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ABSTRACT
Objectives Juvenile idiopathic arthritis (JIA) is an 
autoimmune disease and a common cause of chronic 
disability in children. Diagnosis of JIA is based purely 
on clinical symptoms, which can be variable, leading 
to diagnosis and treatment delays. Despite JIA having 
substantial heritability, the construction of genomic 
risk scores (GRSs) to aid or expedite diagnosis has not 
been assessed. Here, we generate GRSs for JIA and its 
subtypes and evaluate their performance.
Methods We examined three case/control cohorts 
(UK, US- based and Australia) with genome- wide single 
nucleotide polymorphism (SNP) genotypes. We trained 
GRSs for JIA and its subtypes using lasso- penalised 
linear models in cross- validation on the UK cohort, and 
externally tested it in the other cohorts.
Results The JIA GRS alone achieved cross- validated 
area under the receiver operating characteristic curve 
(AUC)=0.670 in the UK cohort and externally- validated 
AUCs of 0.657 and 0.671 in the US- based and 
Australian cohorts, respectively. In logistic regression 
of case/control status, the corresponding odds ratios 
(ORs) per standard deviation (SD) of GRS were 1.831 
(1.685 to 1.991) and 2.008 (1.731 to 2.345), and 
were unattenuated by adjustment for sex or the top 10 
genetic principal components. Extending our analysis to 
JIA subtypes revealed that the enthesitis- related JIA had 
both the longest time- to- referral and the subtype GRS 
with the strongest predictive capacity overall across data 
sets: AUCs 0.82 in UK; 0.84 in Australian; and 0.70 in 
US- based. The particularly common oligoarthritis JIA also 
had a GRS that outperformed those for JIA overall, with 
AUCs of 0.72, 0.74 and 0.77, respectively.
Conclusions A GRS for JIA has potential to augment 
clinical JIA diagnosis protocols, prioritising higher- risk 
individuals for follow- up and treatment. Consistent 
with JIA heterogeneity, subtype- specific GRSs showed 
particularly high performance for enthesitis- related and 
oligoarthritis JIA.

INTRODUCTION
Juvenile idiopathic arthritis (JIA) is an autoimmune 
disease that comprises all forms of arthritis arising 
before the age of 16 years and persisting for more 
than 6 weeks.1 JIA has a significant impact on quality 
of life, physical function and future development, 
and its prevalence is estimated at 0.07 to 4 per 1000 
children of European descent.2–4 The International 
League of Associations of Rheumatology (ILAR) 

classification system recognises seven subtypes of 
JIA based on the number of joints affected, age 
of onset and other features.5 The aetiology of JIA 
is not well understood and its diagnosis remains 
purely dependent on clinical presentations, which 
can be highly variable between patients. Currently, 
there are no sensitive or specific tests available to 
assist clinicians in making the diagnosis.

Early diagnosis and treatment of JIA is critical as 
delays increase the risk of prolonged and uncon-
trolled disease, with consequent poorer long- term 
outcomes.6–9 However, in most cases, general prac-
titioners and paediatricians have limited experience 
in recognising and diagnosing JIA. This affects time 
to diagnosis and causes delays in referral and treat-
ment (figure 1). Furthermore, symptomatic children 
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What is already known about this subject?
 ► The diagnosis of juvenile idiopathic arthritis 
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autoimmune diseases and a strong association 
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who turn out not to have JIA may be inappropriately referred to 
paediatric rheumatologists for management,10–12 putting undue 
pressure on clinics and waiting lists. A study in the UK found 
that the average time from symptom onset to first paediatric 
rheumatology assessment was ~7 months, with significant vari-
ation among JIA subtypes (range of median interval from 6 to 
60 weeks), which was due to complex pathways of referral and 
inappropriate invasive investigations.13 Therefore, there is an 
urgent need for tools that assist clinicians in assessing children 
who may be JIA cases, and thus reduce the risk of disease compli-
cations and poorer long- term health outcomes.

JIA is a complex disease14 and susceptibility is due to a complex 
interaction between genetic and environmental factors. It has 
been shown that JIA is heritable and that it possesses a genetic 
architecture similar to other autoimmune diseases, including 
shared susceptibility genes, mainly in the human leukocyte 
antigen (HLA) region.15–17 For first cousins the recurrence risk 
has been estimated to be 5.8- fold and for siblings, it has been 
estimated to be 11.6- fold.18 Taken together, it is apparent that 
genetics have an important aetiological role in JIA, and may have 
utility in risk prediction, potentially via stratification of JIA cases 
from non- cases to aid clinical diagnosis.

Genetics is increasingly used to aid risk prediction, diagnosis 
and earlier treatment of human diseases, with HLA testing for 
various immune disorders being an example. More recently, the 
clinical utility of genetic and polygenic risk scores for diverse 
aetiologies, from coeliac disease to cardiovascular diseases, has 
come under intense investigation.19–23 In coeliac disease, research 
has shown that a genomic risk score (GRS) based on genome- 
wide genetic variation (SNPs (single nucleotide polymorphisms)) 
can accurately predict cases from controls with high specificity 
and sensitivity, compared with other approaches.22 Furthermore, 
array technologies are relatively affordable with genotyping only 
needing to be performed once at any point in the lifetime of 
an individual. GRSs themselves are quantitative measurements 
of the likelihood that an individual of unknown phenotype has, 
or will have, a particular disease. Thus, GRSs provide poten-
tial advantages in terms of flexibility for clinical translation, as 
compared with other tests which are temporally variable or offer 
only a binary ‘susceptible/not susceptible’ output.

This study aims to create a GRS which in- principle could 
be used to support the current clinical JIA diagnosis practice. 
We used three large- scale independent cohorts of European 
ancestry to develop and test a GRS for JIA. Furthermore, we 
extended the GRS approach to design JIA subtype- specific 

GRSs, which we externally tested to quantify their potential 
relative clinical value in supporting each JIA subtype's time to 
diagnosis.

METHODS
Phenotype and clinical data
The ILAR classification system5 provides generally- accepted 
guidelines for researchers and clinicians to delineate the seven 
mutually- exclusive categories of JIA based on the dominant clin-
ical and laboratory features. In this work, the JIA diagnosis for 
three cohorts (UK, US- based and Australia) was made according 
to the ILAR revised criteria, and the age of onset of all cases was 
<16 years old. In the UK cohort,15 the JIA cases were obtained 
from five sources: The British Society for Paediatric and Adoles-
cent Rheumatology National Repository of JIA; a group of UK 
cases with long- standing JIA described previously;24 a cohort 
collected as part of the Childhood Arthritis Prospective Study;10 
a cohort of children recruited for the SPARKS- CHARM (Child-
hood Arthritis Response to Medication);25 and an ongoing 
collection of UK cases from the UK JIA Genetics Consortium. 
The controls were population- based from the shared UK 1958 
Birth cohort and UK Blood Services Common Controls, geno-
typed as part of the Wellcome Trust Case Control Consortium 
(WTCCC).26

In the US- based cohort, from the Children’s Hospital of Phil-
adelphia (CHOP),17 27 the JIA cases were collected from the 
electronic health records (EHR) completed by the paediatric 
rheumatology specialist within the Division of Rheumatology 
and abstracted into a JIA Registry maintained within the Center 
for Applied Genomics (CAG) at CHOP. Controls were unrelated 
and disease- free children recruited by the CAG team within 
the CHOP Healthcare Network. In addition, controls had no 
history of JIA or other chronic illnesses and were screened as 
negative for a diagnosis of autoimmune diseases, based on data 
from CHOP’s EHR and by intake questionnaires obtained by the 
recruiting staff from the CAG at CHOP.

Finally, in the Australian cohort, from the ChiLdhood Arthritis 
Risk factor Identification sTudY (CLARITY),28 29 all the cases 
were JIA diagnosed by a paediatric rheumatologist. Incident 
cases were defined as children recruited within 6 months of diag-
nosis and prevalent cases were defined as those children diag-
nosed more than 6 months before recruitment and since 1997. 
Controls were recruited through the Royal Children’s Hospital 
Day Surgery Unit. Exclusion criteria for cases and controls were 

Figure 1 Schematic of a typical clinical path from first symptoms to JIA diagnosis and treatment. Potential informative points are included for JIA 
genomic risk scores to prioritising higher- risk individuals for referral, follow- up and treatment. GRS,genomic risk score; JIA, juvenile idiopathic arthritis.
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the presence of major congenital abnormalities or illness that 
would forgo school attendance in the year prior to recruitment.

Genotype data and quality control
All genotypes included in each cohort were aligned to the 
GRCh37/hg19 assembly build and passed stringent quality 
control (QC) measures. Additionally, the QC cohorts were 
imputed to harmonise and maximise the genetic information 
across them. All the individuals considered were of European 
descent and outliers from each cohort were removed to achieve 
more homogeneous samples.

The initial UK cohort consisted of 2758 cases and 5187 
controls. Controls were obtained from the WTCCC, which 
have been demonstrated to be well- matched to the UK JIA 
cases,15 30 and were genotyped on the Illumina HumanOmniEx-
press array. For the UK JIA cases, 1670 were genotyped on the 
Illumina HumanOmniExpress array and 1088 on the Illumina 
HumanCoreExome array. The CHOP cohort consisted of 1229 
cases from the USA and Norway, and 5512 paediatric controls, 
all recruited from within the CHOP Healthcare Network, and 
genotyped on the Illumina HumanHap550 or Human610- 
Quad arrays.28 Lastly, CLARITY29 consisted of 558 cases and 
704 controls collected from the Royal Children’s Hospital and 
Monash Medical Centre in Melbourne. All controls and 406 
cases were genotyped on the Illumina HumanCore array, with the 
remaining 152 cases genotyped on the Illumina HumanHap550 
array.16 17

We applied consistent QC procedures across all the genotyped 
cohorts. The CLARITY cohort was genotyped in three batches 
and we performed QC separately in each. The QC was performed 
using plink1.931 32 and included: removing non- autosomal SNPs, 
SNPs with minor allele frequency (MAF) <1%, SNPs and indi-
viduals with missingness >10%, and SNPs with deviations from 
Hardy- Weinberg equilibrium in controls (p<10-3). Additionally, 
using KING V.2.1.5,33 we identified and randomly removed one 
of two individuals with a second or higher degree relatedness 
within the cohorts. The resulting genotyped and QC cohorts are 
described in the online supplementary table S1.

For genotype imputation of our QC cohorts, we used the 
Michigan Imputation Server34 with Minimac3 and the 2016 
Haplotype Reference Consortium (HRC) as the reference panel. 
After imputation, we merged all the CLARITY batches into a 
single set. Then, for each consolidated cohort (UK, CHOP and 
CLARITY), we removed multi- allelic and duplicated SNPs, SNPs 
with imputation r2 <0.5 and MAF <1%, SNPs deviating from 
the Hardy- Weinberg equilibrium in controls (p<10-3) and those 
with ambiguous strand (A/T or C/G alleles).

Next, we performed principal component analysis (PCA) 
using FlashPCA235 36 over the filtered samples (online supple-
mentary figures S1–S3). For each cohort, we selected the largest 
homogeneous subset of individuals based on visual inspection 
of the top five principal components (PCs) within each cohort. 
The UK cohort was kept in its entirety, while in CLARITY and 
CHOP, 168 and 3228 individuals were removed, respectively. 

Table 1 shows the final cohorts used in this work and online 
supplementary figures S4–5 show the PCA for these subsets. For 
the analysis, we used the n=5 545 761 genotyped and imputed 
SNPs which were available post- QC on all three cohorts.

Development and validation of the genomic risk score
The UK cohort was used to train our models as it was the most 
homogeneous cohort with the largest case sample size (2324 
cases, 5181 controls). To account for potential confounding by 
the case/control genotyping batch in the UK cohort, we used 
logistic regression of case/control status on sex and the first 10 
genetic PCs. The PCs were computed over a subset of the SNPs 
of UK, excluding the HLA region as well as known or putative 
JIA risk loci15 (defined here as SNPs with p<10-5 and all SNPs 
within 1 Mb of the former). The residuals from the regression 
were then used as the phenotype for constructing the GRS.

To create the GRS we used SparSNP,37 which is an efficient 
implementation of a lasso- penalised linear model previously 
shown to outperform other methods when there are known to be 
strong effects within regions of complex linkage disequilibrium 
(LD), such as the major histocompatibility complex (MHC).38

SparSNP considers all post- QC SNPs in the training cohort 
for the construction of the model, but the final number of SNPs 
receiving a non- zero weight varies depending on the value of 
the penalties used, which were tuned via 10 repeats of 10- fold 
cross- validation. The optimal number of SNPs selected in the 
chosen model was decided based on the model with the highest 
average area under the receiver operating characteristic curve 
(AUC) across the replications (online supplementary material).

Once a model was chosen, we computed the GRSs for each 
of the test cohorts (CHOP and CLARITY). Assuming that the 
number of SNPs is m , then the GRS  gi  for a new individual with 
genotypes  xi  is

 
gi =

m∑
j=1

xijβ̂j

  
where βj are the SNP weights obtained from the model. Subse-

quently, in order to validate the GRS, we evaluated it using 
logistic regression in CHOP and CLARITY, adjusting for sex and 
first 10 genetic PCs of each test set.

RESULTS
Training and external validation of the JIA genomic risk score
An overview of our study design is given in figure 2. We used 
10×10- fold cross- validation to tune the penalised model and 
estimate the AUC in the UK cohort, achieving a maximum 
AUC=0.671 (95% CI 0.668 to 0.674) and selecting 26 SNPs in 
the model (online supplementary figure S6). The small number 
of SNPs selected is consistent with the strong HLA association 
of JIA (confirmed in a genome- wide association study (GWAS) 
of the UK cohort, online supplementary figure S7), and the way 
that SparSNP assigns weights to SNPs taking into account the 
correlation between them.38 The final model (SNP weights) was 
held fixed for external validation.

Table 1 Cohort characteristics after imputation and quality control

Total individuals SNPs
Number
of cases

Number
of controls Number of males Number of females

UK 7505 6 029 891 2324 5181 3433 4072

CHOP 3513 6 338 131 559 2954 1671 1842

CLARITY 940 5 743 016 362 578 460 480

CHOP, Children’s Hospital of Philadelphia; CLARITY, ChiLdhood Arthritis Risk factor Identification sTudY; SNP, single nucleotide polymorphism.
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Before computing the GRSs, we estimated the SNP heritability 
of JIA in our cohorts using GCTA V.1.91.739 40 and adjusted for 
first 10 PCs together with an assumed JIA population prevalence 
of 1/1000. The estimated SNP- heritabilities (on the liability scale) 
were h2

SNP=0.25 (SE 0.02) for the UK, h2
SNP=0.37 (SE 0.13) for 

CLARITY and h2
SNP=0.51 (SE 0.07) for CHOP. We corroborated 

these estimates using LDAK V.5.141 (online supplementary table 
S2). Of the three estimates, the UK is likely the most reliable one 
due to its size and homogeneity, while CLARITY and CHOP 
were likely too small to derive reliable estimates. For compar-
ison, we also derived the total narrow- sense heritability h2 based 
on the sibling recurrence risk and population prevalence;42 a 
sibling recurrence risk of 11.618 and a prevalence K=1/1000 
are compatible with JIA narrow- sense heritability of 0.54 (for 
K=0.07/1000 and 4/1000, h2=0.35 and 0.73, respectively).

We computed the GRS for CLARITY and CHOP, and evalu-
ated the model in terms of AUC and ORs (table 2). Overall, the 
GRS showed highly consistent performance across both valida-
tion cohorts. The associations of the GRS with JIA status were 
unattenuated when adjusting for the top 10 genetic PCs and 
sex. Furthermore, we compared the GRS model with a model 
restricted to known SNPs previously shown to be associated with 
JIA.15 Using this restricted model, we achieved AUC of 0.614, 
0.642 and 0.648 for the UK, CHOP and CLARITY, respectively, 
showing that the unrestricted GRS model was a stronger risk 
predictor.

Recent works have shown that a metaGRS approach 
can substantially improve genomic prediction of common 
diseases.20 43 Given the strong pleiotropy across autoimmune 
diseases, we hypothesised that it may be possible to extract more 
predictive signal from GRSs generated for other autoimmune 
diseases, via a meta- analytic strategy to construct a GRS for JIA 
that captures the totality of information from these GRSs into 
a single metaGRS for JIA. Thus, we computed a JIA metaGRS, 
based on a set of related autoimmune disease GWAS summary 
statistics, and compared with the GRS computed using lasso- 
penalised regression (online supplementary material). However, 
the JIA metaGRS’s performance was not significantly better than 
the original JIA GRS, thus subsequent analyses used the original 
model based on JIA alone.

Subtype analysis
We extended our analysis to consider subtypes of JIA and construct 
subtype- specific GRSs thereof. The ILAR recognises seven 
subtypes of JIA: systemic arthritis, oligoarthritis, rheumatoid- 
factor- positive polyarthritis (RF- positive), rheumatoid- factor- 
negative polyarthritis (RF- negative), enthesitis- related arthritis 
(ERA), psoriatic arthritis and undifferentiated arthritis.5 Subtypes 
vary substantially in average age at onset, sex distribution, 
number of joints affected and clinical features (figure 3).44 Of 
particular interest clinically, is the time between onset of symp-
toms to visiting a paediatric rheumatologist, which has been 

Figure 3 Cross- validated AUC achieved by training the seven JIA 
subtype specific models (top), and median time taken by an individual 
with JIA to be referred for first time to a paediatric rheumatologist 
visit (in months; bottom).39 AUC, area under the receiver operating 
characteristic curve; GRS, genomic risk score; JIA, juvenile idiopathic 
arthritis; RF- positive, rheumatoid- factor- positive polyarthritis; RF- 
negative, rheumatoid- factor- negative polyarthritis.

Figure 2 Outline of the study design followed in this work. 
AUC, area under the receiver operating characteristic curve; CHOP, 
Children’s Hospital of Philadelphia; CLARITY, ChiLdhood Arthritis 
Risk factor Identification sTudY; GRS, genomic risk score; JIA, juvenile 
idiopathic arthritis; PCs, principal components; SNP, single nucleotide 
polymorphism.

Table 2 The predictive power of the GRS in the validation sets. 
Based on logistic regression on the test sets, optionally adjusted for 
sex and top 10 genetic PCs. Effect sizes are per SD of the GRS

AUC (95% CI) OR (95% CI)

CHOP

  Sex+PCs 0.677 (0.654 to 0.701)

  GRS 0.657 (0.631 to 0.683) 1.831 (1.685 to 1.991)

  GRS+sex+PCs 0.735 (0.712 to 0.758) 1.838 (1.686 to 2.007)

CLARITY

  Sex+PCs 0.671 (0.636 to 0.706)

  GRS 0.671 (0.635 to 0.706) 2.008 (1.731 to 2.345)

  GRS+sex+PCs 0.738 (0.705 to 0.770) 2.085 (1.773 to 2.471)

AUC, area under the receiver operating characteristic curve; CHOP, Children’s 
Hospital of Philadelphia; CLARITY, ChiLdhood Arthritis Risk factor Identification 
sTudY; GRS, genomic risk score; PCs, principal components.
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estimated to vary from 11 months (range: 8 to 70 weeks) in the 
case of enthesitis- related JIA to 1 month (range: 2 to 36 weeks) 
for systemic JIA.13 39 The heterogeneity of JIA was reflected 
in our case data; all seven subtypes were present, although at 
frequencies ranging from common (  41% of UK cases were 
oligoarthritis JIA) to relatively rare (  2% of UK cases were 
undifferentiated JIA) (table 3).

For each JIA subtype, we used the UK cohort to train 
subtype- specific GRSs, employing a similar approach as the JIA 
GRS above (Methods). Each subtype GRS was trained on the 
respective subtype’s cases and all controls, excluding other JIA 
subtypes cases from the training and validation cohorts. Online 
supplementary table S7 shows the number of SNPs selected by 
each subtype- specific model, and online supplementary figures 
S12–15 illustrate how the SNPs selected by different subtype- 
specific models correlated between them. In general, we observed 
that the SNPs selected by each model were distinct and few or 
none of them were in high LD with any SNP selected for another 
model, with the exception of the oligoarthritis and RF- negative 
models, which is consistent with previous studies.44 Once we 
computed the subtype- specific GRSs, we externally tested them 
in CHOP and CLARITY.

There was a high degree of variability in discrimination 
between subtype GRSs, with some subtypes displaying cross- 
validated AUCs greater than the JIA GRS and others not exhib-
iting significantly discrimination compared to random chance 
(AUC=0.5; figure 3). When compared with a previous esti-
mate of the median time for a child with JIA to be referred to a 
paediatric rheumatologist visit,39 we found that the JIA subtype 
(ERA) with the longest time- to- referral (~11 months) also had 
the strongest subtype GRS (AUC=0.82 with 138 SNPs) and that 
the next strongest subtype GRS (AUC=0.71 with 25 SNPs) was 
for oligoarthritis JIA, which has a median time- to- referral of ~3 
months. Since HLA- B27 antigen tests are a component of the 
ERA diagnosis criteria,5 45 we sought to evaluate whether HLA- 
B27 genotypes were predictive of ERA status. The HLA- B27 
model from46 47 was used to classify each individual as HLA- 
B27 positive or negative within each cohort (online supplemen-
tary material). The ERA GRS model's cross- validated AUC was 
higher than the AUC obtained using the HLA- B27 model in the 
UK cohort (AUC=0.82 and AUC=0.79, respectively). This was 
consistent with external validations in CHOP (AUCs 0.698 and 
0.678) and CLARITY (AUCs 0.838 and 0.803); however, the 
differences were not statistically significant using a DeLong test48 
(online supplementary table S5). While the low frequency of 
ERA (CHOP: n=66, CLARITY: n=16) limited the test’s power, 

there was notable consistency of cross and external validation 
performance across all cohorts.

The weakest subtype GRSs were for the undifferentiated 
(AUC=0.542 with 1487 SNPs) and systemic (AUC=0.528 with 
826 SNPs) subtypes. This was not unexpected as these subtypes 
are somewhat different to the other five subtypes. Children are 
diagnosed with the undifferentiated subtype when their symp-
toms do not fit within other subtypes, or meet the criteria for 
multiple subtypes. Systemic JIA is considered an autoinflam-
matory disease with little genetic overlap with the other JIA 
subtypes.49 However, it has been shown that systemic JIA has 
strong genetic signals from the HLA class II molecule encoded 
by HLA- DRB1*11, confirming the role of the adaptive immune 
system.50 To test this, we statistically imputed HLA- DRB1*11 risk 
alleles using HIBAG V.1.2051 52 in the three cohorts, tested the 
predictive power of these genotypes, and compared them with 
our systemic JIA GRS in CHOP and CLARITY (online supple-
mentary table S6). In the UK cohort, the HLA- DRB1*11 model 
was associated with systemic JIA (OR=1.31, 95% CI 1.19 to 
1.43) and had a higher AUC (0.563) than in the cross- validated 
UK systemic JIA GRS model. However, its performance on the 
external cohorts was inferior to using the systemic JIA GRS, as 
the HLA- DRB1*11 frequencies were the same in systemic JIA 
cases and the controls (CHOP:~18%; CLARITY:~25%), unlike 
the UK cohort (~25% in cases and ~12% in controls). Given 
the heterogeneity across cohorts, interpreting these results is 
challenging particularly because systemic JIA is relatively rare, 
and HLA- DRB1 alleles are often less accurately imputed than 
other alleles.51 53

In general, external validation of the subtype- specific GRSs in 
CLARITY showed highly consistent AUC estimates with cross- 
validation performance in the UK, while in the CHOP cohort 
there was somewhat less consistent external validation than 
CLARITY (table 4).

DISCUSSION
The accurate and timely diagnosis of JIA is a currently unmet 
clinical need. In this study, we aimed to address the paucity of 
molecular tools to aid the entirely clinical diagnosis of JIA, by 
leveraging the wealth of human genomic data gathered over the 
last decade, and developing a series of GRSs for JIA. We have 
shown that genomic machine learning can yield predictive GRSs 
for JIA as a composite diagnosis as well as subtype- specific GRSs, 
including the most common clinically reported subtype (oligoar-
thritic JIA),54 as well as enthesitis- related JIA, which can present 
with non- specific pains initially and is therefore more difficult to 

Table 3 Characteristics of JIA subtypes across cohorts, including rate (%) of each subtype among cases of each cohort. Cases with no known 
subtype classification were excluded (n=29 from CLARITY and n=25 from the UK)

UK (2324 cases) CHOP (559 cases) CLARITY (333 cases)

Rate (%) Males Females
Rate
(%) Males Females

Rate
(%) Males Females

Enthesitis- related 7.4 136 37 11.8 40 26 4.4 13 3

Oligoarthritis 41.1 299 657 36.3 39 164 43.9 42 117

RF- negative 23.8 144 408 24.2 34 101 20.7 23 52

RF- positive 5.5 13 115 5.2 1 28 3.0 1 10

Psoriatic 5.9 50 86 7.2 11 29 5.0 12 6

Undifferentiated 2.1 21 28 4.7 8 18 7.5 13 14

Systemic 13.2 142 164 10.6 24 36 7.5 12 15

CHOP, Children’s Hospital of Philadelphia; CLARITY, ChiLdhood Arthritis Risk factor Identification sTudY; JIA, juvenile idiopathic arthritis; RF- negative, rheumatoid- factor- negative 
polyarthritis; RF- positive, rheumatoid- factor- positive polyarthritis.
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diagnose clinically. Given the cost effectiveness of a genotyping 
array and the time- invariant properties of germline DNA, these 
JIA GRSs hold promise for rapid clinical translation as means 
of diagnosis and risk stratification. At- risk children can be non- 
invasively stratified as high- risk much earlier in the diagnostic 
pathway, and children with low risk non- inflammatory disease 
can be appropriately triaged and managed earlier. To facili-
tate translation and clinical uptake, we have made the genetic 
variants and weights of our JIA GRSs publicly available via the 
Polygenic Score (PGS) Catalog (http://www. pgscatalog. org/ pgs/ 
PGS000114/).

A strength of this study is that the JIA GRS was developed 
on a UK data set and externally validated in two independent 
studies in Australia and the USA, indicating the robustness of 
the score. Despite having used the largest JIA cohorts available 
currently, the scores developed here only partially explained the 
genetic variability in JIA. Future improvements in predictive 
power will likely come with larger cohorts, particularly for less- 
common subtypes. In the case of the ERA subtype, we found 
that the GRS AUC was greater than the HLA haplotype in the 
UK, Australian and US- based cohorts. However, we caution that 
larger cohorts will be necessary for powerful statistical testing 
and assessment of clinical utility of GRS as compared with HLA 
typing for both ERA and systemic JIA. Furthermore, given the 
genetic heterogeneity of JIA subtypes, our study demonstrates 
that adding genomics to the ILAR classification has potential to 
increase the efficiency of classification, and may in turn inform 
the refinement or even redefinition of JIA subtype classification. 
However, we also caution that a limitation of the current study 
is that the participants in our cohorts were of European descent 
and we were unable to assess the performance of the JIA GRS in 
individuals of non- European ancestries,55 which will be crucial 
for wide- spread clinical deployment of such scores.

In both primary and tertiary healthcare settings, it is often 
challenging to recognise and diagnose JIA in children, as there 
are many non- inflammatory conditions that are common to 
children that present with musculoskeletal pain mimicking JIA. 
Difficulty in discriminating between these cases causes delays 
in accessing vital care, due to the multitude of investigations 
and assessments that need to be done first. Moreover, accessing 
paediatric rheumatology specialist services is difficult, as waiting 
lists are usually lengthy and access to care is problematic due to 
workforce shortages worldwide.56 Currently, there are no sensi-
tive or specific tests available to assist clinicians in making the 
diagnosis of JIA. In a well- resourced setting, a clinician will typi-
cally use a combination of history, examination, blood tests such 
as inflammatory markers, rheumatoid factor (positive in 7%), 
HLA- B27 (varying on subtype but present in between 10% to 
74% cases); or medical imaging, such as X- ray, ultrasound or 
MRI. The potential burden of such repeated testing on children 
and their families can be high, both in a socioeconomic sense and 
psychological sense. Therefore, in the hands of a primary care 
doctor a diagnostic algorithm based on a JIA- GRS may provide 
a more timely, accessible and reliable means of assessing chil-
dren with musculoskeletal symptoms who may be JIA cases, thus 
enabling appropriate triage and referral, facilitating early access 
to appropriate care, and reducing the pain, complications of the 
disease and poor long- term health outcomes, due to delayed 
diagnosis and treatment.

Author affiliations
1Cambridge Baker Systems Genomics Initiative, Baker Heart Research Institute - 
BHRI, Melbourne, Victoria, Australia
2Childhood Arthritis, Murdoch Children’s Research Institute, Melbourne, Victoria, 
Australia
3Department of Paediatrics, The University of Melbourne, Melbourne, Victoria, 
Australia

Table 4 External validation of the subtype- specific GRSs in CLARITY and CHOP. Based on logistic regression on the test sets, optionally adjusted 
for sex and top 10 genetic principal components. Effect sizes are per SD of the GRS

AUC (95% CI) OR (95% CI)

CHOP CLARITY CHOP CLARITY

Enthesitis- related

  GRS 0.70 (0.63 to 0.77) 0.84 (0.71 to 0.97) 1.84 (1.60 to 2.17) 2.99 (2.11 to 4.54)

  GRS+sex+PCs 0.75 (0.68 to 0.82) 0.93 (0.86 0.99) 1.86 (1.61 to 2.14) 3.09 (2.07 to 5.04)

Oligoarthritis

  GRS 0.77 (0.73 to 0.80) 0.74 (0.70 to 0.79) 1.93 (1.76 to 2.11) 2.24 (1.88 to 2.71)

  GRS+sex+PCs 0.80 (0.77 to 0.84) 0.79 (0.76 to 0.83) 1.93 (1.75 to 2.13) 2.19 (1.81 to 2.71)

RF- negative

  GRS 0.64 (0.59 to 0.69) 0.66 (0.59 to 0.73) 1.48 (1.33 to 1.64) 1.69 (1.42 to 2.02)

  GRS+sex+PCs 0.76 (0.72 to 0.80) 0.74 (0.68 to 0.80) 1.51 (1.35 to 1.68) 1.71 (1.42 to 2.07)

RF- positive

  GRS 0.57 (0.47 to 0.67) 0.59 (0.40 to 0.78) 0.73 (0.44 to 1.11) 1.42 (0.85 to 2.17)

  GRS+sex+PCs 0.79 (0.73 to 0.86) 0.97 (0.94 to 0.99) 0.74 (0.44 to 1.13) 1.27 (0.60 to 2.52)

Psoriatic

  GRS 0.56 (0.47 to 0.65) 0.58 (0.44 to 0.73) 0.77 (0.52 to 1.08) 1.33 (0.87 to 1.91)

  GRS+sex+PCs 0.70 (0.62 to 0.78) 0.76 (0.66 to 0.85) 0.77 (0.52 to 1.08) 1.32 (0.85 to 1.96)

Undifferentiated

  GRS 0.48 (0.35 to 0.61) 0.52 (0.42 to 0.62) 0.89 (0.60 to 1.31) 0.89 (0.59 to 1.31)

  GRS+sex+PCs 0.69 (0.58 to 0.80) 0.75 (0.66 to 0.83) 0.90 (0.60 to 1.33) 0.82 (0.51 to 1.28)

Systemic

  GRS 0.50 (0.43 to 0.58) 0.52 (0.41 to 0.62) 1.01 (0.78 to 1.30) 1.07 (0.73 to 1.56)

  GRS+sex+PCs 0.69 (0.62 to 0.76) 0.75 (0.66 to 0.84) 1.01 (0.78 to 1.30) 1.13 (0.73 to 1.72)

AUC, area under the receiver operating characteristic curve; CHOP, Children’s Hospital of Philadelphia; CLARITY, ChiLdhood Arthritis Risk factor Identification sTudY; GRS, genomic 
risk score; PCs, principal components.

 on N
ovem

ber 18, 2020 by guest. P
rotected by copyright.

http://ard.bm
j.com

/
A

nn R
heum

 D
is: first published as 10.1136/annrheum

dis-2020-217421 on 4 S
eptem

ber 2020. D
ow

nloaded from
 

http://www.pgscatalog.org/pgs/PGS000114/
http://www.pgscatalog.org/pgs/PGS000114/
http://ard.bmj.com/


7Cánovas R, et al. Ann Rheum Dis 2020;0:1–8. doi:10.1136/annrheumdis-2020-217421

Rheumatoid arthritis

4Centre for Genetics and Genomics Versus Arthritis, Centre for Musculoskeletal 
Research, University of Manchester, Manchester, United Kingdom
5National Institute of Health Research Manchester Biomedical Research Centre, 
Manchester Academic Health Science Centre, Manchester University NHS Foundation 
Trust, Manchester, United Kingdom
6Center for Applied Genomics, Children’s Hospital of Philadelphia, Philadelphia, 
Pennsylvania, United States
7Helen Diller Family Comprehensive Cancer Center, Department of Radiation 
Oncology, University of California San Francisco, San Francisco, California, United 
States
8Perelman School of Medicine, University of Pennsylvania, Philadelphia, Pennsylvania, 
United States
9Murdoch Children’s Research Institute, Royal Children’s Hospital, Melbourne, 
Victoria, Australia
10Faculty of Health, Centre for Social and Early Emotional Development, Deakin 
University, Burwood, Victoria, Australia
11Cambridge Baker Systems Genomics Initiative, Department of Public Health and 
Primary Care, University of Cambridge, Cambridge, United Kingdom
12Department of Clinical Pathology, University of Melbourne, Melbourne, Victoria, 
Australia
13Paediatric Rheumatology Unit, Royal Children’s Hospital, Melbourne, Victoria, 
Australia
14British Heart Foundation Cardiovascular Epidemiology Unit, Department of Public 
Health and Primary Care, University of Cambridge, Cambridge, United Kingdom
15British Heart Foundation Centre of Research Excellence, University of Cambridge, 
Cambridge, United Kingdom
16National Institute for Health Research Cambridge Biomedical Research Centre, 
University of Cambridge and Cambridge University Hospitals, Cambridge, United 
Kingdom
17Health Data Research UK Cambridge, Wellcome Genome Campus and University of 
Cambridge, Cambridge, United Kingdom
18The Alan Turing Institute, London, United Kingdom

Acknowledgements The authors would like to thank Howard Tang and Elizabeth 
Hateley for their diligent proofreading and comments on this paper.

Contributors MI, JM, JE, GA and RC conceived and designed the study. RC, JC, 
JM, MB, JB, YRL, SLS, HH, WT and JE contributed data. RC and GA performed the 
statistical analysis. RC, MI, GA, JC and JM wrote the manuscript with contributions 
by all co- authors. All authors approved of the final version.

Funding This study was supported in part by the Victorian Government’s OIS 
Program, the Australian National Health and Medical Research Council (NHMRC 
Project no. 1122744), the Murdoch Children’s Research Institute and the Royal 
Children’s Hospital Foundation (grant no. 2017–896). This work was supported by 
core funding from the UK Medical Research Council (MR/L003120/1), the British 
Heart Foundation (RG/13/13/30194; RG/18/13/33946) and the National Institute 
for Health Research (Cambridge Biomedical Research Centre at the Cambridge 
University Hospitals NHS Foundation Trust)*. It was also supported by Health Data 
Research UK, which is funded by the UK Medical Research Council, Engineering 
and Physical Sciences Research Council, Economic and Social Research Council, 
Department of Health and Social Care (England), Chief Scientist Office of the 
Scottish Government Health and Social Care Directorates, Health and Social Care 
Research and Development Division (Welsh Government), Public Health Agency 
(Northern Ireland), British Heart Foundation and Wellcome. GA was supported 
by an NHMRC Early Career Fellowship (no. 1090462). MI was supported by the 
Munz Chair of Cardiovascular Prediction and Prevention. This study acknowledges 
the use of the following UK JIA cohort collections: The Biologics for Children 
with Rheumatic Diseases (BCRD) study (funded by Arthritis Research UK Grant 
20747). The British Society for Paediatric and Adolescent Rheumatology Etanercept 
Cohort Study (BSPAR- ETN) (funded by a research grant from the British Society 
for Rheumatology (BSR). BSR has previously also received restricted income from 
Pfizer to fund this project). Childhood Arthritis Prospective Study (CAPS) (funded 
by Versus Arthritis, grant reference number 20542), Childhood Arthritis Response 
to Medication Study (CHARMS) (funded by Sparks UK, reference 08ICH09, and the 
Medical Research Council, reference MR/M004600/1), United Kingdom Juvenile 
Idiopathic Arthritis Genetics Consortium (UKJIAGC). Genotyping of the UK JIA 
case samples were supported by the Versus Arthritis grants reference numbers 20 
385 and 21 754. This research was funded by the NIHR Manchester Biomedical 
Research Centre and supported by the Manchester Academic Health Sciences 
Centre (MAHSC). The views expressed are those of the author(s) and not necessarily 
those of the NHS, the NIHR or the Department of Health. We would like to 
acknowledge the assistance given by IT Services and the use of the Computational 
Shared Facility at The University of Manchester. Finally, the CHOP data used were 
funded by an Institute Development Fund to the CAG centre from The Children’s 
Hospital of Philadelphia and by NIH grant, U01- HG006830, from the NHGRI- 
sponsored eMERGE Network.

Competing interests None declared.

Patient and public involvement Patients and/or the public were not involved in 
the design, or conduct, or reporting, or dissemination plans of this research.

Patient consent for publication Not required.

Ethics approval All participants gave informed consent and the study protocols 
were approved by the relevant institutional or national ethics committees. The 
Australian CLARITY cohort collection was approved by the Royal Children’s 
Hospital Human Research Ethics Committee; UK ethical approval was obtained 
from the North West Multicentre for Research Ethics Committee (MREC:02/8/104 
and MREC:99/8/84), West Midlands Multicentre Research Ethics Committee 
(MREC:02/7/106), North West Research Ethics Committee (REC:09/H1008/137) and 
the NHS Research Ethics Committee (REC:05/Q0508/95); and the US CHOP cohort 
collection was approved by the institutional review boards of the Texas Scottish Rite 
Hospital for Children, the Children’s Mercy Hospitals and Clinics and the Children’s 
Hospital of Philadelphia.

Provenance and peer review Not commissioned; externally peer reviewed.

Data availability statement Data are available in a public, open access 
repository. Data are available upon reasonable request. For individual- level data, 
CHOP is available through the eMERGE Network dbGaP and the WTCCC controls 
are available through the Wellcome Trust Case Control Consortium webpage (https://
www. wtccc. org. uk/). For the individual- level genotype data for the UK JIA cases and 
CLARITY, researchers should contact the cohort principal investigators (Professor 
Wendy Thomson ( Wendy. Thomson@ manchester. ac. uk) and Dr Jane Munro ( Jane. 
Munro@ rch. org. au), respectively). Finally, the JIA GRSs presented are publicly 
available via the Polygenic Score Catalog ( www. pgscatalog. org)

Open access This is an open access article distributed in accordance with the 
Creative Commons Attribution 4.0 Unported (CC BY 4.0) license, which permits 
others to copy, redistribute, remix, transform and build upon this work for any 
purpose, provided the original work is properly cited, a link to the licence is given, 
and indication of whether changes were made. See: https:// creativecommons. org/ 
licenses/ by/ 4. 0/.

ORCID iDs
Rodrigo Cánovas http:// orcid. org/ 0000- 0003- 3987- 8884
Joanna Cobb http:// orcid. org/ 0000- 0002- 2760- 3114
John Bowes http:// orcid. org/ 0000- 0003- 4659- 031X
Samantha Louise Smith http:// orcid. org/ 0000- 0002- 4108- 8497

REFERENCES
 1 Ravelli A, Martini A. Juvenile idiopathic arthritis. Lancet 2007;369:767–78.
 2 Manners PJ, Diepeveen DA. Prevalence of juvenile chronic arthritis in a population of 

12- year- old children in urban Australia. Pediatrics 1996;98:84–90.
 3 Szer IS, Kimura Y, Malleson P, et al. Arthritis in children and adolescents : juvenile 

idiopathic arthritis. Oxford University Press, 2006. https:// global. oup. com/ 
academic/ product/ arthritis- in- children- and- adolescents- 9780192632920? cc= us& 
lang= en

 4 Symmons DP, Jones M, Osborne J, et al. Pediatric rheumatology in the United 
Kingdom: data from the British pediatric rheumatology group national diagnostic 
register. J Rheumatol 1996;23:1975–80.

 5 Petty RE, Southwood TR, Manners P, et al. International League of associations for 
rheumatology classification of juvenile idiopathic arthritis: second revision, Edmonton, 
2001. J Rheumatol 2004;31:390–2.

 6 Albers HM, Wessels JAM, van der Straaten RJHM, et al. Time to treatment as an 
important factor for the response to methotrexate in juvenile idiopathic arthritis. 
Arthritis Rheum 2009;61:46–51.

 7 Hinze C, Gohar F, Foell D. Management of juvenile idiopathic arthritis: hitting the 
target. Nat Rev Rheumatol 2015;11:290–300.

 8 van Dijkhuizen EHP, Wulffraat NM. Early predictors of prognosis in juvenile idiopathic 
arthritis: a systematic literature review. Ann Rheum Dis 2015;74:1996–2005.

 9 Wallace CA, Giannini EH, Spalding SJ, et al. Trial of early aggressive therapy in 
polyarticular juvenile idiopathic arthritis. Arthritis Rheum 2012;64:2012–21.

 10 Adib N, Hyrich K, Thornton J, et al. Association between duration of symptoms and 
severity of disease at first presentation to paediatric rheumatology: results from the 
childhood arthritis prospective study. Rheumatology 2008;47:991–5.

 11 Barber CEH, Lix LM, Lacaille D, et al. Testing population- based performance measures 
identifies gaps in juvenile idiopathic arthritis (JIA) care. BMC Health Serv Res 
2019;19:572.

 12 McErlane F, Foster HE, Carrasco R, et al. Trends in paediatric rheumatology referral 
times and disease activity indices over a ten- year period among children and 
young people with juvenile idiopathic arthritis: results from the childhood arthritis 
prospective study. Rheumatology 2016;55:1225–34.

 13 Foster HE, Eltringham MS, Kay LJ, et al. Delay in access to appropriate care for 
children presenting with musculoskeletal symptoms and ultimately diagnosed with 
juvenile idiopathic arthritis. Arthritis Rheum 2007;57:921–7.

 14 Glass DN, Giannini EH. Juvenile rheumatoid arthritis as a complex genetic trait. 
Arthritis Rheum 1999;42:2261–8.

 on N
ovem

ber 18, 2020 by guest. P
rotected by copyright.

http://ard.bm
j.com

/
A

nn R
heum

 D
is: first published as 10.1136/annrheum

dis-2020-217421 on 4 S
eptem

ber 2020. D
ow

nloaded from
 

https://www.wtccc.org.uk/
https://www.wtccc.org.uk/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
http://orcid.org/0000-0003-3987-8884
http://orcid.org/0000-0002-2760-3114
http://orcid.org/0000-0003-4659-031X
http://orcid.org/0000-0002-4108-8497
http://dx.doi.org/10.1016/S0140-6736(07)60363-8
http://www.ncbi.nlm.nih.gov/pubmed/http://www.ncbi.nlm.nih.gov/pubmed/8668417
https://global.oup.com/academic/product/arthritis-in-children-and-adolescents-9780192632920?cc=us&lang=en
https://global.oup.com/academic/product/arthritis-in-children-and-adolescents-9780192632920?cc=us&lang=en
https://global.oup.com/academic/product/arthritis-in-children-and-adolescents-9780192632920?cc=us&lang=en
http://www.ncbi.nlm.nih.gov/pubmed/http://www.ncbi.nlm.nih.gov/pubmed/8923378
http://www.ncbi.nlm.nih.gov/pubmed/http://www.ncbi.nlm.nih.gov/pubmed/14760812
http://dx.doi.org/10.1002/art.24087
http://dx.doi.org/10.1038/nrrheum.2014.212
http://dx.doi.org/10.1136/annrheumdis-2014-205265
http://dx.doi.org/10.1002/art.34343
http://dx.doi.org/10.1093/rheumatology/ken085
http://dx.doi.org/10.1186/s12913-019-4379-4
http://dx.doi.org/10.1093/rheumatology/kew021
http://dx.doi.org/10.1002/art.22882
http://dx.doi.org/10.1002/1529-0131(199911)42:11<2261::AID-ANR1>3.0.CO;2-P
http://ard.bmj.com/


8 Cánovas R, et al. Ann Rheum Dis 2020;0:1–8. doi:10.1136/annrheumdis-2020-217421

Rheumatoid arthritis

 15 Hinks A, Cobb J, Marion MC, et al. Dense genotyping of immune- related disease 
regions identifies 14 new susceptibility loci for juvenile idiopathic arthritis. Nat Genet 
2013;45:664–9.

 16 Li YR, Li J, Zhao SD, et al. Meta- Analysis of shared genetic architecture across ten 
pediatric autoimmune diseases. Nat Med 2015;21:1018–27.

 17 Li YR, Zhao SD, Li J, et al. Genetic sharing and heritability of paediatric age of onset 
autoimmune diseases. Nat Commun 2015;6:8442.

 18 Prahalad S, Zeft AS, Pimentel R, et al. Quantification of the familial contribution to 
juvenile idiopathic arthritis. Arthritis Rheum 2010;62:2525–9.

 19 Abraham G, Inouye M. Genomic risk prediction of complex human disease and its 
clinical application. Curr Opin Genet Dev 2015;33:10–16.

 20 Inouye M, Abraham G, Nelson CP, et al. Genomic risk prediction of coronary artery 
disease in 480,000 adults: implications for primary prevention. J Am Coll Cardiol 
2018;72:1883–93.

 21 Lambert SA, Abraham G, Inouye M. Towards clinical utility of polygenic risk scores. 
Hum Mol Genet 2019;28:R133–42.

 22 Abraham G, Tye- Din JA, Bhalala OG, et al. Accurate and robust genomic prediction of 
celiac disease using statistical learning. PLoS Genet 2014;10:e1004137.

 23 Sharp SA, Rich SS, Wood AR, et al. Development and standardization of an improved 
type 1 diabetes genetic risk score for use in newborn screening and incident 
diagnosis. Diabetes Care 2019;42:200–7.

 24 Packham JC, Hall MA. Long- term follow- up of 246 adults with juvenile idiopathic 
arthritis: functional outcome. Rheumatology 2002;41:1428–35.

 25 Moncrieffe H, Hinks A, Ursu S, et al. Generation of novel pharmacogenomic 
candidates in response to methotrexate in juvenile idiopathic arthritis: correlation 
between gene expression and genotype. Pharmacogenet Genomics 2010;20:665–76.

 26 Wellcome Trust Case Control Consortium. Genome- Wide association study of 
14,000 cases of seven common diseases and 3,000 shared controls. Nature 
2007;447:661–78.

 27 Finkel TH, Li J, Wei Z, et al. Variants in CXCR4 associate with juvenile idiopathic 
arthritis susceptibility. BMC Med Genet 2016;17:24.

 28 Ellis JA, Scurrah KJ, Li YR, et al. Epistasis amongst PTPN2 and genes of the vitamin D 
pathway contributes to risk of juvenile idiopathic arthritis. J Steroid Biochem Mol Biol 
2015;145:113–20.

 29 Ellis JA, Ponsonby A- L, Pezic A, et al. CLARITY - ChiLdhood Arthritis Risk factor 
Identification sTudY. Pediatr Rheumatol Online J 2012;10:37.

 30 Cobb J, Cule E, Moncrieffe H, et al. Genome- wide data reveal novel genes for 
methotrexate response in a large cohort of juvenile idiopathic arthritis cases. 
Pharmacogenomics J 2014;14:356–64.

 31 Chang CC, Chow CC, Tellier LC, et al. Second- Generation PLINK: rising to the 
challenge of larger and richer datasets. Gigascience 2015;4:7.

 32 Purcell S, Neale B, Todd- Brown K, et al. PLINK: a tool set for whole- genome 
association and population- based linkage analyses. Am J Hum Genet 
2007;81:559–75.

 33 Manichaikul A, Mychaleckyj JC, Rich SS, et al. Robust relationship inference in 
genome- wide association studies. Bioinformatics 2010;26:2867–73.

 34 Das S, Forer L, Schönherr S, et al. Next- Generation genotype imputation service and 
methods. Nat Genet 2016;48:1284–7.

 35 Abraham G, Inouye M. Fast principal component analysis of large- scale genome- wide 
data. PLoS One 2014;9:e93766.

 36 Abraham G, Qiu Y, Inouye M. FlashPCA2: principal component analysis of Biobank- 
scale genotype datasets. Bioinformatics 2017;33:2776–8.

 37 Abraham G, Kowalczyk A, Zobel J, et al. SparSNP: fast and memory- efficient analysis 
of all SNPs for phenotype prediction. BMC Bioinformatics 2012;13:88.

 38 Abraham G, Kowalczyk A, Zobel J, et al. Performance and robustness of penalized 
and unpenalized methods for genetic prediction of complex human disease. Genet 
Epidemiol 2013;37:184–95.

 39 Freychet C, Lambert C, Pereira B, et al. Medical pathways of children with juvenile 
idiopathic arthritis before referral to pediatric rheumatology centers. Joint Bone Spine 
2019;86:739–45.

 40 Yang J, Lee SH, Goddard ME, et al. GCTA: a tool for genome- wide complex trait 
analysis. Am J Hum Genet 2011;88:76–82.

 41 Speed D, Holmes J, Balding DJ. Evaluating and improving heritability models using 
summary statistics. Nat Genet 2020;52:458–62.

 42 Wray NR, Yang J, Goddard ME, et al. The genetic interpretation of area under the ROC 
curve in genomic profiling. PLoS Genet 2010;6:e1000864.

 43 Abraham G, Malik R, Yonova- Doing E, et al. Genomic risk score offers predictive 
performance comparable to clinical risk factors for ischaemic stroke. Nat Commun 
2019;10:1–10.

 44 Hinks A, Bowes J, Cobb J, et al. Fine- mapping the MHC locus in juvenile idiopathic 
arthritis (JIA) reveals genetic heterogeneity corresponding to distinct adult 
inflammatory arthritic diseases. Ann Rheum Dis 2017;76:765–72.

 45 Berntson L, Damgård M, Andersson- Gäre B, et al. HLA- B27 predicts a more extended 
disease with increasing age at onset in boys with juvenile idiopathic arthritis. J 
Rheumatol 2008;35:2055–61.

 46 Evans DM, Spencer CCA, Pointon JJ, et al. Interaction between ERAP1 and HLA- B27 in 
ankylosing spondylitis implicates peptide handling in the mechanism for HLA- B27 in 
disease susceptibility. Nat Genet 2011;43:761–7.

 47 , Cortes A, Hadler J, et al, International Genetics of Ankylosing Spondylitis Consortium 
(IGAS). Identification of multiple risk variants for ankylosing spondylitis through high- 
density genotyping of immune- related loci. Nat Genet 2013;45:730–8.

 48 DeLong ER, DeLong DM, Clarke- Pearson DL. Comparing the areas under two or 
more correlated receiver operating characteristic curves: a nonparametric approach. 
Biometrics 1988;44:837.

 49 Ombrello MJ, Arthur VL, Remmers EF, et al. Genetic architecture distinguishes systemic 
juvenile idiopathic arthritis from other forms of juvenile idiopathic arthritis: clinical 
and therapeutic implications. Ann Rheum Dis 2017;76:906–13.

 50 Ombrello MJ, Remmers EF, Tachmazidou I, et al. HLA- DRB1*11 and variants of the 
MHC class II locus are strong risk factors for systemic juvenile idiopathic arthritis. Proc 
Natl Acad Sci U S A 2015;112:15970–5.

 51 Zheng X, Shen J, Cox C, et al. HIBAG--HLA genotype imputation with attribute 
bagging. Pharmacogenomics J 2014;14:192–200.

 52 Zheng X. Imputation- based HLA typing with SNPs in GWAS studies. In: Methods in 
Molecular Biology. Humana Press Inc 2018:163–76.

 53 Pappas DJ, Lizee A, Paunic V, et al. Significant variation between SNP- based HLA 
imputations in diverse populations: the last mile is the hardest. Pharmacogenomics J 
2018;18:367–76.

 54 Guzman J, Oen K, Tucker LB, et al. The outcomes of juvenile idiopathic arthritis in 
children managed with contemporary treatments: results from the ReACCh- Out 
cohort. Ann Rheum Dis 2015;74:1854–60.

 55 Martin AR, Kanai M, Kamatani Y, et al. Clinical use of current polygenic risk scores 
may exacerbate health disparities. Nat Genet 2019;51:584–91.

 56 Henrickson M. Policy challenges for the pediatric rheumatology workforce: Part III. The 
International situation. Pediatr Rheumatol Online J 2011;9:26.

 on N
ovem

ber 18, 2020 by guest. P
rotected by copyright.

http://ard.bm
j.com

/
A

nn R
heum

 D
is: first published as 10.1136/annrheum

dis-2020-217421 on 4 S
eptem

ber 2020. D
ow

nloaded from
 

http://dx.doi.org/10.1038/ng.2614
http://dx.doi.org/10.1038/nm.3933
http://dx.doi.org/10.1038/ncomms9442
http://dx.doi.org/10.1002/art.27516
http://dx.doi.org/10.1016/j.gde.2015.06.005
http://dx.doi.org/10.1016/j.jacc.2018.07.079
http://dx.doi.org/10.1093/hmg/ddz187
http://dx.doi.org/10.1371/journal.pgen.1004137
http://dx.doi.org/10.2337/dc18-1785
http://dx.doi.org/10.1093/rheumatology/41.12.1428
http://dx.doi.org/10.1097/FPC.0b013e32833f2cd0
http://dx.doi.org/10.1038/nature05911
http://dx.doi.org/10.1186/s12881-016-0285-3
http://dx.doi.org/10.1016/j.jsbmb.2014.10.012
http://dx.doi.org/10.1186/1546-0096-10-37
http://dx.doi.org/10.1038/tpj.2014.3
http://dx.doi.org/10.1186/s13742-015-0047-8
http://dx.doi.org/10.1086/519795
http://dx.doi.org/10.1093/bioinformatics/btq559
http://dx.doi.org/10.1038/ng.3656
http://dx.doi.org/10.1371/journal.pone.0093766
http://dx.doi.org/10.1093/bioinformatics/btx299
http://dx.doi.org/10.1186/1471-2105-13-88
http://dx.doi.org/10.1002/gepi.21698
http://dx.doi.org/10.1002/gepi.21698
http://dx.doi.org/10.1016/j.jbspin.2019.04.014
http://dx.doi.org/10.1016/j.ajhg.2010.11.011
http://dx.doi.org/10.1038/s41588-020-0600-y
http://dx.doi.org/10.1371/journal.pgen.1000864
http://dx.doi.org/10.1038/s41467-019-13848-1
http://dx.doi.org/10.1136/annrheumdis-2016-210025
http://dx.doi.org/10.1186/1546-0096-6-S1-P57
http://dx.doi.org/10.1186/1546-0096-6-S1-P57
http://dx.doi.org/10.1038/ng.873
http://dx.doi.org/10.1038/ng.2667
http://dx.doi.org/10.2307/2531595
http://dx.doi.org/10.1136/annrheumdis-2016-210324
http://dx.doi.org/10.1073/pnas.1520779112
http://dx.doi.org/10.1073/pnas.1520779112
http://dx.doi.org/10.1038/tpj.2013.18
http://dx.doi.org/10.1038/tpj.2017.7
http://dx.doi.org/10.1136/annrheumdis-2014-205372
http://dx.doi.org/10.1038/s41588-019-0379-x
http://dx.doi.org/10.1186/1546-0096-9-26
http://ard.bmj.com/


Minerva Access is the Institutional Repository of The University of Melbourne

Author/s:
Canovas, R;Cobb, J;Brozynska, M;Bowes, J;Li, YR;Smith, SL;Hakonarson, H;Thomson,
W;Ellis, JA;Abraham, G;Munro, JE;Inouye, M

Title:
Genomic risk scores for juvenile idiopathic arthritis and its subtypes

Date:
2020-12-01

Citation:
Canovas, R., Cobb, J., Brozynska, M., Bowes, J., Li, Y. R., Smith, S. L., Hakonarson, H.,
Thomson, W., Ellis, J. A., Abraham, G., Munro, J. E. & Inouye, M. (2020). Genomic risk
scores for juvenile idiopathic arthritis and its subtypes. ANNALS OF THE RHEUMATIC
DISEASES, 79 (12), pp.1572-1579. https://doi.org/10.1136/annrheumdis-2020-217421.

Persistent Link:
http://hdl.handle.net/11343/252181

License:
CC BY

http://hdl.handle.net/11343/252181
CC%20BY

	Genomic risk scores for juvenile idiopathic arthritis and its subtypes
	Abstract
	Introduction
	Methods
	Phenotype and clinical data
	Genotype data and quality control
	Development and validation of the genomic risk score

	Results
	Training and external validation of the JIA genomic risk score
	Subtype analysis

	Discussion
	References


