

(χ2), Mann-Whitney U (M-W U) or Kruskal-Wallis (KW) tests for non-normally distributed 

variables and the independent sample t-test for normally distributed variables. Statistical 

analyses were performed with SPSS, version 20 (SPSS Inc., Chicago, USA) and R statistics 

version 2.15.0 (R Foundation for Statistical Computing, Vienna, Austria).

RESULTS

In all centres combined, 216 patients were eligible, of who 26 refused participation. 

Of 190 enrolled patients, four patients were excluded because they were older than 

18 years, six because the route of administration was unknown and one because 

the MISS questionnaire was missing, leaving 179 patients for analysis. Table 1 shows 

the baseline characteristics, subdivided by MTX intolerance, at the time of completing 

the MISS questionnaire. MTX intolerance (score ≥6 and at least one anticipatory, 

associative or behavioural symptom) was present in 73 (40.8%) patients. The mean age 

was 10.6 years and the majority was female (65.9%). Of all patients, 26 used additional 

DMARDs, next to MTX (etanercept: n=11; sulfasalazine: n=10; adalimumab: n=3;  

hydroxychloroquine: n=2).



M
TX

 IN
TO

LERA
N

C
E IN

 A
 G

ERM
A

N
 C

O
H

O
RT

213

9

Differences between tolerant and intolerant patients in univariate analysis
There was strong evidence that intolerant patients had a longer disease duration, a longer 

history of MTX treatment and that they took MTX exclusively PO less frequently (P ≤0.001, 

Table 1). There was some evidence the prevalence of the extended oligoarticular subtype 

was higher in the intolerant group, whereas the prevalence of the polyarticular subtype 

was lower (P value around 0.05, Table 1). Furthermore, there was some evidence that 

intolerant patients had a higher number of active and limited joints. For all other variables 

tested, there was no evidence of differences between the two groups (Table 1). Folic 

acid was administered in 56.5% of the tolerant patients and 53.8% of the intolerant 

patients (P = 0.79). As expected, the median MISS score was higher in the intolerant 

group (median of 11.0 versus 1.0 points, P <0.001).

Differences between patients with different routes of administration in 
univariate analysis
The oral group was older than the subcutaneous group (mean age 11.6 vs. 9 years,  

P = 0.003, Table 2). Persistent oligoarticular JIA was more common in the subcutaneous 

group (39.1% vs. 17.9%, P = 0.006), whereas polyarticular arthritis was more common 

in the oral group (40.0% vs. 21.7%, P = 0.03). Psoriatic JIA had a prevalence of 10.5% in 

the oral group and was absent in the subcutaneous group. The median MISS scores per 

group were the following: PO: 2.0, SC: 4.5, PO > SC: 8.0 and SC > PO: 8.0. There was 

strong evidence these four groups differed (KW test: P = 0.002) and that the median MISS 

score of the exclusively SC group was higher than the median score of the exclusively 

PO group (M-W U test: P = 0.003). There was no evidence of other differences between 

the PO and SC groups (Table 2).

Effect of subcutaneous route of administration on MTX intolerance
The crude OR for MTX intolerance of taking MTX exclusively SC was 1.84 (95% CI 0.88-

3.83) showing no evidence of increased odds. However, this effect was confounded by 

age, disease duration, PGA, NSAID use and folic acid use, as indicated by a substantial 

change in the OR after adjustment for these parameters. After adjustment for age, 

disease duration and PGA the OR for MTX intolerance of MTX SC changed to 3.37 (95% 

CI 1.19-10.0, P = 0.02, Table 3). Additionally, longer disease duration was associated with 

MTX intolerance (OR 1.2 [95% CI 1.1-1.4], P < 0.001). Inclusion of NSAID and folic acid 

use in this model yielded an unstable model due to paucity of data regarding additional 

medication, showing an OR of 10.1 (95% CI 1.79-77.6, P = 0.01). Interestingly, MTX 

dosage and duration of MTX use were no confounders, since inclusion of these variables 

in the model did not change the OR of route of administration.
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Table 2. Baseline characteristics by route of administration

Characteristics
Exclusively PO  
N=95 (53.1)

Exclusively SC
N=46 (25.7) P value*

Sex, female 66 (69.5) 25 (54.3) 0.08
Age (years), mean ± SD 11.6 ± 4.4 9 ± 4.7 0.003†

JIA subtype
Oligoarticular, persistent 17 (17.9) 18 (39.1) 0.006
Oligoarticular, extended 14 (14.7) 11 (23.9) 0.18
Polyarticular 38 (40.0) 10 (21.7) 0.03
Systemic 2 (2.1) 2 (4.3) 0.60#

Enthesitis-related 12 (12.6) 3 (6.5) 0.39
Psoriatic arthritis 10 (10.5) 0 (0.0) 0.03
Undifferentiated 2 (2.1) 2 (4.3) 0.60

Disease characteristics
ANA positive 52 (57.1) 30 (66.7) 0.29
RF positive 5 (7.2) 3 (7.5) 0.99#

HLA-B27 positive 16 (19.5) 5 (12.8) 0.45#

Disease duration (years), mean ± SD 4 ± 3.9 3.6 ± 3.7 0.54†

AJC, median (IQR) 0.0 (0.0-2.0) 0.0 (0.0-0.1) 0.17
JLM, median (IQR) 1.0 (0.0-3.0) 1.0 (0.0-3.0) 0.68
ESR (mm/h), median (IQR) 8.0 (5.0-16.0) 7.0 (5.0-12.5) 0.29
PGA, median (IQR) 2.0 (1.0-3.0) 1.0 (1.0-2.0) 0.11
Parent/patient global assessment, 
median (IQR)

2.0 (0.0-3.0) 1.0 (0.0-2.0) 0.19

JADAS-10, median (IQR) 5.0 (2.0-10.0) 3.0 (1.0-5.0) 0.12
MTX use

Duration use (months), median (IQR) 13.0 (6.0-26.0) 17.0 (8.0-26.0) 0.30
Dose (mg/m2/wk), median (IQR) 11.8 (10.0-13.6) 11.6 (9.7-13.2) 0.43

Additional medication
Steroids 14 (19.7) 3 (11.5) 0.55#

NSAIDs 39 (54.9) 9 (34.6) 0.08
Folic acid 41 (57.7) 13 (50.0) 0.50
Other DMARDs 19 (26.8) 5 (19.2) 0.45

MTX intolerance: MISS, median (IQR) 2.0 (0.0-7.0) 4.5 (3.0-11.0) 0.003

Abbreviations: see table 1.
Values are the number (%) of patients of non-missing data, except where indicated otherwise. For number of 
missing values, see Table 1.
* Continuous variables were tested with the Mann-Whitney U test and categorical variables with Pearson’s chi-
square test, except where indicated otherwise.
# Fisher’s exact test.
† Student’s t test.
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Prevalence of MTX intolerance, gastrointestinal and behavioural symptoms
Table 4 contains the prevalence of gastrointestinal and behavioural symptoms, by MTX 

intolerance and route of administration. As expected, the intolerant patients showed 

a significantly higher prevalence for each item of the questionnaire.

Notably, there was strong evidence that behavioural symptoms (restlessness, crying, 

irritability and MTX refusal combined) were more frequent among children taking 

MTX SC (P = 0.001). Furthermore, there was weak evidence of a higher prevalence of 

abdominal pain after administration of MTX in the SC group (43.5% versus 27.4%,  

P = 0.056). The same held true for any symptom of the abdominal pain domain (after 

MTX, anticipatory and associatively), which was more common in the SC group (50.0% 

versus 34.7%, P = 0.082). There was no evidence of other differences between the PO 

and SC groups.

DISCUSSION

In this cross-sectional, multicentre study, 40.8% of 179 JIA patients receiving MTX 

were intolerant to the therapy. There was evidence that receiving MTX exclusively 

subcutaneously as compared to exclusively orally increased the odds of MTX intolerance 

(adjusted OR: 3.37 [95% CI 1.19-10.0]). There was strong evidence that the median 

MISS score was higher in the MTX SC group than in the MTX PO group and that patients 

taking subcutaneous MTX showed more often behavioural complaints, such as crying, 

restlessness, irritability and refusal to take MTX. Finally, there was some evidence that they 

experienced more abdominal pain after MTX administration. Taken together, the odds of 

MTX intolerance were higher in patients taking MTX SC and they experienced more 

gastrointestinal and behavioural adverse effects than patients taking MTX PO did.

Table 3. Multivariate analysis of MTX intolerance

Variable OR (95% CI) P-value

Route of administration
PO Reference
Switch PO to SC 4.9 (1.4-18.1) 0.01
Switch SC to PO 4.0 (1.1-15.0) 0.03
SC 3.4 (1.2-10.0) 0.02

Age, years 1.0 (0.9-1.1) 0.94
Disease duration, years 1.2 (1.1-1.4) <0.001
PGA 1.1 (0.9-1.4) 0.36

Abbreviations: CI, confidence interval; OR, odds ratio; PGA, physician’s global assessment; PO, oral 
administration; SC, subcutaneous administration.
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Some other factors were significantly associated with MTX intolerance (Table 1), most 

notably the duration of MTX use. When analysing these factors together with route of 

administration in multivariate analysis, these associations were not maintained (data not 

shown). Patients with persistent oligoarthritis used MTX SC more often (Table 2), probably 

because these patients tend to be younger and are therefore unable to swallow MTX PO. 

Another possible explanation is that MTX in these patients is frequently started because 

of uveitis. Treatment in these cases is performed in cooperation with the ophthalmologist, 

potentially leading to a different approach.

MTX intolerance is thought to arise as a classical conditioning response, as follows.11;15 

In MTX therapy, many potential conditioned stimuli are present, such as the yellow 

colour of the drug. Unconditioned gastrointestinal adverse effects may occur after 

the intake of MTX. Over the course of weeks, the potential conditioned stimuli can elicit 

the unconditioned stimuli due to stimulation of the central nervous system, giving rise 

Table 4. Prevalence of items on the MISS per intolerance and route of administration

Tolerant Intoleranta PO SC P-value*

Number of patients 106 73 95 46
MTX intolerancea 0 (0) 73 (100) 28 (29) 20 (43) 0.10
Abdominal pain 28 (26) 50 (68) 33 (35) 23 (50) 0.08

After MTX 23 (22) 43 (59) 26 (27) 20 (43) 0.06
Anticipatory 4 (4) 15 (21) 10 (11) 4 (9) 0.99#

Associative 3 (3) 26 (36) 9 (9) 6 (13) 0.57#

Nausea 34 (32) 69 (95) 48 (51) 30 (65) 0.10
After MTX 29 (27) 61 (84) 43 (45) 24 (52) 0.44
Anticipatory 4 (4) 31 (42) 14 (15) 8 (17) 0.81#

Associative 13 (12) 51 (70) 26 (27) 18 (39) 0.16
Vomiting 4 (4) 33 (45) 17 (18) 9 (20) 0.82#

After MTX 3 (3) 31 (42) 15 (16) 8 (17) 0.81#

Anticipatory 0 (0) 9 (12) 5 (5) 1 (2) 0.66#

Behavioural 39 (37) 71 (97) 45 (47) 35 (76) 0.001
Restlessness 21 (20) 56 (77) 30 (32) 24 (52) 0.02
Crying 12 (11) 34 (47) 16 (17) 18 (39) 0.003
Irritability 14 (13) 57 (78) 29 (31) 25 (54) 0.006
MTX refusal 9 (8) 30 (41) 9 (9) 11 (24) 0.037#

Abbreviations: MISS, methotrexate intolerance severity score; MTX, methotrexate; PO, exclusively orally 
administered MTX; SC, exclusively subcutaneous.
Values are the number (%) of patients within the groups of (in)tolerance and within the groups of different 
routes of administration. The groups who switched route of administration were left out of this table, because 
of potential biases.
a Intolerance to methotrexate was defined as a score of ≥6 on the MISS and at least one associative, anticipatory 
or behavioural symptom. 
* P-value of the null hypothesis of no differences between the PO and the SC group, using Pearson’s chi square 
test, except where indicated otherwise.
# Fisher’s exact test.
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to the so-called anticipatory and associative complaints.15;25 Why MTX intolerance would 

occur more often in the MTX SC group is unknown. It could be speculated that the higher 

prevalence of behavioural complaints in the MTX SC group may be explained by a fear of 

needles and the negative experience with injections, leading to stress and subsequently to 

crying, irritability and refusal to take the drug. In turn, these negative experiences could 

incline patients to value any gastrointestinal side effect more negatively, thus contributing 

to the high prevalence of the latter in the MTX SC group. These gastrointestinal 

side effects may also arise due to triggering of the chemoreceptor trigger zone in 

the medulla oblongata,13;14 folic acid depletion10;26 or as of yet unknown mechanisms. 

These mechanisms might be triggered more often in the case of MTX SC, because of its 

higher bioavailability.18-21 Finally, the subcutaneous route of administration was shown 

to be associated with a higher concentration of long chain MTX polyglutamates (MTX-

PGs),27 potentially contributing to the higher prevalence of adverse effects. However, 

an association between MTX-PGs and the frequency of adverse events could not be 

demonstrated in a longitudinal study in JIA28 or RA.29

Two accepted and widely used approaches to counter the side effects of MTX are 

the supplementation of folic or folinic acid 24 hours after MTX administration and 

the administration of anti-emetics.3;10;15;18;26 Some recent studies state there is lack of 

convincing evidence for these strategies.7;30  In our cohort, 55.6% of all patients used 

folic acid supplementation, which was comparable for the tolerant and intolerant group 

(P = 0.79) and for the SC and PO group (P = 0.50). We could not reliably assess the use 

of anti-emetics.

Previously, we studied a Dutch cohort, in which the prevalence of MTX intolerance 

was 50.5%. There was strong evidence of an increased frequency in SC patients (67.5% 

versus 44.5%, P = 0.001).15 Likewise, the occurrence of behavioural complaints was more 

frequent in the SC group. These results were partly confirmed by the current study. Of 

note, there were methodological differences between the two studies; the most important 

being that the Dutch paper assessed patients who switched route of administration 

together with patients who remained on the same route from the start of MTX. In 

the current study, patients who switched were excluded from the analyses, because it was 

suspected that many of these patients switched because of side effects, causing a high 

prevalence of intolerance in these groups (63.2% and 68.4%, respectively). Furthermore, 

they might have switched shortly before completing the questionnaire, making the results 

of the MISS more applicable to the route of administration before the switch. 

In a recent British study, a slightly different questionnaire than ours was used to assess 

the frequency of MTX-induced nausea and vomiting in adolescents and adults.31 Nausea 

and vomiting were reported in 73% and 43% of adolescents respectively. In this study, 

too, SC administration of MTX was associated with nausea in a multivariate analysis. In 

addition, in another German study, MTX SC was discontinued more frequently than MTX 

PO, due to adverse effects. No differences were observed between MTX SC and MTX PO 
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with respect to efficacy or toxicity.22 Finally, in RA patients MTX SC administration was 

found to be associated with a higher prevalence of MTX intolerance as well.32

In our study, we used a self-reporting method to assess the frequency of MTX 

intolerance. This could potentially lead to overestimation of the prevalence of MTX 

intolerance. In one centre (Sendenhorst), the questionnaire was sent home, potentially 

causing mainly MTX intolerant patients to complete and return it, thus overestimating 

the prevalence of MTX intolerance. However, the prevalence of MTX intolerance at 

Sendenhorst was in range with the other centres (41.5%). Next, due to missing data, 

we could not calculate the JADAS or determine the use of additional medication in 

a sufficient number of patients to include these as covariates in the multivariate analysis. 

Neither did we know the prevalence of uveitis in our sample. Patients who stopped 

MTX in the past because of intolerance were not included in the study and questions of 

the MISS who were left blank, were assigned 0 points, potentially causing the prevalence 

of MTX intolerance to have been underestimated. Finally, the aim of this study was to 

investigate the prevalence of MTX intolerance. Therefore, liver toxicity was not taken 

into account, since it is a well-known side effect of MTX, which is easily dealt with by 

suspending the drug.

In conclusion, in this cross-sectional study of a German sample of JIA patients, 

the prevalence of MTX intolerance was high. The odds of MTX intolerance were higher in 

patients taking MTX SC, they experienced more behavioural adverse effects than patients 

taking MTX PO did and at least as many gastrointestinal adverse effects as patients on 

MTX PO, thereby disconfirming the frequently held belief that SC causes fewer side 

effects,8;10;18 and confirming our previous findings.15 However, given the cross-sectional 

design of the study, results need to be interpreted with caution. Randomised controlled 

trials are necessary to obtain definite answers about the differences between SC and PO 

administration of MTX in terms of safety and efficacy.
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ABSTRACT

Background
Methotrexate (MTX) is an effective and safe drug in the treatment of juvenile idiopathic 

arthritis (JIA). Despite its safety, MTX-related gastrointestinal adverse effects before and 

after MTX administration, termed MTX intolerance, occur frequently, leading to non-

compliance and potentially premature MTX termination. The aim of this study was to 

construct a risk model to predict MTX intolerance.

Methods
In a prospective JIA cohort, clinical variables and single nucleotide polymorphisms were 

determined at MTX start. The Methotrexate Intolerance Severity Score was employed 

to measure MTX intolerance in the first year of treatment. MTX intolerance was most 

prevalent at 6 or 12 months after MTX start, which was defined as the outcome for 

the prediction model. The model was developed in 152 patients using multivariable 

logistic regression analysis and subsequently internally validated using bootstrapping.

Results
The prediction model included the following predictors: JIA category, antinuclear 

antibody, parent/patient assessment of pain, Juvenile Arthritis Disease Activity Score-27, 

thrombocytes, alanine aminotransferase and creatinine. The model classified 77.5% 

of patients correctly, and 66.7% of patients after internal validation by bootstrapping. 

The lowest predicted risk of MTX intolerance was 18.9% and the highest predicted risk 

was 85.9%. The prediction model was transformed into a risk score (range 0-17). At 

a cut-off of ≥6, sensitivity was 82.0%, specificity 56.1%, positive predictive value was 

58.7% and negative predictive value 80.4%.

Conclusions
This clinical prediction model showed moderate predictive power to detect MTX intolerance. 

To develop into a clinically usable tool, it should be validated in an independent cohort 

and updated with new predictors. Such an easy-to-use tool could then assist clinicians 

in identifying patients at risk to develop MTX intolerance, and in turn to monitor them 

closely and intervene timely in order to prevent the development of MTX intolerance.
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BACKGROUND

Juvenile idiopathic arthritis (JIA) is the most common childhood rheumatic disease.1;2 In 

JIA, methotrexate (MTX) is the cornerstone treatment, due to its efficacy and safety. 

Serious adverse effects such as hepatotoxicity and bone marrow suppression occur rarely.3 

In contrast, MTX-related gastrointestinal adverse effects, such as nausea, abdominal 

pain and vomiting, occur frequently.4-10 Folic acid supplementation is an accepted 

strategy to prevent and treat these adverse effects.11-13 Despite folic acid use, many JIA 

patients experience gastrointestinal adverse effects after MTX intake.4-10 JIA patients also 

experience anticipatory adverse effects, occurring before MTX administration (at the sight 

of MTX), and associative adverse effects, occurring when thinking of MTX administration 

(its colour or smell).4;5;14 These adverse effects are thought to be a result of classical 

conditioning to the abovementioned physical symptoms experienced after MTX intake.14 

Importantly, if physical symptoms are absent, conditioned responses cannot develop.15 

Such a combination of symptoms, which we previously termed MTX intolerance,14 is 

a significant burden for JIA patients and their parents. Notably, MTX intolerance occurs in 

up to half of JIA patients on MTX,14 and can negatively affect their quality of life.6 Moreover, 

over three-quarters of intolerant patients reluctantly used or even refused MTX,14 which, 

besides leading to non-compliance, could lead to premature discontinuation of MTX, 

and even replacement by costly biologicals.5;16;17  Such consequences could be avoided, if 

the development of MTX intolerance is prevented. 

To prevent MTX intolerance, it is crucial to predict which patients starting MTX will 

be at risk to develop it. Thus, clinicians could be able to prevent MTX intolerance in 

patients at risk by immediate treatment of emerging physical symptoms, which otherwise 

could give rise to conditioned responses. Treatment of physical symptoms could include 

lowering the MTX dose,4 or starting behavioural therapy5 or anti-emetics.18 Predicting 

MTX intolerance would enable clinicians to apply such treatment strategies only in those 

patients who are likely to develop MTX intolerance.

Single nucleotide polymorphisms (SNPs) involved in the MTX metabolic pathways, and 

clinical predictors have been associated with MTX-related gastrointestinal adverse effects 

in rheumatoid arthritis (RA)19-28 and JIA, the latter of which were reviewed recently.29 

However, to date no model has been constructed to predict MTX intolerance in JIA. 

The aim of this cohort study was to develop and internally validate such a prediction 

model, using clinical and genetic predictors. 

PATIENTS AND METHODS

Patients and study design 
An investigator-initiated observational prospective study on efficacy and adverse effects of 

MTX in patients starting MTX (ISRCTN13524271) was performed at the University Medical 
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Centre Utrecht and Erasmus University Medical Centre Rotterdam, The Netherlands, 

between January 2008 and October 2012. It was approved by the Ethics Committees 

of the participating centres and the Central Committee on Research involving Human 

Subjects, and was conducted according to good clinical practice guidelines. 

Patients aged 1-18 years, with a confirmed diagnosis of JIA according to International 

League of Associations for Rheumatology (ILAR) criteria,30 who started MTX, were 

included. Those who had stopped MTX for at least three months, but re-started MTX 

due to a relapse, were also included. At the time of MTX start, their clinical data  

(Table 1) were documented in case report forms and blood for the analysis of SNPs  

was drawn. 

All patients completed the previously developed and validated MTX Intolerance Severity 

Score (MISS) at 3, 6 and 12 months after MTX start.14 This questionnaire consists of 12 

questions, assessing abdominal pain, nausea and vomiting after or before (anticipatory) 

MTX intake and when thinking of MTX (associative). Furthermore, it assesses behavioural 

complaints associated with MTX intake, such as crying, restlessness, irritability and 

refusal to take the drug. The score ranges from 0 to 36 and those with a score of ≥6, 

including at least one anticipatory, associative or behavioural symptom, were defined as  

MTX intolerant.14

Development of MTX intolerance over time and patient selection
To define the outcome for the prediction model, the development of MTX intolerance at 

3, 6 and 12 months after MTX start was assessed. For this analysis, of 175 patients starting 

MTX treatment, 8 patients were excluded due to a diagnosis other than JIA (n=4: Lyme 

disease, colitis, sarcoidosis, 22q11 deletion syndrome) and use of biologicals at MTX start 

(n=3: anakinra; n=1: etanercept), resulting in 167 eligible patients (Figure 1). Additionally, 

25 patients who completed only one MISS during follow-up were excluded, as their 

development of MTX intolerance could not be determined. Therefore, the development of 

MTX intolerance was assessed in 142 patients (Figure 1). In the first year after MTX start, 

59 (41.5%) patients were intolerant (score ≥6 with at least one anticipatory, associative 

or behavioural complaint) (Table 2). At 3 months, 22 (15.7%) patients were intolerant. 

However, intolerance resolved in the majority of these (13 [59.1%]) at 6 months. At 6 

months, the number of intolerant patients increased to 33 (24.1%), of whom 24 (72.7%) 

were newly intolerant. At 12 months, 14 (42.4%) of those intolerant at 6 months stayed 

intolerant, whereas 8 had less than 6 points on the MISS and 11 did not complete it. 

The total number of intolerant patients at 12 months was 30 (23.3%), of whom 13 

(43.3%) were newly intolerant (Table 2). 

Taken together, the majority of patients developing MTX intolerance did so at 6 or 

12 months after MTX start. Consequently, the outcome for the prediction model was 

defined as MTX intolerance at 6 or 12 months after MTX start.
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Table 1. Prevalence, univariable ORs (95%-CI) and p-values for potential predictors of MTX intolerance 
at MTX start

Variables

Cohort, n=152

Frequency
n (%)a OR (95%-CI) p-value

Demographics
Female 92 (60.5) 1.34 (0.64-2.82) 0.432
Age at disease onset >8 years 80 (52.6) 0.68 (0.34-1.36) 0.271
Age at MTX start* >12 years 72 (47.4) 0.54 (0.27-1.07) 0.073
Disease duration at MTX start >0.5 years 103 (67.8) 0.79 (0.37-1.70) 0.535

JIA category* b

Oligoarticular (persistent/extended) 62 (40.8) Reference 0.094
Polyarticular (RF negative/positive) 64 (42.1) 1.91 (0.86-4.24)
Other (systemic/psoriatic/enthesitis) 26 (17.1) 0.78 (0.27-2.31)

Disease characteristics
ANA* b,c Positive 84 (55.3) 1.98 (0.97-4.07) 0.057
RFc Positive 16 (10.5) 1.52 (0.62-3.72) 0.352
HLA-B27c Positive 11 (7.2) 0.78 (0.29-2.12) 0.510
Uveitis Present 21 (13.8) 1.44 (0.55-3.78) 0.455

Disease activity
CHAQ disability scorec ≤0.250 36 (23.7) Reference 0.395

0.250-1.875 88 (57.9) 0.61 (0.24-1.55)
>1.875 15 (9.9) 0.72 (0.18-2.80)

Parent/patient assessment  
of pain* b,c

≤3 cm 58 (38.2) Reference 0.086
3-6 cm 36 (23.7) 2.19 (0.84-5.67)
>6 cm 42 (27.6) 0.78 (0.30-2.02)

Parent/patient global 
assessmentc

>2.5 cm 90 (59.2) 0.79 (0.36-1.72) 0.494

Active joints* >2 92 (60.5) 2.00 (0.91-4.41) 0.070
Limited joints* >1 108 (71.1) 2.02 (0.92-4.46) 0.072
PGAd ≤2 cm 50 (32.9) Reference 0.496

2-5 cm 86 (56.6) 1.35 (0.53-3.47)
>5 cm 16 (10.5) 0.87 (0.21-3.60)

ESRc >15 mm/hr 74 (48.7) 1.46 (0.66-3.25) 0.341
CRPc >10 mg/L 49 (32.2) 0.83 (0.40-1.74) 0.544
JADAS-27* b,c ≤5 16 (10.5) Reference 0.048

5-15 59 (38.8) 0.40 (0.11-1.40)
>15 52 (34.2) 0.93 (0.25-3.44)

Biochemical variablesc

Haemoglobin >7.5 mmol/L 78 (51.3) 1.18 (0.60-2.32) 0.620
Leucocytes >7 ×109/L 96 (63.2) 1.21 (0.59-2.47) 0.606
Thrombocytes* b > 350 ×109/L 74 (48.7) 1.61 (0.82-3.16) 0.161
AST >17 IU/L 96 (63.2) 1.08 (0.50-2.36) 0.635
ALT* b >12 IU/L 101 (66.4) 0.41 (0.19-0.88) 0.019
Creatinine* b >50 μmol/L 56 (36.8) 0.51 (0.24-1.08) 0.069
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Table 1. (continued)

Variables

Cohort, n=152

Frequency
n (%)a OR (95%-CI) p-value

Medication
MTX dose, median (IQR) mg/m2/week 9.9 (9.0-11.2) NA
MTX route oral 148 (97.4) NA
MTX restarted 31 (20.4) 1.22 (0.48-3.11) 0.554
Folic acid 150 (98.7) NA
Anti-emetics 5 (3.3) NA
NSAID 120 (78.9) 0.93 (0.38-2.28) 0.655

Single nucleotide polymorphismsc

MTHFR rs1801133 C>T TT 15 (9.9) 0.60 (0.21-1.69) 0.322
MTHFR rs1801131 A>C CC/AC 79 (52.0) 1.65 (0.76-3.62) 0.201
MTRR rs1801394 A>G* GG/AG 117 (77.0) 0.53 (0.24-1.20) 0.123
RFC/SLC19A1 rs1051266 C>T* TT 17 (11.2) 1.77 (0.74-4.25) 0.194
ITPA rs1127354 C>A AA/CA 15 (9.9) 0.62 (0.22-1.74) 0.350
AMPD1 rs17602729 G>A AA/GA 41 (27.0) 1.46 (0.70-3.05) 0.304
ATIC rs2372536 C>G GG/CG 93 (61.2) 0.84 (0.39-1.83) 0.614
ADA22 rs73598374 C>T TT/CT 13 (8.6) NA
ADORA2A rs5751876 C>T TT 28 (18.4) 1.54 (0.65-3.64) 0.319
MDR-1/ABCB1 rs1128503 G>A* AA 32 (21.1) 1.73 (0.75-3.98) 0.190
MDR-1/ABCB1 rs1045642 G>A AA 44 (28.9) 1.40 (0.65-3.01) 0.376
MDR-1/ABCB1 rs2032582 C>A/T AA/TT 24 (15.8) 1.51 (0.63-3.64) 0.344
MRP-1/ABCC1 rs35592 T>C CC/TC 52 (34.2) 0.79 (0.39-1.57) 0.494
MRP-1/ABCC1 rs3784862 A>G GG/AG 73 (48.0) 0.97 (0.50-1.91) 0.824
MRP-2/ABCC2 rs4148396 C>T TT 18 (11.8) 1.57 (0.60-4.08) 0.349
MRP-2/ABCC2 rs717620 C>T TT/CT 44 (28.9) 0.82 (0.37-1.82) 0.626
MRP-3/ABCC3 rs4793665 T>C CC/TC 92 (60.5) 0.73 (0.36-1.49) 0.381
MRP-3/ABCC3 rs3785911 A>C* CC/AC 78 (51.3) 1.67 (0.84-3.32) 0.136
MRP-4/ABCC4 rs868853 T>C CC/TC 22 (14.5) 0.88 (0.35-2.18) 0.734
MRP-4/ABCC4 rs2274407 C>A AA/CA 20 (13.2) 1.33 (0.48-3.73) 0.514
MRP-5/ABCC5 rs2139560 G>A AA/GA 92 (60.5) 1.31 (0.64-2.68) 0.450
BCRP/ABCG2 rs13120400 T>C CC/TC 63 (41.4) 0.77 (0.38-1.59) 0.470
BCRP/ABCG2 rs2231142 G>T TT/GT 30 (19.7) 0.96 (0.42-2.20) 0.744
FPGS rs4451422 A>C CC/AC 102 (67.1) 1.37 (0.63-2.94) 0.417
GGH rs10106587 A>C CC/AC 73 (48.0) 1.20 (0.59-2.46) 0.508
GGH rs3758149 G>A AA/GA 77 (50.7) 1.20 (0.57-2.55) 0.602
PCFT/SLC46A1 rs2239907 C>T TT/CT 104 (68.4) 1.49 (0.69-3.23) 0.306

Abbreviations: ALT, alanine aminotransferase; ANA, antinuclear antibody; AST, asparagine aminotransferase; 
CHAQ, childhood health assessment questionnaire; CI, confidence interval; CRP, C-reactive protein; ESR, 
erythrocyte sedimentation rate; HLA, human leucocyte antigen; IQR, interquartile range; IU, international units; 
JADAS, juvenile arthritis disease activity score; JIA, juvenile idiopathic arthritis; MICE, multivariate imputation 
by chained equations; MTX, methotrexate; NSAID, non-steroidal anti-inflammatory drug; OR, odds ratio; PGA, 
physician global assessment; RF, rheumatoid factor.
*Variables associated with the outcome at p<0.20 in the univariable logistic regression analysis. Variables with 
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For the construction of the prediction model, patients with a completed MISS at 6 

or 12 months were re-selected from the eligible cohort of 167 patients, resulting in 152 

included patients (Figure 1). 

Potential clinical and genetic predictors
Potential clinical predictors (demographics, JIA category, disease characteristics, disease 

activity and biochemical measurements) were identified at baseline (Table 1). Potential 

genetic predictors were SNPs involved in the MTX metabolic pathways, with a high 

polymorphic allele frequency and documented functional effects.31 SNPs were determined 

Table 1. (continued)

observed frequencies of <5 in the cross-tabulation with the outcome were excluded from the univariable logistic 
analysis: MTX route, use of folic acid, use of anti-emetics and ADA22 rs73598374.
a Frequencies are based on observed data, not imputed data.
b JIA category, ANA, parent/patient assessment of pain, JADAS-27, thrombocytes, ALT and creatinine were 
included in the multivariable logistic regression analysis.
c MICE was used to impute missing values in the following variables (percentage of missing values): HLA-B27 
(60.5), RF (19.1), JADAS-27 (16.4), CRP (15.8), parent/patient global assessment (11.8), RFC/SLC19A1 rs1051266 
(11.8), creatinine (11.2), parent/patient assessment of pain (10.5), CHAQ disability score (8.6), MDR-1/ABCB1 
rs2032582 (8.6), ALT (7.9), AST (7.2), ESR (5.3), GGH rs3758149 (4.6), MRP-2/ABCC2 rs717620 (3.9), MRP-4/
ABCC4 rs868853 (3.9), MRP-5/ABCC5 rs2139560 (3.9), GGH rs10106587 (3.9), MTHFR rs1801131 (3.3), 
ATIC rs2372536 (3.3), ADORA2A rs5751876 (3.3), MRP-1/ABCC1 rs3784862 (3.3), MRP-2/ABCC2 rs4148396 
(3.3), MRP-3/ABCC3 rs4793665 (3.3), BCRP/ABCG2 rs13120400 (3.3), PCFT/SLC46A1 rs2239907 (3.3), MTHFR 
rs1801133 (2.6), MTRR rs1801394 (2.6), ITPA rs1127354 (2.6), AMPD1 rs17602729 (2.6), ADA22 rs73598374 
(2.6), MDR-1/ABCB1 rs1128503 and rs1045642 (2.6), MRP-1/ABCC1 rs35592 (2.6), MRP-3/ABCC3 rs3785911 
(2.6), MRP-4/ABCC4 rs2274407 (2.6), BCRP/ABCG2 rs2231142 (2.6), FPGS rs4451422 (2.6), thrombocytes (2.0), 
ANA (2.0), hemoglobin (1.3), leucocytes (1.3).
d PGA was determined retrospectively by an experienced physician (SJV) in 20 visits (13.2%).

 

All patients 
n=175

n=167 

Development of MTX 
intolerance 

n=142

Prediction model cohort 
n=152 

Exclusion 
<2 MISS completed: n=25 

Exclusion 
Use of biologicals: n=4 
Other diagnosis: n=4 

Exclusion 
MISS absent at 6 and 12 
months: n=15 

Figure 1. Flowchart. Abbreviations: MISS, Methotrexate Intolerance Severity Score;  
MTX, methotrexate.
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in the following genes: methylenetetrahydrofolate reductase (MTHFR), reduced folate 

carrier (RFC), methionine synthase reductase (MTRR), inosine triphosphatase (ITPA), 

adenosine monophosphate deaminase (AMPD), aminoimidazole-4-carboxamide 

ribonucleotide transformylase (ATIC), adenosine-deaminase (ADA), adenosine A2A 

receptor (ADORA2A), multidrug resistance (MDR) 1, multidrug resistance protein (MRP) 

1-5, breast cancer resistance protein (BCRP), folylpolyglutamate synthase (FPGS), gamma 

glutamyl hydrolase (GGH) and proton-coupled folate transporter (PCFT) (Table 1). 

Statistical analysis
Prediction model construction
The prediction model was constructed in several steps. First, missing values were imputed 

using multivariate imputation by chained equations (MICE).32 This was done to ensure 

that all collected data could be used for the development of the model. Second, to 

facilitate implementation of the model in daily clinical practice, continuous variables 

were dichotomised or categorised, according to patterns in the data or the risk gradients 

across percentiles, and the cut-off points with the lowest p-value on the log-likelihood 

ratio test (i.e. those yielding the optimal association) were chosen.33 Third, all variables 

were entered in a univariable logistic regression analysis. The results are presented as 

regression coefficients (β) and odds ratios (OR) with 95% confidence intervals (95% 

CI). The regression coefficients are an indication of the direction and the magnitude 

of the effect of the individual predictors, whereas the ORs with 95% CI indicate 

the significance of the association. 

Variables with a p-value <0.20 on the log-likelihood ratio test in the univariable analysis 

were eligible for inclusion in the multivariable logistic regression analysis. The maximum 

number of included variables equalled the square root of the number of cases (MTX 

intolerant patients) in the cohort. If more variables were eligible than the allowed 

maximum, or if variables correlated (Spearman’s |rho| >0.40), those with the lowest 

p-value on the log-likelihood ratio test were included in the multivariable analysis. In 

Table 2. MTX intolerance development 

Time point N Intolerance, n(%)a

3 months 140b 22 (15.7)
6 months 137b 33 (24.1)
12 months 129b 30 (23.3)
First treatment year 142 59 (41.5)
6 or 12 monthsd 152c 51 (33.6)

Abbreviations: MTX, methotrexate; n, number of patients
a Frequencies are based on observed data;

 b Patients still on MTX; c Cohort for prediction model construction; d 
Outcome was imputed in 21.7% of cases
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addition, presence of effect modification by the predictors in the model was assessed. 

Effect modification is the situation in which the effect of one predictor on the outcome 

is modified by the value of another factor. For example, the effect of a predictor may 

differ between boys and girls. Statistically, this is tested by adding interaction terms 

to the model, allowing the regression coefficients to take different values for different 

categories of patients.

Predictive power of the model was assessed with the C-statistic, which reflects 

the percentage of patients classified correctly. To determine whether the model fit 

the data well, the Hosmer-Lemeshow test was employed. Multicollinearity was tested 

with variance inflation factors (VIF).

Prediction model validation and risk score computation
All prediction models need to be validated. Since no independent cohort was available, 

the model was internally validated using an established statistical technique, called 

bootstrap 34-36. In short, 200 bootstrap cohorts (of equal size as the original dataset, 

n=152) were randomly drawn, with replacement, from the cases in the original dataset. 

Next, to each bootstrap cohort, bootstrap multivariable models were fitted (200 in 

total) using exactly the same methods as described above for the original model, and 

the corresponding C-statistics (Cboot) were determined. Then, the probability of MTX 

intolerance of the patients in the original dataset was calculated using each of these 

multivariable models, resulting in another set of C-statistics (Cboot-original) reflecting 

the percentage of patients predicted correctly according to each of these models. 

The difference between Cboot-original values and Cboot values is an estimate of the so-called 

optimism value (i.e. how much the original model fitted to the original dataset was 

optimistic compared to the “real” performance of the model in the population). Therefore, 

in order to obtain the final adjusted C-statistic, indicating the “real” performance of 

the model in the population,36 two additional steps need to be performed: a) Subtraction 

of Cboot-original values from Cboot values and averaging them in order to obtain the optimism 

value; b) Subtraction of this optimism value from Coriginal (the C-statistic of the original 

model, developed in the original dataset), thus obtaining the final adjusted C-statistic. 

Furthermore, to correct for overfitting, the regression coefficients were reduced with 

a shrinkage factor, calculated from the bootstrap re-sampling. 

All the above-mentioned procedures were performed twice. Firstly, only the routinely 

available clinical variables were considered as potential predictors. Secondly, SNPs were 

also considered as potential predictors in order to determine whether they contributed to 

the prediction of MTX intolerance.

To compute a risk score of becoming MTX intolerant, the shrunken regression 

coefficients were multiplied and rounded off to obtain simple scores that sum up to 

a total risk score. Sensitivity, specificity, positive predictive value (PPV), negative predictive 

value (NPV) and accuracy of various cut-off points were calculated. 
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Statistical analyses were carried out with R statistics version 2.15.0 (R Foundation for 

Statistical Computing, Vienna, Austria), using the packages Hmisc (by Frank E Harrell Jr 

with contributions from many other users, version 3.9-3, 2012) and mice.32

RESULTS

Baseline characteristics of the prediction model cohort
The prediction model was constructed in 152 patients. According to the outcome as 

defined above, 51 (33.6%) patients were MTX intolerant (Table 2). Intolerant and tolerant 

patients did not differ regarding the proportion of MTX re-starters, MTX dose, route of 

administration, concomitant medication use or disease activity (Juvenile Arthritis Disease 

Activity score [JADAS-27]) at 6 and 12 months after MTX start (data not shown). 

Nineteen (12.5%) patients discontinued MTX treatment during the follow-up, because 

of MTX intolerance (n=8), disease remission (n=3), insufficient effect (n=2), MTX toxicity 

(increased liver enzymes: n=1) or other reasons (n=5). Patients also switched the route 

of administration due to gastrointestinal complaints (either from oral to subcutaneous 

or vice versa): 8 patients after 3 months, 6 patients after 6 months and 1 patient after  

12 months. 

Baseline characteristics are depicted in Table 1. Thirty-one patients (20.4%) had re-

started MTX treatment due to a relapse after at least three months discontinuation. 

The majority of patients had either oligoarticular or polyarticular JIA (82.9%), with high 

disease activity (median JADAS-27 of 12.7 [interquartile range 7.6-18.2]). Median MTX 

dose was 9.9 mg/m2/week, administered mostly as oral MTX (97.4%) with concomitant 

use of folic acid (98.7%). 

Clinical prediction model
First, a model was constructed, containing clinical variables only, excluding the SNPs. 

Ten clinical variables were associated in the univariable analysis with MTX intolerance 

(p<0.20; Table 1).  The maximum number of variables allowed in the multivariable 

analysis was seven. Those with the lowest p-value were selected for the clinical prediction 

model, namely JIA category, JADAS-27, parent/patient assessment of pain, antinuclear 

antibody (ANA), alanine aminotransferase (ALT), thrombocytes and creatinine, and an 

interaction term between creatinine and JIA category was added. The C-statistic of 

the clinical prediction model was 77.5% (Table 3). The model fit the data well, as shown by 

a non-significant Hosmer-Lemeshow test (p=0.705). There was no multicollinearity (data  

not shown).
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Clinical-genetic prediction model
Next, SNPs were considered as potential predictors in order to determine their 

contribution to MTX intolerance prediction. Four SNPs in the MTRR, RFC, MDR-1 and 

MRP-3 genes had univariable p-values of <0.20, however these p-values (range: 0.123-

0.194) were generally higher than those of the clinical model variables (range: 0.048-

0.161) (Table 1). Hence, since seven variables with the smallest p-values were selected 

for multivariable analysis, only the MTRR rs1801394 SNP, next to six clinical variables 

(those from the abovementioned clinical model, excluding thrombocytes), were included 

in the model. The model’s C-statistic was 77.7%. 

Table 3. Prediction model and scores for MTX intolerance

Predictors OR (95%-CI) p-value βa Scoreb

JIA category
Oligoarticular (persistent/extended) Reference 0
Polyarticular (RF negative/positive) 4.99 (1.36-18.34) 0.016 0.914 5
Other (systemic/psoriatic/enthesitis) 0.93 (0.16-5.49) 0.935 -0.042 0

ANA Positive 1.98 (0.83-4.68) 0.122 0.387 2
Parent/patient assessment of 
pain

≤3 cm Reference 0
3-6 cm 2.06 (0.72-5.89) 0.175 0.412 2
>6 cm 0.60 (0.17-2.07) 0.421 -0.288 -1

JADAS-27 ≤5 Reference 0
5-15 0.35 (0.08-1.56) 0.168 -0.599 -3
>15 0.77 (0.14-4.32) 0.766 -0.150 -1

Thrombocytes >350 ×109/L 1.27 (0.49-3.27) 0.621 0.136 1
ALT >12 IU/L 0.39 (0.16-0.96) 0.040 -0.534 -3
Creatinine >50 μmol/L 1.37 (0.33-5.67) 0.665 0.179 1
Interaction term creatinine*JIA category

>50 μmol/L & polyarticular arthritis 0.17 (0.02-1.35) 0.093 -1.022 -5
>50 μmol/L & other JIA category 0.82 (0.07-9.74) 0.878 -0.110 -1

Constant -0.039 7
C-statistic 77.5%
C-statistic (optimism-corrected by bootstrap) 66.7%
Hosmer-Lemeshow test  (p-value) 0.705

Abbreviations: ALT, alanine aminotransferase; ANA, anti-nuclear antibody; CI, confidence interval; JADAS, 
juvenile arthritis disease activity score; JIA, juvenile idiopathic arthritis; MTX, methotrexate; OR, odds ratio; RF, 
rheumatoid factor.
a These are shrunk coefficients (by factor 0.5688) to correct for overfitting.
b Shrunk coefficients were multiplied by 5 and rounded off to the nearest integer. The constant was adjusted to 
obtain the minimum score of 0.
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Prediction model validation
Both the clinical and the clinical-genetic prediction model were internally validated using 

bootstrapping. Upon internal validation, the corrected C-statistic of the clinical model 

was 66.7%, whereas the corrected C-statistic of the clinical-genetic model was 64.6%. 

Since the clinical-genetic model did not perform better than the model with clinical 

variables, the latter was given preference as clinical variables are readily available at MTX 

start, making it easier to apply the model in clinical practice.

Risk score
To enable health care professionals to use the model easily, the shrunken regression 

coefficients of the clinical model’s predictors, transformed into simple scores, were used 

to compute an individual risk score for being MTX intolerant. This score ranged from 0 to 

17 points, with a higher score reflecting a higher probability of MTX intolerance (Table 3). 

The lowest predicted risk of being MTX intolerant was 18.9%, if the following predictors 

were present: oligoarticular JIA, negative ANA, parent/patient assessment of pain >6 cm, 

JADAS-27 of 5-15 points, thrombocytes ≤350×109/L, ALT >12 IU/L and creatinine ≤50 

μmol/L. The combination of these predictors resulted in a score of 0 [7 (the constant) + 0 

+ 0 + (-1) + (-3) + 0 + (-3) + 0] (Table 3). On the other hand, the highest predicted risk of 

being MTX intolerant was 85.9%, if the following predictors were present: polyarticular 

JIA, positive ANA, parent/patient assessment of pain of 3-6 cm, JADAS-27 ≤5 points, 

thrombocytes >350×109/L, ALT <12 IU/L and creatinine ≤50 μmol/L. The combination of 

these predictors resulted in a score of 17 [7 + 5 + 2 + 2 + 0 + 1 + 0 + 0].

Within the 0-17 range, the diagnostic accuracy of different cut-off scores for predicting 

the risk of being MTX intolerant was evaluated by computing the corresponding sensitivity, 

specificity, PPV, NPV, and accuracy (Table 4). Our goal was to correctly identify as many 

future MTX intolerant patients as possible (high sensitivity), while attempting to avoid 

misidentification of tolerant patients as intolerant patients (moderate specificity). This 

was reached at the cut-off score ≥6, where 82% of intolerant patients and 56.1% of 

tolerant patients were identified correctly. 

Table 4. Diagnostic parameters of the risk score for various cut-off scores

Cut-off Sensitivity (%) Specificity (%) PPV (%) NPV (%) Accuracy (%)

≥4 93.4 29.9 50.3 85.7 57.3
≥5 87.8 46.1 55.3 83.3 64.1
≥6 82.0 56.1 58.7 80.4 67.3
≥7 69.2 69.9 63.6 74.9 69.6
≥8 58.7 80.3 69.4 71.9 71.0
≥9 46.0 86.8 72.6 67.9 69.2

Abbreviations: NPV, negative predictive value; PPV, positive predictive value.
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DISCUSSION

We developed and internally validated a prediction model for MTX intolerance at 6 or 

12 months after MTX start in a large JIA cohort, consisting of routine clinical variables:  

JIA category, JADAS-27, parent/patient assessment of pain, ANA, ALT, thrombocytes, 

creatinine and an interaction term between creatinine and JIA category. The model 

classified 77.5% of patients correctly, and 66.7% after internal validation. It should be 

validated in an independent cohort and updated with other predictors.

In our model, patients who had more pain (>6 cm), higher baseline disease activity 

assessed with JADAS-27 and higher ALT, had a lower risk to become MTX intolerant. 

On the other hand, patients with positive ANA, who had less pain (3-6 cm), higher 

thrombocyte levels and higher creatinine, had an increased risk of MTX intolerance. 

Creatinine level and age were correlated, so creatinine can be regarded as a surrogate 

marker for age (median age was 7.5 years [patients with creatinine ≤50 μmol/L] versus 

13.7 years [creatinine >50 μmol/L]). The relationship between JIA category, creatinine 

(age) and MTX intolerance was complex: In younger patients, polyarticular JIA was 

a strong predictor for intolerance (score 5, Table 3), whereas in older patients this effect 

disappeared (score 5 for polyarticular JIA and -5 for the interaction term between older 

patients (higher creatinine) and polyarticular JIA).

To predict which patients are prone to develop MTX intolerance, our risk score could 

be readily used by clinicians, since it is based on clinical variables, which are routinely 

determined and available for all JIA patients before MTX start. At the cut-off score of ≥6, 

as many as 82% of intolerant patients were classified correctly (high sensitivity), while 

maintaining correct classification of 56.1% of tolerant patients (modest specificity). Table 

4 provides the sensitivity and specificity of other potential cut off points.

Identification of patients at risk increases patients’ and clinicians’ awareness of MTX 

intolerance. In patients at risk, clinicians should frequently (i.e. every 4 weeks) monitor 

MTX-related gastrointestinal adverse effects, using the MISS, from the very start of 

MTX treatment. This would enable clinicians to treat the emerging physical symptoms 

early, for example by lowering MTX dose,4 adding anti-emetics18 or applying behavioural 

therapy,5 thus preventing the development of a classical conditioning response15 and 

hence MTX intolerance. The effect of these timely interventions on the development of 

MTX intolerance should be determined in a clinical trial. 

The outcome of our prediction model was defined as MTX intolerance at 6 or 12 

months after MTX start, since the majority of patients developing MTX intolerance did so 

at these time-points. The later onset of MTX intolerance is consistent with the notion that 

the development of MTX intolerance is governed by a classical conditioning response, 

which worsens over time.5;14 Moreover, in our previous cross-sectional study in patients 

with longer MTX use (interquartile range: 0.6-3.6 years), we demonstrated higher 

prevalence of MTX intolerance (50.5-67.5%) compared to the prevalence of 34.1% in 

the present longitudinal study during the first year of MTX treatment.14 This also supports 
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the notion that MTX intolerance takes time to develop and that longer MTX use may 

increase the risk of MTX intolerance. To determine whether the risk of MTX intolerance 

indeed increases with longer MTX use, development of MTX intolerance should be 

monitored beyond one year of MTX use. Nevertheless, MTX intolerance ensued in 15.8% 

of patients already after 3 months of MTX use. Interestingly, patients who had restarted 

MTX had a higher risk of becoming intolerant after 3 months than those newly starting 

MTX (36% versus 12.7%, p=0.015). 

To our knowledge, no previous studies have developed a similar model and 

a corresponding risk score to predict the occurrence of MTX-induced gastrointestinal 

adverse effects in JIA. In a recently published paper, predictors for MTX adverse events 

in JIA patients, including the predictors in the current model, were reviewed. Only a few 

candidate predictors were elucidated, and validation of these lacked.29

Our study did not identify genotypes as predictors for intolerance. In contrast, in RA, 

two studies identified combinations of risk genotypes to predict adverse effects in general 

and gastrointestinal adverse effects in particular.20;26 In our study, only 4 of 27 SNPs were 

moderately associated with MTX intolerance and only one SNP could be included in 

the clinical-genetic model, which had comparable predictive power as the clinical model. 

Previously, in RA and JIA, significant associations (p<0.05) were reported between SNPs 

in the MTHFR, ATIC, ADORA, MRP2/ABCC2 and GGH genes and gastrointestinal adverse 

effects.19-22;24-28;37;38 SNPs in these genes were not associated with MTX intolerance in 

our study, which could be due to disparities in patient groups (RA versus JIA), cohorts 

(cross-sectional versus longitudinal), and the definition of MTX-induced gastrointestinal 

complaints (after MTX versus before and after MTX use). These results taken together 

with our current study show that it is still difficult to predict reliably the risk of developing 

MTX adverse events in general and MTX intolerance in particular.

The strengths of our study were that MTX intolerance was assessed using a validated 

questionnaire. In addition, the model was constructed and internally validated in a large 

prospective JIA cohort. Internal validation using bootstrapping is an established method 

to estimate the performance of a prediction model in the population, comparable to 

external validation in an independent cohort.34-36

In conclusion, we developed and internally validated a clinical prediction model for 

MTX intolerance in a large JIA cohort. It is an easy-to-use tool to identify patients at 

risk of developing MTX intolerance, and in turn to monitor them closely and intervene 

timely, in order to prevent MTX intolerance and its negative impact on patients’ daily 

lives, compliance and continuation of an effective treatment. In its current composition, 

the model performs moderately well and should be validated in an independent cohort 

and updated with new predictor variables before it can be broadly used in clinical practice.
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JUVENILE IDIOPATHIC ARTHRITIS

In the area of auto-immune diseases, many pathologies are defined and grouped together 

based on prevailing symptoms.1;2 For example, juvenile idiopathic arthritis (JIA), subject 

of Part I of this thesis, is defined as any arthritis of unknown cause, lasting more than six 

weeks occurring before the age of 16.3-5 Thus, JIA is an umbrella-term covering a broad 

spectrum of different diseases, all of which manifest chronic arthritis.1;2 JIA has been 

classified into subgroups,3 but the current classification is far from perfect.1;2;6;7 Even within 

categories, disease severity differs widely. For example, for the oligoarticular category 

disease activity can range from the inflammation of a single joint to the involvement of 

multiple joints mimicking polyarthritis, so-called extended oligoarthritis.3 Consequently, 

the prognosis of children with JIA is variable, even within categories,8;9 and even though 

many children with JIA achieve inactive disease or disease remission,10-13 still a substantial 

number continue to present active disease and develop joint damage, which might 

eventually result in disability.14-22

In therapeutic strategies for adult rheumatology, the concept of window-of-

opportunity has been introduced.23-26 This denotes the idea of a short time frame at 

the onset of symptoms in which the disease is more susceptible to treatment. Hence, 

better outcomes are achieved with less effort if therapy is started within this time frame. 

In paediatric rheumatology, this concept has not been proven as rigorously as in adult 

rheumatology,27-30 but it is nonetheless hypothesised to exist. At any rate, early and 

effective treatment of JIA is beneficial to any child, as it reduces the period of time 

spent with active disease and resulting pain, disabilities, distress and risk of developing  

joint damage.

Nowadays, effective drugs are available for the treatment of JIA, which are usually 

administered in a step up approach.31 Treatment is typically started with intra-articular 

steroid injections. In case of insufficient response or precocious relapse of disease, systemic 

treatment with methotrexate (MTX) is started. MTX is a cornerstone in the treatment 

of JIA and shows efficacy in about 70% of patients.11;12 In case MTX does not suffice, 

biological agents, such as tumour necrosis factor (TNF)-α inhibitors,32-36 interleukin (IL)-1 

inhibitors30 or IL-6 inhibitors32;37;38 can be added to the treatment. Since typically a few 

months will pass between each step, in which the effect of current treatment is assessed, 

it can easily take up to one year, or even longer, before a patient who needs biological 

therapy, receives adequate treatment. Given the abovementioned goal of initiating 

effective therapy early in the course of disease, this is clearly undesirable.

On the other hand, it is not feasible to administer biological agents to just any 

child with JIA. This would lead to an unduly increase in the costs of health care and an 

unnecessary exposure of many children to potential side effects, such as an increased 

risk of infections,36;37;39-47 caused by treatment they do not need. Therefore, we are in 

need of models that predict early in the course of disease, which children will need  

biological therapy.
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Much research has already been performed in this area. These studies were reviewed 

in Chapter 2. From this review, it appeared, however, that most studies were retrospective 

and had only been concerned with easily accessible, clinical information. These variables 

included the JIA category, the number and distribution of active joints, the physician’s 

global assessment of disease activity and the parent’s or patient’s global assessment of 

well-being, as well as routine laboratory parameters, such as a full blood count and 

the erythrocyte sedimentation rate. The emergent picture from Chapter 2 was that 

these variables could not accurately predict the prognosis of JIA, since, even though 

some of these variables were found to be predictive in some studies, others could not 

confirm these findings, or validation had not been performed yet. This conclusion held 

for predictors of all outcomes assessed in Chapter 2, i.e., disease activity, joint damage, 

functional ability and quality of life. An exception to this general rule was the finding of 

a worse prognosis for the polyarticular categories of JIA in multiple studies, but as noted 

above, prognosis differs even within the categories.

Since the publication of the review in Chapter 2, another study was performed in 

which an attempt was made to create a model for the prediction of the prognosis of JIA, 

using clinical variables only.48 This model achieved a concordance-statistic (c-statistic) of 

0.87 in 75% of 609 subjects and 0.85 in the remaining 25% of subjects, used as test data. 

Therefore, it seemed that JIA prognosis could be predicted using clinical variables only, 

after all. Indeed, some of the variables in the model were also predictive in some studies 

included in the review in Chapter 2. However, it is too early to draw the conclusion 

that the prognosis of JIA can be predicted using clinical variables only, due to some 

ambiguity in the methodology. First of all, the outcome of the prediction model was 

developed ad-hoc and had not been validated, making it unclear exactly what was being 

predicted by the model. Notably, this outcome allowed some residual disease activity up 

to 18 months after diagnosis even in the category designated as good prognosis. Yet, 

such disease activity is hardly reconcilable with the aim to induce early disease remission. 

Secondly, the adopted procedure of backward stepwise predictor selection in training 

data is known to produce optimism, since all of these steps are data driven and are 

not necessarily replicable in test data.49 Yet, the optimism, i.e., the difference between 

the c-statistic in training data and test data, is surprisingly small in this study. It is unclear 

why this is so, but might be an indication that the c-statistic in test data is still too 

optimistic. We tried to apply the model to the data we collected for our study in Chapter 

3. Since the ad-hoc developed outcome was not available to us, we used the number of 

visits in inactive disease according to Wallace criteria instead,50-53 dichotomised in such 

a way that the frequency of favourable and unfavourable outcome in our cohort was 

similar to the one reported in the study.48 The motivation for this was that a robust model 

would predict the prognosis of JIA accurately, independently of the outcome used. Wallace 

criteria are the most clear cut criteria to distinguish active and inactive disease available 

nowadays. The area under the curve (AUC) of the receiver operating characteristics (ROC) 
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curve was 0.54, indicating poor performance. This performance increased to an AUC of 

0.68 when dichotomising patients into a group without any follow up visit in inactive 

disease versus those who had at least one visit in inactive disease. Note, however, that in 

this case many patients with an unfavourable prognosis are misclassified in the group of 

patients with a favourable prognosis (e.g., patients with only one visit in inactive disease). 

Moreover, the improved performance of the model was solely due to the fact that not 

many patients (n = 11) were classified into the group with unfavourable prognosis and 

that the model likewise classified few patients as having an unfavourable prognosis (n 

= 8). Yet, only 1 out of 11 patients with a truly unfavourable prognosis was classified 

correctly. Thus, the predictive performance of the model remained poor.

These results made clear that further studies were needed. More in particular, in 

comparison with the studies reviewed in Chapter 2, prospective studies of JIA patients 

enrolled at diagnosis, assessing not only clinical parameters, but also other categories of 

potential predictors, were still lacking. Ideally, these studies should assess the outcome 

using validated criteria, such as Wallace criteria, taken longitudinally. The latter requirement 

is important, since JIA has a fluctuating disease course,51;54;55 implying that an analysis at 

a single time point can lead to misclassification of patients.

We performed such a prospective study (Chapter 3), in which we enrolled 169 

treatment-naïve JIA patients in a short time frame after the start of the first symptoms (at 

most six months). Besides clinical parameters, we collected a faecal sample at baseline 

to characterise the gut microbiota composition in all patients. Additionally, a large 

panel of inflammation-related compounds was determined in blood plasma. Patients 

were followed every six months for two years and disease activity was assessed using 

the internationally validated Wallace criteria.50-53 The outcome was modelled longitudinally, 

making use of statistical techniques that allow repeated measurements of a single patient 

at variable moments in time, such as generalised estimating equations.56-58 Moreover, 

we performed survival analysis, modelling the time to first inactive disease using a Cox 

proportional hazards model,59 as well as the time to inactive disease, adopting a recurrent  

event approach.60 

When taking all patients in the cohort together (N = 152, after exclusion of patients 

lost to follow up and those enrolled after the start of MTX), no accurate prediction model 

could be developed (AUC <0.65 in test data). However, when analysing subgroups of 

patients separately, i.e., oligoarticular patients, polyarticular rheumatoid factor (RF) 

negative patients and antinuclear antibody (ANA) positive patients, better performing 

models were obtained (AUC in test data 0.69-0.72). Significant predictors in these models 

were the juvenile arthritis disease activity score (JADAS)-71 and the relative abundance 

of the operational taxonomic unit (OTU) Mogibacteriaceae for oligoarticular patients; 

the duration of morning stiffness, haemoglobin level and the chemokine C-X-C motif 

ligand 9 (CXCL-9) level for polyarticular RF negative patients; and the duration of morning 

stiffness and haemoglobin level for ANA positive patients. Granted, the predictive 

performance of the models was still moderate, implying that further refinement is needed.
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Nonetheless, these findings highlighted a few important aspects. First of all, with 

respect to the predictors, the association of morning stiffness with JIA outcome (which 

was independent of the statistical algorithm chosen and one of the few associations 

also in the entire cohort of patients) underlined the value of patient-reported measures. 

This finding was re-emphasised since the presence of morning stiffness was also an 

important determinant of patient dissatisfaction with their condition [Del Giudice et al., 

in preparation]. Patient satisfaction should be an important – though not the sole – goal 

of treatment in JIA. Moreover, the patient’s self-assessment was also found to be a crucial 

component in a decision-rule for the escalation of therapy to biologicals [Swart et al., 

submitted]. All these results combined clearly advocate the role of patients as partners 

of the physician in the treatment of JIA: the patient’s evaluation of disease activity is 

predictive of the outcome, is related to their satisfaction and leads to better decision rules 

regarding the escalation of therapy.

The finding of CXCL-9 as a predictor in polyarticular RF negative patients was also very 

interesting, as this chemokine is induced by interferon (IFN)-γ and is itself an inductor and 

chemoattractant of T helper (Th)-1 and Th-17 cells.61-64 Since an imbalance between Th-1 

and Th-17 cells on the one hand and regulatory T cells on the other hand plays a crucial 

role in the pathogenesis of JIA,5;65 this chemokine might also be involved. This hypothesis 

merits evaluation and validation in future studies. Next, the OTU Mogibacteriaceae was 

a predictor in oligoarticular patients. Nothing is known about this OTU in the context 

of rheumatologic disorders, but in our own comparison (Chapter 4) no differences in 

relative abundance were found between JIA patients and healthy children. Here, too, our 

research opened ways towards new studies to assess if gut microbiota in general and 

specifically Mogibacteriaceae are involved in the pathogenesis of JIA, or if our finding 

was due to a statistical correlation without mechanistic implications (see also below 

in the discussion of Chapter 4). Finally, not surprisingly, increased disease activity at 

baseline, as indicated by a higher JADAS-71 score in oligoarticular patients and a lower 

haemoglobin level (inversely correlated with the erythrocyte sedimentation rate) in 

polyarticular RF negative patients and ANA positive patients predicted a worse prognosis, 

implying that patients with more active disease should be eligible to get more extensive 

treatment earlier, something which is already routinely done.31

A second important learning point from the results in Chapter 3 stems from the fact 

that the predictive accuracy of the models improved when they were fitted to more 

homogeneous subgroups of patients. This suggests that the heterogeneity of JIA impeded 

the accurate prediction of the prognosis. Indeed, the prognosis of JIA is probably dependent 

on the various diseases underlying it, which to date are unknown. To gain insight into 

these pathologies, biomarkers should be sought that delineate homogeneous subgroups 

of JIA patients, similar to IL-1866-68 and the S100 proteins69-71 for the systemic category 

of JIA. Indeed, already over a decade ago, some suggested to revise the JIA classification 

to this end.1;2;6;7 One suggestion was to categorise ANA positive patients separately, as 
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these would constitute a distinct category of patients.1;2;6;7 It will be interesting to see if 

CXCL-9 can fulfil such a role as biomarker of disease. The identified cut-off point of 30 

pg/ml in our cohort may serve as a starting point to delineate a subgroup of JIA patients 

and observe if these have similar disease characteristics and outcomes.

Further insight can be gained by clarifying the aetiology of JIA. This is what Chapter 4  

contributes to. As already mentioned in the general introduction to this thesis, JIA, 

like other autoimmune diseases, is thought to arise from environmental factors in 

genetically predisposed individuals.5;65 One of these environmental factors could be 

the gut microbiota composition.72-74 Several observations support this hypothesis. For 

example, the number of Th-17 and Forkhead box P3 (FoxP3) positive regulatory T cells 

was reduced in mice lacking microbiota.72-74 Administration of stools from healthy mice 

to these germ-free mice led to a reconstitution of Th17 numbers.75 These cell populations 

are of critical importance in immune homeostasis and play a key role in the pathogenesis 

of autoimmune diseases such as JIA.5;65;73 Additional observations described an increased 

risk to develop autoimmune diseases following the use of antibiotics in childhood. This 

risk was dependent on the timing, number and dosage of the antibiotic prescriptions.76;77 

Furthermore, infants who were breast fed for less than four months had a higher risk 

to develop JIA78 and possibly also multiple sclerosis.79 Finally, birth by caesarean section 

and early introduction of gluten increased the risk of autoimmune (type 1) diabetes.80;81 

Since antibiotics, diet, breastfeeding and caesarean section all induce changes in the gut 

microbiota composition, it is tempting to hypothesise that all of these associations 

are mediated by alterations in the microbiota. It is, however, currently unclear exactly 

how the microbiota would exert this role. Hypothesised mechanisms include molecular 

mimicry, bystander activation and antigenic modification.72-74

Motivated by these observations and hypotheses, we undertook to study differences 

in the composition of gut microbiota between JIA patients and healthy children  

(Chapter 4). We demonstrated that the composition of the gut microbiota was different 

between treatment-naïve, Italian JIA patients at baseline and Italian healthy controls of 

similar age as the patients. No differences were found between patients at baseline, in 

inactive disease and during persistent activity, suggesting that the distinct profile was 

related to JIA, rather than disease activity. Indeed, correlations with disease activity scores 

were weak also at baseline. Differences in the gut microbiota composition between 

Dutch patients and age- and gender-matched healthy children were less evident, i.e., no 

evidence of differences remained after false discovery rate correction. Most variability in 

the microbiota profile was related to the age of the subjects both in Italian and Dutch 

patients. This could be part of the explanation of the differences between the Italian 

and Dutch populations in our study, since Dutch patients were on average older than  

Italian patients.

Everything taken together, there were differences in gut microbiota composition 

between JIA patients and healthy children. It is impossible at this moment to attribute 
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a causal role to gut microbiota in the development of autoimmune diseases. Part of 

the reason is that none of the OTUs was differently abundant in Italian patients and 

Dutch patients alike. A probable explanation for this observation is that differences in 

diet and potentially other environmental factors induce differences in the gut microbiota 

composition between these geographically diverse regions. Nevertheless, the observation 

that patients with similar disease do not share similar gut microbiota compositions, raises 

some doubts whether microbiota play a role in the development of JIA. It may however 

be that different microbial profiles play a role in Dutch and Italian populations, perhaps 

leading to the somewhat different presentation of the disease in both populations.

A more fundamental impediment in the attribution of causality is that potential 

causal pathways remain concealed in our associative study, as alluded to in the general 

introduction to this thesis. Generally speaking, four possible explanations of the association 

between gut microbiota and JIA exist: First, alterations in the microbiota profile might 

predispose an individual to develop JIA. However, alternatively, the causal pathway might 

be reversed, the immune inactivation and loss of tolerance in JIA leading to alterations 

in the gut microbiota profile. The third possibility is that both JIA and the alterations 

in the gut microbiota composition are the consequence of another, so far unknown, 

factor. In this case, determination of the gut microbiota composition may still be useful 

as a diagnostic test, but will not lead towards a potential therapeutic target. Finally, 

alterations of the gut microbiota and the occurrence of JIA might be entirely unrelated. 

The general way forward to solve this conundrum seems to be to prove or disprove causality 

in a randomised placebo-controlled trial, in which faecal transplants of healthy subjects 

are administered to JIA patients. Similar studies have been performed in inflammatory 

bowel disorders (IBD), showing promising but varying preliminary results.82-85

JUVENILE DERMATOMYOSITIS

Part II of the thesis concerned juvenile dermatomyositis (JDM). JDM is a chronic systemic 

inflammatory disorder, characterised by skeletal muscle inflammation and rash.86-88 Like 

JIA, it has a variable prognosis with about 24-40% of patients experiencing a monocyclic 

course, which resolves with appropriate therapy within the course of 2 years. On the other 

hand, 50-60% of patients suffer from a chronic course. The overall mortality is 2-3%.88 In 

comparison with JIA, even less studies have been performed to find prognostic markers 

for the evolution of JDM. On top of this, outcome parameters for the measurement of 

disease activity have not yet been unequivocally defined and validated.89-92

Therefore, in our study of clinical signs and symptoms associated with disease activity, 

we chose a pragmatic approach and used the four parameters used in the paediatric 

rheumatology international trials organisation (PRINTO) criteria for inactive disease.91 

However, rather than dichotomising these parameters and applying the criteria, we 
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chose to model them as continuous markers, thus benefiting from a gain of information 

contained in the parameters. Moreover, we evaluated disease activity repeatedly over time. 

Thus, patients contributed multiple visits, in the course of various years after diagnosis. 

This approach led to many statistical challenges, described in Chapter 5. First, since 

many visits occurred in disease remission, the continuous outcome parameters showed 

an excess of the best possible value, together with a long tail of abnormal values for 

visits not in remission. Thus, the outcome parameters were not normally distributed. 

This was resolved using a hurdle-like approach, in which the probability of achieving 

a non-pathological value was modelled separately from the distribution of pathological 

values.93 Secondly, multiple visits from the same patients were not independent from 

each other. Therefore, subject-specific random intercepts and slopes for the time elapsed 

since diagnosis were introduced in the model.94 Thirdly, the four outcome parameters 

were correlated. This correlation was modelled by specifying a multivariate normal 

distribution for the subject-specific random intercepts of the four outcome parameters. 

The covariance matrix for this distribution was estimated from the data. This approach 

was based on previously published work.95 The model was fitted in a Bayesian framework, 

as this allowed greater flexibility in model definition and shifted attention towards 

the possible values a parameter can take, given prior assumptions and the data, rather 

than hypothesis testing. 

The efforts paid off, as the resulting model fitted the observed values well. Various 

clinical signs and symptoms were associated with the four outcome parameters.  

Chapter 6 discusses potential explanations for these associations and draws clinical 

conclusions. For example, the model drew attention to myalgia and dysphonia as signs 

of markedly elevated disease activity. Joint swelling and contractures were associated 

with impairments in the performance of the childhood myositis assessment scale (CMAS) 

and manual muscle testing of 8 muscle groups (MMT8). Cutaneous symptoms, such as 

nail fold changes and periorbital rash, were associated with strictly muscular outcome 

measures, such as creatine kinase (CK) and the CMAS.89;90 Thus, cutaneous and muscular 

disease were correlated to a certain degree. This finding lent support to the consensus-

based expert opinion that nail fold capillaroscopy should be performed regularly and 

that ongoing skin disease reflects ongoing systemic disease and should be treated 

adequately.96 Other correlations were found between the CMAS and the MMT8, whereas 

the physician’s global assessment of disease activity (PGA) was the parameter capturing 

mostly unique information. This was not surprising, given that the PGA was the only 

outcome parameter taking account of cutaneous disease directly.

Our results cannot be used to predict the prognosis of JDM patients, since just one 

parameter at diagnosis (arthritis) was associated with disease activity during follow up. 

However, the model could form a starting point for such prediction models. For example, 

since myalgia, dysphonia and haematuria were associated with considerably higher 

disease activity, it will be interesting to see in future studies if these parameters could 
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serve as clinical predictive markers. Alternatively, one could design a study to start more 

aggressive therapy in patients presenting with these signs and symptoms and observe if 

their outcome improves.

Finally, our results contribute to the discussion of the outcome parameter set to be used 

in JDM. Given that the CMAS and MMT8 were correlated and that the full performance 

of the CMAS requires quite some time, it can be recommended to merge these two 

measurements into one instrument capturing relevant information of both. Moreover, 

the finding that PGA captured unique information supports the proposed adaptation 

of the PRINTO criteria of inactive disease, i.e., by making a normal PGA compulsory in 

the definition of inactive disease.92 An open question that cannot be answered using 

our data is whether the outcome parameter set should include a specific cutaneous 

instrument, for example the skin disease activity score (DAS) or physician’s assessment of 

skin disease activity on a 10-cm visual analog scale (VAS).97

METHOTREXATE

The approach taken in Part I and, to a lesser extent, Part II of this thesis is one of 

predicting disease evolution prior to the start of treatment. Alternatively, one could take 

the start of systemic therapy for granted and predict the probability of response and 

the occurrence of adverse effects, instead. This is the approach taken in Part III where 

(mainly) adverse effects and efficacy of methotrexate (MTX) are studied.

Existing literature is reviewed in Chapter 7. Many studies (n = 15) assessed a range 

of candidate predictors for MTX efficacy, including clinical and laboratory variables, but 

also single nucleotide polymorphisms (SNPs) in genes involved in MTX metabolism. Some 

interesting candidate predictors were found, such as S100A8/A9 levels98 (also a biomarker 

for systemic JIA69;70 and currently being studied as a biomarker for the cessation of 

therapy), long-chain MTX polyglutamates,99 osteopontin level100 and some SNPs in 

transporter genes involved in influx and efflux of MTX in and out of cells.101-104 However, 

validation of these predictors in independent studies was lacking.

Since the publication of the literature review in Chapter 7 another study was 

published in which gene expression in peripheral blood mononuclear cells (PBMCs) 

was analysed, in an attempt to find different patterns between responders and non-

responders to MTX.105 Using unsupervised clustering together with healthy controls, three 

clusters were identified, one enriched for healthy controls, one for responders and one 

for non-responders. Differentially expressed genes were involved in cytokine signalling 

pathways, including interleukin (IL)-1, IL-6 and IL-17, as well as the janus kinase (JAK)-

signal transducer and activator of transcription (STAT) pathway, peroxisome proliferator-

activated receptor (PPAR) signalling pathway and cluster of differentiation (CD)  

40 pathway.
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Much less research was dedicated to find predictors for the occurrence of MTX 

adverse effects (Chapter 7). Potential predictors included the alanine aminotransferase 

(ALT) level and SNPs in genes involved in the breakdown of MTX polyglutamates and 

folate metabolism. Here, too, validation in independent cohorts was lacking.

The low number of studies assessing predictors for MTX adverse events might be due 

to the general belief that MTX is a safe drug. Mainly, liver toxicity and gastrointestinal 

side effects have been described, of which the former is transient and resolves after 

suspension of MTX.106-112 However, gastrointestinal side effects occur frequently and 

can have a profound impact on the quality of life.111 These symptoms can also occur 

before MTX intake (anticipatory complaints) or when being reminded of MTX (associative 

complaints). When these complaints occur together, they are termed MTX intolerance. 

These symptoms are frequently accompanied by behavioural disturbances, such as 

refusal to take the drug, or irritability.109 MTX intolerance is thought to arise due to 

a conditioning reaction after the onset of gastrointestinal side effects.109;113 We developed 

the methotrexate intolerance severity score (MISS) and showed that MTX intolerance is 

very frequent indeed (Chapter 8). Up to one half of patients in a cross-sectional analysis 

of a cohort of JIA patients on MTX satisfied the definition of MTX intolerance (a score of 

at least six points on the MISS, with at least one point due to anticipatory, associative or 

behavioural complaints). Notably, patients using MTX subcutaneously (SC) reported MTX 

intolerance more often than patients on oral MTX (67.5% versus 44.5%, p = 0.001). This 

was surprising, as it was previously thought that MTX SC, by evading the gastrointestinal 

tract, would cause less gastrointestinal side effects.106;112 A potential explanation of this 

observation is that MTX intolerance is induced by the negative and sometimes painful 

experience of having to inject the drug, causing any gastrointestinal side effect to be 

valued more negatively.

These results were corroborated by our study of a German cohort of JIA patients 

(Chapter 9), in which slightly over 40% of patients were intolerant to MTX. In this 

cohort, when analysing the effect of route of administration on the occurrence of MTX 

intolerance, patients who had switched route of administration were excluded, as it was 

believed that the reason for switch might have been the occurrence of MTX intolerance 

in the past, leading to a case of confounding by indication. Indeed, the prevalence of 

MTX intolerance was very high in the groups who switched (>60%), indicating that 

switching the route of administration does not abate the complaints of MTX intolerance. 

After exclusion of these groups and correction by confounding variables, the odds of 

being MTX intolerant were higher for patients who took MTX exclusively subcutaneously 

(adjusted odds ratio 3.37, 95% confidence interval 1.19-10.0).

A high prevalence of MTX intolerance has subsequently also been found in other 

studies. In a longitudinal cohort study of Czech JIA patients, 25.5% and 30.6% presented 

MTX intolerance according to the MISS at 6 and 12 months after the start of MTX, 

respectively, whereas 45.5% of patients were intolerant to MTX at any time during one 
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year of follow up.114 No differences were seen between oral and SC MTX, but the group of 

patients taking oral MTX was very small (n = 7). High frequencies of MTX intolerance were 

also reported for French IBD patients on MTX (31%)115 and Pakistani adult rheumatoid 

arthritis (RA) patients on oral MTX (33.3%).116 Conversely, the prevalence in Dutch RA 

patients was much lower, but it was still more frequent in patients taking MTX SC than in 

patients on oral MTX (20.6% versus 6.2%, p <0.001).117 Additionally, using a somewhat 

different questionnaire than the MISS, in a British study 73% of 49 adolescents with 

inflammatory arthritis experienced nausea, significantly more often with MTX SC  

than oral.118

Motivated by the frequency of MTX intolerance and its severity, we tried to predict 

its occurrence in advance, with the ultimate goal to come up with preventive strategies 

(Chapter 10). However, this proved very difficult, using clinical data and SNPs in genes 

involved in MTX metabolism. The c-statistic, adjusted for optimism by bootstrap, was 

0.67 at most, indicating poor performance. This failure could be due to the psychological 

nature of MTX intolerance, which might not be predictable with these types of data.

To sum up, how should one go about the escalation of therapy in JIA? Currently, no 

accurate predictions of the prognosis of JIA are possible (Part I). Therefore, the decision to 

escalate to systemic therapy should be based on ad-hoc evaluation of disease activity (treat-

to-target).119 However, given the encouraging results obtained thus far for the prediction 

of MTX efficacy (Chapter 7),105 it is reasonable to expect that in the near future it will be 

possible to know in advance the likelihood of response to MTX for an individual patient. 

If it is low, a biological agent can be started; if it is high, MTX can be chosen. That leaves 

the question of the appropriate route of administration. The biological availability of 

MTX SC is higher than that of oral MTX,106;120-122 however no reports of increased clinical 

efficacy exist yet (although preliminary results of our comparison of two different studies 

may suggest that MTX SC is more efficacious indeed; unpublished data). Contrariwise, 

in two cohort studies, the efficacy of MTX SC was similar to oral MTX.105;123 Moreover, it 

has now been shown in multiple studies that MTX SC is more frequently associated with 

MTX intolerance (Chapters 8 and 9).117;118 Taking everything together, a valid strategy 

is to start MTX orally and switch to SC for individual patients, in case of inefficacy or 

side effects, since MTX response has been observed in patients who did not respond to 

oral MTX previously.112 With respect to MTX intolerance, unfortunately, its occurrence 

cannot be predicted (Chapter 10). Neither can it be prevented with anti-emetics,115 nor 

treated by countermeasures, including anti-emetics124 or cognitive behavioural therapy 

(unpublished data). Although no longitudinal studies regarding the persistence of MTX 

intolerance have been performed, the observation in Chapter 10 that MTX restarters 

were more prone to develop MTX intolerance compared to MTX starters, suggests 

that MTX intolerance is a persistent problem indeed. Therefore, currently, should MTX 

intolerance ensue, the only remaining option is to switch to alternative treatment, such 

as biological agents.
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FROM STATISTICAL MODELS TO ALGORITHM-BASED MEDICINE

The statistical analyses presented in this thesis were carried out using a wide array of 

statistical models, ranging from simple hypothesis testing using Mann Whitney U tests 

and χ2-tests, to logistic regression models and longitudinal models such as generalised 

estimating equations and survival analysis. Additionally, the JDM cohort was analysed 

using Bayesian statistics. These models are relatively straightforward to interpret as all 

of them provide point estimates of parameters such as odds ratios, hazard ratios or 

regression coefficients, together with a measure of uncertainty. Using such estimates, 

one can deduct if a certain variable increases or decreases the probability of the outcome 

occurring. These deductions can then be verified against existing knowledge (see, e.g., 

the discussion of Chapter 6).

Yet, already with respect to these models one can perceive some difficulties. Many 

clinicians will be familiar with logistic regression and survival analysis, but will not have 

affinity with generalised estimating equations or Bayesian statistics. This may make 

the results of such models more difficult to grasp and, consequently, may hamper their 

clinical application. Here, too, one can maybe speak of a valley of death, a term much 

used with respect to laboratory studies, denoting the difficulty in translating results 

obtained in the laboratory into clinically tangible products.125

It is foreseeable that these problems will grow only worse. With the advent of more 

powerful computers and the availability of machine learning algorithms in easy-to-

use software, such as R statistics, ever more clinical trials and cohort studies will be 

analysed using these techniques. However, many of these machine learning techniques 

use algorithms that are not easy to grasp. Hence, the result of the model, for example 

a probability to achieve the outcome, is not produced in an intuitive way, making it 

difficult to check if they are in rapport with prior knowledge. For example, the random 

forest algorithm (used in Chapter 4), developed almost two decades ago, roughly 

works as follows:126 Data are bootstrapped to the original size. A predefined number of 

variables is selected at random from among all candidate predictors and these variables 

are searched for the best split. This procedure is repeated until a fully grown decision tree 

has been produced. The out-of-bag error rate for this tree is determined by predicting 

samples left out of the bootstrap data and comparing the predicted classification with 

the observed outcome. A predetermined number of trees is grown using this procedure. 

The probability of achieving the outcome is determined by the proportion of trees that 

classify a sample as having achieved the outcome. The results returned by the model 

contain a classification of all samples, together with an out-of-bag error rate, as well as 

a measure of variable importance, indicating what variables were most important for 

the correct classification of samples. 

From this discussion it is clear that regression coefficients are lacking in the results 

of the random forest. Neither would one necessarily be able to verify the predicted 
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probabilities by inspecting all trees and classifying cases in the data accordingly. 

The consequence of all this is that the way the model arrived at the predicted probabilities 

remains somewhat obscure. Similar comments apply to other machine learning algorithms, 

which may be even less intuitive to understand. Using these models, only the computer 

can do the classification task. To sum up, previously, logistic regression models were 

understandable, regression coefficients could be transformed in an easily interpretable 

score of additions and subtractions and a cut-off point could be calculated together 

with its sensitivity and specificity to classify cases correctly (see, e.g., Chapter 10). With 

machine learning, the computer has to be trusted to produce the correct results.

Granted, a simple additive risk score remains preferable over complex and difficult-

to-interpret statistical models. But in case the former are insufficient for accurate 

predictions, the latter may have to be implemented. This requires a cultural change on 

behalf of the scientist and the physician. The scientist needs to make sure the used 

techniques are understandable at least at some basic level and, more importantly, has 

to demonstrate unequivocally that the produced model leads to better outcomes. This 

implies that demonstration of good predictive performance of a model is not sufficient. 

Rather, a randomised trial needs to be performed to show that patients treated according 

to the algorithm are better off compared to the standard of care. Hence, patients need to 

be randomised to receive either standard of care or treatment according to the algorithm, 

which could involve early escalation of treatment in case of a high predicted probability 

of persistently active disease, or a switch to biological agents in case of a high predicted 

probability of non-response to MTX. The primary outcome of such a trial could be inactive 

disease; however, secondary outcomes should involve assessments of side effects, costs, 

long-term sequelae such as joint erosions, but also patient satisfaction. Acceptance rates 

of the algorithm will be greatly increased if the algorithm is demonstrated to be superior 

to standard of care in these respects. To be sure, showing that the algorithm performs 

well in terms of prediction accuracy in test data remains the first step. But nobody should 

think that to be the final step in the adoption of the algorithm.

In so doing, the care of patients with JIA (and potentially other autoimmune diseases 

too) will change towards an approach that can be termed algorithm-based medicine 

(ABM). This means that treatment decisions will be based on algorithms that predict 

the probability of achievement of inactive disease, response to therapy or development 

of adverse effects. ABM requires a change of mind set on behalf of the physician. No 

longer will his or her preference determine the choice of treatment and no longer will 

his or her experience guide therapeutic decisions. Rather, this choice will be based on 

a predetermined algorithm. 

The potential rewards of such a paradigm shift are big. ABM has been practiced in 

the field of haemato-oncology for a few decades now, leading to an unprecedented 

increase in the survival rates of children with acute lymphoblastic leukaemia, due to 

algorithms that are continually being refined. It is about time children with chronic 

autoimmune diseases start to benefit from this approach, also.
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WRONG BUT USEFUL

This thesis started with a citation of George Box: “Essentially, all models are wrong, 

but some are useful.”127 By way of conclusion, how do the presented models fare in  

this respect?

Regarding the model for MTX intolerance, it showed poor performance after optimism 

correction. Therefore, it is not very likely to be used clinically. However, it served to show 

that prediction of MTX intolerance is unlikely to be achieved (at least, using the data 

available in Chapter 10). This means the focus should be on early detection of MTX 

intolerance, to permit taking appropriate action, once it ensues. On the other hand, 

the frequency of occurrence of MTX intolerance and the fact that it occurs more often in 

patients taking MTX subcutaneously has now been shown in many studies. This finding 

aids physicians in deciding the route of administration of MTX.

The models for the prognosis of JIA show that prediction is complicated. They may 

serve as a basis for future refinement. Yet, it seems that prediction of the prognosis 

will remain difficult due to the heterogeneity of JIA. Much attention should therefore 

be paid to a better characterisation of JIA and its underlying diseases. The models may 

contribute something in that respect, also: The predictors found in the three subgroups 

of patients (oligoarticular, polyarticular RF negative and ANA positive) are promising and 

merit further attention to elucidate their potential pathophysiologic role. This is especially 

true for CXCL-9, which has been related to autoimmune diseases previously and might 

be a biomarker of disease, similar to other biomarkers for systemic JIA. The evaluation 

of morning stiffness is important, as it is a good example of the value of patient  

reported outcomes.

Multiple studies have shown differences in gut microbiota composition between 

healthy children and JIA patients, making such an association very likely to exist. However, 

our study has shown that the relationship is complex and differs among age groups and 

geographical regions, but not among various disease activity states. Future research should 

disentangle these relationships and provide an answer to the all-important question if gut 

microbiota are involved in the pathogenesis of autoimmune diseases.

Finally, with respect to JDM, the associations elucidated by the model correspond 

to previously found patterns and can be explained with clinical observations, making 

it very likely that the model captured some true relationships. These clinical signs and 

symptoms associated with disease activity could form the basis for therapeutic decisions 

and a better delineation of JDM patients into more homogeneous subgroups. Moreover, 

the model provides input for an informed discussion about the usefulness of various 

outcome measures in JDM.
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SUMMARY

Juvenile idiopathic arthritis (JIA) is an umbrella-term covering a group of autoimmune 

disorders characterised by chronic arthritis of unknown cause, lasting at least six weeks 

and with an onset before 16 years of age. It is currently impossible to predict the prognosis 

of children with JIA leading to difficulties in the determination of the right treatment for 

each patient. 

In Part I, Chapters 2 and 3 we set out to find predictors for the prognosis of 

children with JIA. Chapter 2 describes a systematic literature review, summarising 

known predictors for four different disease outcomes, i.e., disease activity, joint damage, 

functional ability and quality of life. Most articles in the literature were retrospective and 

considered clinical and routine laboratory variables only. Many candidate predictors were 

assessed in only one study and were not validated in an independent one. Nevertheless, 

a longer diagnostic delay predicted a worse prognosis in more than one study. Likewise, 

the polyarticular categories of JIA were associated with worse outcomes in multiple 

studies and symmetric joint involvement predicted more joint damage and disability in two 

studies. Higher disease activity at baseline was not unequivocally associated with higher 

disease activity during follow up. Involvement of the hips, ankles and sacroiliac joints, as 

well as enthesitis were risk factors for persistent disease activity in one study each. We 

concluded that predictors lacked validation and that prospective studies assessing other 

categories of predictors were needed.

We performed such a prospective, observational study of a well-defined cohort of 152 

treatment-naïve JIA patients, enrolled within six months after the onset of symptoms, 

to predict disease activity in the first two years of disease. The results are presented in 

Chapter 3, showing that no accurate model could be developed in the whole cohort 

taken together (area under the curve [AUC] of the receiver operating characteristics [ROC] 

curve <0.65 in test data). However, prediction accuracy improved upon considering more 

homogeneous subgroups separately. For oligoarticular patients, lower odds of inactive 

disease were predicted by higher juvenile arthritis disease activity score (JADAS)-71 and 

higher relative abundance of the operational taxonomic unit (OTU) Mogibacteriaceae at 

baseline (AUC of the model in test data 0.69). For polyarticular rheumatoid factor (RF) 

negative patients, lower odds of inactive disease were predicted by longer duration of 

morning stiffness, lower haemoglobin levels and higher levels of the chemokine CXCL-9 

at baseline (AUC 0.69 in test data). Finally, for antinuclear antibody (ANA) positive 

patients, lower odds of inactive disease were predicted by longer duration of morning 

stiffness and lower haemoglobin levels at baseline (AUC 0.72 in test data). We concluded 

that the heterogeneity of JIA was hampering the accurate prediction of its prognosis. 

However, nonetheless, the predictors for the more homogeneous subgroups merited 

further investigations into their potential role in the pathogenesis of JIA and could form 

a basis for future prediction models.
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Like its prognosis, the cause of JIA including potential environmental predisposing 

factors, is still unknown. Previous reports suggested that gut microbiota may be involved. 

Chapter 4 shows the results of the comparison of the gut microbiota composition 

between JIA patients at baseline (n = 99), in inactive disease (n = 44) and during 

persistently active disease (n = 25) and geography-matched healthy controls (n = 107) 

of similar age as the patients. Results showed clear differences between Italian patients 

at baseline and healthy controls, both when comparing OTUs individually (nine OTUs 

were differently abundant between patients and controls at the p <0.05 level after false 

discovery rate [FDR] correction) and when classifying patients and controls using random 

forest classification (AUC >0.99 in test data, indicating almost perfect classification). 

Fifteen OTUs were differently abundant between Dutch patients at baseline and healthy 

controls (p <0.05), but no evidence of differences (p >0.05) remained after FDR correction. 

The gut microbiota composition was also associated with the age of the subjects, but not 

with disease activity status. Hence, our study provided evidence for alterations in the gut 

microbiota composition in JIA patients; however the relationship between gut microbiota 

composition and JIA was complex. In future studies, the results should be replicated 

and a potential causal role of the gut microbiota in the pathogenesis of JIA should  

be investigated.

Part II focused on juvenile dermatomyositis (JDM). This is an autoimmune pathology 

involving mainly skeletal muscles and the skin, but other organ systems might be involved 

as well. Like in JIA, predictors for the prognosis of JDM are largely unknown.

Using data available from a large multicentre cohort of JDM patients in the United 

Kingdom, we developed a model of disease activity using four parameters of the recently 

developed inactive disease criteria, being the creatine kinase (CK) level, childhood 

myositis assessment scale (CMAS), manual muscle testing of 8 muscle groups (MMT8) 

and the physician’s global assessment of disease activity (PGA). Chapter 5 describes 

the statistical background of the model, related to the peculiarities in the distributions 

of the outcome parameters (non-normal with a peak of best-possible values and a long 

tail towards pathological values), dependencies among multiple visits of the same patient 

and correlations among the four different outcome parameters. These challenges were 

resolved using a hurdle-type approach, in which the best-possible value on the respective 

scales of the outcome parameters was modelled separately from the remainder of values. 

Interdependencies among visits were resolved using a by-subject random intercept and 

random slopes for the time elapsed since diagnosis. Finally, the correlations among 

the outcome parameters were modelled explicitly by specifying a multivariate normal 

distribution for the subject-specific random intercepts of the four outcome parameters. 

These efforts resulted in a well-fitting model that followed the observed patterns 

over time. Out-of-sample predictions were accurate, but showed wide prediction 

intervals due to uncertainties in the predictions, parameter estimation and imputation of  

missing values. 
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Chapter 6 discusses the clinical interpretation of the results. Myalgia and dysphonia 

were associated with worse disease activity. Many cutaneous symptoms were associated 

with the PGA, but, remarkably, periorbital rash and nail fold changes were also associated 

with strictly muscular outcomes. CMAS and MMT8 were lower in the presence of 

contractures, whereas calcinosis was associated with higher CMAS and higher PGA 

values. Arthritis at diagnosis, the only parameter at diagnosis associated with any of 

the outcome parameters, predicted higher CMAS and MMT8 scores, whereas joint swelling 

at the visit was associated with lower CMAS and higher PGA values. The model indicated 

furthermore that, of the four outcome parameters, CMAS and MMT8 were correlated, 

whereas PGA captured mainly unique information. These results can be used to build 

prediction models for patients with JDM and diversify treatment for different categories 

of patients. Furthermore, information about the correlation among the outcomes is useful 

for the determination of the right set of disease activity parameters in JDM. CMAS and 

MMT8 might be summarised into a single instrument, whereas PGA should be maintained 

as outcome parameter in order to capture cutaneous disease activity adequately.

Finally, Part III deals with methotrexate (MTX) a cornerstone in the treatment of JIA 

and also frequently used for JDM. In Chapter 7 we review the literature systematically to 

find out what is known about predictors for MTX efficacy and adverse effects. Many well-

performed studies were found with respect to MTX efficacy. Predictors for poor response 

to MTX were higher childhood health assessment questionnaire (CHAQ) score, bilateral 

wrist involvement, ANA negativity, lower MRP8/14 (S100A8/A9) levels, lower levels of 

long-chain MTX polyglutamates, higher osteopontin levels and lower haemoglobin levels, 

as well as single nucleotide polymorphisms (SNPs) in some genes involved in the transport 

of MTX in and out of the cell. Many of these predictors, however, had not been validated 

in independent studies. Much less was known about predictors for MTX adverse events. 

Potential predictors were higher levels of alanine aminotransferase (ALT) and SNPs in 

genes involved in MTX polyglutamate breakdown and folate metabolism. 

Next, we focused on MTX adverse events, more specifically MTX intolerance. MTX 

intolerance is defined as gastrointestinal side effects occurring not only after the intake of 

MTX, but also before intake (anticipatory), or when being reminded of MTX (associative). 

In Chapter 8 we discuss the development and validation of a questionnaire to measure 

MTX intolerance, the methotrexate intolerance severity score (MISS). The questionnaire 

was validated in a cross-sectional cohort of 86 JIA patients and found to distinguish well 

between tolerant and intolerant patients. A cut-off score of ≥6 (with at least one point 

due to anticipatory, associative or behavioural complaints) had the best diagnostic value 

with a sensitivity of 0.88 and a specificity of 0.80. Using this cut-off, we determined in 

a cross-sectional cohort of 297 patients that MTX intolerance occurred in 150 patients 

(50.5%), more frequently on subcutaneous (SC) MTX than oral MTX (67.5% versus 

44.5%, p = 0.001).
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These results were corroborated by our study of a cross-sectional cohort of 179 German 

JIA patients (Chapter 9), showing that 40.8% of patients were intolerant. Patients taking 

MTX exclusively SC were more frequently intolerant than patients taking MTX exclusively 

orally (43% versus 29%). There was no evidence of differences in the frequency of MTX 

intolerance between patients taking MTX SC and those taking MTX orally in univariate 

analysis (p = 0.10), however there were some confounders. After adjustment for those 

confounders, multivariable analysis confirmed higher odds of MTX intolerance for patients 

taking MTX SC (odds ratio 3.4, 95% confidence interval 1.2-10.0, p = 0.02). 

In Chapter 10, we attempted to predict the occurrence of MTX intolerance at 6 or 

12 months after the start of MTX in a prospective, observational cohort of 152 patients. 

The final prediction model consisted of JIA category, ANA positivity, parent/patient 

assessment of pain, JADAS-27, thrombocyte count, ALT level and creatinine level and 

showed an AUC of 0.67 (corrected for optimism by bootstrap). Introduction of SNPs 

in genes involved in MTX metabolism did not improve the predictive performance of 

the model. Thus, the results of Chapters 8, 9 and 10 combined indicated that MTX 

intolerance was frequent indeed, and difficult to predict, warranting regular surveillance 

using the MISS to monitor its occurrence. 

Taken together, this thesis provides instruments to clinicians for tailor-made 

treatment. In JIA, this proved challenging due to the heterogeneity of the disease. More 

homogeneous subgroups should be defined, ideally by identifying causes or predisposing 

factors of the disease, such as, potentially, the gut microbiota. Since JIA prognosis cannot 

yet be predicted accurately, prediction of treatment efficacy is offered as an alternative 

approach. Attention should be paid to potential side effects of MTX, especially MTX 

intolerance, which occurs frequently and which should be monitored regularly using 

the MISS. In JDM, various signs and symptoms were associated with increased disease 

activity, providing opportunities to initiate delineating more homogeneous subgroups of 

patients and provide tailor-made treatment.



N
ED

ERLA
N

D
SE SA

M
EN

VA
TTIN

G

273

12

NEDERLANDSE SAMENVATTING

Jeugdreuma (juveniele idiopathische artritis, JIA) komt voor bij ongeveer 1 op de 1000 

kinderen en is daarmee de meest voorkomende kinderreumatologische aandoening. 

De term omvat een groep van ziekten die gekenmerkt wordt door chronische 

gewrichtsontsteking (artritis), met een duur van ten minste zes weken, welke 

ontstaat voor de leeftijd van 16 jaar (juveniel). Deze gewrichtsontsteking uit zich door 

gewrichtszwelling, pijn en bewegingsbeperking, met name ’s morgens bij het wakker 

worden of na een lange periode stil gezeten te hebben. De oorzaak van JIA is onbekend 

(idiopathisch), dat wil zeggen dat de diagnose pas gesteld kan worden als alle bekende 

oorzaken van chronische gewrichtsontsteking uitgesloten zijn.

Het beloop van de ziekte bij kinderen met JIA is erg wisselend. Zo zijn er kinderen bij 

wie één knie ontstoken is, die goed reageert op een lokale therapie (een gewrichtsinjectie 

met corticosteroïden) en daarna nooit meer ontstoken raakt. Aan de andere kant van het 

spectrum zijn er ook kinderen met hevige ontsteking van veel gewrichten, die zelfs niet 

goed reageert op de nieuwste klasse geneesmiddelen (de zogenaamde biologicals). Het is 

op dit moment onmogelijk om vooraf te voorspellen welk kind welk beloop gaat krijgen. 

Dat is een groot gemis, omdat een juiste inschatting van het beloop er toe kan leiden dat 

we veel eerder effectieve therapie zouden kunnen geven aan wie dat nodig heeft. Op die 

manier zouden we de kinderen eerder ontstekingsvrij kunnen krijgen, waardoor ze dus 

minder last hebben, minder uitval op school en minder risico op langetermijngevolgen 

zoals gewrichtsschade. Daarom zijn er gegevens nodig die al op het moment van  

de diagnose laten zien welke kant een kind op zal gaan: of het een mild beloop van  

de ziekte zal hebben, dan wel of het kind een agressievere vorm van de ziekte heeft.

In Deel I van deze thesis proberen we hier achter te komen. Hoofdstuk 2 beschrijft 

een onderzoek waarin we in de literatuur systematisch nagezocht hebben wat er 

al over dit onderwerp bekend was. Het bleek dat er wel veel studies gedaan waren, 

maar dat deze over het algemeen van matige kwaliteit waren. Bovendien waren er nog 

maar weinig factoren bekend die in meerdere studies lieten zien dat ze het beloop van  

de ziekte konden voorspellen. Daarom hebben we een nieuwe studie opgezet  

(Hoofdstuk 3) waarin we in een grote groep van 152 kinderen met JIA uit Nederland 

en Italië naar deze vraag gekeken hebben. Uit dit onderzoek bleek dat het voorspellen 

van het beloop van kinderen met JIA erg lastig is. Toch is het gelukt om enkele gegevens 

te vinden die het beloop voorspelden, door alle kinderen onder te verdelen in kleinere 

groepen die meer op elkaar leken (bijvoorbeeld door alle kinderen te nemen die maximaal 

vier ontstoken gewrichten hadden). De volgende gegevens voorspelden een lagere kans 

op het volledig ontstekingsvrij worden (en zijn dus slecht om te hebben): een langere 

duur van de ochtendstijfheid, meer bloedarmoede (ofwel een lagere concentratie 

hemoglobine), een hogere concentratie van een ontstekingseiwit in het bloed (CXCL-9), 

meer bacteriën van een bepaalde soort (Mogibacteriaceae) in de darmbacteriën en meer 

NEDERLANDSE SAMENVATTING
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ziekteactiviteit op het moment van de diagnose. Met deze gegevens was de voorspelling 

van het beloop van de ziekte nog niet perfect. In de toekomst zal dus meer onderzoek 

moeten worden gedaan om onze resultaten te bevestigen en ook om nieuwe gegevens 

te vinden voor het voorspellen. Maar vooral moeten kinderen met jeugdreuma beter 

gegroepeerd worden, in het ideale geval door achter de oorzaak van de aandoening  

te komen.

Zoals hierboven beschreven zijn deze oorzaken van jeugdreuma onbekend. Er wordt 

gedacht dat de aandoening ontstaat door de invloed van bepaalde omgevingsfactoren 

in kinderen die genetisch extra gevoelig zijn voor het ontwikkelen van de ziekte. Welke 

omgevingsfactoren dat dan zouden zijn is nog onbekend. De laatste tijd is er echter 

veel aandacht gekomen voor de miljoenen bacteriën die in de darm zitten. Het lijkt er 

op dat mensen met chronische ontstekingsziekten, zoals reumatoïde artritis, een andere 

samenstelling van deze darmbacteriën hebben dan gezonde mensen. In Hoofdstuk 4 

bekijken wij of de samenstelling van de darmbacteriën ook verschillend is tussen kinderen 

met JIA en gezonde kinderen. Het blijkt dat er forse verschillen zaten tussen Italiaanse 

kinderen met JIA en Italiaanse gezonde kinderen, terwijl er minder duidelijke verschillen 

waren tussen Nederlandse kinderen met JIA en Nederlandse gezonde kinderen. Dit 

zou kunnen komen door het feit dat de groep Italiaanse kinderen groter was dan de 

groep Nederlandse kinderen, waardoor verschillen makkelijker te zien zijn. Ook blijkt in 

Hoofdstuk 4 dat de samenstelling van de darmbacteriën verandert met de leeftijd, terwijl 

het moment waarop het onderzoek gedaan werd (dus: op het moment van diagnose, 

op het moment dat kinderen volledig ontstekingsvrij zijn en op het moment dat de 

kinderen een terugval hebben) niet veel uitmaakt. Dit zijn belangrijke bevindingen, want 

het zou dus inderdaad zo kunnen zijn dat deze darmbacteriën betrokken zijn bij het 

ontstaan van jeugdreuma. Het is ook nog mogelijk dat jeugdreuma er juist voor zorgt dat  

de samenstelling anders wordt of dat de twee dingen niets met elkaar te maken hebben. 

Dat moet in toekomstige studies uitgezocht worden.

In Deel II van de thesis focussen we op een andere ziekte, namelijk juveniele 

dermatomyositis (JDM). Dit is een veel zeldzamere aandoening, die elk jaar bij ongeveer 

2-4 op de 1 miljoen kinderen gediagnosticeerd wordt. Deze ziekte kenmerkt zich door 

ontsteking van de spieren, wat zich uit in spierzwakte. Daarnaast treedt ontsteking van 

de huid op, wat te zien is als karakteristieke roodheid in het gezicht en op de handen. Net 

als JIA heeft JDM een wisselend beloop waarbij een grote groep binnen twee jaar goed 

reageert op medicijnen, terwijl een andere grote groep telkens een terugval blijft krijgen. 

Ongeveer 2-3% van de kinderen overlijden zelfs aan de ziekte.

Ook hier hebben we geprobeerd om gegevens te vinden die voorspellend zijn voor het 

beloop. Het probleem bij JDM is alleen dat er veel minder over bekend is dan over JIA. 

Er is niet eens overeenstemming over de meetinstrumenten waarmee de ziekteactiviteit 

gemeten moet worden. Wij hebben gekozen (Hoofdstuk 5) voor een viertal instrumenten 

dat gebruikt is in de definitie voor inactieve ziekte zoals die voorgesteld is door een 
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internationale groep onderzoekers (PRINTO). Dit zijn: een eiwit dat vrijkomt uit spieren 

zodra ze ontstoken zijn (creatinekinase, CK); een serie kleine opdrachtjes die het kind 

moet uitvoeren om het uithoudingsvermogen van de spieren te testen (childhood 

myositis assessment scale, CMAS); een handmatige test van de spiersterkte in 8 spieren 

(manual muscle testing of 8 muscle groups, MMT8); en een cijfer voor de mate van 

ziekteactiviteit gegeven door de arts (physician’s global assessment of disease activity, 

PGA). In Hoofdstuk 5 bediscussiëren we de uitdagingen die we tegenkwamen bij het 

maken van het model, en onze oplossingen daarvoor. Eén van de problemen was dat 

alle kinderen in de studie meerdere keren gemeten waren, soms zelfs een paar keer 

per jaar over een periode van meerdere jaren. We wilden al deze informatie gebruiken 

in het model, maar veel modellen kunnen niet op een goede manier rekening houden 

met het feit dat er meerdere metingen van hetzelfde kind zijn. Een ander probleem 

was dat veel kinderen in de studie op een bepaald moment ontstekingsvrij werden 

en daardoor perfecte scores voor alle vier de meetinstrumenten lieten zien, terwijl er 

daarnaast toch nog een aanzienlijke groep was die allerlei andere scores hadden. Deze 

zogenaamde scheve verdeling maakt het maken van een model lastig. Ten slotte waren 

de vier meetinstrumenten ook niet onafhankelijk van elkaar: als de score voor één van  

de instrumenten (bijvoorbeeld de CMAS) verslechtert, dan is de kans aanzienlijk dat  

de score van een ander instrument (bijvoorbeeld de MMT8) ook verslechtert. Daar  

moesten we rekening mee houden bij het maken van het model. We laten zien in 

Hoofdstuk 5 dat onze oplossingen voor deze problemen werken, omdat het resultaat een 

model was dat de ziekteactiviteit van de kinderen in de studie vrijwel perfect voorspelde. 

In Hoofdstuk 6 bediscussiëren we vervolgens het klinische nut van het model. Het 

bleek dat meerdere symptomen van de ziekte samenhingen met ernstigere ziekteactiviteit, 

zoals spierpijn en stemveranderingen op basis van ontsteking van de spieren  

van de stembanden. Ook sommige vormen van huiduitslag die veel voorkomen bij JDM 

hingen samen met meer ziekteactiviteit en het interessante was dat deze tekenen van 

huidontsteking ook een verband hadden met meetinstrumenten voor ziekteactiviteit in 

de spieren, zoals de CMAS en de MMT8. Dit betekent dat ziekteactiviteit in de huid 

vaak gepaard gaat met ziekteactiviteit in de spieren. Artsen moeten daar dus bedacht 

op zijn. Net als bij JIA, kunnen deze gegevens leiden tot een onderverdeling van 

kinderen met meer of minder ziekteactiviteit en kan de behandeling daarop aangepast 

worden. Bovendien bleek uit Hoofdstuk 6 dat de CMAS en de MMT8 nauw met elkaar 

samenhingen. Het lijkt dus mogelijk om deze meetinstrumenten te vereenvoudigen en 

samen te voegen, om daardoor tijd te besparen. Aan de andere kant was de mening van 

de arts over de ziekteactiviteit (de PGA) onafhankelijk van de andere meetinstrumenten 

en is het dus belangrijk om dit instrument volledig mee te laten tellen in het beoordelen 

van de ziekteactiviteit.

Tot slot richten we ons in Deel III op één van de belangrijkste medicijnen in  

de behandeling van zowel JIA als JDM: methotrexaat (MTX). Dit middel is oorspronkelijk 
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ontwikkeld als behandeling voor kinderen met leukemie, maar enkele decennia geleden 

bleek het in veel lagere dosering ook goed te werken als krachtige ontstekingsremmer. 

Het is een veilig en effectief middel, maar toch geldt dat ongeveer 30% van de kinderen 

er helemaal niet op reageren. Ook komen er bijwerkingen voor, met name een milde 

vorm van leverirritatie (die snel over gaat als het middel tijdelijk wordt gestopt) en 

klachten van misselijkheid en overgeven. Nog steeds met hetzelfde doel voor ogen om 

van te voren te kunnen bepalen welke therapie het beste is voor welk kind, bekijken 

we in Hoofdstuk 7 wat er bekend is in de literatuur over gegevens die de effectiviteit 

van MTX en het optreden van bijwerkingen voorspellen. Voor effectiviteit bleken er 

veel studies gedaan te zijn, die ook van goede kwaliteit zijn. Er zijn dus veel gegevens 

bekend die samenhangen met verminderde of vermeerderde effectiviteit van MTX, alleen  

de meeste van deze gegevens zijn slechts onderzocht in één studie. Om zeker te zijn dat 

deze gegevens de effectiviteit van MTX voorspellen, moeten ze nog in andere studies 

gecontroleerd worden. Er waren weinig studies gedaan naar gegevens die het optreden 

van bijwerkingen bij MTX voorspellen. Dit hangt wellicht samen met de gedachte dat 

MTX een veilig geneesmiddel is met weinig bijwerkingen. Wij laten in Hoofdstuk 8 en 
9 zien dat dit niet helemaal geldt. Er zijn kinderen die bijwerkingen zoals misselijkheid, 

overgeven en buikpijn krijgen, niet alleen na het innemen van MTX, maar ook ervoor, of 

op het moment dat ze aan de MTX herinnerd worden. Als deze bijwerkingen bij elkaar 

voorkomen, dan noemen we dat MTX intolerantie. MTX intolerantie gaat ook vaak 

gepaard met gedragsproblemen, zoals weigering om het middel in te nemen, of een 

slecht humeur op de dag dat het ingenomen moet worden. In Hoofdstuk 8 ontwikkelen 

we een vragenlijst die deze bijwerking meet (methotrexate intolerance severity score, 

MISS). Met deze vragenlijst bleek dat van een grote groep van 297 kinderen met JIA, 

maar liefst de helft (50.5%) klachten had van MTX intolerantie. Verrassend genoeg kwam 

deze bijwerking vaker voor bij kinderen die de MTX met een injectie onder de huid kregen 

(67.5%) dan bij kinderen die de MTX als tablet innamen (44.5%). Er werd altijd gedacht 

dat de tablet meer klachten zoals misselijkheid veroorzaakte, maar dit blijkt dus niet zo te 

zijn. Ook in een grote groep Duitse kinderen met JIA kwam MTX intolerantie vaak voor, 

en vaker bij kinderen die de MTX als injectie kregen dan bij kinderen die de MTX als tablet 

namen (Hoofdstuk 9).

Omdat deze bijwerking zo vaak voorkomt en zo belangrijk is, probeerden we het 

optreden ervan ook te voorspellen (Hoofdstuk 10). Het bleek alleen dat dit bijna niet 

mogelijk was met de gegevens die wij tot onze beschikking hadden. Het is daarom 

belangrijk dat de arts op de hoogte is van het grote risico op MTX intolerantie, vooral 

bij kinderen die de MTX als injectie krijgen, zodat hij goed controleert of de bijwerking 

daadwerkelijk optreedt. Een behandeling is er nog niet, waardoor op dit moment  

de enige optie lijkt om MTX te stoppen en een ander middel te starten in het geval van 

MTX intolerantie.
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Alles samenvattend, de studies in deze thesis richten zich met name op het voorspellen 

van ziekteactiviteit en het optreden van MTX intolerantie. Het uiteindelijke doel daarvan 

is om vroegtijdig te bepalen wat de juiste therapie is voor elk individueel kind. Voor JIA 

bleek dit moeilijk te gaan. Toch hebben we een aantal gegevens gevonden die aan de 

voorspelling van het beloop van de ziekte kunnen bijdragen. Verder moet er onderzoek naar 

deze ziekte komen dat gericht is op het ontrafelen van de oorzaken van de aandoening. 

Mogelijk dat de darmbacteriën hierbij een rol spelen. Omdat het beloop van JIA nog niet 

accuraat kan worden voorspeld, is het zaak om de effectiviteit van medicatie, met name 

MTX, te voorspellen. Hierbij moet ook gelet worden op mogelijke bijwerkingen van MTX, 

zoals MTX intolerantie. Hiervan hebben wij laten zien dat het vaak voorkomt, maar dat 

het lastig te voorspellen is. Daarom moet er frequent bepaald worden of MTX intolerantie 

optreedt met behulp van de MISS. In JDM hingen verschillende ziekteverschijnselen samen 

met ziekteactiviteit. Deze verschijnselen kunnen worden gebruikt om patiënten onder te 

verdelen in groepen en een op de patiënt toegespitste behandeling te starten.
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DANKWOORD

What though I trace each herb and flower,

That drink the morning dew,

Did I not own Jehovah’s power,

How vain were all I knew.

Say what’s the rest but empty boast,

The pedant’s idle claim,

Who having all the substance lost

Attempts to grasp a name.

G.F. Händel, Solomon

Als ik deze woorden schrijf, is het bijna Kerst 2017. Het feest waarop de christelijke 

wereld de geboorte van Jezus Christus op aarde gedenkt. Deze gebeurtenis was in het 

Oude Testament al door veel profeten voorzegd. Zo ook door Maleachi, in hoofdstuk 4 

vers 2: “Ulieden daarentegen die Mijn Naam vreest, zal de Zon der gerechtigheid opgaan, 

en er zal genezing zijn onder Zijn vleugelen” (Statenvertaling). De Zon der gerechtigheid, 

Hij is de Sol iustitiae naar wie ook in het logo van de Universiteit Utrecht verwezen 

wordt: Sol iustitiae, illustra nos! Aan deze universiteit heb ik gedurende meer dan tien 

jaar mogen studeren en promoveren. Iets wat zonder de komst van deze Sol iustitiae op 

aarde onmogelijk zou zijn geweest. Vanaf deze plaats wens ik de universiteit en al haar 

medewerkers van harte de bescherming, bewaring en verlichting door Hem toe.

Graag wil ik iedereen bedanken die, op welke wijze dan ook, heeft bijgedragen aan  

mijn promotie.

Professor Wulffraat, beste Nico. Al vroeg in mijn ruim tienjarige loopbaan aan de UU 

kruisten onze wegen elkaar. Ik weet nog goed hoe ik als tweedejaarsstudent bij je 

binnenkwam. Heel erg bedankt voor alle begeleiding die je me hebt gegeven. Jouw 

enthousiasme en vele ideeën zijn altijd een enorme motivatie voor mij geweest. Nu moet 

je me ook nog leren hoe je er toch in slaagt zo enorm veel grants binnen te slepen.

Professore Martini, caro Alberto. Grazie di cuore di avermi accettato nel Suo equipe 

a Genova. Per me è stato un vero onore e una esperienza unica che ha arricchito molto 

il mio percorso di dottorato. Non solo, ovviamente, per via dell’esperienza lavorativa 

nell’ospedale Gaslini, ma anche per via dell’esperienza di Italia ‘da dentro’, piuttosto che 

come turista. Grazie davvero e spero che continuiremo ad incontrarci spesso!

Dottoressa Malattia, carissima Clara. Tu sei proprio unica, come persona, medico e 

ricercatrice. Ammiro la tua creatività nel disegnare studi, il tuo ottimismo e la tua capacità 

DANKWOORD
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di tirare fuori qualcosa di utile dai dati scarsi che avevamo a disposizione, talvolta. Sei 

una grande ricercatrice e una bravissima dottoressa – i tuoi pazienti ti adorano, e tu adori 

loro. Ma soprattutto sei una persona unica. Grazie della collaborazione e spero tanto che 

la possiamo continuare nel futuro!

Professor Prakken, beste Berent. Weliswaar ben je niet mijn promotor, maar op deze 

plaats toch hartelijk bedankt dat ik mocht meedoen met EUtrain. Het is een ontzettend 

leerzame periode geweest, zowel op professioneel als op persoonlijk vlak, die mij de 

kansen heeft geboden om in contact te komen met vrijwel al de mensen die ik in dit 

dankwoord noem. Zonder EUtrain was dit een compleet ander proefschrift geworden! 

Heel erg bedankt!

De leden van de leescommissie, Prof. dr. J.M. van Laar, Prof. dr. E.E.S. Nieuwenhuis, Prof. 

dr. A.B.J. Prakken, Prof. dr. M.A.F.J. van de Laar en dr. S.M.F. Pluijm, wil ik bedanken 

voor de tijd en moeite die zij hebben geïnvesteerd in het lezen en beoordelen van  

mijn proefschrift.

All co-authors and collaborators in MD-Paedigree, thanks for the nice collaboration we 

have had. It has been a pleasure working with you and I am looking forward to continuing 

this collaboration in future. We have been able to publish some nice papers already and 

I am sure many more will follow.

Professor Wedderburn, dear Lucy, thanks for inviting me to London to work on the exciting 

JDRG database. It has been a period of hard work with a fantastic result (two papers in 

my thesis!) and it has been a real pleasure working with you. I am sure we will meet again 

in future. Dear Maria, I can hardly think of a time I learned more than during the time I 

worked with you. Thanks for introducing me to the wondrous world of Bayesian statistics! 

Claire, thank you so much for thinking along and critically revising my manuscripts. You 

are the co-author with the shortest response time by far.

Maja en Marloes, een dankwoord zonder jullie kan niet bestaan. Jullie zijn de eersten 

geweest die mij op het pad der wetenschap begeleid hebben en zonder jullie zou heel 

deel 3 van mijn proefschrift niet hebben bestaan! Heel erg bedankt voor de fijne en 

goede begeleiding! Ook Saskia en Robert en alle andere coauteurs op de MTX-stukken 

wil ik bedanken voor de goede samenwerking.

Tutti i genovesi, dove dovrei iniziare e finire per ringraziarvi? Grazie a tutti voi del reparto 

della Pediatria II: Angelo, non mi dimentico mai del lavoro che abbiamo fatto per il trial 

AIFA, nè del successo che abbiamo avuto! Stefania, grazie di tutte le favole che sapevi 

raccontare, anche se all’inizio non ne capivo «un tubo» (cit.). Nicola, Paolo, Marco, 
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dottoressa Alpigiani, Francesca, Roberta, Gabriella e Alessia: grazie a tutti per tutto quello 

che mi avete insegnato. Grazie anche a tutti i collaboratori di PRINTO: Chiara, Eugenia, 

Francesca, Irene, Marco, Maria-Angela, Roberto. Simona, eri sempre a disposizione per 

dare una mano, soprattutto quando dovevano essere compilati documenti lunghi, noiosi 

e burocratici di cui nemmeno l’impiegato del comune capiva niente. E’ stato un vero 

piacere essere da voi e mi mancate sempre!

Alessandro, grazie non solo della collaborazione, ma anche dell’amicizia, e qua devono 

essere nominate anche Maria-Chiara e la piccola Alice! Mi ricordo sempre dei tuffi 

a Punta Chiappa e il ristorante meraviglioso che è lì. Sono proprio contento per te che hai 

potuto stabilirti a Genova, perchè sei un ottimo medico e ricercatore. Stiamo disegnando 

un nuovo progetto proprio in questo momento e non vedo l’ora a continuare la  

nostra collaborazione!

Stefano, grazie per la collaborazione e la tua pazienza con me. Mi hai insegnato tante 

cose rispetto all’uso dell’ecografia in AIG. Spero che tu abbia trovato, o che troverai 

presto, un posto dove stabilirti. 

Ringrazio tutti gli altri collaboratori: del reparto di fisiatria: Anna Ronchetti, Andrea 

Ravaschio, Christian Savio; della radiologia, soprattutto il dottore Magnano, Francesca 

Magnaguagno e Francesca Maiuri; del laboratorio di immunologia, soprattutto Claudia 

Pastorino e Sabrina Chiesa; tutti gli specializzandi che sono passati in questi anni. Grazie 

a tutti!

Grazie Genova, per avermi accolto. Mi manchi. «Genova mia di Sturla, / che ancora 

nel sangue mi urla. // […] // Genova di tutta la vita. / Mia litania infinita.» (cit. Giorgio 

Caproni, Litania, 1954).

Bas, heel erg bedankt voor je begeleiding in al deze jaren! Dank ook voor de positieve blik 

waarmee jij kijkt en waarmee je me regelmatig geholpen hebt als ik dingen weer eens 

wat te somber inzag. Dat we nog vaak goede discussies over statistiek mogen hebben! 

Joost, ook dank voor de goede samenwerking. Mooi dat we het treat-to-target artikel zo 

mooi hebben kunnen wegzetten. Succes met de laatste loodjes van je eigen promotie! 

Nienke, ook jou wil ik heel hartelijk danken voor de fijne samenwerking. Een aantal jaren 

geleden begonnen wij min of meer tegelijk als beginnende onderzoekertjes (dat zijn we 

nog steeds, eigenlijk) en nu eindigen we ook vrijwel gelijktijdig. Ook jij nog heel veel 

succes met het afronden van je promotie en met je verdere carrière.

De Loosdrecht-Vastert groep wil ik bedanken voor het feit dat jullie mij in korte tijd zoveel 

inzicht gegeven hebben in al het labwerk. Ik hoop en vrees dat ik een aardige luis in de 
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pels geweest ben op statistisch gebied. Jorg en Bas, jullie hebben een ontzettend mooie 

groep met veel potentie op het gebied van translational medicine. Ik hoop en verwacht 

dat jullie daar veel munt uit kunnen slaan.

Mijn roommates uit Utrecht: Henk, Michiel, Sytze en Wilco. Het was kort maar krachtig 

en altijd gezellig bij jullie op de kamer. Bedankt daarvoor en voor de goede gesprekken en 

discussies die we regelmatig hadden. Ik hoop dat little Laura en Rexthor, the dog-bearer 

nog lang bij jullie voortleven!

Mijn vrienden uit het Symi-groepje en de stichting vrienden van Symi. Wilco, Anneke, 

Jonathan, Christine, Bram en Anne-Linde, dank voor jullie vriendschap. Ik hoop dat die 

nog lang mag blijven bestaan! Leuk dat jullie me kwamen opzoeken in Italië. Is het niet 

hoog tijd voor weer een reisje?

Mijn paranimfen wil ik hartelijk bedanken. Johan, je bent een echte vriend om samen mee 

te praten, te discussiëren en te lachen. Ik kan veel leren van je spontaniteit en openheid. 

Ik hoop dat ik je ook wat terug kan geven. Henri, zwager en nu ook mijn paranimf, en 

Dianne, bedankt voor alles. Ik heb de vakanties die jullie bij mij in Italië doorbrachten 

altijd geweldig gevonden. Misschien moeten we dat nog maar eens doen. 

Lieve vader en moeder, dit proefschrift is vanzelfsprekend aan jullie opgedragen. Van 

jongs af aan hebben jullie me gesteund en gestimuleerd om mijn weg te gaan, zelfs toen 

bleek dat ik voor lange tijd naar Italië zou vertrekken. Hierboven heb ik diverse mensen 

bedankt zonder wie delen van dit proefschrift er niet zouden zijn geweest, maar zonder 

jullie zou er überhaupt nooit een letter op papier gekomen zijn en zou ik niet zijn wie ik 

nu ben. Bedankt voor alles!
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ABSTRACT

Objectives
Methotrexate (MTX) is a cheap and efficacious drug in juvenile idiopathic arthritis (JIA) 

treatment. If JIA patients are unresponsive to MTX, early and effective combination 

treatment with biologicals is required to prevent joint damage. The authors developed 

a prediction model to identify JIA patients not responding to MTX.

Methods
In a cohort of 183 JIA patients, clinical variables and single nucleotide polymorphisms 

(SNPs) in genes involved in the mechanism of action of MTX were determined at the start 

of MTX treatment. These variables were used to construct a prediction model for non-

response to MTX treatment during the first year of treatment. Non-response to MTX 

was defined according the American College of Rheumatology paediatric 70 criteria. 

The prediction model was validated in a cohort of 104 JIA patients.

Results
The prediction model included: erythrocyte sedimentation rate and SNPs in genes coding 

for methionine synthase reductase, multidrug resistance 1 (MDR-1/ABCB1), multidrug 

resistance protein 1 (MRP-1/ABCC1) and proton-coupled folate transporter (PCFT). 

The area under the receiver operating characteristics curve (AUC) was 0.72 (95% CI: 

0.63 to 0.81). In the validation cohort, the AUC was 0.65 (95% CI: 0.54 to 0.77). 

The prediction model was transformed into a total risk score (range 0–11). At a cut-off of 

≥3, sensitivity was 78%, specificity 49%, positive predictive value was 83% and negative 

predictive value 41%.

Conclusions
The prediction model that we developed and validated combines clinical and genetic 

variables to identify JIA patients not responding to MTX treatment. This model could 

assist clinicians in making individualized treatment decisions.



PRED
IC

TIO
N

 O
F M

TX
 N

O
N

-RESPO
N

SE

289

A

INTRODUCTION

Juvenile idiopathic arthritis (JIA) is one of the most common chronic rheumatic diseases in 

childhood with a reported prevalence between 16 and 159 per 100,000.1 In the treatment 

of JIA, methotrexate (MTX) is the cornerstone disease-modifying anti-rheumatic drug. 

MTX is efficacious in 30%–70% of patients, depending on the JIA subtype.2;3 Patients 

who do not respond or partially respond to MTX are given biologicals such as tumour 

necrosis factor α (TNFα) inhibitors, interleukin 1 (IL-1) receptor blockers or IL-6 blockers 

alone or in combination with MTX. The high efficacy of these combination therapies4-8 

is leading to a tendency to apply biologicals early in the treatment of JIA, even before 

knowing the patient’s response to MTX monotherapy.9-11 This is consistent with the need 

for early effective treatment of JIA, crucial for preventing irreversible joint destruction and 

long-term disabilities.1;4;12 However, combination therapy is unnecessary in those patients 

who could respond to MTX monotherapy, given that the long-term adverse effects of 

biologicals, particularly TNFα blockers, are largely unknown and could include development 

of autoimmune phenomena such as inflammatory bowel disease and malignancies such 

as leukaemia and lymphoma.12-16 To ensure that only patients unresponsive to MTX receive 

early additional treatment with biologicals and those responsive to MTX are spared costly 

drugs with potentially serious adverse effects, it is crucial to predict those patients who 

will be unresponsive to MTX monotherapy.

A prediction model for MTX efficacy was successfully constructed in rheumatoid 

arthritis (RA).17 However, to date no model has been constructed to predict MTX non-

response in JIA. The aim of this study was to develop and validate such a prediction 

model, using clinical and genetic predictors.

METHODS

Study design and patients
Two observational cohort studies were performed at the Wilhelmina Children’s Hospital, 

University Medical Center Utrecht. The derivation cohort, consisting of retrospectively 

collected patients who had started MTX monotherapy between 1990 and 2006, was 

used to develop the prediction model. The validation cohort, consisting of prospectively 

collected patients who had started MTX monotherapy between January 2007 and June 

2010, was used to test the external validity of the model.

Patients, aged 1–18 years, with a confirmed JIA according to the International League 

of Associations for Rheumatology criteria18 and an available blood sample were eligible 

for inclusion. Patients were excluded if longitudinal data after start of MTX treatment 

could not be retrieved and blood samples could not be used to determine the SNPs. 

Their clinical data on disease characteristics, disease activity and medication use were 
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collected from medical charts at the moment of MTX start and at 3, 6 and 12 months 

after MTX start. This study was approved by the University Medical Center Utrecht Medical  

Ethics Committee.

Assessment of MTX clinical response
Clinical response to MTX in the first year of treatment was determined using the American 

College of Rheumatology paediatric 70 (ACR70) criteria for disease activity.19 The validated 

core-set criteria20 for disease activity were: (1) Physician’s global assessment of disease 

activity on a 10 cm visual analogue scale; (2) Number of active joints, defined by joint 

swelling or limitation of movement accompanied by pain and tenderness; (3) Number 

of joints with limitation of movement; (4) Physical functional ability, measured with 

the Childhood Health Assessment questionnaire (CHAQ) disability on a 0–3 scale;21 (5) 

Parent or patient assessment of patient’s well-being on a 10 cm visual analogue scale; 

and 6) Erythrocyte sedimentation rate (ESR). Good clinical response to MTX according 

to ACR70 criteria means at least 70% improvement in at least three of the six core-set 

criteria, with no more than 30% worsening in more than one of the remaining criteria.

MTX non-responders were defined as patients who did not satisfy the ACR70 criteria 

in at least two out of three visits during the first year of MTX treatment. This definition was 

used since clinical response to MTX is known to fluctuate in a large proportion of patients 

between different time points in the first year of treatment.22 MTX non-responders also 

included patients discontinuing MTX and/or switching to anti-TNFα therapy or other 

biologicals due to insufficient effect of MTX.

Clinical and genetic variables
At baseline, JIA was divided into three subtype categories: oligoarticular JIA, polyarticular 

JIA and other subtypes including systemic, psoriatic and enthesitis-related JIA (table 1). 

Other disease characteristics, core-set criteria and information on medication use are 

shown in table 1.

The genetic variables, single nucleotide polymorphism (SNPs), were selected based 

on their involvement in the MTX metabolic pathways, their high polymorphic allele 

frequency and documented functional effects. DNA for SNP analysis was obtained from 

whole blood or isolated peripheral blood mononuclear cells. Genomic DNA was isolated 

using the QIAmp DNA Mini Blood Kit (Qiagen, Venlo, The Netherlands). The following 

SNPs were determined using real-time PCR with Taqman technique according to protocols 

provided by the manufacturer (Taqman, Applied Biosystems, Foster City, California, USA): 

methylenetetrahydrofolate reductase (MTHFR rs1801133 and rs1801131), reduced folate 

carrier (RFC/SLC19A1 rs1051266), methionine synthase reductase (MTRR rs1801394), 

inosine triphosphatase (ITPA rs1127354), adenosine monophosphate deaminase 

(AMPD1 rs17602729), 5-aminoimidazole-4-carboxamide ribonucleotide transformylase 
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(ATIC rs2372536), adenosine-deaminase (ADA rs73598374), adenosine A2A receptor 

(ADORA2A rs5751876), multidrug resistance 1 (MDR-1/ABCB1 rs1128503, rs1045642, 

rs2032582), multidrug resistance protein 1-5 (MRP-1/ABCC1 rs35592, rs3784862; MRP-2/

ABCC2 rs4148396, rs717620; MRP-3/ABCC3 rs4793665, rs3785911; MRP-4/ABCC4 

rs868853, rs2274407; MRP-5/ABCC5 rs2139560), breast cancer resistance protein (BCRP/

ABCG2 rs13120400, rs2231142), γ glutamyl hydrolase (GGH rs10106587, rs3758149) 

and proton-coupled folate transporter (PCFT rs2239907).

Statistical analysis
To construct a risk model to predict non-responders to MTX, backward logistic regression 

analysis was performed in several stages. First, all continuous clinical variables were 

dichotomized to facilitate the use of the model in daily clinical practice. Second, univariate 

ORs with 95% CI were calculated (table 1). If two potential predictors correlated 

(Spearman’s r≥0.40), the clinically more relevant or the more significant variable in 

the univariate analysis was given preference. Third, to obtain the final prediction model, 

clinical and genetic variables with a p value of ≤0.20 on the log-likelihood test were 

combined in the multivariate logistic regression analysis.

To calculate predicted probabilities of being an MTX non-responder, we used 

the following formula:

P e

e

x x x

x x x

p p

p p
MTXoutcome =

+

+ + +…+( )

+ + +…+(

β β β β

β β β β

0 1 1 2 2

0 1 1 2 21 � )) . 

where P is the predicted probability of being an MTX non-responder, β0 is the constant 

and β1 , β2  and β p  represent the regression coefficients for each of the predictors x1 ,  
x2 and xp . To evaluate the predictive power of the model, we used the predicted 

probabilities for MTX non-response to construct a receiver operating characteristic (ROC) 

curve. The area under the ROC curve (AUC) measures the concordance of predictive 

values with actual outcomes, with an AUC of 0.5 reflecting no predictive power and an 

AUC of 1.0 reflecting perfect prediction. To assess whether the models fit the data well, 

we employed the Hosmer-Lemeshow test.

To compute the risk score of being an MTX non-responder for individual patients, 

the regression coefficients β of the predictors in the final model were transformed into 

simple scores that sum up to a total risk score (table 3). Within the total risk score, 

sensitivity, specificity, positive predictive value and negative predictive value were 

calculated for several cut-off scores.

The prediction model was externally validated in the validation cohort. To do this, 

we entered the regression coefficients of the predictors obtained from the derivation 
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Table 2. ACR70 MTX non-response frequency (%)

Time point Derivation cohort (n=183) Validation cohort (n=104)

3 months 175 (95.6) 83 (79.8)
6 months 140 (76.5) 64 (61.5)
12 months 103 (56.3) 52 (50.0)
First year of treatment* 143 (78.1) 68 (65.4)

*According to definition: ACR70 non-responder in at least two out of three time points during the first year  
of treatment.
ACR70, American College of Rheumatology paediatric 70; MTX, methotrexate.

Table 3. Prediction model and scores for ACR70 MTX non-response

Predictors β Score OR (95%CI) p value

Clinical
ESR >12 mm/h -0.820 -2 0.44 (0.17-1.12) 0.09

Genetic
MTRR rs1801394 A>G AG/GG -1.172 -3 0.31 (0.09-1.11) 0.07
MDR-1/ABCB1 
rs1045642 G>A

AA -0.714 -2 0.49 (0.22-1.11) 0.09

MRP-1/ABCC1 rs35592 
T>C

TC/CC -0.793 -2 0.45 (0.21-0.98) 0.04

PCFT rs2239907 C>T CT/TT -0.569 -2 0.57 (0.24-1.36) 0.20
Constant 3.758 11
AUC derivation cohort 
(95% CI)

0.72 (0.63-0.81)

AUC validation cohort 
(95% CI)

0.65 (0.54-0.77)

Hosmer-Lemeshow test  
(p value)

0.91

Example: Risk score of a JIA patient having all predictors is calculated as follows: Add up the constant (11) to 
scores of individual predictors, namely 11+(-2)+(-3)+ (-2)+(-2)+(-2), which equals 0 points.
ACR70, American College of Rheumatology paediatric 70; ESR, erythrocyte sedimentation rate; MTX, 
methotrexate.

cohort into the abovementioned formula. This was used to construct a ROC curve for 

the validation cohort. All statistical analyses were carried out with SPSS V.15.0.0 (SPSS, 

Chicago, Illinois, USA).
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RESULTS

Patient characteristics
183 Patients were included in the derivation cohort after removal of five patients due to 

missing longitudinal data. Upon eliminating three patients receiving IL-1 receptor blockers 

at MTX start, 104 patients were included in the validation cohort.

Baseline characteristics (table 1) did not differ significantly between the cohorts, 

besides disease duration before MTX start, which was longer in the derivation (median: 

1.9 years, IQR: 0.3–7.6) than in the validation cohort (median: 0.8 years, IQR: 0.3–4.5) 

(p=0.001). MTX starting dose was comparable between the two cohorts, namely 9.4 

mg/m2/week in the derivation and 9.8 mg/m2/week in the validation cohort. Within 

the cohorts, MTX starting dose was equivalent in future responders and non-responders. 

However, in the derivation, but not in the validation cohort, MTX dose was significantly 

higher in non-responders compared with responders at 6 months (12.3 mg/m2/week 

vs 9.3 mg/m2/week) and at 12 months (10.9 mg/m2/week vs 7.1 mg/m2/week) after  

MTX start.

In the derivation cohort, after 1 year of treatment, 149 patients (81.4%) were still 

on MTX, and 27 patients (14.8%) had stopped MTX due to insufficient effect (n=5), 

disease remission (n=18), gastrointestinal intolerance (n=3) or hepatotoxicity (n=1). In 

the validation cohort, 99 (92.5%) patients were still receiving MTX after 1 year and eight 

patients (7.7%) had stopped MTX due to insufficient effect (n=3), disease remission (n=2) 

and gastrointestinal intolerance (n=3).

During the first year of treatment, 143 patients (78.1%) in the derivation and 68 

patients (65.4%) in the validation cohort were ACR70 non-responders (table 2), while 114 

(62.3%) patients in the derivation and 52 (50%) patients in validation cohort were ACR50 

non-responders (data not shown). These frequencies corresponded to the frequencies at 

6 months after MTX start, which is a commonly used time point to establish MTX efficacy. 

The ACR70 non-responder frequencies in the validation cohort were similar to those 

found earlier;3 however, ACR70 frequencies in the derivation cohort were higher, possibly 

due to significantly longer disease duration before MTX start23 in this cohort.

Prediction model for MTX non-responders according to ACR70
The following variables, univariately associated (p≤0.20) with MTX non-response, were 

included in the multivariate logistic regression: disease duration, limited joints, ESR, MTRR 

rs1801394, MDR-1/ABCB1 rs1045642, MRP-1/ABCC1 rs35592 and PCFT rs2239907 

(table 1). Variables of the final prediction model consisted of ESR and MTRR rs1801394, 

MDR-1/ABCB1 rs1045642, MRP-1/ABCC1 rs35592 and PCFT rs2239907 (table 2). 

The AUC of the prediction model was 0.72 (95% CI: 0.63 to 0.81), indicating that it 

classified 72% of patients correctly (table 3). The Hosmer-Lemeshow goodness-of-fit test 

was not statistically significant (p=0.91), indicating that the model fit the data well.
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These predictors were used to test the model in a validation cohort. The AUC of 

the validation cohort was 0.65 (95% CI: 0.54 to 0.77), indicating that 65% of patients 

were classified correctly (table 3).

To enable healthcare professionals to easily use the model, the regression coefficients 

β ()f the model’s predictors, transformed into simple scores, were used to compute an 

individual risk score for being an MTX non-responder (table 3). This score ranged from 0 

to 11 points with a higher score reflecting a higher probability of non-response. The risk 

score of a patient that has all predictors of the final model is calculated by adding up 

the constant to the simple scores, assigned to individual predictors: 11 (the constant)+ 

(−2)+(−3)+(−2)+(−2)+(−2), which results in a risk score of 0. If all predictors are present, 

the probability of non-response is 0.42. On the other hand, the risk score of a patient 

having no predictors would be equal to the constant of 11. If no predictors are present, 

the probability of non-response is 0.98. Within the 0-11 range, the diagnostic accuracy of 

different cut-offs for predicting the risk of being an MTX non-responder was evaluated by 

computing the corresponding sensitivity, specificity, positive predictive value and negative 

predictive value (table 4).

Our goal was to correctly identify as many future MTX non-responders as possible 

(high sensitivity), while attempting to avoid misidentification of MTX responders as MTX 

non-responders as much as possible (reasonable specificity). In the derivation cohort, this 

was reached at the cut-off ≥3, where 98 of 125 (78%) MTX non-responders and 19 of 

39 (49%) MTX responders were identified correctly; 27 non-responders were classified 

as responders (false negatives) and 20 responders were classified as non-responders 

(false positives) (table 4). Similarly, in the validation cohort, at the cut-off ≥3, 48 (79%) 

of 61 MTX non-responders were identified correctly, whereas nine (26%) of 34 MTX 

responders were identified correctly; 13 non-responders were classified as responders 

(false negatives) and 25 responders were classified as non-responders (false positives).

DISCUSSION

We developed and validated a prediction model for clinical non-response in two large JIA 

cohorts consisting of ESR and four SNPs in the MTRR, MDR-1/ABCB1, MRP-1/ABCC1 and 

PCFT genes. The model classified 72% of patients correctly in the derivation and 65% in 

the validation cohort.

To our knowledge, no previous studies have constructed a model to predict MTX 

non-response in JIA. Several studies did report associations of MTX non-response in JIA 

with polyarticular disease, longer disease duration, ANA negativity and a higher level of 

disability.24;25 In our study, longer disease duration and ANA negativity were univariately 

associated with MTX non-response, although not significantly. Moreover, extended 

oligoarticular JIA subtype was associated with MTX response.25
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Table 4. Diagnostic parameters for various risk score cut-offs predicting ACR70 MTX non-response

Cohort Cut-off
Probability of MTX 
non-response Sensitivity (%) Specificity (%) PPV (%) NPV (%)

Derivation ≥1 0.42 97 13 78 55
≥3 0.60 78 49 83 41
≥5 0.77 50 82 90 34
≥6 0.88 44 87 92 33
≥7 0.90 24 95 94 28
≥8 0.93 16 97 95 27

Validation ≥1 0.62 97 9 66 60
≥3 0.77 79 26 66 41
≥5 0.88 46 68 72 41
≥6 0.91 40 71 71 40
≥7 0.91 21 88 76 38
≥8 0.91 11 91 70 36

Risk scores were calculated in 164 patients in the derivation cohort (n=19 baseline erythrocyte sedimentation 
rate (ESR) values were missing) and in 95 patients in the validation cohort (n=8 ESR values were missing and 
n=1 failed genotyping of PCFT gene).
ACR70, American College of Rheumatology paediatric 70; MTX, methotrexate; NPV, negative predictive value; 
PPV, positive predictive value.

However, we and others26;27 observed equal MTX response rates among different JIA 

subtypes. Therefore, in the present study JIA subtype was not a predictor of MTX non-

response. Furthermore, no effect modification was detected upon restricting the analysis 

to the more prevalent oligoarthritis and polyarthritis subtypes since the prediction model 

preserved its predictive power (AUC: 0.72, 95% CI: 0.61 to 0.82).

An MTX efficacy prediction model was constructed in RA, classifying 85% of patients 

correctly.17 This model contained four clinical variables and four SNPs encoding AMPD1, 

ATIC, ITPA and MTHFD1 (methylenetetrahydrofolate dehydrogenase) enzymes. Despite 

differences in definitions of response and in demographics of RA and JIA patients, 

inclusion of SNPs was essential for adequate prediction of MTX non-response in both 

models. Our prediction model with ESR only yielded a poor AUC of 0.59 (95% CI: 0.49 to 

0.69), whereas the addition of SNPs raised the AUC to 0.72. Therefore, SNPs were crucial 

for a good prediction of MTX non-responders in JIA.

The goal of our model is to correctly identify future non-responders who can be given 

early additional treatment with biologicals, and simultaneously to keep misidentification 

of future responders as non-responders to a minimum. This goal stems from the following 

important changes in treatment mentality of paediatric rheumatologists over the past 

years, prompted by the need to establish early disease control to prevent irreversible joint 

damage. First, paediatric rheumatologists no longer consider MTX response according 

to ACR30 or ACR50 sufficient, but judge it to be good only if patients satisfy the more 

stringent ACR70 criteria.28-30 Furthermore, they consider patients MTX responders if they 
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satisfy these criteria already within 3 months after MTX start. These changes in treatment 

mentality have resulted in a lower threshold to start early combination treatment 

with biologicals. Although very effective, biologicals potentially carry a heightened 

risk of malignancies and inflammatory bowel disease.12-16 To address these risks, while 

considering it crucial to adequately treat MTX non-responders as early as possible with 

biologicals and at the same time restrict their use to those patients who really need them, 

we selected a cut-off ≥3 as the optimal score. Using this cut-off in the derivation cohort 

would allow 98 (78%) of 125 non-responders to receive early additional treatment with 

biologicals, and spare 19 (49%) of 39 patients, identified as responders, from receiving 

them. In the validation cohort, 79% of non-responders would be given timely biological 

treatment, whereas 26% of patients identified as responders would be spared from 

receiving them (table 4). Although the sensitivity at this cut-off was the same for both 

cohorts, the specificity was considerably lower in the validation cohort (49% vs 26%), 

which is due to its relatively small size.

The choice of a cut-off, however, depends on the clinical goal. A cut-off ≥6 could be 

chosen, if clinicians use the prediction model primarily to select as many responders as 

possible, while avoiding misidentification of non-responders as responders. At this cut-off, 

34 of 39 (87%) MTX responders were identified correctly, while 55 of 125 (44%) MTX 

non-responders were identified correctly. Similar diagnostic parameters were obtained in 

the validation cohort (Table 4).

Our model was constructed for ACR70 non-responders in at least two of three visits 

during the first year of treatment, due to known fluctuations in MTX (non-)response 

during the first year.22 Nevertheless, the model had an equally strong predictive power 

for ACR70 non-responders (AUC=0.71, 95% CI: 0.62 to 0.80) at 6 months after MTX 

start. Depending on the clinician’s preference, the model could also be applied for a less 

stringent ACR50 non-response, since its predictive power was strong both in the first 

year of treatment (AUC=0.70, 95% CI: 0.61 to 0.77) and at 6 months after MTX start 

(AUC=0.72, 95% CI: 0.63 to 0.80).

Further studies are needed to evaluate the effect of these SNPs on enzyme activity 

and transporter function. As we and others have shown, the non-synonymous rs1045642 

SNP in the MDR-1/ABCB1 efflux transporter gene was associated with a higher probability 

of good clinical response to MTX.31 The synonymous rs35592 SNP in another MRP-1/

ABCC1 efflux transporter gene has been associated with higher risk of MTX non-response 

in psoriasis patients,32 whereas here this SNP was associated with a lower risk of non-

response. The synonymous PCFT rs2239907 SNP, whose protein is an influx transporter, 

has not been described earlier in relation to MTX efficacy in arthritis. Finally, the non-

synonymous MTRR rs1801394 SNP was associated with decreased MTX sensitivity in 

acute lymphoblastic leukaemia,33 whereas in our JIA cohorts it conferred a decreased risk 

of MTX non-response.

A limitation of the model is its moderate predictive power of 65% in the relatively 

small validation cohort. This can impede its direct clinical use, indicating the need for 
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further refinement. Therefore, to confirm the model’s clinical applicability, validation will 

be performed in a large international cohort prior to its implementation in daily clinical 

practice. Pharmacogenetic testing may also challenge the model’s application in daily 

clinical practice. Nevertheless, we show that SNPs are indispensable to adequately predict 

MTX non-responders in our JIA cohorts. Furthermore, such testing is becoming routinely 

available and less expensive.

Our model predicted and validated MTX non-response in two JIA cohorts by combining 

clinical and genetic variables. The model offers the promise of personalised treatment in 

JIA where patients unresponsive to MTX monotherapy will promptly receive additional 

treatment with biologicals and those destined to be MTX responders will not. Therefore, 

we will implement the model in daily clinical practice to establish whether its use will 

result in reduction of disease activity and better disease control in JIA patients.
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