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Objective. Pulmonary fibrosis (PF) is a severe extra-articular manifestation of rheumatoid arthritis (RA). This study
aimed to externally validate a genetic risk score (GRS) and a combined risk score (CRS) for predicting the risk of RA-
associated PF in an independent cohort of patients with early RA.

Methods. This study used an inception cohort of 1,118 patients diagnosed with RA from northern Sweden between
1996 and 2016. Clinical data were systematically collected, and genotyping was performed for 12 single-nucleotide
polymorphisms (SNPs) associated with idiopathic PF. Statistical analyses, including logistic regression and area under
the curve (AUC) assessments, were conducted to evaluate the performance of the GRS and in combination with clinical
data as the CRS in predicting RA-PF development.

Results. Of the 1,115 patients with complete data, 60 (5.6%) were diagnosed with PF. PF was significantly associ-
ated with age, rheumatoid factor positivity, disease activity, andMUC5B (rs35705950) and FAM13A(rs2609255) SNPs.
The GRS demonstrated a significant association with RA-PF (odds ratio 2.6, 95% confidence interval 1.6–4.5), whereas
the CRS exhibited superior performance (AUC 0.75, P < 0.001) compared to the GRS alone (AUC 0.62). The combined
risk score outperformed the GRS in discriminating RA-PF, indicating its potential utility in clinical practice.

Conclusion. This study provides external validation of the Veterans Affairs Rheumatoid Arthritis Registry interstitial
lung disease GRS (VARA-ILD-GRS) and the VARA-ILD-CRS in an RA cohort, demonstrating their generalizability and
effectiveness in identifying individuals at high risk for RA-ILD. The findings support the integration of genetic and clin-
ical data in risk stratification models, which could significantly improve screening strategies for patients with RA at risk
of developing PF.

INTRODUCTION

Rheumatoid arthritis–associated interstitial lung disease

(RA-ILD) is a severe extra-articular manifestation affecting approx-

imately 10% of individuals with RA, leading to significant morbidity

and mortality.1,2 Despite the identification of several clinical risk

factors, such as older age, male sex, smoking history, severe

articular disease, and autoantibody seropositivity,3,4 particularly

in usual interstitial pneumonia,5 there remains a lack of standard-

ized tools for risk stratification in RA-ILD. The overlap of genetic

risk factors between RA-ILD and idiopathic pulmonary fibrosis

(IPF), particularly the MUC5B rs35705950 promoter variant, has

demonstrated the potential for genetic risk variants to enhance

the prediction of RA-ILD.
Wheeler et al developed and internally validated a clinical

and genetic risk score (GRS) for RA-ILD using data from the

Veterans Affairs Rheumatoid Arthritis Registry (VARA), a multi-

center national US cohort.6 Their study demonstrated that a

combined clinical and genetic risk model outperformed clinical

factors alone in discriminating RA-ILD, highlighting the utility of

incorporating genetic information into risk stratification models.

This approach aligns with previous findings that genetic vari-

ants associated with IPF also contribute to RA-ILD risk or pul-

monary fibrosis (PF).7–9
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In this study, we aimed to externally validate the GRS devel-
oped by Wheeler et al in an independent RA cohort. By using
the same genetic loci and clinical data collection methods, we
sought to test the robustness and generalizability of the VARA
RA-ILD GRS for predicting development of PF in an RA popula-
tion. With validation of the clinical utility of the GRS in identifying
individuals at high risk for RA-ILD, these tools could support tar-
geted screening and early intervention strategies.

PATIENTS AND METHODS

Patients and collection of clinical data. The cohort of
patients with early RA (eRA) has previously been used to investi-
gate the associations between selected genotypes and PF.8

Briefly, this inception cohort included patients diagnosed with
eRA according to the American College of Rheumatology classifi-
cation criteria.10 Patients were consecutively included at the time
point of RA diagnosis between January 1, 1996, and December
31, 2016, at five rheumatology clinics in northern Sweden. All
patients were observed until December 31, 2016, or death, with
a mean follow-up time of 9.4 (SD 4.9) years. Clinical data, includ-
ing the Disease Activity Score in 28 joints (DAS28),11 pharmaco-
logical treatments, and smoking history, were systematically
recorded at baseline and at 6, 12, 18, and 24 months after diag-
nosis and subsequently at all clinical visits. The presence of rheu-
matoid factor (RF) was assessed at baseline using routine
laboratory methods, and the presence of anti–cyclic citrullinated
peptide (anti-CCP) antibodies was assessed using an anti-CCP2
test (Euro-Diagnostica AB), as previously described.8

Genotyping. DNA samples were collected at baseline and
stored at −80�C. Genotyping was performed using the Global
Screen Assay (Illumina) to analyze 571,151 genome-wide single-
nucleotide polymorphisms (SNPs) at deCode Genetics, as previ-
ously reported.12 Information for selected gene variants was
extracted from the genotype dataset. The genome-wide associa-
tion study (GWAS) data used were stored by the National Bioin-
formatics Infrastructure Sweden at SciLifeLab. The SNP for
MUC5B (rs35705950) was imputed, and the sequence variants
for imputation were identified through whole-genome sequencing
of 67,645 individuals of Islandic, Danish, Norwegian, and Swedish

origin.12 Samples (n = 193) showing quality scores <90% were
reanalyzed using quantitative polymerase chain reaction (qPCR)
assays and TaqMan SNP Genotyping Assays (Applied Biosystems)
specific for the rs35705950 SNP. For this study, genotype data at
12 loci were extracted: rs35705950 (MUC5B), rs2736100 (TERT),
rs111521887 and rs5743890 (TOLLIP), rs2076295 (DSP), rs7887
(EHMT2), rs2034650 (IVD), rs2609255 (FAM13A), rs4727443
(LOC100128334/LOC105375423), rs11191865 (OBFC1),
rs1278769 (ATP11A), rs6793295 (LRRC34), and rs12610495
(DPP9). Genetic ancestry analysis was performed for Danish,
Swedish, and Norwegian sample sets separately included in
the GWAS.12

Pulmonary examinations. Radiographs of the lungs
were obtained at baseline and during follow-up if patients pre-
sented any symptoms of cough, dyspnea, or chest pain or before
initiating biologic disease-modifying antirheumatic drugs.
High-resolution computed tomography (HRCT) of the chest was
performed in cases with signs of pathology on routine plain radio-
graphs or clinically suspected pulmonary involvement. The diag-
nosis of PF was based on HRCT findings, with reticular patterns,
honeycombing, or traction bronchiectasis and occasionally with
ground-glass in a few cases being indicative of PF.13 In five
patients, the diagnosis of PF was already evident and diagnosed
on the routine plain radiograph examinations. In this study, no fur-
ther diagnostic evaluation was performed to separate usual inter-
stitial pneumonia and nonspecific interstitial pneumonia disease.
Clinical and pulmonary examinations have previously been pre-
sented in detail.8

Statistical analysis. Statistical analyses were conducted
using R software version 4.4.1 (R Foundation for Statistical Com-
puting).14 Descriptive data were summarized as proportions,
means, or medians. Frequencies were compared using Pear-
son’s chi-square test with Yates’ continuity correction, and for
continuous data, Student’s t-test was used. A Mann-Whitney U
test was conducted to compare the different GRS between RA-
PF and RA without PF. Associations between PF and potential
predictors, including genetic markers, were analyzed using logis-
tic regression analyses, presented as odds ratios (ORs) with
95% confidence intervals (CIs). Areas under the curve (AUCs)
were compared using DeLong’s test for two correlated receiver
operating characteristic curves using the pROC library
v.1.18.5.15 For eight individuals, the mean DAS28 value for the
first 24 months (DAS28mean24m) was imputed using predictive
mean matching, and ever smoking (smokingever) was imputed
for 19 individuals using logistic regression by using the mice
library v. 3.16.0.16

Calculation of genetic and clinical risk scores. All risk
scores were calculated as previously reported by Wheeler et al.6

In brief, the GRS was calculated with each of the five SNPs

SIGNIFICANCE & INNOVATIONS
• The study successfully validated a genetic risk score

(GRS) and a combined risk score predicting rheuma-
toid arthritis–associated pulmonary fibrosis.

• Combining a GRS with clinical risk factors per-
formed significantly better than the GRS alone.

• These risk scores can identify at-risk patients with
RA-associated interstitial lung disease, improving
the selection of patients for screening.
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represented, assuming autosomal dominant inheritance as 0 (wild
type) or 1 (variant allele): VARA-ILD-GRS = MUC5B × ln(2.47) +
DSP × ln(1.21) + LRRC34 × ln(1.08) + OBFC1 × ln(1.19) +
FAM13A × ln(0.74).

Similarly, the VARA-ILD combined risk score (VARA-ILD-
CRS) model was calculated as reported by Wheeler et al, but with
small modifications. In the original score, the variable β coefficient
(ie, ln OR) for categorical variables (smoking history, male sex, RF
positivity) was multiplied by 1 if the factor was present or 0 if the
factor was absent. For age, 69.5 from the individual’s current
age was subtracted, and the difference was multiplied by the β

coefficient, and the individual’s mean DAS28 using the
C-reactive protein level (DAS28-CRP) was multiplied by the β

coefficient. Modifications of this original score were performed
for disease activity and age. In our validation cohort, we instead
used the mean DAS28 using the erythrocyte sedimentation rate
(DAS28-ESR) over the first 24 months after diagnosis to catch
the burden of early inflammation, and instead of using age at
the most recent encounter, we used age at the time point of
diagnosis of RA (continuing to center age by subtracting 69.5).
The modified VARA-ILD-CRS (mVARA-ILD-CRS) = 0.9857579 ×
GRS + 0.0249686 × (ageinclusion − 69.5) + 0.2992501 × sexmale +
0.3963635 × smokingever + 0.2376407 × DAS28mean24m +
0.610918 × RFpositive + (−4.442266). The probability was then, as in
the original publication, obtained by calculating exp(mVARA-ILD-
CRS)/(1 + exp[mVARA-ILD-CRS]).

Ethics. The study complies with the Declaration of Hel-
sinki, and the Regional Ethics Committees at Umeå University,
Sweden, approved this study (no. Dnr 2017-432-32M,
2019-02039). The patients provided informed consent to
participate.

RESULTS

Patient characteristics and variant allele
frequencies associated with RA-PF. Of the 1,118 patients
with eRA included in our inception cohort, a GRS could success-
fully be calculated for 1,115 individuals with complete data, of
whom 60 (5.6%) were diagnosed with PF at the time of RA diag-
nosis or developed PF during follow-up. Variables related to
development of PF were age at inclusion (P < 0.001), RF positivity
(P < 0.05), and DAS28mean24m (P < 0.05) (Table 1). Of the 12 ana-
lyzed SNPs, two were significantly associated with RA-PF in
unadjusted analyses: MUC5B (rs35705950) (OR 3.70 [95% CI
2.18–6.32], P < 0.001) and FAM13A (rs2609255) (OR 1.91
[95% CI 1.13–3.25], P < 0.05) (Supplementary Table 1).

Model performance of GRS in the validation cohort.
The five included SNPs (MUC5B [rs35705950], DSP
[rs2076295], LRRC34 [rs6793295], OBFC1 [rs11191865], and
FAM13A [rs2609255]) in the GRS constructed by Wheeler et al6

were analyzed using multivariable logistic regression analyses,
with two SNPs continuing to show significant association with
RA-PF: rs35705950 (MUC5B, OR 3.02 [95% CI 1.95–4.65], P <
0.001) and rs2609255 (FAM13A, OR 1.82 [95% CI 1.20–2.72],
P < 0.01).

The GRS calculated according to Wheeler et al showed a
significant association with RA-PF in our cohort, with higher val-
ues in RA-PF compared to RA without PF, as expected (mean
0.63, median 0.79, range −0.13 to 1.3 and mean 0.41, median
0.27, range −0.3 to 1.3, respectively; P < 0.01) (Supplementary
Figure 1). The OR for RA-PF increased for each unit of the GRS
at 2.6 (95% CI 1.6–4.5; P < 0.0001).

Model performance of CRS in the validation cohort.
Univariable logistic regression for the clinical variables showed
significant association with RA-PF for age, DAS28mean24m, and
RF positivity (P < 0.05 for all) (Table 2). In a multivariable logistic
regression analysis including the same clinical variables, the sig-
nificance remained for age and RF (P < 0.01) (data not shown).

Table 1. Demographic and clinical data of the included patients
with eRA, stratified for development of PF*

eRA with
pulmonary

fibrosis (n = 60)

eRA without
fibrosis

(n = 1,058)

Age at RA diagnosis,
mean (SD), y

64.8 (10.3)a 57.4 (14.1)

Age at PF diagnosis,
mean (SD), y

73.9 (9.6) –

Male sex, n (%) 23 (38.3) 311 (29.4)
Ever smoker, n (%) 43/59 (72.9) 644/1,041 (60.9)
Current smoker, n (%) 11/58 (19.0) 203/1,043 (19.5)
ACPA+, n (%) 43 (80.0) 705 (69.2)
RF+, n (%) 53 (88.3)b 770 (72.8)
HLA-SE+, n (%) 23 (63.9) 371 (58.7)
Follow-up time from RA
diagnosis until Dec 31, 2016,
or death, mean (SD), y

8.7 (4.8) 9.5 (5.0)

BMI, mean (SD) kg/m2 27.0 (3.7)c 26.4 (4.5)c

DAS28-ESR (index date),
mean (SD)

4.8 (1.4) 4.8 (1.4)

DAS28-ESR AUC24,
d

mean (SD)
90.0 (18.8)e 82.7 (21.5)

Death during study
period, n (%)

27 (45.0)a 130 (12.3)

Duration of RA at time
point of PF diagnosis,
mean (min to max), y

5.4 (−0.58 to 15.6) –

HRCT, n (%) 55/60 (91.7) –

* ACPA, anti–citrullinated protein/peptide antibody; AUC, area
under the curve; BMI, body mass index; DAS28, Disease Activity
Score in 28 joints; eRA, early RA; ESR, erythrocyte sedimentation
rate; HLA-SE, HLA shared epitope, HRCT, high-resolution computed
tomography; IQR, interquartile range; PF, pulmonary fibrosis; RA,
rheumatoid arthritis; RF, rheumatoid factor.
a P < 0.001.
b P < 0.01.
c Data available in 50 and 849 patients, respectively.
d AUC calculated for the first 24 months after diagnosis.
e P < 0.05.

COMBINED RISK SCORE IN RA 3
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When also including the GRS as a covariate in the model, the
GRS, age, and RF positivity remained significantly predictive of
PF (P < 0.05) (Table 2).

The GRS was then combined with clinical variables into the
VARA-ILD-CRS and validated in our cohort. The CRS was found
to be significantly associated with RA-PF development, with
higher values in RA-PF compared to RA without PF, as expected
(mean 0.12, median 0.12, range 0.03–0.24 and mean 0.076,
median 0.064, range 0.0052–0.34, respectively; P < 0.0001)
(Supplementary Figure 2). The OR for RA-PF using the CRS was
1.72 (95% CI 1.43–2.1, P < 0.0001) per 0.05-unit change in
the CRS.

The CRS was categorized into quartiles, with the highest
quartile (>0.10016) showing an OR for RA-PF of 2.7 (95% CI
1.8–5.0), and that was significantly higher compared to the lowest
quartile (<0.04015) (P < 0.0001) (data not shown). The CRS dis-
criminated RA-PF with an AUC of 0.75 (95% CI 0.69–0.81), which
was significantly better than the GRS showing an AUC of 0.62
(95% CI 0.54–0.69) (P < 0.001) (Figure 1). To validate the
performance of the CRS, a table was created for different cutoff
levels and their sensitivity, specificity, positive and negative pre-
dictive values, and positive and negative likelihood ratios
(Supplementary Table 2). The optimal cutoff by maximizing the
Youden index was ≥0.07999, yielding a sensitivity of 0.789 and
a specificity of 0.653. Setting the sensitivity to ≥0.9 led to a cutoff
of 0.05, as in the derivation study.6 Using this cutoff would elimi-
nate 36.1% of the cohort from needing to undergo further testing.
In contrast, prioritizing specificity (≥0.9) resulted in a sensitivity of
0.316 and a cutoff value of 0.1458237.

Because the components have different scales, we evalu-
ated which variables contributed the most to the CRS. We pres-
ent the distribution of the contribution for the RA-PF and RA
without PF groups separately in Figure 2. The highest average
contributions to the CRS were found for DAS28-ESRmean24m,
RF, and GRS. In relative terms, the GRS and age variables dif-
fered the most between RA-PF and RA without PF.

DISCUSSION

In this study of 1,115 patients with eRA, we externally vali-
dated a GRS and a CRS for predicting the risk of RA-PF. The orig-
inal score was developed for RA-ILD in a male-predominant US
veteran RA cohort.6 This external validation study evaluated the
application of this score in an inception RA cohort from northern
Sweden, with a higher proportion of females. Despite the differ-
ences in these cohorts, the performances of the GRS and CRS
were similar. Thus, this RA-ILD CRS appears to be a promising
tool for use to risk stratify RA-ILD and inform RA-ILD screening
approaches.

Table 2. Multivariable logistic regression models for variables used in the combined risk score for outcome in patients with rheumatoid arthritis
with or without pulmonary fibrosis in the validation cohort and in the original cohort according to Wheeler et al6*

Variable

Validation cohort model Original cohort model

Univariable model Multivariable model Multivariable model

OR (95% CI), P value β coefficient OR (95% CI), P value β coefficient OR (95% CI), P value β coefficient

Genetic risk score 2.64 (1.55–4.50), <0.001 0.9719446 2.36 (1.24–4.48), <0.01 0.8576770 2.68 (1.95–3.69), <0.001 0.9857579
Age, per 1-y increase
over age 69.5 y

1.05 (1.02–1.07), <0.001 0.0473284 1.04 (1.01–1.07), <0.01 0.0416284 1.03 (1.01–1.04), 0.001 0.0249686

Male sex 1.49 (0.87–2.55), 0.143 0.4008486 1.07 (0.9–3.19), 0.1 0.5298953 1.35 (0.74–2.47), 0.33 0.2992501
Smoking history (ever) 1.56 (0.88–2.78), 0.128 0.4462943 1.40 (0.7–2.82), 0.343 0.3375456 1.49 (1.00–2.20), 0.05 0.3963635
Mean DAS28-ESR during
24 mo/DAS28-CRP

1.42 (1.05–1.9), <0.05 0.3472252 1.42 (0.99–2.02), 0.055 0.3471921 1.27 (1.12–1.44), <0.001 0.2376407

RF positive 2.83 (1.27–6.3), <0.05 1.0409517 2.96 (1.14–7.7), <0.05 1.0859854 1.84 (1.23–2.76), 0.003 0.610918
Model constant – – – −5.5932484 – −4.442266

* CI, confidence interval; CRP, C-reactive protein; DAS28, Disease Activity Score in 28 joints; OR, odds ratio; RF, rheumatoid factor.

Figure 1. Comparison of receiver operating characteristic curves
for combined and genetic risk scores for the presence of rheumatoid
arthritis–associated pulmonary fibrosis. AUC, area under the curve.

BRINK ET AL4
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Discrimination of PF in RA with the CRS was higher in our
cohort (AUC 0.75 [95% CI 0.69–0.81]) than in the original publica-
tion (AUC 0.675 [95% CI 0.639–0.711]), demonstrating the valid-
ity of this tool in an alternative study population. As in the original
study, we found the CRS to outperform the GRS alone. The sim-
ilar results are quite remarkable given different frequencies of the
genotypes, study populations, and variability of clinical data that
were included. Thus, it would be expected for the VARA-ILD-CRS
to generalize to other study populations and settings. Despite our
patients being of Scandinavian ancestry, there was good agree-
ment between the VARA-ILD-GRS and the VARA-ILD-CRS in
RA based on an American population.

We confirmed that the MUC5B promotor variant was the
strongest genetic risk factor, as was shown in our previous publi-
cation.8 We also found a significant association with FAM13A
(rs2609255), which was not significant in the study by Wheeler
et al.6 This supports the continued need for evaluation of genetic
variants among diverse cohorts, as findings for specific SNPs out-
side of MUC5B have varied across populations. This also high-
lights the value of using a GRS, such as the VARA-ILD-GRS,
which allows for a broader representation of our current under-
standing of genetic risk and moderates the nuanced differences
in individual allele frequencies and associations across popula-
tions. The performance of the GRS in this study demonstrates
the external validity of such approaches.

Polygenic risk scores for IPF, but not RA, were associated with
RA-ILD in the COPDgene cohort.17 In another study evaluation of
two large cohorts (MESA and COPDgene), RA-related HLA-DRB1
was not associated with interstitial lung abnormalities.18

Our cohort was composed of consecutively included
patients with eRA between 1996 and 2016, whereas Wheeler
et al used a prospective RA cohort of US veterans with more

established disease initiated in 2003. Both cohorts had a high fre-
quency of cigarette smoking history (current cohort 60%–70% vs
VARA cohort 77%–85%). Perhaps related to these high cigarette
smoking frequencies, we were not able to detect a significant
contribution of smoking to RA-PF risk in the multivariable model,
despite smoking having previously been established as a risk fac-
tor for both RA and RA-PF.3,19 Given high background smoking
frequency in these cohorts, it is possible that the genetic risk com-
ponent is more discriminative for RA-PF vs RA alone. Validation of
the GRS and CRS in a cohort with less frequent cigarette smoking
history would be valuable.

Because of differences in cohorts and data availability, some
components of the CRS required modification. Wheeler et al cal-
culated the mean DAS28-CRP preceding ILD diagnosis but also
showed consistent performance when using the most recent
DAS28-CRP. In adapting the CRS to this cohort, we calculated
the DAS28-ESR as a mean value over the first 24 months. This
measure of disease activity was similarly associated with RA-PF,
suggesting that alternative measures of average disease activity
using DAS28 variants are suitable for calculating the CRS.
Whether this extends to alternative RA disease activity measures,
such as the Clinical Disease Activity Index or Routine Assessment
of Patient Index Data 3, and adjustment of these disease activity
measure values to maintain consistent CRS values will need to
be examined in future studies.

The sensitivity and specificity of the CRS were comparable to
those reported previously by Wheeler et al.6 At the cutoff of 0.05
proposed previously to ensure a 90% sensitivity for RA-ILD
detection, the sensitivity was 93.3% and the specificity was
37.7% in the current cohort. Applying this cutoff would exclude
approximately 36% of the patients with eRA in our study from
the need for additional testing with HRCT and pulmonary function

Figure 2. Average contribution of each variable included in the combined risk score, stratified by the presence of pulmonary fibrosis. DAS28,
Disease Activity Score in 28 joints; GRS, genetic risk score; RF, rheumatoid factor.

COMBINED RISK SCORE IN RA 5
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tests (PFTs). If providers were comfortable with a test sensitivity of
80%, a cutoff of 0.07 could be used. At this value, the proportion
of patients with eRA in our cohort who would avoid the need for
additional ILD testing increases to 55%. This illustrates the poten-
tial value of an RA-ILD screening strategy that incorporates a
highly sensitive VARA-ILD-CRS to identify patients with RA who
warrant further ILD testing with HRCT and PFTs.

MUC5B in our cohort was determined from imputation, with
a smaller number showing quality scores <90% that were reana-
lyzed using qPCR assays and TaqMan SNP Genotyping Assays.
There was very good agreement between those cases tested by
both methods. The sequence variants for the imputation were
identified using cases with Scandinavian origin.12 These findings
suggest that imputation is a valid method for ascertainingMUC5B

status.
A limitation of our study is that the HRCT examinations were

not performed randomly or on all included patients. Rather, these
were performed among patients with abnormalities on the plain
radiographs or who had clinical indications for HRCT with the
development of defined symptoms or signs suspicious for RA-
PF. The HRCT examinations have been performed over a period
of almost 20 years, and methodologic improvements during this
time could affect the results. Consequently, we refrained from fur-
ther diagnostic evaluations besides PF.

In summary, we externally validated the VARA-ILD-GRS and
VARA-ILD-CRS among a cohort of patients with eRA based in
northern Sweden. Despite differences in the study populations
and implementing adaptations to the clinical risk score compo-
nents, our findings showed a similar ability to discriminate RA-PF
and performance metrics at various cut points. These results
emphasize the potential role of combined genetic and clinical risk
scores to inform RA-ILD screening strategies.
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