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E D I T O R I A L

Using Genetic Risk Scores for Rheumatoid Arthritis–
Associated Interstitial Lung Disease Risk Stratification

Gregory C. McDermott and Jeffrey A. Sparks

Rheumatoid arthritis–associated interstitial lung disease

(RA-ILD) results in increased morbidity and mortality in patients

with RA.1–4 There is significant interest in screening strategies for

RA-ILD to improve early diagnosis, especially for patients with

fibrotic subtypes of RA-ILD, which have a particularly poor

prognosis.5–7 Although several genetic and clinical risk factors

for fibrotic forms of RA-ILD have been identified,8,9 there is uncer-

tainty about the best approaches for identifying patients with RA

who are at increased risk for fibrotic forms of RA-ILD.
In this issue of Arthritis Care & Research, Brink and col-

leagues10 examine the performance of a previously published

RA-ILD combined clinical and genetic risk score11 in a Swedish

multicenter cohort of patients with RA. The authors calculated a

weighted genetic risk score including five loci previously identified

in genetic studies of idiopathic pulmonary fibrosis and extended

to RA-ILD.8,12 Patients with RA were systematically screened with

chest radiographs. For most patients, pulmonary fibrosis diagno-

sis was based on high-resolution computed tomography chest

imaging. The authors report associations of clinical and genetic

factors with pulmonary fibrosis in RA and display the area under

the receiver operating characteristic curve (AUC) for the previ-

ously published genetic risk score and combined clinical/genetic

risk score. The combined score included the weighted genetic

risk score, age at RA diagnosis, male sex, ever smoking status,

mean Disease Activity Score in 28 joints using the erythrocyte

sedimentation rate over the first 24 months of cohort enrollment,

and rheumatoid factor positivity.
Among 1,115 patients with early RA diagnosed in five Swed-

ish rheumatology clinics, 60 (5.6%) had baseline pulmonary fibro-

sis or developed findings of pulmonary fibrosis over a mean

follow-up of about nine years. Older age and positive rheumatoid

factor were associated with pulmonary fibrosis, consistent with

previously described clinical risk factors for RA-ILD.1,13–16 The

AUC for the genetic risk score was 0.62, and the AUC for

the combined clinical/genetic risk score was 0.75. The authors

determined that 36.1% of the cohort could potentially be spared

screening if the combined clinical/genetic risk score were used

with a screening cutoff at >90% sensitivity.
Despite the recognition of important genetic risk factors for

RA-ILD,8 combined clinical/genetic risk profiling has not been

extensively investigated in RA-ILD. Several clinical risk factor–

based scores have been developed.17–22 However, only the

Étude et Suivi des Polyarthrites Indifférenciées Récentes

(ESPOIR) risk score additionally incorporated genetic factors.19

The ESPOIR risk score included the common MUC5B promoter

variant (rs35705950), which was also the strongest genetic risk

factor identified in the current study, along with sex, age, and dis-

ease activity, and demonstrated an AUC of around 0.80 for iden-

tifying subclinical RA-ILD. The findings presented in this issue

represent an important addition to the existing literature on RA-

ILD risk profiling. This study provides an external validation of an

existing clinical and genetic risk score. Because the original deri-

vation was performed in the US Department of Veterans Affairs

system with a predominantly male population, this replication in

a predominantly female Swedish cohort strongly supports the

validity of the findings and provides further support for incorporat-

ing genetic risk factors into RA-ILD risk profiling. Finally, the

authors used a small number of candidate genes that were origi-

nally identified in patients with idiopathic pulmonary fibrosis ver-

sus healthy controls. Future studies should consider polygenic

risk scores across the entire genome and pursue genome-wide

association studies specifically devoted to patients with RA-ILD

and subtypes versus controls with RA and no ILD.
The study has important limitations to consider. First, it does

not report the performance of clinical risk factors alone for RA-ILD

identification, and thus it is difficult to quantify the additive benefit

of the genetic risk score. In the original derivation of the clinical

and genetic risk scores, Wheeler and colleagues11 reported that

the addition of the genetic risk score to clinical factors resulted in

an increase in the AUC from 0.635 to 0.675. Whether this modest
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improvement supports testing for RA-ILD risk alleles remains to

be determined. Second, the focus on pulmonary fibrosis and the

lack of universal high-resolution computed tomography chest

screening likely resulted in underascertainment of nonfibrotic

forms of RA-ILD and subclinical disease. Because the established

RA-ILD genetic risk factors are specifically associated with the

fibrotic usual interstitial pneumonia pattern of RA-ILD,8 the perfor-

mance of the genetic risk score may be overstated when the out-

come is limited to pulmonary fibrosis and may miss ILD patterns

with more inflammatory features. Although fibrotic RA-ILD has a

particularly poor prognosis, the detection of other forms of RA-

ILD remains clinically important.
In conclusion, Brink and colleagues10 present an important

external validation of a combined clinical and genetic risk score
for the identification of pulmonary fibrosis in patients with
RA. The addition of a genetic risk score to clinical factors resulted
in an AUC of 0.75 for identifying patients with RA and pulmonary
fibrosis. With decreasing costs of genetic sequencing and the
increasing availability of consumer genetic sequencing
services,23,24 one can easily envision a future where genetic risk
profiling will augment clinical risk factors for risk profiling for RA-
ILD and other disease complications.
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Validation of a Genetic Risk Score Combined With Clinical
Variables for Predicting Pulmonary Fibrosis in Early
Rheumatoid Arthritis

Mikael Brink,1 Austin Wheeler,2 Bryant R. England,2 and Solbritt Rantapää-Dahlqvist1

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.
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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.
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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.
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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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Mortality in US Veterans With Rheumatoid Arthritis Treated
With Immune Checkpoint Inhibitors

Madeline L. O’Sullivan,1 Grant W. Cannon,1 Brian C. Sauer,1 Jorge Rojas,2,3 Gary A. Kunkel,1

Jessica A. Walsh,1 Shardool Patel,1 Punyasha Roul,4 Joshua F. Baker,5 Bryant R. England,4 Ted R. Mikuls,4

and Tawnie J. Braaten1

Objective. This investigation compared all-cause and cause-specific mortality in patients with and without rheu-
matoid arthritis (RA) in the Veterans Health Administration (VHA) following immune checkpoint inhibitor (ICI) cancer
treatment.

Methods. Veterans with RA and a control set of Veterans without RA who were matched on age, sex, and year of
Veterans Affairs enrollment and had received an ICI were identified. All-cause and cause-specific mortality were
obtained. Survival from the time of ICI initiation was evaluated using Cox models, Kaplan-Meier curves, and log rank
testing.

Results. There were 301 patients with RA and 2,114 controls without RA treated with an ICI. The majority of the par-
ticipants were white, male, and current/former smokers. Lung cancer was the most common malignancy (51.2%),
pembrolizumab was the most frequently used ICI (43.9%), and most patients received ICI monotherapy (97.1%). Cox
proportional hazard ratio comparison of all-cause mortality in patients with RA to controls without RA was 1.08 (95%
confidence interval [CI] 0.94–1.25) for the crude analysis and 1.09 (95% CI 0.94–1.25) for the adjusted analysis. Cause
of death was similar in the two groups, most frequently neoplasm in 93.0% and 90.9% for RA and non-RA groups,
respectively (P = 0.737). Deaths due to infection were rare in both groups (<1.0%).

Conclusion. Patients with RA who received ICIs for the treatment of malignancy did not experience increased mor-
tality or differences in cause of death compared with patients without RA receiving ICIs. These preliminary data suggest
ICI therapy may be considered as part of cancer treatment in RA patients based on individual patient circumstances.

INTRODUCTION

Immune checkpoint inhibitors (ICIs) have provided a break-

through in the treatment of several cancers, including advanced

and metastatic disease. ICIs block inhibitory signals of T-cell acti-

vation to allow tumor-reactive T-cells to mount an effective antitu-

mor response. Despite their effectiveness, ICIs are known to

cause a broad spectrum of unintended immune-related adverse

events (irAEs) affecting multiple organ systems.1,2 The severity of

these irAEs varies widely, with more severe forms requiring cessa-

tion of ICIs and sometimes systemic immunosuppression.

Because of concerns that patients with underlying autoimmune

disease may experience more severe, even life-threatening
irAEs, flares of their underlying autoimmune disease, or that
baseline immunosuppression may decrease ICI effectiveness,
these patients were excluded from clinical trials.3,4 Polymor-
phisms in programmed cell death protein (PD)-1 and Cytotoxic
T-lymphocyte associated protein-4, the targets of ICI therapy,
have also been associated with rheumatoid arthritis (RA) risk,
which raises further concern that patients with RA may be at
higher risk of treatment-related AEs.5–7

It remains unknown whether these theoretical risks result in
an actual increased overall mortality or differences in cause of
death in patients with autoimmune disease. Patients with RA
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undergoing cancer treatment with ICIs are of particular interest
given the relatively high prevalence and the increased risk of

malignancy (ie, lung cancer) inherent to the disease, and therefore
may more frequently require ICI therapy.8 There is a critical need
to more fully understand the safety of ICIs in patients with RA
because most previous studies have focused primarily on rates

of, and treatments for, RA flares complicating cancer treat-
ment.3,9 Much of the existing literature did not report on treatment
efficacy, mortality rates, or specific cause of death in this

population.8

More data about the use of ICIs in patients with RA will help
guide providers and patients to make informed decisions when
weighing potential risks and benefits of cancer treatment options.
Therefore, the objective of this investigation was to determine and
compare mortality rates and specific causes of death in US Vet-
erans with and without pre-existing RA undergoing cancer treat-
ment with ICIs.

METHODS

Study design and patient selection

This retrospective cohort study evaluated US Veterans
enrolled in the Veterans Health Administration (VHA). The VHA
Corporate Data Warehouse (CDW) provided clinical and adminis-
trative data for care delivered by VHA providers from 145 VHA
medical centers. This study was approved by the University of
Utah Institutional Review Board (IRB #12917).

We classified Veterans as having RA using a validated algo-
rithm requiring that the patient had both (1) two or more Interna-
tional Classification of Diseases (ICD) codes for RA at least
30 days apart, with at least one ICD code from a rheumatologist,
and (2) treatment with a disease modifying anti-rheumatic drug
(DMARD) or laboratory evidence of a positive rheumatoid factor
or anti-cyclic citrullinated peptide (anti-CCP) antibody.10 Patients
were included as an RA case if RA criteria were met any time
before the first ICI infusion using all data available in the CDW from
1999 moving forward to the time of first ICI infusion. Patients
meeting RA criteria after ICI infusion were excluded. Rheumatol-
ogy encounters were identified in CDW as clinic visits using the

Veterans Affairs (VA) rheumatology stop code 315. Control
patients were selected from a selected cohort of patients without
RA. This non-RA cohort consisted of up to ten patients not fulfill-
ing RA criteria that were matched to each patient with RA with
the same year of birth, sex, and year of initial VHA enrollment.
Patients in the RA group and non-RA control group receiving
one or more ICI infusions between June 6, 2011, and February
14, 2023, were identified using pharmacy databases and
included in this study (Supplementary Figure 1). Inclusion in the
study required only a single ICI infusion because our goal was to
evaluate survival based on the intent to initiate ICI therapy.

Patient characteristics

The CDW data domains used included patient (eg, demo-
graphics), inpatient, and outpatient encounters; inpatient and out-
patient pharmacy dispensing; vital signs; and laboratory and
chemistry domains. We used the Compensation and Pension
Records Interchange system, which provides national “read-
only” access to Veteran electronic health records and medical
notes to inform algorithm development and confirm the correct
classification of clinical concepts.11,12 Demographic data and
baseline patient characteristics included age at first ICI infusion,
sex, race, ethnicity, smoking status, and laboratory reports of
rheumatoid factor and anti-CCP. Sex, race, and ethnicity were
self-reported and recorded in CDW. The Care Assessment Needs
(CAN) classification13 is a VA comorbidity score that uses clinical
and demographic characteristics to predict future hospitalization
and mortality.14 The CAN score includes predictors across six
categories: sociodemographics, medical conditions, vital signs,
previous use of health services, medications, and laboratory
tests, and is expressed as a percentile of probabilities ranging
from 0 percentile (lowest risk) to 99th percentile (highest risk).
The CAN score also provides a mortality estimate over the follow-
ing 90 days and 1 year. Health care use was measured as the
number of hospitalizations and clinical encounters documented
in CDW during the year before ICI therapy.

Cancer diagnosis and stage

The cancer diagnosis and cancer stage was ascertained
from the VA Oncology Raw Domain, which contributes to the VA
Central Cancer Registry.15 For reporting and analysis, cancers
were grouped as gastrointestinal, genitourinary, head and neck,
lung (non-small cell lung cancer [NSCLC]), lung–other (not
NSCLC), melanoma, and other.

ICI treatment

Pharmacy CDW data for atezolizumab, avelumab, cemipli-
mab, durvalumab, ipilimumab, nivolumab, and pembrolizumab
were extracted. For each patient, the ICI infusion data collected

SIGNIFICANCE & INNOVATIONS
• This is the largest study to date examining both all-

cause and cause-specific mortality of patients with
pre-existing rheumatoid arthritis (RA) treated with
immune checkpoint inhibitors (ICIs).

• No differences in cause-specific or all-cause mortal-
ity were observed in patients with RA in comparison
with controls without RA.

• These data suggest that treatment with ICIs should
be considered in patients with RA if indicated as
part of cancer management.
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were the date of the first ICI infusion, the number of unique agents
received, the number of infusions for each agent, and the duration
between the first and last ICI infusion. Patients were classified as
combination ICI therapy if two different ICIs were used within
two weeks of the initial ICI infusion (initial ICI combination therapy)
or if a new and different ICI was added within two weeks after at
least two infusions of the same ICI (“base” ICI drug) and the base
ICI drug was infused again after the new and different ICI (add-on
combination therapy). For example, if a patient had been receiving
multiple infusions of ipilimumab and then had an infusion of nivolu-
mab that was followed by another infusion of ipilimumab after four
weeks, this pattern would qualify as an “add-on” combination
therapy with initial monotherapy. In contrast, if a patient was
treated with ipilimumab for several infusions and then treated with
nivolumab without subsequent ipilimumab, this pattern would be
classified as a “switch” in therapy and not combination therapy.

Cancer treatments before ICI infusions

Both oral and intravenous cancer treatments, other than ICI,
were identified in CDW for each patient. The specific agents and
number of unique drugs by each patient before ICI treatment were
identified.

DMARD treatment

CDW pharmacy data were searched for any exposure to the
following DMARDs before the first ICI infusion for each patient:
abatacept, adalimumab, anakinra, azathioprine, baricitinib, certo-
lizumab, etanercept, golimumab, hydroxychloroquine, infliximab,
leflunomide, methotrexate, rituximab, sarilumab, sulfasalazine,
tocilizumab, tofacitinib, and upadacitinib. Case and control sub-
jects with any DMARD exposure during the 90 days before ICI
were reported. All exposures to methotrexate and rituximab were
reported irrespective of indication for either RA or cancer treat-
ment. Control patients receiving DMARDs other than methotrex-
ate and rituximab were reviewed for indication.

Glucocorticoid treatment

Both intravenous and oral dispensing episodes for the fol-
lowing glucocorticoid drugs—betamethasone, budesonide,
dexamethasone, hydrocortisone, methylprednisolone, predniso-
lone, and prednisone—were extracted fromCDW for each patient
receiving an ICI. For each dispensing episode, the date of medi-
cation dispensing, medication unit dose, prednisone equivalent
unit dose, number of units dispensed, and days of treatment were
recorded. Using these data, patients were identified with any glu-
cocorticoid exposure at any time before and within 90 days
before first ICI infusion; any prednisone exposure any time before
and within 90 days before first ICI infusion; intravenous and oral
dexamethasone exposure within 90 days before first ICI infusion;

and total cumulative glucocorticoid, dexamethasone, and predni-
sone during the 90 days before first ICI infusion. Total glucocorti-
coid exposure during the 90 days before initial ICI treatment was
used for the covariate analysis. All glucocorticoid doses were
reported as prednisone equivalent.

Study outcome

The primary outcome was survival with cause-specific mor-
tality being a secondary outcome. The VA-maintained Death
Ascertainment File (DAF) provided all-cause mortality, and linkage
with the National Death Index (NDI) allowed evaluation of the spe-
cific causes of death, including neoplasm and infection.16,17

Although DAF all-cause mortality was available until August
1, 2023, NDI cause-specific mortality was only available on
deaths occurring before December 31, 2020. We followed
patients from first ICI treatment to date of death or end of study
period for all-cause mortality and censored data at December
31, 2020, for patients being evaluated for cause-specific
mortality.

Statistical analysis

Descriptive statistics were calculated for baseline demo-
graphic characteristics at the date of first ICI infusion. Differences
between groups with categorical data were compared with Fisher
exact test, and continuous data were compared with t test for
normally distributed data and Wilcoxon rank-sum test for skewed
data with the P value reported. If data were missing or not docu-
mented, it was classified as unknown. Unknown was treated as
a categorical variable in the model. Crude mortality rates were cal-
culated for both RA and non-RA groups. Cox proportional haz-
ards regression models assessed mortality risk in patients with
RA compared with patients without RA and censored at the end
of the study period on August 1, 2023. Models were adjusted
for age, sex, race, smoking history, cancer type, CAN score
90-day mortality probability, and total glucocorticoid exposure
during the 90 days before first ICI treatment.

For the cause-specific mortality analysis, data was limited to
the 192 patients with RA and 1353 controls without RA who had
initiation of ICI therapy before February 31, 2020. All data in the
cause-specific mortality data were censored at December
31, 2020. All analyses were conducted using Stata v18.1
(StataCorp, College Station, TX).

RESULTS

Patient characteristics

Among 73,677 Veterans with RA there were 301 (0.41%)
treated with ICI. Among the 727,627 patients without RA there
were 2,114 (0.29%) treated with an ICI (Supplementary Figure 1).
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The mean age was 71.2 years, a majority reported white race
(74.0%), non-Hispanic ethnicity (93.9%), were male (93%), and
current or former smokers (53.8%) (Table 1). Smoking status
was unknown for 31.8% and 33.8% of RA cases and controls,
respectively. No statistically significant differences in demo-
graphics or smoking status were identified. The absolute comor-
bidity CAN scores for 1 year and 90 days before the first ICI
infusion and 1 year and 90-day mortality prediction scores

showed higher scores in patients with RA in comparison with
controls without RA, which were statistically significant for the
90-day scores (Table 1).

Healthcare use before the first ICI infusion showed similar
hospitalization during the year before the first ICI infusion, with
167 (55.5%) patients with RA and 1160 (54.9%) of controls with-
out RA having at least one hospitalization with similar numbers of
hospitalization in the two groups (Table 1). The overall outpatient

Table 1. Demographic, laboratory, comorbidity, and health care use data at immune checkpoint inhibitor initiation*

Patient characteristics
RA

(N = 301)
RA-control (N

= 2114) P value

Age at ICI start, mean (SD) 71.4 (6.5) 71.1 (7.1) 0.53
Male, n (%) 286 (95.0) 1956 (92.5) 0.15
Race, n (%)
White 239 (79.4) 1549 (73.2) 0.08
Black 47 (15.6) 434 (20.5)
Other/unknown 15 (5.0) 131 (6.2)

Ethnicity, n (%)
Not Hispanic 279 (92.7) 1990 (94.1) 0.24
Hispanic 15 (5.0) 66 (3.1)
Other/unknown 7 (2.3) 58 (2.7)

Smoking status, n (%)
Current/former 160 (53.1) 1140 (53.9) 0.38
Never 45 (15.0) 258 (12.2)
Unknown 96 (31.9) 716 (33.9)

Rheumatoid factor status, n (%)
Positive 191 (63.4) 61 (2.8) <0.0001
Negative 95 (31.6) 412 (19.4)
Not tested 15 (5.0) 1641 (77.6)

anti-CCP status, n (%)
Positive 150 (49.8) 8 (0.3) <0.0001
Negative 106 (35.2) 143 (6.7)
Not tested 45 (15.0) 1963 (92.8)

Comorbidity assessment, mean (SD)
CAN comorbidity score
One-year score 89.5 (10.8) 87.9 12.5) 0.534
90-d score 89.5 (11.1) 87.7 (13.0) 0.535
Mortality probability at 1 year 0.18 (0.14) 0.17 (0.14) 0.535
Mortality probability at 90 days 0.06 (0.06) 0.05 (0.06) 0.537

Healthcare utilization in year before initial ICI infusion
Hospitalizations during the year before first ICI infusion
Patients with ≥1 hospitalizations, n (%) 167 (55.5) 1160 (54.9) 0.85
Average number of admissions for all patients, mean (SD) 1.16 (1.64) 1.17 (1.59) 0.50
Average number of admissions for patients with ≥1
admissions, mean (SD)

2.08 (1.72) 2.13 (1.60) 0.22

Outpatient clinic visits during year before first ICI infusion
All specialty visits
Patients with ≥1 visit, n (%) 300 (99.7) 2102 (99.4) 1.00
Average number of visits, mean (SD) 18.0 (11.5) 14.3 (10.4) 0.0002
Average number of visits for patients with ≥1 visits,
mean (SD)

18.0 (11.5) 14.3 (10.4) 0.0002

Hematology/oncology clinic visits
Patients with ≥1 visit, n (%) 294 (97.7) 2058 (97.4) 1.00
Average number of visits, mean (SD) 8.2 (7.3) 7.4 (7.1) 0.07
Average number of visits for patients with ≥1 visits, mean (SD) 8.4 (7.9) 7.6 (7.1) 0.07

Rheumatology clinic visits
Patients with ≥1 visit, n (%) 210 (69.8) 46 (2.2) <0.0001
Average number of visits for patients, mean (SD) 2.5 (2.6) 0.1 (0.4) <0.0001
Average number of visits for patients with ≥1 visits, mean (SD) 3.6 (2.4) 2.3 (1.7) 0.0007

* anti-CCP, anti-cyclic citrullinated peptide; CAN, Care Assessment Need; ICI, immune checkpoint inhibitor; RA,
rheumatoid arthritis.
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clinical services use appeared slightly higher in patients with RA,
with an average of 18.0 ± 11.5 visits per year for patients with
RA in comparison with 14.3 ± 10.4 visits per year for patients with-
out RA, with this difference statistically significant (P = 0.002).
Hematology/oncology clinic visits were very similar for patients with
RA at 8.2 ± 7.3 per year compared with patients without RA, with
7.4 ± 11.5 visits per year (P = 0.07). Rheumatology clinic visits
were more common for patients with RA at 2.5 ± 2.6 per year, in
comparison with 0.1 ± 0.4 per year for patients without RA
(<0.0001) (Table 1).

Cancer diagnosis and stage

Lung cancer was the most common malignancy type—
NSCLC (40.7%) and other lung cancer (10.5%)—followed by
genitourinary (13.1%), gastrointestinal (9.9%), melanoma (8.5%),
and head and neck (5.7%). Stage IV (35.6%) cancer was most
common, followed by Stage III (22.4%) and Stage II (13.1%). No
stage could be determined in 698 (28.9%) of patients. There were
no clinical or statistically significant differences in the underlying
cancer diagnosis (P = 0.10) or stage (P = 0.60) between RA and
non-RA groups (Table 2).

ICI treatment

Initial ICI therapy was monotherapy in 294 (97.7%) of
patients with RA and 2051 (97.0%) of patients without RA
(Table 2). PD-1 inhibitors were the most used agents, with pem-
brolizumab being the most common first ICI in both groups, fol-
lowed by nivolumab. All patients on initial combination ICI
therapy were treated with ipilimumab and nivolumab. There were
6 (1.9%) patients with RA and 38 (1.8%) patients without RA
who had subsequent “add on” combination therapy, with all
these cases of combination therapy being ipilimumab and nivolu-
mab except one patient without RA who had “add on” therapy
with ipilimumab and pembrolizumab. The total number of patients
with combination at some point during their ICI therapy was
13 (4.3%) of patients with RA and 102 (4.8%) of patients without
RA (Table 2).

Cancer treatment before ICI infusions

Complete information on the specific cancer treatments
received before ICI treatment is included in Supplemental
Table 1. For 74 (24.6%) patients with RA and 542 (25.6%)
patients without RA, ICI treatment was the first cancer therapy
received. Of the 227 (75.6%) patients with RA and 1,572
(74.4%) patients without RA who previously received chemother-
apy, the average number of drugs received was 1.7 ± 0.9 (range
1–6) and 1.8 ± 1.1 (range 1–11), respectively, which was not sta-
tistically significantly different (P = 0.98) (Table 2). A complete list

of all non-ICI cancer treatments received is included in Supple-
mentary Table 1.

DMARD therapy

All 301 (100%) patients with RA and 76 (3.6%) patients with-
out RA received at least one DMARD before ICI therapy. Looking
specifically at the 90 days before ICI treatment, there were
138 (46.2%) of patients with RA with DMARD treatment within
90 days and 11 (0.5%) of patients without RA receiving one or
more DMARDs during the same period (Table 3). In patients with
RA, the average number of DMARDs was 0.7 ± 0.9 (range 0–4).
Methotrexate and rituximab may have been used as chemother-
apy. Individual indications for DMARD use were not confirmed
except for individual chart reviews of the three patients without
RA receiving DMARDs other than methotrexate or rituximab
within 90 days of ICI initiation. This review identified one patient
each taking etanercept for psoriasis, azathioprine for celiac dis-
ease, and sulfasalazine for a seronegative inflammatory arthritis,
which did not meet RA criteria.

Glucocorticoid therapy

Any glucocorticoid therapy before ICI infusion was observed
in 284 (94.4%) of patients with RA and 1614 (76.3%) of patients
without RA, with the difference being statistically significant
(P < 0.0001) (Table 3). Higher glucocorticoid use was also seen
in patients with RA in comparison with patients without RA for
any prednisone any time before ICI and use of any glucocorticoid
and prednisone during the 90-day periods before ICI, which was
statistically significant (P < 0.0001) (Table 3). Dexamethasone
was used in 65 (21.6%) of patients with RA and 528 (25.0%) of
patients without RA in the 90-day period before ICI, which was
not statistically significant (P = 0.22) (Table 3). Total cumulative
glucocorticoid use during the 90-day period before ICI was 282
± 627 mg for patients with RA in comparison with 229 ± 644 mg
for non-RA controls, which was not statistically significant
(P = 0.22) (Table 3). Total cumulative dose of all prednisone and
dexamethasone showed a trend for high use of prednisone in
patients with RA and higher use of dexamethasone in patients
without RA, although these differences were not statistically sig-
nificant different (Table 3).

Survival

Survival was poor in both groups, with a one-year survival of
45.8% (95% confidence interval [CI] 40.0–51.6) in patients with
RA vs 51.1% (95% CI 48.9–53.3) in patients without RA
(P = 0.09), and two-year survival 28.7% (95% CI 23.4–34.3) in
patients with RA vs 31.3% (95% CI 29.2–33.4) in patients without
RA (P = 0.41). There was no significant survival difference
between the groups on the Kaplan-Meier survival (log-rank
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P = 0.267) (Figure 1). Cox proportional hazards regression model-
ing showed no difference in mortality risk between the groups in
both the unadjusted analysis and when adjusted for age, sex,
race, smoking history, cancer type, CAN score for 90-day mortal-
ity rate, or cumulative glucocorticoid exposure within 90 days

before ICI treatment. For the full cohort, the crude and adjusted
hazard ratios were 1.08 (95% CI 0.94–1.25), P = 0.267 and 1.09
(95% CI 0.94–1.25), and P = 0.256, respectively (Table 4).

The subgroup analysis of patients with NSCLC, the largest
cancer subgroup, was conducted using the same methodology

Table 2. Cancer diagnosis, cancer stage, and cancer treatments*

RA (N = 301) Non-RA (N = 2114) P value

Cancer diagnosis, n (%)
Gastrointestinal 22 (7.3) 218 (10.3) 0.10
Genitourinary 41 (13.6) 275 (13)
Head and neck 14 (4.7) 124 (5.9)
Lung—NSCLC 129 (42.9) 854 (40.4)
Lung—other 28 (9.3) 226 (10.7)
Melanoma 37 (12.3) 168 (7.9)
Other 30 (10) 249 (11.8)

Cancer stage, n (%)
II 43 (14.3) 274 (13.0) 0.60
III 71 (23.6) 469 (22.2)
IV 97 (32.2) 763 (36.1)
Unknown 90 (29.9) 608 (28.8)

ICI treatment
Initial ICI in patient initiated on ICI monotherapy, n (%)
PD-1 inhibitors
Cemiplimab 5 (1.7) 15 (0.7) 0.33
Nivolumab 80 (26.6) 610 (28.9)
Pembrolizumab 133 (44.2) 928 (43.9)

PD-L1 inhibitors
Atezolizumab 38 (12.6) 231 (10.9)
Avelumab 2 (0.7) 5 (0.2)
Durvalumab 32 (10.6) 225 (10.6)

CTLA-inhibitor
Ipilimumab 4 (1.3) 37 (1.8)

Total patients with initial monotherapy 294 (97.7) 2051 (97.0)
Combination ICI therapy
Initial ICI combination therapy
Ipilimumab and Nivolumab 7 (2.3) 63 (2.9)

Add on ICI combinations therapy
Ipilimumab and Nivolumab 6 (1.9) 38 (1.7)
Ipilimumab and Pembrolizumab 0 1 (0)

Total patients with combination therapy 13 (4.3) 102 (4.8)
Number of unique ICIs per patient, n (%)
1 274 (91.0) 1930 (91.3) 0.22
2 24 (8.0) 177 (8.4)
3 3 (1.0) 7 (0.4)

Additional information on ICIs, mean (SD)
Unique drugs per patient 1.1 (0.3) 1.1 (0.3) 0.85
Number of ICI infusion per patient 8.7 (12.5) 9.1 (11.7) 0.57
Mean ICI Rx duration, daysa 256 (394) 263 (393) 0.49

Cancer medical therapies before first ICI infusion
Number of cancer drugs per patient before ICI, n (%)
0 74 (24.6) 542 (25.6) 0.98
1 121 (40.2) 848 (40.1)
2 67 (22.3) 439 (20.8)
3 26 (8.6) 181 (8.6)
4 10 (3.3) 54 (2.6)
5 or more 3 (1.0) 50 (2.4)

Number of non-ICI cancer drugs per patient
before ICI, mean (SD)
All patients 1.3 (1.1) 1.3 (1.2) 0.77
Patients with one or more non-ICI cancer drugsb 1.7 (0.9) 1.8 (1.1) 0.98

* ICI, immune checkpoint inhibitor; NSCLC, non-small cell lung cancer; PD, programmed cell death protein; RA,
rheumatoid arthritis; Rx, prescription.
a Days between first infusion date and last infusion date.
b Includes only patients receiving ≥1 non-ICI cancer drugs before first ICI infusions (RA = 227, non-RA = 1,572).
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that was used for the full population (Table 4, Figure 1). The
NSCLC RA and NSCLC non-RA groups were very similar in
patient characteristics, comorbidities, and other parameters
(Supplementary Table 2). There was a one-year survival of
48.4% (95% CI 39.6–57.3) compared with 55.2% (95% CI
51.7–58.6) and two-year survival of 31.0% (95% CI 22.5–39.6)
compared with 34.9% (95% CI 31.4–38.3) in the RA and non-
RA groups, respectively. There was no significant survival differ-
ence between the groups (log-rank P = 0.514) (Figure 1). For the
NSCLC subgroup, the crude and adjusted hazard ratios were
1.07 (95% CI 0.87–1.33) (P = 0.515) and 1.02 (95% CI 0.82–
1.28), (P = 0.830), respectively (Table 4).

Cause-specific mortality

For the cause-specific analysis, only patients with first ICI
infusion before December 31, 2020, were included, and data
were censored after December 31, 2020. Of the 192 patients with
RA in this subgroup, 114 (59.4%) patients died before December
31, 2020, and of 1352 of the patients without RA in this subgroup,
837 (61.9%) died before December 31, 2020. The cause of death

was similar in both groups (χ2 0.80, P = 0.77), with the most com-
mon cause of death being neoplasm in 93.0% of patients with RA
and 90.9% of patients without RA (Table 5). Deaths due to infec-
tion were rare in both groups (<1.0%). For this subgroup with
NDI data, the one-year survival of 47.4% (95% CI 40.2–54.5) vs
52.2% (95% CI 49.6–54.9) (P = 0.21) and two-year survival of
33.8% (95% CI 27.1–40.6) vs 36.4% (95% CI 33.8–39.0)
(P = 0.40) was like that seen in the full cohort. For this subgroup,
the crude and adjusted hazard ratios were 1.03 (95% CI 0.85–
1.26) (P = 0.754) and 1.00 (95% CI 0.81–1.22) (P = 0.963),
respectively (Table 4).

DISCUSSION

In this retrospective cohort study of Veterans, patients with
pre-existing RA who received ICIs for cancer did not experience
increased mortality or differences in cause of death compared
with patients without RA receiving ICI treatment. These findings
significantly expand on the limited existing literature reporting sim-
ilar risk of mortality in RA and matched non-RA controls.18 Our
subgroup analysis of NSCLC was also consistent with a recent

Table 3. DMARD and glucocorticoid therapy before immune checkpoint inhibitor treatment*

RA
(N = 301) Non-RA (N = 2114) P value

DMARD therapy, n (%)
DMARDs within 90 days of first ICI infusion
Abatacept 3 (1) 0 (0) <0.0001
Adalimumab 6 (2) 0 (0)
Azathioprine 4 (1.3) 1 (0)
Etanercept 10 (3.3) 1 (0)
Hydroxychloroquine 75 (24.9) 0 (0)
Infliximab 1 (0.3) 0 (0)
Leflunomide 13 (4.3) 0 (0)
Methotrexate IV 1 (0.3) 2 (0.1)
Methotrexate oral 54 (17.9) 2 (0.1)
Rituximab 4 (1.3) 4 (0.2)
Sulfasalazine 38 (12.6) 1 (0)
Tocilizumab 1 (0.3) 0 (0)
Tofacitinib 3 (1) 0 (0)

Number of DMARDs within 90 days of first ICI infusion, n (%)
0 162 (53.8) 2103 (99.5) <0.0001
1 75 (24.9) 11 (0.5)
2 55 (18.3) 0 (0)
3 8 (2.7) 0 (0)
4 1 (0.3) 0 (0)

Mean number of DMARDs within 90 days, mean ± SD 0.7 (0.9) 0.01 (0.07) <0.0001
Glucocorticoid therapy before first ICI infusion
Any glucocorticoids before ICI, n (%) 284 (94.4) 1613 (76.3) <0.0001
Any prednisone before ICI, n (%) 261 (86.7) 992 (46.89) <0.0001
Any glucocorticoids during 90 days before ICI, n (%) 143 (47.5) 715 (33.8) <0.0001
Any prednisone during 90 days before ICI, n (%) 85 (28.2) 225 (10.6) <0.0001
Either IV or oral dexamethasone during 90 days before ICI, n (%) 65 (21.6) 528 (25.0) 0.22
Total glucocorticoid during 90 days before ICI, mean ± SDa 288 (627) 229 (644) 0.14
Total dexamethasone during 90 days before ICI, mean ± SD 122 (528) 176 (576) 0.13
Total prednisone during 90 days before ICI, mean ± SD 158 (342) 46 (252) <0.0001

* DMARD, disease modifying antirheumatic drug; ICI, immune checkpoint inhibitor; IV, intravenous; RA, rheuma-
toid arthritis.
a All doses reported a prednisone mg equivalence.
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publication showing no difference of survival after ICI therapy in
patients with RA and patients without RA in the Medicare popula-
tion.19 There are no studies comparing the survival of patients
with RA receiving ICI therapy to survival with traditional chemo-
therapy programs.

Previous studies of patients with various autoimmune dis-
eases assessed ICI-related outcomes, including the risk of flare
of the pre-existing autoimmune disease after ICI exposure, the
risk of developing a new autoimmune disease after ICI exposure,
and the effectiveness of ICIs for cancer treatment. In particular,
several studies reported that patients with a pre-existing autoim-
mune disease treated with an ICI experience flares of their dis-
ease, but most of these flares were mild and often effectively

managed with standard doses of steroids.3,20–24 The literature
to date has been conflicting regarding the risk for developing a
new autoimmune disease after ICI exposure. For example, Cortel-
lini et al found a significantly increased risk of irAEs in patients
receiving ICI with an underlying autoimmune disease, but a large
meta-analysis found no association between the presence of
baseline autoimmune disease and development of irAEs, severity
of irAEs, or overall response rate.25,26 Regarding effectiveness of
ICIs for cancer treatment, a few smaller studies have shown simi-
lar effectiveness of ICIs for cancer treatment in terms of overall
survival and response rates in patients with and without pre-
existing autoimmune disease. These studies included small sam-
ples of patients with RA among other autoimmune diseases.19,27

Less is known about patients with RA, specifically those who
are receiving ICIs because of their exclusion from early clinical tri-
als. A major limitation of existing literature is the heterogeneity of
autoimmune disease included in these retrospective studies.
Most of the literature on use of ICIs in patients with RA is from
observational studies examining differences in treatment efficacy
and rates of adverse effects in patients with a variety of autoim-
mune diseases, with 16% of patients represented in a large
meta-analysis carrying a pre-existing diagnosis of RA.4,28 Efuni
et al reported incidence of disease flares and other irAEs in a sub-
group of 22 patients with RA treated with ICIs but did not examine
mortality and did not include a comparator group.3 A larger study
of 100 patients with RA receiving ICIs found that almost half expe-
rienced flares within three months, but disease flares were not
associated with differences in overall mortality.9 A smaller study
that included 87 patients with RA undergoing ICI therapy, found
that patients with RA had more frequent irAEs overall, but no dif-
ference in the risk of mortality or severe irAEs compared with
matched controls without RA.18

Strengths of this work include examining all-cause and
cause-specific mortality in the largest cohort of patients with RA
on ICI therapy to date. The diagnosis of RA was determined using
a validated algorithm with a positive predictive value of over 90%.
Clinical and pharmacy information were taken from a standard
electronic medical record system across the VHA to provide
nationwide uniform data collection. For mortality data, we were
able to confirm mortality rates from national administrative data
and specific cause of death that is available through linkages with
the NDI.

There are also limitations to our work. We recognize that the
number of covariates that can be included in our model may be
limited by our sample size. Separate analyses were undertaken
to determine if there were significant changes in the model by
including cancer stage, previous cancer therapy, number and
duration of ICI infusions, or changing the glucocorticoid covariate
to a cumulative dose for either all glucocorticoids or prednisone
alone. These modifications in the model did not produce substan-
tial differences from those reported with the reported covariate
analysis.

Figure 1. Kaplan-Meier survival analysis after first ICI infusion. There
was no significant difference in mortality rates between groups over
time up to five years after the first ICI infusion for (A) the full patient
group and (B) a subgroup of patients with NSCLC. ICI, immune
checkpoint inhibitor; NSCLC, non-small cell lung cancer.
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The potential for channeling bias, with patients with RA being
selectively channeled away from ICI therapy because of concerns
for irAEs or other issues, is a question that cannot fully be
addressed by this work. However, the observation that patient
characteristics, including cancer type, cancer stage, comorbidity,
and health care use, were similar in the RA and non-RA groups,
as well as the similarity in ICI drug selection and treatment pat-
terns, is reassuring that channeling bias was not a major issue.
Also, the similar ICI treatment patterns in the RA and non-RA
groups in the subgroup analysis of NSCLC further suggests that
channeling basis is not a major issue in the management of
NSCLC in patients with RA.

Additionally, most patients in our study received ICI mono-
therapy. Given the increased risk of irAEs with ICI combination
therapy, our data may not be as generalizable to the
combination therapy population.29 The lack of specific indication
for the glucocorticoid prescriptions is a limitation of our study.
Our sample included predominately elderly men, consistent with
the VHA population, which may also limit the generalizability of
our results, although as noted before, our results were very similar
to those seen in the Medicare population, which suggests some

generalizability. We did not assess the rates or severity of RA
flares, the development of other de novo irAEs, or cancer
response outcomes as part of this study. Finally, our data are ret-
rospective, making this analysis subject to residual confounding,
which could affect our results.

In summary, this investigation supports the hypothesis that
patients with RA have similar clinical outcomes with ICI therapy
to patients without RA. These results are consistent with similar
reported observations for other autoimmune diseases and build
on previous work in this area. These results provide critical infor-
mation for rheumatology and oncology providers to consider
when discussing potential risks and benefits of cancer treatment
options in patients with underlying RA. Although these data sug-
gest that a diagnosis of RA alone should not prevent consider-
ation for ICI therapy when appropriately indicated, there remains
a critical need for individualized risk-benefit assessment in deci-
sion making for cancer treatment recommendations in patients
with RA. This individualized approach should include consider-
ation of potential irAEs, cancer diagnosis and stage, the treatment
options being considered, and the patient’s individual
characteristics.

Table 5. Specific cause of death from NDI following immune checkpoint inhibitor treatment*

RA (N = 192) Non-RA (N = 1,353) P value

Living patients at the time of NDI report, n (%) 78 (40.6) 516 (38.1) 0.527

Deceased patients, n (%) 114 (59.4) 837 (61.9)
Neoplasms, n (%) 106 (93.0)a 751 (90.9) 0.737
Respiratory system diseases, n (%) 3 (2.6) 16 (1.9)
Circulatory system diseases, n (%) 2 (1.7) 34 (4.1)
Infectious diseases, n (%) 1 (0.8) 8 (0.9)
Other/unknown in NDI data, n (%)b 2 (1.7) 17 (2.0)
Unknown—not included in NDI data, n (%)c 0 (0) 10 (0.7)

* Analysis limited to patients with initial immune check point inhibitor infusion before the final date of National
Death Index data was available December 31, 2020, with all data censored at this date. NDI, National Death Index;
RA, rheumatoid arthritis; VA, Veterans Affairs.
a Percent reported as percentage of deaths, not total population at risk.
b NDI data report the cause of death as unknown or single event (eg, suicide, homicide, etc.).
c VA data documented patient death before December 31, 2020, but death was not captured by the NDI.

Table 4. Cox proportional hazard ratio comparison of all-cause mortality in patients with RA with controls with-
out RA*

Hazard ratio 95% CI P value

Unadjusted
All patientsa 1.08 0.94–1.25 0.267
Patients with non-small cell lung cancerb 1.07 0.87–1.33 0.515
Patients with NDI datac 1.03 0.85–1.26 0.754

Adjustedd

All patientsa 1.09 0.94–1.25 0.256
Patients with non-small cell lung cancerb 1.02 0.82–1.28 0.830
Patients with NDI datac 1.00 0.81–1.22 0.963

* CAN, Care Assessment Needs; CI, confidence interval; ICI, immune checkpoint inhibitor; NDI, National Death
Index; NSCLC, non-small cell lung cancer; RA rheumatoid arthritis.
a 301 patients with RA; 2,114 control patients without RA.
b 129 patients with RA; 854 control patients without RA with NSCLC.
c 192 patients with RA; 1,353 control patients without RA, data censored at December 31, 2020.
d Adjusted for age, sex, race, smoking history, cancer type, CAN score 90-day mortality probability, and total gluco-
corticoid exposure during 90 days before ICI, except not cancer type adjustment on the NSCLC sub-analysis.
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Objectively Measured Sleep Disorders in Rheumatoid
Arthritis and Their Association With Disease Activity

Patricia Katz,1 Sarah L. Patterson,1 Mary C. Nakamura,2 Aric A. Prather,1 Joonsuk Park,1

and Katie L. Stone1,3

Objective. Poor self-reported sleep is common in rheumatoid arthritis (RA), but studies using objective sleep mea-
sures are rare. We report the prevalence of objectively measured sleep characteristics in individuals with RA and their
association with clinical measures of RA disease activity.

Methods. Data were from a longitudinal study with four measurement periods at 6-month intervals. Sleep data
were collected by actigraphy over 7 days at each period. Primary actigraphy sleep variables were sleep efficiency
(SE; time asleep/time in bed), time awake after sleep onset (WASO), and total sleep time. At baseline, WatchPAT
devices were also used for two nights to assess presence of sleep-disordered breathing (SDB; primarily obstructive
sleep apnea (OSA) indicated by the apnea-hypopnea index [AHI]). Disease activity measures (Clinical Disease Activity
Index [CDAI], Disease Activity Score [DAS] 28 joints, DAS C-reactive protein [CRP], and DAS erythrocyte sedimentation
rate) were completed by rheumatologists before each sleep-monitoring period. Prevalence of sleep problems was esti-
mated, and associations of sleep characteristics with RA disease activity were analyzed with regression models.

Results. Of 133 individuals enrolled, 116 had sufficient actigraph wear time for scoring at baseline, and 63 com-
pleted WatchPAT monitoring. More than 40% of the cohort had poor SE (<85%) at all measurement periods com-
pleted. More than half with WatchPAT assessments had moderate to severe OSA (AHI ≥ 15). Lower SE and higher
WASO were associated with greater disease activity across all measures. AHI was associated with CDAI and
DAS-CRP.

Conclusion. Objectively measured sleep problems were frequent and associated with RA disease activity. Given
high rates of sleep disorders and their significant negative health effects, greater attention to sleep disorders among
individuals with RA is warranted.

INTRODUCTION

Several studies have shown the high frequency of self-

reported poor sleep among people with rheumatoid arthritis (RA),

with the prevalence as high as 67%.1–3 The gold standard for iden-

tifying sleep disorders is polysomnography (PSG). The few sleep

studies using PSG among people with RA have been relatively

small but have shown high rates of poor sleep, primarily sleep frag-

mentation.4,5 Sleep-disordered breathing (SDB), specifically

obstructive sleep apnea (OSA), also appears to be disproportion-

ately present among individuals with RA based on data from clinical

sleep medicine studies as well as data reported from screening

measures.6–9 It is worth noting that estimates of the prevalence of

sleep disorders based on these PSG studies may be biased

upward because they are based on referrals for clinical evaluations.
More recently, data have begun to accrue from objective

home-based measurements of sleep such as actigraphy.10–12

These studies have shown evidence of poor sleep quality based

on sleep efficiency (time sleeping / time in bed) and associations

with symptoms such as pain and fatigue. Prior studies using both

objective and self-reported measures of sleep or sleep disruption

have also shown links between sleep disturbance and lowered

pain thresholds, higher levels of pain and fatigue, and depressive

symptoms among people with RA.4,8,11,13,14
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Although there have been some reports of the association
between self-reported sleep disturbance and RA disease
activity,15,16 prior studies have not examined the association of
objective measurement of sleep with clinical assessments of RA dis-
ease activity. There are biologic reasons to propose that such a link
exists. In addition to the impact of poor sleep on pain and pain
thresholds, which may affect components of RA disease activity
measures, cytokines important to RA disease activity, such as
interleukin-6 and tumor necrosis factor α, also play a role in regulating
sleep17,18 Here, we report the prevalence of objectively measured
sleep characteristics including the presence of OSA among a cohort
of individuals with RA, the overlap of sleep characteristics, and the
association with clinical measures of RA disease activity.

METHODS

Participants and study design

Study data were from a longitudinal study of sleep disorders
in RA. Participants were recruited from previous studies as well as
from rheumatology clinics at an academic medical center and a
safety-net hospital. Inclusion criteria were age ≥18 years, physi-
cian diagnosis of RA, fluency in English or Spanish, not currently
pregnant, and not currently being treated for OSA.

The original study design consisted of four data-collection
periods at 6-month intervals. At the beginning of each study
period, participants were to complete an in-person visit that
included a physician examination, blood draw, and orientation to
sleep-measurement devices and protocols, followed by up
to 9 nights of at-home sleep monitoring using two devices. In
March 2020, all research activities were stopped because of the
COVID-19 pandemic. In June 2020, we were able to resume the
study remotely; however, in-person visits were not reinstated.
The study was approved by the University of California San Fran-
cisco institutional review board (approval number 17-21790), and
all participants provided informed consent.

Sleep measurement

At the initial study period, participants underwent 9 nights of
home sleep monitoring, including 2 consecutive nights with a
WatchPAT device (Itamar Medical, Caesarea, Israel) to assess
SDB, followed by 7 consecutive nights with an actigraph to
assess additional 24-hour sleep-wake data. Participants also
completed sleep diaries that included information about time
going to bed, time arising, and actigraph nonwear time to aid in
scoring. Follow-up actigraph assessments were made at 6, 12,
and 18 months after baseline, following the same protocol.

WatchPAT. WatchPAT is a validated diagnostic wrist-worn
device that measures multiple channels of data (peripheral arterial
tone, oximetry, actigraphy, heart rate, and chest motion) with
three points of contact (wrist, finger, and chest sensor). Data from
the WatchPAT were transferred to the proprietary zzzPAT soft-
ware for analysis. The WatchPAT yields estimates on a variety of
measures, including the apnea-hypopnea index (AHI), reflecting
the number of apnea or hypopnea episodes per hour of sleep.
AHI was averaged over the 2 nights and was categorized as nor-
mal (<5), mild OSA (5 to <15), moderate OSA (15 to <30), or
severe OSA (≥30). WatchPAT also provided the oxygen desatura-
tion index (ODI), reflecting the number of average times per hour
that blood oxygen level decreases. WatchPAT has been validated
against PSG for identification of SDB and correspondence of AHI
determinations.19,20

Actigraph. Participants were provided with an actigraph
(GT9X, Actigraph Corp., Pensacola, FL, USA), a watch-like device
that has shown good correspondence with PSG in detecting
sleep/wake patterns,21 to wear for the remaining 7 nights of the
baseline period and for the follow-up periods. Participants were
instructed to wear the actigraph on their nondominant wrist for
7 consecutive days and remove only when showering. The
GT9X captures objectively measured sleep through wrist move-
ment activity. The device has a validated three-axis accelerometer
with a sample rate of 80 Hz, an integrated gyroscope, and a mag-
netometer. Data were processed using 1-minute epochs (activity
counts/minute) and scored using ActiGraph, LLC ActiLife soft-
ware (version 6.13.4). Participants’ bedtimes were cross-
checked using daily diaries. Nonwear time was determined by a
combination of an off-wrist detector in the device, a nonwear
algorithm, and a review by an actigraphy data scorer.22,23 Non-
wear times were set to missing. Based on the recommended
duration of 72 hours to 14 consecutive days for assessment of
sleep disorders with actigraphy,24 a minimum of 4 valid days
of wear time was required to be included in the analysis. The
Cole-Kripke sleep scoring algorithm was used to determine sleep
from wake.25

Measures of interest from the actigraph were mean sleep
efficiency (defined as total sleep time / time in bed; includes time

SIGNIFICANCE & INNOVATIONS
• Most of this sample had at least one sleep disorder.

More than half had poor sleep efficiency and short
sleep times, and more than half had sleep-
disordered breathing (obstructive sleep apnea
[OSA]) of at least moderate severity.

• Worse sleep efficiency, greater time awake after
sleep onset, and presence of OSA were each signifi-
cantly associated with clinical rheumatoid arthritis
(RA) disease activity measures.

• Given the high rates of sleep disorders and their sig-
nificant negative health effects, greater attention to
sleep disorders among individuals with RA is war-
ranted. Screening for sleep-disordered breathing
disorders such as OSA may be particularly critical.
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before falling asleep, ie, sleep onset latency), time awake after
sleep onset (WASO), and mean total sleep time (during night-time
while in bed). All values were averaged over all nights during the
wear period.

As noted above, in March 2020 all research activities were
stopped because of the COVID-19 pandemic. Beginning in June
2020, we were able to resume data collection with the actigraphs
by sending the devices out by mail. However, because in-person
training on use of the WatchPAT was required, we did not resume
use of these devices.

Clinical measures of RA disease activity

During the in-person visits immediately before each sleep-
measurement period, one of two board-certified rheumatologists
conducted an examination to assess the tender joint count and
swollen joint count and provide a global assessment of disease
activity. Blood was drawn for the measurement of erythrocyte
sedimentation rate (ESR) and C-reactive protein (CRP) by the clin-
ical laboratory. The Clinical Disease Activity Index (CDAI)26 and
Disease Activity Score (DAS) with 28 joints with both ESR
and CRP27,28 were calculated. The CDAI is calculated from
28-joint swollen and tender joint counts and patient and physician
global assessments. The DAS-ESR and DAS-CRP are calculated
from 28-joint swollen and tender joint counts, a patient global
assessment, and either ESR or CRP, respectively.

Other data collection

Participants completed structured telephone interviews
immediately before each sleep-measurement period. The
interview covered sociodemographic information, general
health factors, medication use, and screening for depression
and anxiety. Sociodemographic characteristics included age,
sex, race, ethnicity, education, and income. General health
factors were body mass index (BMI), smoking, comorbid con-
ditions (hypertension, heart disease, chronic obstructive pul-
monary disease, and diabetes), and RA duration. Medications
included glucocorticoid (GC) use and current dose, conven-
tional disease-modifying antirheumatic drugs (eg, methotrex-
ate), tumor necrosis factor inhibitors (eg, adalimumab),
abatacept, tocilizumab, and rituximab. Use of prescription pain
medications, specifically medications containing codeine,
hydrocodone, oxycodone, or fentanyl was ascertained; indica-
tions for pain medication were not obtained.

Analysis

Sleep characteristics from both the WatchPAT and actigraph
at each time period were tabulated. Poor sleep efficiency was
defined as <85%29; sleep efficiency <80% was also examined in
a sensitivity analysis. Because of the known nonlinear association

between sleep time and health outcomes,30 we examined two
three-level sleep categorizations. The first defined short sleep as
an average of <7 hours,31 and the second defined short sleep
as <6 hours.32,33 An average of >8 hours was defined as long
sleep, with the 7- to 8-hour or 6- to 8-hour groups, respec-
tively, used as the reference group in analyses. Individual
results for total sleep time, sleep efficiency, and WASO were
also compared with published sex and age-group reference
values taken from second night PSG of healthy adults without
known sleep disorders.34 These reference values are shown
in Supplemental Table S1.

Overlap of sleep disorders at the baseline assessment was
examined. The cross-sectional association of actigraph-assessed
sleep characteristics with RA disease activity measures at each
time period was assessed with mixed-effects linear regression to
permit inclusion of data from all observation periods. Both unad-
justed analyses and analyses adjusting for age, sex, BMI, number
of comorbid conditions, and RA duration were conducted.
Because a relatively small number of participants had both
WatchPAT and clinical disease activity data (n = 33–37), the asso-
ciation of WatchPAT-assessed sleep characteristics with RA dis-
ease activity were adjusted for BMI only. Sensitivity analyses in
the WatchPAT sample examined whether the association
between SDB and disease activity was independent of sleep effi-
ciency by adding sleep efficiency to the models. The data underly-
ing this article will be shared upon reasonable request to the
corresponding author.

RESULTS

Of the 133 individuals who enrolled in the study, 116 had suf-
ficient actigraph wear time for scoring at baseline, 63 completed
WatchPAT monitoring, and 58 completed both WatchPAT and
actigraph assessments at baseline. Actigraph data were available
for 83, 64, and 66 participants at 6, 12, and 18 months of follow-
up, respectively. Forty-two participants completed four actigraph
assessments, 36 completed two, 15 completed three, and
23 completed only baseline. Because of the relatively large loss
(26%) to follow-up at the 6-month follow-up, we examined differ-
ences in age, sex, sleep parameters, disease duration, and all
measures of RA disease activity between those who were lost to
follow-up and those who were not; no significant differences were
found (data not shown). Missing actigraph data through the study
were primarily because of nonuse (25 of the 56 total missing
cases over all four measurement periods) and malfunction in
uploading data for scoring (10 of 56) (see Supplemental
Table S2). Considering all data-collection points, 63% of contacts
were during the COVID pandemic (between July 17, 2020, and
February 8, 2022; 43%, 54%, 79%, and 91% of baseline,
6-month, 12-month, and 18-month follow-ups, respectively) and
were conducted remotely.
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Characteristics of the analytic sample are shown in Table 1.
The mean ± SD age was 58 ± 13 years, almost 90% were female,
34% were Latino/a, 29% had high school education or less, and
5.2% were current smokers. The most common comorbid condi-
tions were hypertension (38.8%), asthma (15.5%), and diabetes
(12.2%). The mean ± SD disease duration was approximately
16 ± 13 years. A total of 31% were currently using GCs, and
6.9% were using moderate- or high-dose GCs (≥7.5 mg/day).

Additional details on RA medications are shown in Table 1.
Approximately one-quarter reported the use of prescription pain
medications in the past month.

CDAI scores were available for 42 participants at baseline,
29 at the 6-month period, and 11 at the 12-month period, for a
total of 82 observations. DAS scores were available for 38 partici-
pants at baseline, 23 at the 6-month period, and 8 at the
12-month period, for a total of 69 observations. The mean ± SD
CDAI score at baseline were 14.6 ± 11.6. The mean ± SD DAS-
ESR and DAS-CRP scores were 3.1 ± 1.1 and 3.4 ± 1.3,
respectively

Characteristics of the 63 participants in the WatchPAT sub-
set are also shown in Table 1. Eighty-one percent were female,
40% were Latino/a, 33% had high school or less education, and
9.5% were current smokers. Thirty-two percent were currently
using GCs, and 9.5% were using high-dose GCs.

Actigraph assessments of sleep

The mean ± SD sleep efficiency at baseline assessment was
83.8% ± 5.7% (Table 2) and was relatively consistent across the
four measurement periods. More than half of the sample had a
mean sleep efficiency <85% at baseline; 60.2%, 48.4%, and
57.6% had sleep efficiency <85% at the 6-, 12-, and 18-month
periods, respectively; and >40% had sleep efficiency <85% at
every measurement period in which they participated. Sleep effi-
ciency <80% was present in approximately one-quarter to one-
third of the participants over the four measurement periods. At
each period, approximately two-thirds of the participants had
worse sleep efficiency than the published age and sex reference
values.35

The mean ± SD WASO time was 71.2 ± 32.0 minutes at
baseline, with slightly longer wake times at the follow-up periods.
More than two-thirds of the cohort had WASO >60 minutes at
each period and more than half had WASO >60 minutes at every
period. Between one-quarter and one-third had WASO
>90 minutes at each period. High WASO according to the age
and sex reference values was present for between 85.9% and
87.1% across the four measurement periods, and 81% had high
WASO according to age and sex reference values at every mea-
surement period.

The mean ± SD total sleep time was 6.9 ± 1.0 hours at base-
line, with similar times at the other measurement periods. At least
half of the sample had an average of <7 hours sleep per night at
each measurement period, and roughly one in five had an average
of <6 hours per night. Approximately half had short sleep accord-
ing to the age and sex reference values at each time period.

WatchPAT assessments

More than half of the participants with WatchPAT assess-
ments (n = 63) had moderate to severe OSA (AHI > 15); only

Table 1. Participant baseline characteristics*

Characteristics
Entire cohort

(N = 116)
WatchPat

subset (n = 63)

Sociodemographics
Age, mean ± SD, y 57.9 ± 13.3 57.5 ± 12.6
Female sex, % (n) 88.8 (103) 81.0 (51)
Race, % (n)
Asian 6.0 (7) 6.4 (4)
Black 7.8 (9) 11.1 (7)
White 54.3 (63) 39.7 (25)
Other 31.9 (37) 42.9 (27)
Latino/a 33.6 (39) 39.7 (25)

Education, HS
or less, % (n)

28.5 (33) 33.3 (21)

General health
BMI, mean ± SD, kg/m2 27.6 ± 5.9 28.6 ± 5.4
Smoking, % (n)
Ever 40.5 (47) 46.0 (29)
Current 5.2 (6) 9.5 (6)

Other chronic health
conditions, % (n)
Hypertension 38.8 (45) 48.6 (17)
Asthma 15.5 (18) 20.6 (13)
COPD 7.0 (8) 8.1 (5)
Heart disease 6.0 (7) 9.5 (6)
Diabetes 12.2 (14) 11.3 (7)

RA characteristics,
mean ± SD

Disease duration, y 16.4 ± 13.0 16.5 ± 12.8
RADAI (range 0–10) 3.3 ± 1.9 3.5 ± 1.9
Pain rating (range 0–10) 3.3 ± 2.5 3.6 ±2.4
RA affect (range 0–100) 29.4 ± 22.8 32.0 ± 22.9

RA medications, % (n)
Glucocorticoids
Any 31.0 (36) 31.8 (20)
High dose 6.9 (8) 9.5 (6)

Conventional DMARD 63.8 (74) 66.7 (42)
TNFi 40.5 (47) 37.1 (13)
Abatacept 3.5 (4) 0
Tocilizumab 4.3 (5) 4.8 (3)
Rituxan 4.3 (5) 6.4 (4)
Any pain medications
in the past month

28.5 (33) 41.3 (26)

RA disease activity,
mean ± SD

CDAI (range 0–76) 14.6 ± 11.6 (n = 42) 13.6 ± 9.8 (n = 37)
DAS-ESR (range 0–9.4) 3.1 ± 1.1 (n = 38) 3.0 ± 1.0 (n = 34)
DAS-CRP (range 0–9.4) 3.1 ± 1.3 (n = 38) 3.3 ± 1.2 (n = 33)

* Score ranges are possible minimum and maximum scores. BMI,
body mass index; CDAI, Clinical Disease Activity Index; COPD,
chronic obstructive pulmonary disease; CRP, C-reactive protein;
DAS, Disease Activity Score; DMARD, disease-modifying antirheu-
matic drug; ESR, erythrocyte sedimentation rate; HS, high school;
RA, rheumatoid arthritis; RADAI, RA Disease Activity Index; TNFi,
tumor necrosis factor inhibitor.
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9.5% had a normal AHI (AHI < 5) (Table 3). Of those who had
moderate to severe OSA, only 54.3% (19 of 35) reported that they
had ever received a diagnosis of OSA. A substantial portion of the
sample had periods of low oxygen (O2) saturation. Five percent
had more than 30 minutes with <85% O2 saturation. More than
three-quarters had some time with <90% O2 saturation, with
14% recording >120 minutes at <90%.

Overlap of sleep conditions

In the actigraph cohort, approximately one-third had both
low sleep efficiency and short sleep, 18% had short sleep only,
and 16% had low sleep efficiency only (Figure 1). Among those

with WatchPAT and actigraph assessments, 21% (12 of 58) had
OSA only, 7% had low sleep efficiency only, 14% had short sleep
only, and 22% (13 of 58) had combined OSA, poor sleep effi-
ciency, and short sleep. Only 5% (3 of 58) had none of the sleep
disorders.

Association of sleep conditions with RA disease
activity

Among the subset of participants with in-person visits and
measures of disease activity, poorer sleep efficiency was signifi-
cantly associated with greater disease activity by all three disease
activity measures in analyses adjusted for age, sex, BMI, comor-
bidities, and RA duration (Table 4). Greater WASO time was also
significantly associated with greater disease activity. There were
no statistically significant associations between sleep time and
disease activity measures.

Examination of the components of the disease activity
measures showed that the one most consistently associated
with sleep efficiency was the tender joint count (Supplemental
Tables S3 and S4). Sleep efficiency <80% was asso-
ciated with both tender and swollen joint counts, physician
global assessment, and CRP. WASO was associated with
tender and swollen joint counts and physician global
assessment.

In analyses adjusted for BMI, greater (worse) AHI obtained
from the WatchPAT measurements was significantly associated
with worse disease activity by CDAI and DAS-CRP (Table 4). A
higher ODI was also associated with higher CDAI scores in
adjusted analyses. Further adjustment for sleep efficiency slightly
attenuated the parameter estimates, but statistically significant
associations remained between CDAI scores and both AHI and

Table 2. Actigraphy results*

By measurement period Cumulative

Baseline 6 months 12 months 18 months
At all measurement

periods Ever (≥1 period) Never

N 116 83 64 66 – – –

Sleep characteristic
Sleep efficiency, mean ± SD 83.8 ± 5.7 83.5 ± 5.2 83.5 ± 5.9 82.8 ± 7.2 – – –

Sleep efficiency <85%, % (n) 51.7 (60) 60.2 (50) 48.4 (31) 57.6 (38) 41.4 (48) 69.8 (81) 30.2 (35)
Sleep efficiency <80%, % (n) 23.3 (27) 26.5 (22) 25.0 (16) 33.3 (22) 15.5 (18) 38.8 (45) 61.2 (71)
Poor sleep efficiency for age and
sex, % (n)

69.3 (81) 71.1 (59) 67.2 (43) 68.2 (45) 60.3 (70) 76.7 (89) 23.3 (27)

WASO, mean ± SD, min 71.2 ± 32.0 78.1 ± 29.8 78.1 ± 30.9 82.4 ± 40.0 – – –

WASO >60 min, % (n) 69.8 (81) 72.3 (60) 67.2 (43) 68.2 (45) 56.9 (66) 80.2 (93) 19.8 (23)
WASO >90 min, % (n) 25.9 (30) 28.9 (24) 32.8 (21) 34.9 (23) 18.1 (21) 42.2 (49) 57.8 (67)
High WASO for age and sex, % (n) 87.1 (101) 85.5 (71) 85.9 (55) 84.9 (56) 81.0 (94) 93.1 (108) 6.9 (8)
Total sleep time, mean ± SD, h 6.9 ± 1.0 6.7 ± 1.0 6.9 ± 1.0 6.8 ± 1.1 – – –

Sleep time <7 h, % (n) 53.5 (62) 57.8 (48) 50.0 (32) 59.1 (39) 40.5 (47) 64.7 (75) 35.3 (41)
Sleep time <6 h, % (n) 18.1 (21) 21.7 (18) 20.3 (13) 18.2 (12) 11.2 (13) 28.5 (33) 71.6 (83)
Short sleep for age and sex, % (n) 51.7 (60) 55.4 (46) 46.9 (30) 51.6 (38) 40.5 (47) 62.9 (73) 37.1 (43)

* Sleep efficiency is time sleeping divided by the time in bed for sleep, expressed as a percentage. Age and sex reference values are from Her-
tenstein et al35 (see Supplemental Table S1). WASO, time awake after sleep onset.

Table 3. WatchPAT results (n = 63)*

Sleep characteristics Data

AHI, mean ± SD (range) 18.8 ± 11.5 (1.4–50.5)
ODI, mean ± SD (range) 9.6 ± 8.2 (0.2–36.4)
AHI category, % (n)
No OSA (0 to <5) 9.5 (6)
Mild (5 to <15) 34.9 (22)
Moderate (15 to <30) 38.1 (24)
Severe (≥30) 17.5 (11)

Ever diagnosed with OSA, % (n)
None/mild AHI (0 to <15), n = 28 3.6 (1)
Moderate/severe (≥15), n = 35 54.3 (19)

Oxygen desaturation time, % (n)
Any time <80% O2 saturation 10.3 (6)
Any time <85% O2 saturation 43.8 (25)
>30 min <85% 5.3 (3)
Any time <90% O2 saturation 76.9 (40)
>30 min 39.6 (23)
>60 min 27.6 (16)
>120 min 13.8 (8)

* AHI, apnea-hypopnea index; O2, oxygen; ODI, oxygen desatura-
tion index; OSA, obstructive sleep apnea.
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ODI and between DAS-CRP and AHI ≥ 15 (Supplemental
Tables S5 and S6).

DISCUSSION

In this study, we sought to identify the prevalence of objec-
tively measured sleep characteristics in individuals with RA and
their association with clinical measures of RA disease activity.
Most of this sample had at least one sleep disturbance or disor-
der. More than half had poor sleep efficiency defined as <85% at
baseline, with similar proportions at each measurement period.
With a lowered criterion of <80%, almost one-quarter were still
classified with poor sleep efficiency. At each measurement
period, the mean time awake after sleep onset was >1 hour. At
all measurement periods, more than half of the sample had
<7 hours of measured sleep, the Centers for Disease Control
and Prevention criterion for adequate sleep; roughly one in five
had <6 hours. When comparing results with age and sex refer-
ence values, more than two-thirds had poor sleep efficiency at
each measurement period, approximately three-quarters had
high WASO, and approximately half had inadequate sleep time.
Worse sleep efficiency and greater WASO were each significantly
associated with clinical RA disease activity measures.

Among the smaller cohort with both WatchPAT and acti-
graph assessments, more than half had moderate to severe
OSA, yet less than one-quarter had ever had a diagnosis of
OSA. Only 5% (n = 3) had no sleep problem, whereas 22% had
combined high AHI, poor sleep efficiency, and short sleep.

Few studies have reported measured sleep efficiency in
RA. Two recent studies reported mean sleep efficiency in RA
cohorts of 83% and 86%,11,12 quite similar to what we found. In

general population studies of adults of similar age to our cohort,
sleep efficiency estimates derived from actigraphy have been sim-
ilar, ranging from 82% to 85%.36,37 Estimates derived from PSG
have been slightly higher, 90.5% for women and 86.4% for men
on a second night of measurement.38 However, sleep parameters
generally vary by age and sex, and when we compared sleep effi-
ciency with PSG-derived age and sex reference values from indi-
viduals without RA or a known sleep disorder,35 approximately
70% had poor sleep efficiency at each measurement period.
WASO time also appeared to be higher than in the general popu-
lation. We found mean WASO times of well over an hour at each
measurement period, whereas general population studies of
adults in the same age range as our cohort reported average
WASO times ranging from 25 to 64 minutes.36–38 Compared with
age and sex reference values,35 approximately 85% of our sam-
ple had high WASO. Combined, our sleep efficiency and WASO
data suggest that objectively measured sleep quality is substan-
tially worse among people with RA compared with the general
adult population. The mean ± SD sleep time in our cohort (6.9 ±
1.0 hours) was slightly lower than findings from a general popula-
tion study of objectively measured sleep among older adults,36

but when compared with age and sex reference values from
healthy adults, approximately half of the participants in this study
had short sleep times.

The prevalence of severe OSA in this sample—more than
half had AHI ≥ 15—was considerably higher than estimates from
general population studies. For example, a study from the 2005
to 2006 National Health and Nutrition Examination Survey
reported physician-diagnosed OSA in 7.1%,39 and data from the
Nurses Health Study, Nurses Health Study II, and Health Profes-
sionals Follow-up Study estimated a prevalence of clinically

Figure 1. Overlap among sleep conditions at baseline (sleep efficiency <85% and sleep <7 hours). The WatchPAT cohort includes those with
one condition only (OSA only, 12 [21%]; low efficiency only, 4 [7%]; and short sleep only, 8 [14%]), two conditions (OSA and low efficiency,
5 [9%]; OSA and short sleep, 5 [9%]; and low efficiency and short sleep, 9 [16%]), all three conditions (13 [22%]), and none of the conditions
(3 [5%]). The Actigraph cohort includes those with low efficiency only (19 [16%]), short sleep only (21 [18%]), both (41 [35%]), and neither
(35 [30%]). OSA, obstructive sleep apnea.
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relevant OSA (ie, AHI ≥ 15) among individuals aged 60 to 65 years
of 8.2% in women and 14.6% in men.40

The rates of OSA were also higher than what has been seen
in PSG studies of sleep among individuals with RA. For example,

Mutoh et al and Wali et al found OSA, defined as AHI ≥ 15, in
20.9% and 22.9%, respectively, of patients with RA tested by
PSG.6,41 The prevalence of any OSA (AHI ≥ 5) in our cohort
(90.5%) was much higher that reported in other studies, in which

Table 4. Association of sleep parameters with disease activity*

Sleep parameters

Unadjusted Adjusteda

CDAI DAS-CRP DAS-ESR CDAI DAS-CRP DAS-ESR

Actigraphy
Observations, n 82 69 68 – – –

Participants, n 54 48 47 – – –

Sleep efficiency (continuous)
Coefficient −0.60 −0.051 −0.055 −0.73 −0.07 −0.07
95% CI −1.1 to −0.12 −0.10 to −0.003 −0.11 to 0.001 −1.17 to −0.29 −0.11 to −0.02 −0.13 to −0.02
P 0.013 0.038 0.056 0.001 0.005 0.005

Sleep efficiency <85%
Coefficient 4.22 0.39 0.39 5.34 0.56 0.65
95% CI −0.88 to 9.33 −0.11 to 0.90 −0.17 to 0.96 0.31 to 10.39 0.05 to 1.06 0.10 to 1.20
P 0.11 0.13 0.18 0.038 0.030 0.021

Sleep efficiency <80%
Coefficient 9.89 0.98 0.88 10.43 0.97 0.94
95% CI 4.22 to 15.54 0.42 to 1.54 0.24 to 1.52 5.12 to 15.75 0.44 to 1.51 0.35 to 1.54
P 0.001 0.001 0.007 0.000 0.000 0.002

WASO
Coefficient 0.14 0.013 0.015 0.14 0.012 0.014
95% CI 0.06 to 0.22 0.005 to 0.02 0.006 to 0.024 0.07 to 0.21 0.005 to 0.02 0.007 to 0.02
P 0.001 0.002 0.001 0.000 0.001 0.000

Total sleep timea

<7 h
Coefficient −3.34 −0.41 −0.51 −2.50 −0.29 −0.38
95% CI −8.60 to 1.91 −0.94 to 0.12 −1.09 to 0.07 −7.86 to 2.87 −0.82 to 0.25 −0.95 to 0.20
P 0.21 0.13 0.08 0.36 0.29 0.20

>8 h
Coefficient 2.59 −0.02 0.25 2.15 −0.07 0.07
95% CI −7.50 to 12.69 −0.98 to 0.94 −0.80 to 1.30 −7.68 to 11.98 −1.00 to 0.86 −0.95 to 1.10
P 0.62 0.96 0.65 0.67 0.88 0.89

Total sleep timeb

<6 h
Coefficient 0.92 −0.09 −0.29 1.61 0.018 −0.09
95% CI −4.94 to 6.77 −0.66 to 0.48 −0.92 to 0.34 −4.1 to 7.32 −0.55 to 0.59 −0.71 to 0.53
P 0.76 0.76 0.37 0.58 0.95 0.77

>8 h
Coefficient 4.58 0.19 0.48 3.51 0.08 0.26
95% CI −5.25 to 14.40 −0.74 to 1.12 −0.54 to 1.50 −6.09 to 13.12 −0.83 to 0.99 −0.73 to 1.25
P 0.36 0.69 0.35 0.47 0.87 0.61

WatchPAT, n 37 34 33 – – –

AHI
Coefficient 0.26 0.02 0.02 0.40 0.034 0.031
95% CI 0.01 to 0.51 −0.007 to 0.049 −0.01 to 0.05 014 to 0.67 0.003 to 0.067 −0.01 to 0.069
P 0.043 0.13 0.22 0.004 0.033 0.10

AHI ≥ 15
Coefficient 5.1 0.77 0.68 7.09 0.98 0.84
95% CI −1.6 to 11.8 0.05 to 1.49 −0.18 to 1.53 0.15 to 14.02 0.23 to 1.73 −0.06 to 1.75
P 0.13 0.039 0.12 0.045 0.01 0.067

ODI
Coefficient 0.32 0.02 0.03 0.53 0.043 0.044
95% CI −0.05 to 0.68 −0.02 to 0.06 −0.02 to 0.07 0.13 to 0.92 −0.004 to 0.09 −0.01 to 0.10
P 0.09 0.24 0.26 0.011 0.074 0.12

* Bold font denotes statistically significant results, P < 0.05. Tabled values are coefficient, 95% CI, and P value frommixed-effects linear regres-
sion analyses. Actigraph analysis–adjusted analyses control for age, sex, body mass index, number of comorbid conditions, and rheumatoid
arthritis duration. WatchPAT analysis was adjusted only for body mass index. AHI, apnea-hypopnea index; CDAI, Clinical Disease Activity Index;
CI, confidence interval; CRP, C-reactive protein; DAS, Disease Activity Score; ESR, erythrocyte sedimentation rate; ODI, oxygen desaturation
index; WASO, time awake after sleep onset.
a Reference group: 7 to 8 hours.
b Reference group: 6 to 8 hours.
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rates were generally 58% to 68%.41–43 One study based on med-
ical records found rates of OSA similar to those we found,9 but as
noted for previous PSG studies, these were derived from clinical
sleep studies in which a higher rate might be expected. Claims-
based studies have also found a significantly higher risk of OSA
for individuals with RA.44

Sleep efficiency and WASO were each significantly associ-
ated with all three clinical measures of RA disease activity, and
measures of SDB in the smaller subset were significantly associ-
ated with two of the three. Previous research has shown an asso-
ciation between self-reported sleep and RA disease activity and
pain thresholds15 and between objective measures of sleep
and specific measures of inflammation,17 but this study is the first
to report the associations with clinical RA disease activity mea-
sures. In addition, we found that both sleep efficiency and WASO
were consistently associated with both tender and swollen joint
counts and with physician global ratings. Although we did not
assess the directionality of these findings, they suggest that either
sleep disturbances may lead to greater RA-related pain and dis-
ease activity and/or that RA pain and disease activity may impair
sleep, the latter being important because of known associations
of sleep disturbances with other health conditions such as cardio-
vascular disease. In either case, these associations support the
clinical relevance of the high prevalence of sleep disorders that
we found.

Although some general population studies show the associ-
ation of both short and long sleep times with negative health out-
comes, in this study, sleep time was not associated with disease
activity as expected. This finding suggests that the quantity of
sleep may be less important than the quality of sleep. Similar
results have been found for other conditions such as cognitive
function and dementia.

In addition to the associations we found between sleep dis-
turbances and RA disease activity, there are other health effects
from poor sleep that should also be considered. Of particular rel-
evance to RA, sleep disturbances are associated with lower pain
thresholds generally, a finding that seems magnified in individuals
with RA.4 Poor sleep is also associated with higher levels of
fatigue, higher levels of depressive symptoms, cognitive dysfunc-
tion, poor physical function, and greater systemic inflammation, all
of which are already more prevalent in people living with
RA.11,45–47 OSA is associated with increased risk of cardiovascu-
lar disease, stroke, and cognitive dysfunction, again, all of which
are already more prevalent in people with RA.47,48

The limitations of this study include the discontinuation of
WatchPAT measurement and disease activity assessments with
the onset of the COVID pandemic, resulting in a relatively small
sample for these measures. However, the measurements were
available on a sample larger than most studies in RA. We report
associations between sleep and disease activity only. The rela-
tively small number of observations with disease activity mea-
sures at follow-up prohibited us from examining longitudinal or

time-ordered associations between sleep disorders and disease
activity. In-home measures of sleep may be different from what
PSG studies would find, although both the actigraphy andWatch-
PAT devices have been validated against PSG studies. In addi-
tion, some argue that home-based measures of sleep may be
more accurate reflections of usual sleep than laboratory-based
PSG. Our sample of individuals with RA had relatively low disease
activity and pain; studies of individuals with greater disease activ-
ity may yield different results. Although our study sample was
larger than most studies of objective sleep measurement in RA,
it may still have been too small to yield significant differences in
associated variables. We did not find differences in baseline sleep
or disease activity parameters between those who remained in
the study and those who dropped out at 6 months; however, it
is possible that unmeasured variables created a systematic bias.
A relatively large portion of the data for the study was collected
during the COVID-19 pandemic, and sleep may have universally
been more disturbed during this time.49

The limitations of the study are balanced by its strengths.
Sleep was measured objectively using well-tested and validated
devices, protocols, and scoring methods. The study cohort was
diverse and larger than any previously published studies of objec-
tive sleep measurement in RA. Sleep was assessed over up to
four measurement periods over 18 months, and clinical RA dis-
ease measures were available for a substantial portion of the mea-
surement periods.

In summary, the frequency of objectively measured sleep
disorders in this cohort was higher than would be expected com-
pared with general population studies and age and sex reference
values. There appears to be a significant association between
sleep disorders—poor sleep efficiency, in particular—and RA dis-
ease activity. Given the high rates of sleep disorders, the signifi-
cant negative general and RA-specific health effects of sleep
disorders, and the existence of treatments that can improve
sleep quality, our findings point to a critical need for greater atten-
tion to sleep disorders among individuals living with RA.
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The Renal Activity Index for Lupus Identifies Active Renal
Disease and Treatment Response in Adult Patients With
Systemic Lupus Erythematosus and Lupus Nephritis

Hermine I. Brunner,1 Ellen M. Cody,2 Prasad Devarajan,1 Bin Huang,1 Chen Chen,1 Dominic Sinibaldi,3

Madhu Ramaswamy,3 Jacob Knagenhjelm,4 Frederick Jones,5 Philip Z. Brohawn,3 Raj Tummala,3

Catharina Lindholm,4 and Wendy I. White3

Objective. We evaluated the ability of the Renal Activity Index for Lupus (RAIL) to discriminate active lupus nephritis
(LN) in adult patients with active systemic lupus erythematosus (SLE) and differentiate LN treatment response.

Methods. Urine samples from adults with biopsy-proven active class III and IV LN from TULIP-LN (active LN group;
ClinicalTrials.gov identifier: NCT02547922) and adults with active, nonrenal SLE from TULIP-1 (active SLE group;
ClinicalTrials.gov identifier: NCT02446912) were used, and RAIL biomarkers (neutrophil gelatinase–associated lipoca-
lin, kidney injury molecule 1, monocyte chemotactic protein 1, adiponectin, hemopexin, and ceruloplasmin) were mea-
sured in the urine at baseline for both studies and at weeks 12 and 24 for TULIP-LN only. The groups were compared at
baseline, and changes in RAIL scores from baseline in the active LN group were compared between nonresponders
and responders over time, ie, those with complete renal response (CRR), partial renal response (PRR), and urine
protein–creatine ratio decrease ≥50% (UPCR50).

Results. At baseline, median (interquartile range [IQR]) concentrations of RAIL biomarkers were significantly higher
(P ≤ 0.02) in the active LN group (n = 128) versus the SLE control group (n = 48), as were RAIL scores (5.59 [IQR 4.31–
6.47] vs 3.57 [IQR 2.78–4.47]; P < 0.001). At weeks 12 and 24, there were 25 and 31 patients with CRR, 39 and
54 patients with PRR, and 41 and 63 patients with UPCR50, respectively. Changes in RAIL scores from baseline to
weeks 12 and 24 significantly differed between nonresponders and responders (PRR, CRR, UPCR50: all P < 0.0006),
with lower scores in responders. For CRR versus non-response, median [IQR] RAIL scores decreased by −1.3 (−3.64
to −0.21) versus −0.39 at week 12, and −2.30 (−3.63 to −1.03) versus −0.88 (−2.20 to 0.33) at week 24, respectively.

Conclusions. The RAIL identifies active LN and longitudinally differentiates treatment response in adults with LN.

INTRODUCTION

In patients with systemic lupus erythematosus (SLE),

lupus nephritis (LN) is considered one of the most common,

severe organ manifestations and a leading cause of morbidity

and mortality.1,2 LN affects up to 40% of patients with

SLE, with a higher prevalence observed in women, individuals

of lower socioeconomic status, and individuals of African

American, Asian, and Hispanic or Latino race and

ethnicity.1,3–6
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There is a lack of noninvasive, accurate biomarkers to assess
disease activity and evaluate response to treatment in patients
with LN.7,8 Baseline renal biopsies are the gold standard for LN
diagnosis and are used to guide initial treatment decisions, based
on the International Society of Nephrology/Renal Pathology Soci-
ety (ISN/RPS) classification and the extent of kidney dam-
age.1,9,10 Repeat kidney biopsies are less established because
they are invasive and costly, hence not feasible in routine surveil-
lance as part of clinical practice or even in clinical trials.1,11,12 Fur-
ther, although repeated kidney biopsies are needed to fully
understand the nature and extent of treatment impact on the kid-
neys, there is no consensus on the timing for postbaseline
biopsies.1,13–15

Measurement of biomarkers in the urine may provide a non-
invasive tool for estimating the degree of LN activity and the asso-
ciated renal pathology in patients with LN, given that immune
effectors mediating LN pathogenesis, including autoantibodies,
complement, inflammatory cytokines, immune-mediators, and
leukocytes, have been detected in urine samples from patients with
LN.12 Currently, the presence and degree of proteinuria is among
the principal parameters used to clinically diagnose LN, gauge the
degree of LN activity (or inflammation), and monitor treatment
response.1,16 However, proteinuria can come from pre-existing renal
disease, hypertension, or renal damage, and some patients with
marked kidney inflammation only have low-level proteinuria.1,16 Like-
wise, other conventional SLE biomarkers, for example, complement
proteins, and anti–double-stranded DNA (anti-dsDNA) antibodies,
also cannot differentiate active renal disease from damage.11,17

Given the diversity of histologic findings on kidney biopsy, it is
unlikely that a single biomarker measured in the urine suffices to
estimate LN activity. Thus, the Renal Activity Index for Lupus
(RAIL) was developed, whose scores are informed by the urine
concentrations of six urine biomarkers.18,19 RAIL biomarkers are
neutrophil gelatinase–associated lipocalin (NGAL), monocyte
chemotactic protein 1 (MCP-1), ceruloplasmin, adiponectin,
hemopexin, and kidney injury molecule 1 (KIM-1).18 Higher RAIL
scores reflect higher active inflammation in LN, and changes in
pediatric patients’ RAIL scores reproduce the course of LN, that
is, response to treatment and LN flare.18,19 Two different RAIL
algorithms have been developed, one for adults and one for
pediatric patients with LN.20 When used in pediatric patients, the
pediatric RAIL scores were also able to predict National Institutes
of Health Activity Index (NIH-AI) scores with >92% accuracy and
Tubulointerstitial Activity Index scores with >80% accuracy.18,20

When prospectively validated in an adult LN cohort, the RAIL
has been found to accurately discriminate the level of LN activity
as assessed by NIH-AI scores.20 Furthermore, improvement in
RAIL scores in pediatric patients with LN captured and even pre-
ceded clinical response of LN by at least three months with >90%
accuracy.21 However, the ability of the RAIL biomarkers to moni-
tor therapeutic response over time has not yet been investigated
in adults.

In the phase 3 Treatment of Uncontrolled Lupus via the
Interferon Pathway (TULIP-1) multicenter trial (ClinicalTrials.gov
identifier: NCT02446912), anifrolumab, a type I interferon
receptor–targeting therapy, was well tolerated and provided ther-
apeutic benefit in patients with moderate-to-severe SLE, exclud-
ing patients with severe, active LN.22 This has led to anifrolumab
subsequently receiving regulatory approval by the US Food and
Drug Administration and the European Medicines Evaluation
Agency, as well as agencies in other regions for moderate-
to-severe SLE treatment.23–27 In the phase 2 multicenter TULIP-
LN study (ClinicalTrials.gov identifier: NCT02547922), anifrolu-
mab was shown to have a consistent safety profile, and the inten-
sified dosing regimen led to clinically meaningful improvements in
LN end points in patients with SLE and active LN.28

In this study, we used data and samples from TULIP-1 and
TULIP-LN to investigate the ability of the RAIL to discriminate
patients requiring therapy for active LN from other patients with
SLE and to differentiate LN treatment responders from nonre-
sponders in adult patients, irrespective of LN treatment rendered.
Deidentified participant data can be made available through the
Vivli web-based data request platform.

MATERIALS AND METHODS

Patients. Full study design details, including patient inclu-
sion and exclusion criteria for TULIP-1 and TULIP-LN, have been
previously published.22,28 In this analysis, the active LN group
comprised 128 adult patients (18–70 years of age) from TULIP-

SIGNIFICANCE & INNOVATIONS
• Lupus nephritis (LN) confers significant morbidity

and mortality to patients with systemic lupus ery-
thematosus (SLE) in part because there is a lack of
noninvasive, sensitive, and specific biomarkers to
monitor renal activity in patients with LN. The Renal
Activity Index for Lupus (RAIL) was developed as a
noninvasive measure of LN activity based on the
concentration of six urinary biomarkers (neutrophil
gelatinase–associated lipocalin, kidney injury mole-
cule 1, monocyte chemotactic protein 1, adiponec-
tin, hemopexin, and ceruloplasmin) and was
shown to accurately detect histologically active
pediatric and adult patients with SLE and LN.

• We confirmed the high accuracy of the RAIL score to
detect active LN in urine samples from adult
patients with SLE and newly demonstrated the abil-
ity of the RAIL score to differentiate treatment
response (agnostic of treatment type) over time in
adult patients with LN.

• Thus, the RAIL allows for the noninvasive assess-
ment of LN activity that could be readily used in
the real-world clinical setting to optimize manage-
ment of patients with LN.
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LN with biopsy-proven (biopsy within three months) active class III
and IV LN, with or without coexistent class V LN overlap, accord-
ing to the World Health Organization or ISN/RPS 2003 cri-
teria.10,28 Eligible patients had a urine protein–creatinine ratio
(UPCR) from a 24-hour urine collection >1 mg/mg (113.17
mg/mmol), had an estimated glomerular filtration rate (eGFR)
≥35 mL/min/1.73 m2, and fulfilled ≥4 of the 11 American College
of Rheumatology SLE 1997 classification criteria.28,29

The comparator for this analysis (active SLE group) com-
prised 48 adult patients (18–68 years of age) from TULIP-1 with
a diagnosis of moderate-to-severe active SLE despite standard
therapy but without active kidney disease that required additional
treatment, that is, a renal British Isles Lupus Assessment Group
(BILAG) 2004 domain score of D or E.22,29 We included this com-
parator group to study the ability of the RAIL to discriminate
patients with active SLE from those with active LN.

As this was a secondary analysis of anonymized data, no
ethics committee or institutional review board approvals were
required. All such approvals were obtained in the original trials,
which were conducted in accordance with the Declaration of Hel-
sinki and the International Conference on Harmonisation Good
Clinical Practice Guidelines22,28; independent ethics committee
or independent institutional review board approvals were
obtained, and all patients provided written informed consent.22,28

Patients and/or the public were not involved in the design, con-
duct, reporting, or dissemination plans of this research.

Study design. TULIP-1 and TULIP-LN were both
randomized, placebo-controlled, double-blind clinical trials of ani-
frolumab.22,28 At baseline, in TULIP-1, patients received
standard-of-care treatment, including glucocorticoids, antimalar-
ials, azathioprine, mizoribine, mycophenolate mofetil [MMF] or
mycophenolic acid, or methotrexate, for their active SLE. Race
and ethnicity of the patients was based on patient self-report.

During TULIP-LN, patients received either placebo or anifro-
lumab every four weeks through week 48, in addition to
standard-of-care treatment, that is, MMF and glucocorti-
coids.22,28 Patients in TULIP-LN were required to discontinue
treatment if they experienced predefined worsening of LN,
defined as an LN-related confirmed eGFR decrease >30% from
baseline to <60 mL/min/1.73 m2 at any time, an eGFR decrease
<75% from baseline to <60 mL/min/1.73 m2 at week 12 or
24, or nephrotic range UPCR at week 12 or 24 (>3.5 mg/mg or
<60% improvement in patients with UPCR >3 mg/mg at
baseline).28

For the study, using a random sampling schedule developed
by the study biostatistician, a subset of patients with active extra-
renal SLE enrolled in TULIP-1 with available urine samples were
included. Notably, this subset of patients from TULIP-1 included
in this study are similar to the overall study population in TULIP-1
in terms of race, ethnicity, disease activity, and oral prednisone
and MMF use.22 Further, we included all patients participating in

TULIP-LN for at least 24 weeks, irrespective of treatment alloca-
tion. Indeed, given the ongoing clinical trial program, this informa-
tion could not be made available for this analysis. For all patients,
we used urine samples obtained at baseline, and for the TULIP-
LN participants, we also used urine samples collected at weeks
12 and 24.22,28

Course of renal disease during the study period. In
the TULIP-LN study, complete renal response (CRR) was defined
as a UPCR ≤0.7 mg/mg from a 24-hour urine collection, an eGFR
≥60 mL/min/1.73 m2 or no decrease ≥20%, no treatment discon-
tinuation, and no restricted medication use, including a manda-
tory oral glucocorticoid (prednisone) taper to a dosage of ≤15
mg/day by week 12 or <15 mg/day by week 24. Accordingly, for
partial renal response (PRR), improvement in UPCR from a
24-hour urine collection to <1.0 mg/mg (if baseline UPCR ≤ 3.0
mg/mg) or to ≤3.0 mg/mg with >50% improvement (if baseline
UPCR > 3 mg/mg) was required. The UPCR50 was another renal
outcome and defined as a 50% reduction of proteinuria from
baseline (all determined using a 24-hour urine collection).
Although a 24-hour urine collection constitutes the gold standard
for quantifying proteinuria, UPCR measurement from a random
urine sample is considered an acceptable alternative and was
available to measure proteinuria at all time points.30

Biomarker measurement. Spun urine samples were fro-
zen within 24 hours from collection before testing in individual
RAIL protein assays. RAIL urine biomarkers were quantified using
single-plex assays per the manufacturers’ instructions.

A Roche Cobas c 311 clinical chemistry analyzer, using a
commercially available assay (BioPorto, catalog KIT ST001RA
for NGAL; Roche Diagnostics, reference 03263991 190 for creat-
inine), was used to measure both human NGAL and urine creati-
nine concentrations. NGAL had a lower limit of detection (LLOD)
of 9.8 ng/mL, and creatinine had an LLOD of 1.1 mg/dL.

Enzyme-linked immunosorbent assays were used to mea-
sure the remaining biomarkers; all sample testing was done in sin-
glicate. Human urinary KIM-1 (R&D Systems, DKM100) had an
LLOD of 0.009 ng/mL. Human MCP-1 (R&D Systems, DCP00)
had an LLOD of 1.7 pg/mL. Human adiponectin (R&D Systems,
DRP300) had an LLOD of 0.246 ng/mL. Human ceruloplasmin
(Assaypro LLC, EC4201-1) had an LLOD of 0.085
ng/mL. Human hemopexin (Assaypro LLC, EH2001-1) had an
LLOD of 4.2 ng/mL.

KIM-1 and MCP-1 used a four-parameter logistic curve to fit
the standard curve, and adiponectin, ceruloplasmin, and hemo-
pexin instead used a log/log curve. Analyte concentrations that
were above or below the limits of detection were imputed by
50% of the LLOD and 50% over the upper limit of detection,
respectively. Natural log-transformed quantities of NGAL, adipo-
nectin, hemopexin, and ceruloplasmin are reported in ng/mL,
whereas those of KIM-1 and MCP-1 are reported in pg/mL.
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RAIL score derivation for use in adult populations.
We have shown in the past that the RAIL biomarkers are pro-
duced locally in the kidney with active LN31 and that standardiza-
tion of biomarker quantities by urine creatinine concentration but
not unspecific proteinuria results in the best reflection of histologic
activity of LN as per renal biopsies (NIH-AI score) in both children
and adults with LN.18,20,31 When using RAIL scores, the age of
the patient must be considered. RAIL scores were developed in
pediatric patients with SLE and then validated in adult patients
previously and in our study.18,20 NGAL, KIM-1, and MCP-1 urine
concentrations have been shown to increase with age, whereas
adiponectin concentrations decrease with age.11,32 Significantly
higher concentrations of NGAL, hemopexin, and ceruloplasmin
have been found in urine samples from female patients compared
with male patients.11,32 Further, eGFR declines with age. Given
these differences, we have developed two RAIL algorithms for
use in pediatric and adult populations.33

As previously published, the RAIL score for adults was calcu-
lated from the urine quantities of the RAIL biomarkers, after natu-
ral logarithmic transformation of values and standardization by
urine creatinine concentrations, as follows: RAIL = −0.21 + 0.67
× NGAL + 0.28 × MCP1 − 0.12 × ceruloplasmin + 0.88 × adipo-
nectin − 0.25 × hemopexin − 0.05 × KIM-1.20 Herein, the RAIL
had 80% accuracy to detect active LN as defined by an NIH-AI
score of >10, and higher scores reflected higher LN activity.20,33

Statistical analyses and predictive modeling. Data
were pooled agnostic of treatment received in TULIP-LN or
TULIP-1. Using the RAIL algorithm for adults, RAIL scores pre-
sented are calculated from the urinary biomarker concentrations,
standardized by urine creatinine concentration, as previously
published.20 Clinical characteristic and urinary biomarker com-
parisons at baseline between the active LN group and the active
SLE group were performed using the Wilcoxon rank sum test.
To assess the accuracy of the RAIL score, receiver operating
characteristic (ROC) curve analyses were conducted to assess
the ability of RAIL scores to distinguish the active LN group from
the active SLE group, and we calculated the area under the curve
(AUC; range 0–1). In general, values of the AUC are considered as
outstanding, excellent, good, fair, or poor for AUCs of 0.90 to
1.00, 0.81 to 0.90, 0.71 to 0.80, 0.61 to 0.70, or 0.51 to 0.60,
respectively. For patients from the TULIP-LN study, we compared
RAIL scores from responders versus nonresponders at baseline
and then again at week 12 and week 24. Three definitions of LN
response were considered, ie, CRR, PRR, and UPCR50. Box
and whisker plots were used to present the RAIL values at base-
line, 12 weeks, and 24 weeks, and groups were compared using
theWilcoxon rank sum test. Further, generalized estimating equa-
tion (GEE) analyses were performed to evaluate the role of RAIL in
predicting response status, adjusted for baseline UPCR, GFR,
sex, race, disease duration, and oral prednisone and MMF usage.

RESULTS

Patients. This analysis included 128 patients with active LN
(active LN group) and 48 patients with active SLE without clinically
meaningful renal activity, that is, this SLE group consisted of
48 patients with a BILAG renal domain score of D/E (n = 11; D =
previous involvement with no current activity, n = 25; or E = no
previous involvement, n = 23)22,29 and a (clinical) Systemic Lupus
Erythematosus Disease Activity Index (SLEDAI) score of at least
4. No information about the class of LN or time since kidney
biopsy was available for patients in the active SLE group with a
BILAG renal domain score of D. Patient and baseline disease
characteristics of the active LN group and the active SLE group
are presented in Table 1.

Table 1. Patient demographics and disease characteristics*

Characteristics
Active LN

group (n = 128)
Active SLE

group (n = 48)

Age, y
Median (IQR), IU 34 (25–42) 37 (29–48)
Mean ± SD 34.2 ± 10.7 38.7 ± 12.9

Female, n (%) 109 (83.2) 45 (95.7)
Race, n (%)
White 56 (42.7) 36 (76.6)
Black/African American 7 (5.3) 5 (10.6)
Asian 27 (20.6) 4 (8.5)
Other 41 (31.3) 2 (4.3)

Hispanic or Latino
ethnicity, n (%)

61 (46.6) 8 (17)

SLEDAI-2K score, median
(IQR), IU

Nonrenal 4 (4–6) 12 (8–14)
Renal 4 (4–8) 0 (0–0)

UPCR, mg/mg
Median (IQR), IU 2.1 (1.2–4.0) 0.08 (0.05–0.15)
Mean ± SD 3.1 ± 2.7 0.12 ± 0.12

eGFR, median (IQR),
mL/min/
1.73 m2

91.8 (63.1–125) 98.9 (85.3–120.3)

C3, median (IQR), g/L 0.8 (0.6–1) 0.94 (0.76–1.17)
C4, median (IQR), g/L 0.15 (0.1–0.2) 0.15 (0.1–0.23)
Increased anti-dsDNA
antibodies, median
(IQR), IU

74.2 (21.9–255.4) 13.6 (3.2–50.8)

Baseline SLE treatments
Oral glucocorticoids, n

(%)
127 (97.7) 43 (89.6)

Prednisone, median
(IQR), mg/day

20 (15–30) 10 (5–15)

MMF (before
randomization), n
(%)a

95 (72.5) 11 (22.9)

MMF, median (IQR),
g/day

2.0 (1.5–2.0) 2.0 (1.0–2.0)

* Data presented as n (% of N), unless otherwise specified. anti-
dsDNA, anti–double-stranded DNA; eGFR, estimated glomerular fil-
tration rate; IQR, interquartile range; LN, lupus nephritis; MMF, myco-
phenolate mofetil; SLE, systemic lupus erythematosus; SLEDAI-2K,
Systemic Lupus Erythematosus Disease Activity Index 2000; UPCR,
urine protein–creatinine ratio.
a All patients started MMF upon randomization as part of the study
protocol.
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At baseline, out of those with available LN class information,
almost two-thirds of the patients in the active LN group had class
IV (76/118 = 64.41%), approximately one-quarter had class III
(26/118 = 22.03%), and the remainder of the active LN group
showed an overlap of either class III/V or class IV/V (16/118 =
13.56%). Further, in the active LN group, the median age and
the proportion of female patients were lower, whereas the propor-
tion of Hispanic or Latino patients (46.56% vs 15.25%) was
greater compared with the active SLE group. As expected from
the study eligibility criteria, the median renal SLEDAI-2K score
and the median proteinuria level were higher and the median
eGFR was lower in the active LN group compared with the active
SLE group. In the active SLE group, proteinuria was similar in
patients with a baseline BILAG renal domain score of D versus
those with a BILAG renal domain score of E (mean ± SD of BILAG
renal domain score D 0.14 ± 0.13 vs E 0.11 ± 0.11; P = 0.34).
Also expected was the more frequent use of MMF in the active
LN group compared with the active SLE group, as all patients in
TULIP-LN were required to take MMF as background standard
of care from randomization onward.

RAIL biomarker levels and RAIL score at baseline. At
baseline, individual RAIL biomarker levels were all significantly
higher (all P ≤ 0.02) in the urine samples from the active LN group
compared with the active SLE group (Table 2). Urine creatinine
concentration did not significantly differ between groups (P =
0.05). Median (interquartile range [IQR]) RAIL scores were signifi-
cantly higher in the active LN group compared with the active
SLE group (5.59 [IQR 4.31–6.47] vs 3.57 [IQR 2.78–4.47];
P < 0.001).

ROC analyses of RAIL performance to identify active
LN requiring treatment. ROC analyses were conducted to
evaluate the ability of the RAIL to identify active LN requiring treat-
ment. When discriminating the active LN group from the active
SLE group based on RAIL scores in ROC analysis, the AUC was
0.8012 (95% confidence interval [CI] 0.733–0.869), with an odds
ratio (OR) of 2.0 (95% CI 1.5–2.6) (Figure 1). A RAIL score of

4.25 (statistically optimal threshold value) had a sensitivity
of 76% and a specificity of 74% to discriminate between the
active LN group and the active SLE group. After adjusting for
baseline differences in MMF use, UPCR, anti-dsDNA antibodies,
and race and ethnicity between groups, the RAIL score was out-
standing in differentiating between the active LN group and the
active SLE group (AUC 0.997, 95% CI 0.993–1). We also
explored the ability of the anti-dsDNA antibodies and UPCR to dif-
ferentiate between groups and determined that the AUCs were
0.707 (95% CI 0.622–0.792)and 0.989 (95% CI 0.975–1),

Table 2. Baseline urine biomarkers*

Characteristics Active LN group (n = 128) Active SLE group (n = 48) P valuea

NGAL, ng/mL 33.3 (17.6–56.7) 19.8 (11.4–44.0) 0.02
MCP-1, pg/mL 658.2 (271.6–1,050.0) 234.3 (98.0–420.1) <0.001
Ceruloplasmin, ng/mL 93.6 (44.5–311.3) 31.3 (9.35–71.2) <0.001
Adiponectin, ng/mL 42.5 (16.7–139.6) 8.6 (1.9–22.3) <0.001
Hemopexin, ng/mL 1,876.8 (745.1–4,743.4) 428.9 (189.0–941.5) <0.001
KIM-1, pg/mL 1,673.5 (772.5–2,767) 864 (312–1,392) <0.001
Urine creatinine, mg/mL 0.7 (0.5–1.3) 0.96 (0.5–1.7) 0.05
RAIL scoreb 5.59 (4.31–6.47) 3.57 (2.78–4.47) <0.001

* Data are presented as median (IQR). IQR, interquartile range; KIM, kidney injury molecule; LN, lupus nephritis;
MCP, monocyte chemotactic protein; NGAL, neutrophil gelatinase–associated lipocalin; RAIL, Renal Activity Index
for Lupus; SLE, systemic lupus erythematosus.
a Nominal P values, Wilcoxon rank sum test.
b Scores are based on the algorithm for adults and standardized by urine creatinine concentration.

Figure 1. ROC curve of creatinine-adjusted RAIL scores in both the
active LN group and the active SLE group. The statistically optimal
threshold value to differentiate groups is represented by a diamond
and indicates a sensitivity of 76% and a specificity of 74% based on
a RAIL score of 4.25. LN, lupus nephritis; RAIL, Renal Activity Index
for Lupus, based on the algorithm for adults and standardized by
urine creatinine concentration; ROC, receiver operator characteristic;
SLE, systemic lupus erythematosus.
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respectively, suggesting a fair ability of anti-dsDNA antibody levels
but, as expected, an outstanding ability of proteinuria to discrimi-
nate groups (see Supplemental Figure S1).

Association of RAIL scores with baseline activity
and longitudinal renal response. Renal response was stud-
ied using urine samples collected at baseline, week 12, and week
24 of the treatment period. There were 25, 39, and 41 patients
who achieved CRR, PRR, and UPCR50 at week 12 and 31, 54,
and 63 patients with CRR, PRR, and UPCR50 at week
24, respectively. There were no significant differences in baseline
RAIL scores between subsequent responders (CRR, PRR,
UPCR50) and nonresponders at weeks 12 and 24. Figure 2A
compares side-by-side baseline RAIL scores and the RAIL scores
of patients achieving CRR at week 12 (or week 24). Using a Wil-
coxon rank sum test, RAIL scores were similar between groups
at baseline, but there were significant differences in the RAIL
scores between patients achieving CRR versus nonresponders
at week 12 (P < 0.0003), and the same held true for week
24 (P < 0.0001). Indeed, compared with baseline, patients with
CRR had a median decrease in RAIL score of −1.3 (IQR −3.64
to −0.21) at week 12 and −2.30 (IQR −3.63 to −1.03) at week
24. Figure 2B shows significant differences in RAIL scores
between those who achieved PRR (or even CRR) and nonre-
sponders at week 12 (P < 0.0001) and week 24 (P < 0.0001).
Again, there were no differences in RAIL scores at baseline in
patients achieving PRR versus those categorized as nonre-
sponders at week 12 or week 24. As shown in Figure 2C, when
considering the response measure UPCR50, RAIL scores of
those achieving UPCR50 versus nonresponders significantly dif-
fered at week 12 (P < 0.0006) and at week 24 (P < 0.0001); again,
RAIL scores of groups (PRR or nonresponders) were similar at
baseline. There was a significant change in RAIL scores for those
achieving PRR and UPCR50 between baseline and weeks 12 and
24 that was not observed in the nonresponder groups.

Figure 2. Legend on next column.

Figure 2. RAIL score changes over time based on renal response.
Cross-sectional comparison of the RAIL score at baseline and at
week 12 or week 24 is depicted for patients considered at these time
points to have one of the evaluated renal outcomes. (A) CRR. (B) At
least PRR. (C) UPCR50, ie, decrease of proteinuria of >50% from
baseline. *Nominal P values from the Wilcoxon rank sum test. CRR
was defined as 24-hour UPCR ≤0.7 mg/mg, eGFR ≥60 mL/min/1.73
m2 or no decrease ≥20%, no treatment discontinuation, and no
restricted medication use. PRR was defined as improvement in
24-hour UPCR to <1.0 mg/mg (if baseline UPCR ≤ 3 mg/mg) or to
≤3.0 mg/mg with >50% improvement (if baseline UPCR > 3 mg/mg).
CRR, complete renal response; eGFR, estimated glomerular filtration
rate; PRR, partial renal response; RAIL, Renal Activity Index for
Lupus, based on the algorithm for adults and standardized by urine
creatinine concentration; UPCR, urine protein–creatinine ratio;
UPCR50, UPCR decrease >50% from baseline.
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Table 3 summarizes the absolute change in UPCR, eGFR,
and SLEDAI-2K over time in the active LN group for those achiev-
ing CRR at weeks 12 and 24 versus nonresponders. Notably,
although nonresponders (those not achieving CRR) and those
achieving CRR at week 24 had similar changes in UPCR and
eGFR (both P ≤ 0.20), changes in RAIL scores were significantly
larger in those achieving CRR compared to nonresponders (P =
0.004). Similar observations were made for CRR at week 12.

Supplemental Table 1 provides the information for PRR,
again suggesting a significant decrease in the RAIL scores at
weeks 12 and 24 in those with PRR compared to nonresponders.
For the UPCR50 outcome, comparable results were observed
(data not shown). The decrease in RAIL scores was less substan-
tial for those with PRR or UPCR50 compared to CRR at week
24, but differences in RAIL scores between those achieving PRR
as compared to CRR did not reach statistical significance. In sen-
sitivity analyses, we removed the restricted medication usage cri-
terion when determining the course of LN over time, as is
summarized for achieving CRR in Supplemental Table 2, no
important differences compared with the primary analysis were
observed.

Using GEE modeling, we further explored the ability of the
RAIL score to predict response status at weeks 12 and 24 when

also considering patient demographics, medication usage (pred-
nisone, MMF), and LN parameters. A low baseline RAIL score
(P = 0.0007) and a large decrease in the RAIL score from baseline
over time (P < 0.0001) as well as baseline low-level proteinuria
(P = 0.0014) and female sex (P = 0.031) were all statistically signif-
icant predictors of achieving CRR. For reaching PRR, a low base-
line RAIL score (P = 0.0473) and a large decrease in the RAIL
score from baseline (P < 0.0001) remained statistically significant
predictors, whereas sex and baseline low-level proteinuria were
not. Predictors of UPCR50 status were a low baseline RAIL score
(P = 0.0033), a large decrease in the RAIL score from baseline
(P < 0.0001), and baseline low-level proteinuria (P = 0.0247).
Conversely, GFR at baseline, race, disease duration, and oral
prednisone or MMF dosage at baseline were all not important
predictors of response status. Additional details are provided in
Supplemental Table 3.

DISCUSSION

Despite therapeutic advances in SLE management, LN
remains a common severe disease manifestation, conferring sig-
nificant morbidity and mortality.1,3–5 The RAIL, based on a set of
urine biomarkers, has been developed as a noninvasive tool to
help diagnose LN and monitor the course of pediatric LN.18,20

Here, we newly demonstrate the ability of individual RAIL bio-
markers and the RAIL score, derived from the urine levels of all
six RAIL biomarkers corrected for urine creatinine concentration,
to differentiate adult patients requiring treatment for active LN
from other patients with active extrarenal SLE. Further, we newly
show that absolute change in RAIL scores differentiates LN
responders from nonresponders in the TULIP-LN study, irrespec-
tive of the clinical definition of LN response considered (CRR,
PRR, UPCR50). Collectively, these results suggest the RAIL is
an effective, noninvasive tool for assessing LN activity and treat-
ment response over time in adult patients with LN.

In this analysis, a RAIL score of 4.25 or higher differentiated
patients with active LN from those with SLE with absent or inac-
tive LN (active SLE group) with 80% accuracy, consistent with
our earlier findings.18,20 This observation could be exploited in
clinical care for the surveillance of LN, especially in patients with
known proteinuria from kidney damage. This is because we have
shown in the past that the RAIL biomarkers do not reflect kidney
damage.19,20

We conducted an exploratory analysis in which 12 patients
with BILAG C renal domain scores were added to the active SLE
group. Notably, this exploratory analysis showed that a RAIL
score of 4.56 or higher discriminated the active LN group from
the adapted active SLE group (with baseline BILAG renal domain
scores of C/D/E) also with an accuracy of 80% (AUC 0.8004 [95%
CI 0.740–0.867]), confirming the robustness of the RAIL score to
discriminate active LN requiring treatment (BILAG renal domain

Table 3. Change from baseline of proteinuria, eGFR, disease activ-
ity, and RAIL scores in the active LN group during the study for
patients achieving CRR or nonresponders*,b

Outcome Week 12 Week 24

Spot UPCR, mg/mg
CRR −1.0 (−1.67 to −0.46) −1.18 (−1.94 to −0.62)
Nonresponder −0.61 (−1.7 to 0.96) −0.81 (−2.86 to 0.54)
P-value 0.03 0.20

eGFR, mL/min/1.73 m2

CRR 0.0 (−15.1 to 9.1) 0.0 (−1.2 to 10)
Nonresponder 0.0 (−9 to 17.7) 0.0 (−15.1 to 21.9)
P-value 0.29 0.47

SLEDAI-2K score
Nonrenal
CRR −2.0 (−2.0 to 0.0) 0.0 (−2.0 to 0.0)
Nonresponder 0.0 (−2 to 0.0) −2.0 (−3.3 to 0.0)
P-value 0.08 0.60

Renal
CRR −4.0 (−4.0 to 0) −4.0 (−8 to 0.0)
Nonresponder 0.0 (−4.0 to 0.0) 0.0 (−4 to 0.0)
P-value 0.02 ≤0.001

RAIL scorea

CRR −1.3 (−3.64 to −0.21) −2.30 (−3.63 to −1.03)
Nonresponder −0.39 (−1.6 to 0.83) −0.88 (−2.20 to 0.33)
P-value 0.01 0.004

* Medians and interquartile ranges are shown, and patients with
partial renal response were excluded from the comparison. CRR,
complete renal remission; eGFR, estimated glomerular filtration
rate; LN, lupus nephritis; RAIL, Renal Activity Index for Lupus;
SLEDAI-2K, Systemic Lupus Erythematosus Disease Activity Index
2000; UPCR, urine protein–creatinine ratio.
a Scores are based on the algorithm for adults and standardized by
urine creatinine concentration.
b Nominal P values, Wilcoxon rank sum test.
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score of A or B) from absent or only minimally active LN (BILAG
renal domain score of C/D/E).

Change in RAIL scores over time, rather than RAIL scores at
baseline, differentiated LN responders from nonresponders
at weeks 12 and 24 when other patient and disease characteris-
tics were not considered in the analyses. This observation is con-
gruent with a study in pediatric patients with LN in which a
significant decrease in pediatric RAIL scores, also standardized
by urine creatinine concentration, by at least 1.1 was associated
with a complete response to LN induction therapy, irrespective
of the type of immunosuppressive therapy rendered.34

We were unable to show that, in isolation, the RAIL score at
baseline can forecast LN response at weeks 12 and week 24 (data
not shown). However, RAIL score changes from baseline, either
alone or together with the baseline RAIL score, were a strong pre-
dictor of LN responses. This corroborates our prior observations
in pediatric patients with LN in which we reported that changes in
RAIL scores anticipated the clinically observed course at least three
months earlier.21 After adjustment for patient and baseline disease
characteristics (GEE models), both the baseline RAIL score and
the change in RAIL score remain important predictors of LN
response. These findings support that the RAIL score might be an
important predictor of future LN response.

RAIL scores decreased from baseline during the LN study
even in treatment nonresponders; however, decreases in scores
only reached significance at week 24 for the CRR analysis. Some
decreases in RAIL scores in nonresponders might be expected,
as disease activity and the UPCR decreased in the patients
whose treatment included MMF and often steroids during
TULIP-LN28; despite this, improvement in RAIL scores was much
smaller in nonresponders than in responders.

We did not evaluate the effects of treatment types on bio-
marker levels. However, prior observations in children that sug-
gested accurate predictive outcomes were possible with RAIL
scores regardless of treatment type, including the use of antihy-
pertensive drugs that target the angiotensinogen system, ste-
roids, cyclophosphamide, or MMF.11,18,19,21,34

Proteinuria and eGFR are included in current LN composite
response measures, including those of TULIP-LN (CRR, PRR,
UPCR50). UPCR levels only significantly differed in patients with
CRR at week 12, but not week 24, and in patients with PRR at
both time points. This could be due to the small sample size or
reflect the dual role of proteinuria as a measure of both LN activity
and damage. Given the lack of available follow-up kidney biop-
sies, we were unable to further evaluate this observation.

The short coming of proteinuria to gauge LN activity has long
been recognized.35 For example, proteinuria can reflect kidney
damage or even comorbid disease, such as hypertension and
diabetes mellitus.36,37 Indeed, in this study, the change in UPCR
in the active LN group at week 12 was similar in those categorized
as having PRR or even CRR, further supporting the need for a
more robust biomarker of LN activity besides proteinuria.

Although we consider the availability of kidney biopsy sam-
ples to confirm active LN at baseline in the active LN group as a
strength of this study,22,28 we were unable to confirm response
to therapy by serial kidney biopsies because the study protocol
did not mandate repeat biopsies. However, serial kidney biopsies
for the sole purpose of research or a clinical trial may be ethically
unacceptable. Further, additional validation studies are needed
to expand on the interpretation of RAIL scores over time in adults,
best with available serial kidney biopsies to estimate response to
therapy.

In summary, these findings support the clinical utility of the
RAIL biomarkers and the RAIL score to noninvasively assess kid-
ney inflammation and response to therapy in adult LN, thus allow-
ing a personalized monitoring approach. Future research is
needed to evaluate the potential benefits of the RAIL compared
to proteinuria histologic response of LN.
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Polypharmacy in Adults With Systemic
Lupus Erythematosus

Jianing Yang,1 Matthew E. Growdon,2 Jessica Fitzpatrick,2 Charmayne Dunlop-Thomas,3 Courtney Hoge,3

Kenneth E. Covinsky,2 C. Barrett Bowling,4,5 S. Sam Lim,3 Jinoos Yazdany,2 and Laura C. Plantinga2

Objective. Estimates of polypharmacy among US adults with systemic lupus erythematosus (SLE)—a relatively
young and disproportionately minoritized population—remain sparse. We sought to estimate the prevalence of poly-
pharmacy in SLE and identify the most common medications used.

Methods. For this cross-sectional study, participants were recruited from a population-based cohort of adults with
validated SLE in Atlanta, Georgia. Prescription and over-the-counter (OTC) medications were self-reported at the study
visit. Polypharmacy was defined as five or more prescription or OTC medications. Estimates of polypharmacy preva-
lence by key sociodemographic and SLE-related participant characteristics were obtained using crude logistic regres-
sion and postestimation marginals.

Results. More than half (56.3%) of participants (n = 451; 15.3% ≥60 years old, 91.8% women, and 81.8% Black)
reported polypharmacy. Older age (68.1%, 59.8%, and 43.0% for ages ≥60 years, 40–59 years, and 18–39 years),
higher vs lower disease activity (65.8% vs 46.2%) and cumulative SLE-related damage (68.5% vs 42.4%), longer dis-
ease duration (62.4% vs 50.0%), and taking three to five vs zero to one immunomodulating medications (79.6% vs
38.0%) were associated with higher age-adjusted prevalence of polypharmacy; prevalence was not statistically signif-
icantly different by sex, race, or education. Although hydroxychloroquine (71.4%), glucocorticoids (44.3%), and other
immunomodulating drugs (50.3%) were common, polypharmacy was most often driven by other medications, such
as antihypertensives (61.9%), nonopioid pain relievers (51.7%), allergy treatments (22.4%), antidepressants (22.2%),
and gastric reflux medications (21.7%).

Conclusion. Our results underscore the need to address the burden of medication regimens in this population
through individualized medication optimization strategies that account for prescription and OTC medications used by
those with SLE.

INTRODUCTION

Polypharmacy, referring to the simultaneous use of multiple

medications, is common among older adults1,2 and those with

chronic diseases such as chronic kidney disease,3 cancer,4 and

diabetes.5 Even when multiple medications are indicated

and appropriate, polypharmacy can still increase the burden of dis-

ease self-management and can confer a higher risk of drug–drug

interactions, medication nonadherence, health care use (eg,

hospitalization and emergency department visits), and even death.6,7

Polypharmacy may also increase cost-related, logistical, and cogni-

tive burdens on patients and caregivers, particularly for those man-

aging complex regimens,8 often with multiple administrations per

day, different administration routes (eg, pills, injections, inhalers),

and/or frequent refills or changes in prescription. Furthermore, over-

the-counter (OTC) medications, whether physician-recommended

or part of a self-treatment regimen, can contribute to polypharmacy

and its risks, but they are likely underreported in the clinical setting.9
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Systemic lupus erythematosus (SLE) is a chronic, multisystem
autoimmune disease that is treated with immunomodulating medi-
cations. Additionally, patients with SLE often have multiple comor-
bid conditions related to SLE or its treatment, including
cardiovascular disease, metabolic disorders (hypertension, dyslipi-
demia, and obesity), osteoporosis, allergic disorders, malignancy,
and mood disorders,10 all of which are also common in older age.
These conditions may necessitate the use of medications beyond
those aimed at treating SLE, contributing to polypharmacy in this
population. Also, prescribing cascades,11 in which new medica-
tions are prescribed to counter the effects of a disease-targeted
treatment (eg, proton pump inhibitors for gastric reflux related to
glucocorticoid use), are likely in the setting of SLE. Combined,
these factors likely place those with SLE at high risk for
polypharmacy.

Despite the high potential for polypharmacy and the clear
importance of preventing related poor outcomes—such as higher
burden of self-management, risk of medication nonadherence,12–14

and risk of drug–drug interactions—in SLE, there is limited research
exploring the prevalence of polypharmacy and its potential drivers in
this relatively young and disproportionately minoritized population.
Estimating polypharmacy prevalence and whether it differs by key
sociodemographic and clinical variables is an essential first step
toward identifying and targeting strategies to prevent polypharmacy
and related adverse outcomes. This study aims to evaluate the
prevalence of polypharmacy, including OTC medications, overall
and by key sociodemographic characteristics (eg, age, race) and

SLE-related factors (eg, SLE activity, immunomodulating medication
burden), and to identify the SLE-related and other medications
contributing to polypharmacy.

PATIENTS AND METHODS

Study population. For the cross-sectional Approaches to
Positive, Patient-Centered Experiences of Aging with Lupus
(APPEAL) study, we recruited participants from the ongoing
population-based Georgians Organized Against Lupus (GOAL)
cohort in metropolitan Atlanta, Georgia.15 GOAL participants are
adults (≥18 years) with SLE defined by ≥4 of the 11 revised Amer-
ican College of Rheumatology (ACR) criteria16 or ≥3 ACR criteria
plus a diagnosis of SLE by a board-certified rheumatologist.
English-speaking participants who lived in Georgia at the time of
recruitment and had sufficient hearing and vision to undergo test-
ing were included. We recruited a total of 451 participants (206 in-
person and 245 remote visits17) for APPEAL (Supplementary Fig-
ure 1). Data were collected through performance tests and ques-
tionnaires administered during a one-time, cross-sectional study
visit between October 8, 2019 and May 12, 2022, and were also
obtained from the annual GOAL survey closest to the APPEAL
visit date (median of 81 days from APPEAL visit to closest GOAL
survey; 25th percentile = −79 days [GOAL survey preceding
APPEAL visit]; 75th percentile = 199 days; Supplementary Fig-
ure 1). The protocols for APPEAL and GOAL were approved by
the Emory University Institutional Review Board (IRB;
IRB00110977 and IRB00003656), and APPEAL data analysis
was approved by the University of California San Francisco IRB
(23-39650). All APPEAL participants provided informed
consent.

Study variables. Polypharmacy. Participants were asked
what medications they were taking at the time of the APPEAL
study visit. We assessed common medications used to
treat SLE and its sequelae through yes or no questions
(Supplementary Item 1). We also asked participants to list other
prescription and OTC medications they were taking. If partici-
pants had pill bottles or medication lists, these were used to doc-
ument medications. We defined polypharmacy as five or more
individual prescriptions or OTC medications reported vs zero to
four,18 excluding eye drops, topical agents, inhalants, and sup-
plements. Medications containing two or more active ingredients
were counted as a single medication for the estimation of poly-
pharmacy. Prescribed and OTC medications were also catego-
rized for the examination of the most common classes used
(Supplementary Table 1).

Other variables. Sociodemographic variables of interest,
which were self-reported at the APPEAL visit, included age, sex
at birth, race, ethnicity, and educational attainment. Race was
reported using a fixed set of categories and further categorized
as Black (single or multiple race), White, and other. Ethnicity was

SIGNIFICANCE & INNOVATIONS
• Polypharmacy is often associated with adverse

health-related and quality-of-life outcomes, but the
epidemiology of polypharmacy in the setting of sys-
temic lupus erythematosus (SLE) remains
understudied.

• In a cross-sectional study of 451 participants
recruited from a US population–based adult SLE
cohort, we found that more than half (56%)
reported polypharmacy (defined as more than five
prescription and over-the-counter medications);
estimates were even higher with older age, higher
SLE activity and disease damage, and longer dis-
ease duration.

• Although immunomodulating medications were
commonly reported, polypharmacy was more com-
monly driven by other medications, including anti-
hypertensives (62%), nonopioid pain relievers
(52%), allergy treatments (22%), antidepressants
(22%), and gastric reflux medications (22%)

• Although further studies are warranted, our results
suggest that the burden of medication regimens in
SLE is high and that patients with SLE may benefit
from individualized, patient-centered, and goal-
oriented medication optimization strategies.
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reported via a separate item, also from a fixed set of categories
(Hispanic vs non-Hispanic). Educational attainment was catego-
rized as high school graduate equivalency or lower, some college
or associate’s degree, and college graduate or higher. Insurance
type was self-reported during the closest GOAL visit and catego-
rized as Medicare (including dual-eligible), Medicaid, private,
other, and no insurance. SLE-related factors included disease
activity and damage and the number of immunomodulating med-
ications. Current SLE activity was assessed during the APPEAL
visit via the Systematic Lupus Activity Questionnaire (SLAQ; range
0–44, higher scores indicating greater SLE-related disease activ-
ity).19 The Brief Index of Lupus Damage (BILD) score (range 0–
46, higher scores indicate greater cumulative SLE-related organ
damage)20 was obtained from linked GOAL survey data. Disease
duration was determined from the duration reported at the closest
GOAL visit, corrected for the time between the GOAL and
APPEAL visit. Immunomodulating medications, reported at the
APPEAL visit, included glucocorticoids, hydroxychloroquine, and
other SLE treatments (see Supplementary Table 1).

Statistical analysis. Participant characteristics were sum-
marized overall (means and SDs or medians and interquartile
ranges, as appropriate) and by polypharmacy status using
descriptive statistics and chi-square, t, and rank-sum tests, as
appropriate, for comparisons. The crude (unadjusted) prevalence
of polypharmacy, overall and across characteristics, was esti-
mated using logistic regression models, with prevalence
estimates and 95% confidence intervals obtained from postesti-
mation marginals. We also assessed the prevalence of individual
classes of medications (Supplementary Table 1) reported by
>5% of participants and stratified them by polypharmacy status
to evaluate the associations of participant characteristics with
polypharmacy. Finally, in sensitivity analyses, we examined
(1) age-adjusted prevalence estimates, using logistic regression
models that included age as a covariate, with adjusted percent-
ages obtained from postestimation marginals, to assess the
robustness of results to potential confounding by age; and
(2) prevalence estimates using alternate definitions of polyphar-
macy, including hyperpolypharmacy (≥10 medications vs <10
medications) and polypharmacy defined using only prescription
medications, to assess the robustness of results to the potential
misclassification of polypharmacy. Analyses were performed with
Stata version 18.5 (StataCorp, College Station, TX) and R version
4.4.1 (R Foundation for Statistical Computing, Vienna, Austria).

RESULTS

Characteristics of study participants. Participants had
a mean age of 46.2 years, with 15.3% being ≥60 years old
(Table 1). Most reported being women (91.8%) and Black
(81.8%). Nearly one-quarter (23.8%) attained a high school
degree or less. Median scores for disease activity (SLAQ) and

cumulative disease damage (BILD) were 11 and 2, respectively;
the median disease duration was 15.0 years (Table 1).

The maximum overall number of immunomodulating medi-
cations was five, with 42.6%, 32.4%, and 25.1% reporting zero
to one, two, and three to five, respectively. Those reporting poly-
pharmacy were: older (mean age 48.0 vs 43.8 years), were more
likely to report having Medicare insurance (38.2% vs 18.3%) and
less likely to report having Medicaid insurance (13.4% vs
23.4%), had higher median SLAQ (12 vs 9) and BILD (2 vs 1)
scores and longer disease duration (16.8 vs 13.1 years), and were
less likely to be on zero to one immunomodulating medications
(28.7% vs 60.4%) (Table 1). Although those with polypharmacy
were more likely to be men (9.8% vs 6.1%) and Black (83.1% vs
80.2%), these differences were not statistically significant. There
were no differences in ethnicity or education attained by polyphar-
macy status.

Prevalence of polypharmacy overall and by key
participant characteristics. Overall, more than half (n = 254;
56.3%) of participants met the criteria for polypharmacy by our
primary definition of five or more prescription or OTC medications
(Table 1, Figure 1). About one-quarter (n = 60; 23.3%) met the cri-
teria for hyperpolypharmacy (≥10 prescription or OTC medica-
tions). When only prescription medications were considered,
207 (45.9%) and 45 (10.0%) participants had polypharmacy and
hyperpolypharmacy, respectively (Figure 1).

Polypharmacy prevalence estimates were higher among
older participants (68.1% vs 43.0% for the oldest vs youngest
age group); men (67.6% vs 55.3% in women); participants with
higher disease activity (65.8% vs 46.2%), greater cumulative
disease damage (68.5% vs 42.4%), and longer disease dura-
tion (62.4% vs 50.0%); and participants taking three to five vs
zero to one immunomodulating medications (79.6% vs
38.0%) (Figure 2). Age-adjusted estimates (Supplementary
Table 2) were similar to the unadjusted estimates. The preva-
lence of polypharmacy defined by prescription medications
only and the prevalence of hyperpolypharmacy were both
lower overall; however, the patterns of prevalence by partici-
pant characteristics were similar, except that differences by
disease duration were no longer statistically significant
(Supplementary Table 3).

Most common medication classes reported by
participants with and without polypharmacy. The preva-
lence of each medication category by polypharmacy status is
summarized in Table 2. Immunomodulating medications were
common, with 94.9% and 78.1% of those with and without poly-
pharmacy reporting at least one immunomodulating medication
(Figure 3A). However, none reported five or more immunomodu-
lating medications, regardless of polypharmacy status; 28.4%,
64.5%, and 95.2% of those with polypharmacy reported 1 or
less, 2 or less, and 3 or less immunomodulating medications,
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respectively (Figure 3A). Among those with polypharmacy, nearly
all (99.6%) reported ≥2 other medications, almost half (46.3%)
reported >5 other medications, and 13.8% reported >10 other
prescription and OTC medications (Figure 3B). Patterns of immu-
nomodulating vs other medications by polypharmacy defined
using prescription medications only (Supplementary Figure 2)
and by hyperpolypharmacy (Supplementary Figure 3) were
similar.

In the polypharmacy group, the most commonly reported
nonimmunomodulatory medication classes included antihyper-
tensives (80.7%), nonopioid pain medications (68.9%), gastric
reflux medications (35.4%), antidepressants (34.6%), and allergy
medications (31.1%) (Supplementary Table 4). Similarly, in the
hyperpolypharmacy group, the most frequently used nonimmu-
nomodulatory medication classes were antihypertensives
(91.7%), nonopioid pain medications (86.7%), gastric reflux

medications (61.7%), antidepressants (58.3%), and allergy treat-
ments (40.0%).

DISCUSSION

In this cross-sectional study of adults with prevalent SLE who
were recruited from a population-based cohort, more than half
(56%) of participants reported polypharmacy; a substantial pro-
portion, about one-quarter (23%), reported hyperpolypharmacy.
When OTC medications were excluded, prevalence remained
high, at 46% and 10%, respectively. Polypharmacy was more
common among older adults, men, and patients with higher dis-
ease activity and damage and longer disease duration. Although
medications to treat SLE were common, only 1% with polyphar-
macy reached the threshold of five or more medications based
on these treatments alone. Instead, other medications, such as

Table 1. Characteristics of study participants*

Characteristic Overall

Polypharmacy (≥5 Rx and OTC medications)

Yes No P valuea

n 451 254 (56.3) 197 (43.7)
Sociodemographic
Age, mean (SD), years 46.2 (11.8) 48.0 (11.4) 43.8 (12.0) <0.001
Age category, n (%) <0.001
18–39 years 128 (28.4) 55 (21.7) 73 (37.1)
40–59 years 254 (56.3) 152 (59.8) 102 (51.8)
≥60 years 69 (15.3) 47 (18.5) 22 (11.2)

Sex at birth, n (%) 0.15
Women 414 (91.8) 229 (90.2) 185 (93.9)
Men 37 (8.2) 25 (9.8) 12 (6.1)

Race, n (%) 0.07
Black 369 (81.8) 221 (83.1) 158 (80.2)
White 52 (11.5) 32 (12.6) 20 (10.2)
Other 30 (6.7) 11 (4.3) 19 (9.6)

Ethnicity, n (%) 0.7
Hispanic 25 (5.6) 13 (5.1) 12 (6.1)
Non-Hispanic 425 (94.4) 240 (94.9) 185 (93.9)

Education, n (%) 0.4
High school or less 103 (22.8) 52 (20.5) 51 (25.9)
Some college 119 (26.4) 70 (27.6) 49 (24.9)
College or more 229 (50.8) 132 (52.0) 97 (49.2)

Insurance, n (%) <0.001
Medicare 133 (29.5) 97 (38.2) 36 (18.3)
Medicaid 80 (17.7) 34 (13.4) 46 (23.4)
Private 135 (29.9) 75 (29.5) 60 (30.5)
Other 32 (7.1) 16 (6.3) 16 (8.1)
None 71 (15.7) 32 (12.6) 39 (19.8)

SLE-related
SLAQ score, median (IQR) 11 (6–16) 12 (7–18) 9 (5–14) <0.001
BILD score, median (IQR) 2 (1–4) 2 (1–4) 1 (0–3) <0.001
Disease duration, median (IQR), years 15.0 (9.6–22.3) 16.8 (10.5–23.4) 13.1 (8.0–21.1) 0.001
Immunomodulating medications, n (%) <0.001
0–1 192 (42.6) 73 (28.7) 119 (60.4)
2 146 (32.4) 91 (35.8) 55 (27.9)
3–5 113 (25.1) 90 (35.4) 23 (11.7)

* n = 451 except for disease duration (n = 450), SLAQ (n = 431), body mass index (n = 440), and physical activity (n =
443). BILD, Brief Index of Lupus Damage; IQR, interquartile range; OTC, over-the-counter; Rx, prescription; SLAQ,
Systemic Lupus Activity Questionnaire; SLE, systemic lupus erythematosus.
a By chi-square, t, or rank-sum test, as appropriate.
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antihypertensive medications, gastric reflux medications, nono-
pioid pain medications, and antidepressants contributed
substantially to polypharmacy, likely reflecting the significant bur-
dens conferred by disease symptoms, comorbid conditions, and
treatment cascade effects in this population.

Our estimate for polypharmacy prevalence far exceeds a
recent population estimate for all US adults (20%) and is also
approximately 25% higher than that among older US adults
(≥65 years; 45%).2 We found that 60% to 68% of older patients
with SLE reported polypharmacy, which was slightly lower than
that reported for individuals 50 years and older with SLE in Mani-
toba (72%); this difference may reflect national differences in
health care access or prescribing practices, differences in the
source populations (clinic vs study cohort), and differences in
how medications were captured (health records vs self-report).21

Importantly, our estimate among those aged 18 to 39 years
(43%) was as high as estimates among older US adults, demon-
strating that polypharmacy is prevalent across all age groups
in SLE.

It is not surprising that most individuals with SLE would be on
multiple medications, given that SLE is a chronic systemic autoim-
mune disease, often requiring lifelong treatment with immuno-
modulatory medications. However, our findings show that 95%
of participants with polypharmacy were taking three or fewer
immunomodulatory medications, suggesting that medications to
treat SLE were not a primary driver of polypharmacy in this popu-
lation. Instead, other medications, including antihypertensives,
nonopioid pain medications, gastric reflux medications, and anti-
depressants, substantially contributed to polypharmacy in our
population. This pattern likely reflects the simultaneous burdens

of SLE and its symptoms, as well as common comorbid condi-
tions in SLE. It is also likely that these patterns reflect prescribing
cascades: for example, treatment with glucocorticoids could lead
to hypertension, gastric reflux, and frequent infections, which
could lead to treatment with antihypertensives, gastric reflux med-
ications, and anti-infectious agents, respectively.

As expected, we found that older age, higher disease activity
and damage, and longer disease duration (all of which may
increase the burden of symptoms, comorbid conditions, and
treatment side effects and cascades) were associated with higher
prevalence of polypharmacy. More surprisingly, whereas previous
studies in older adults showed that women are more likely to
experience polypharmacy than men,2 in our cross-sectional
study, we found that men had a higher prevalence of polyphar-
macy than women. This discrepancy, which warrants further
investigation, may be due to sex-based differences in SLE bur-
den; sex differences in medication access, use, and/or adherence
patterns; and/or chance, given the relatively small proportion of
participants who were men.

Our finding that the inclusion of OTC medications resulted in
substantially higher polypharmacy prevalence estimates empha-
sizes the significant contribution of OTCmedications such as gas-
tric reflux medications, allergy treatments, and pain relievers to
polypharmacy and, particularly, hyperpolypharmacy. OTC medi-
cations also likely contribute to patients’ out-of-pocket costs.
These results underscore the importance of accurately assessing
both prescribed and OTC medications, but OTC medications are
often not reviewed during clinic visits. In one study comparing
electronic health record medication lists to pharmacist-reconciled
lists, about half (53%) of electronic health records had discrepan-
cies due to nonreporting of OTC medications.22 Reviewing these
medications during clinic visits may help minimize unnecessary
or unwanted medication use (deprescribing), prevent drug–drug
interactions, and reduce overall medication burden. Other strate-
gies to address polypharmacy might include pharmacist-led sim-
plification of medication regimens, the use of pill-packaging
services (which sort medications by date and time into packets
to reduce patient burden and error), or the use of polypills (which
reduce the overall number of pills by combining multiple medica-
tions into single pills23).

Although we cannot distinguish “appropriate” (ie, clinically
appropriate and goal concordant) and “inappropriate” polyphar-
macy24 with our data, it is important to note that any
polypharmacy places a burden on patients. Excessive pill
burden,25 conflicts with personal beliefs about medications and
their effectiveness,13 cognitive decline,24 fall risk, and higher med-
ical costs26 are all higher with greater numbers of medications in
other populations. The risk of medication interactions and
adverse side effects is also higher in the presence of polyphar-
macy.27 Medication reconciliation and deprescribing,28 requiring
shared decision-making and careful follow-up, may help reduce
the number and doses of prescriptions and OTC medications

Figure 1. Overall prevalence of polypharmacy in our population of
individuals with SLE. OTC, over-the-counter; Rx, prescription.
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and ensure the maintenance of effective disease control. Depre-
scribing has also been shown to reduce potentially inappropriate
medications and hospitalization among older adults.28 In a Cana-
dian SLE cohort, an estimated 40% of hospitalizations were
related to medications (both adverse drug events and
nonadherence-related flares); further, polypharmacy was shown
to be associated with a higher risk of hospitalizations due to
adverse drug events.29 To address these issues, future studies
should target US SLE populations to examine patient and pro-
vider perspectives on polypharmacy, including the acceptability
of nonpharmacologic ways to address non–life-threatening but
burdensome symptoms (such as fatigue, pain, and gastric
reflux)30; potential SLE-specific definitions of polypharmacy that
account for necessary treatments31; the association of polyphar-
macy with medication-related quality of life, pill and cost32 burden,
medication adherence,12–14 adverse drug events, and health care
use; and the effects of medication reconciliation, deprescribing
(including steroid tapering to ≤5 mg/day or elimination within
6 months among stable patients with SLE, as strongly recom-
mended by the 2025 ACR SLE guideline33), and other

individualized medication optimization strategies on these out-
comes in the setting of SLE.

There are several limitations of our study that are not noted
above. First, medication use was self-reported, which may have
led to underreporting or overreporting (eg, if medications did not
align with actual adherence) of polypharmacy. Second, we did
not collect information on medication duration, dose, and fre-
quency, which may have led to an overestimation of polyphar-
macy prevalence, particularly where as-needed medications
may have been included in the overall tally. Third, we do not know
whether OTC medications were self-initiated or recommended by
a rheumatologist or other providers, limiting our ability to assess
their clinical appropriateness; however, as noted above, poly-
pharmacy due to clinically appropriate and indicated medications
can still be associated with adverse outcomes. Fourth, the tem-
poral gap between some of our variables (eg, BILD score, insur-
ance type) that were taken from the nearest GOAL survey rather
than at the time of the APPEAL visit may have contributed to mis-
classification. Fifth, there is the potential for selection bias due to
differences between included and excluded GOAL participants

Figure 2. Prevalence of polypharmacy (≥5 prescription or over-the-counter medications) by selected patient demographics (A), socioeconomic
indicators (B), and systemic lupus erythematosus–related factors (C). Systemic lupus erythematosus disease activity was defined by the Systemic
Lupus Activity Questionnaire (high = median, low = less than median; median score = 11). Cumulative systemic lupus erythematosus–related dis-
ease damage was defined by the Brief Index of Lupus Damage (high = median, low = less than median; median score = 2). Disease duration was
also dichotomized by the median (longer = median, shorter = less than median; median duration = 15.0 years). Estimates are postestimation mar-
ginals from crude logistic regression, with polypharmacy as the outcome and the selected variables as exposures. *P < 0.001 by likelihood
ratio test.

Table 2. Most commonly reported (≥5% of all participants) medication classes, overall and by polypharmacy*

Medication class Overall

Polypharmacy (≥5 prescription and over-the-counter medications)

Yes No P value

Immunomodulating medications, n (%)
Hydroxychloroquine 322 (71.4) 191 (75.2) 131 (66.8) 0.05
Othera 227 (50.3) 165 (65.0) 62 (31.5) <0.001
Glucocorticoids 200 (44.3) 141 (55.5) 59 (29.9) <0.001

Other medications, n (%)
Antihypertensives 279 (61.9) 205 (80.7) 74 (37.6) <0.001
Nonopioid pain medicationsb 233 (51.7) 175 (68.9) 58 (29.4) <0.001
Allergy treatments 101 (22.4) 79 (31.1) 22 (11.2) <0.001
Antidepressants 100 (22.2) 88 (34.6) 12 (6.1) <0.001
Gastric reflux medications 98 (21.7) 90 (35.4) 8 (4.1) <0.001
Lipid-lowering agents 86 (19.1) 10 (5.1) 76 (29.9) <0.001
Opioids 47 (10.4) 44 (17.3) 3 (1.5) <0.001
Asthma and COPD medications 45 (10.0) 38 (15.0) 7 (3.6) <0.001
Anticoagulants 38 (8.4) 32 (12.6) 6 (3.0) <0.001
Anti-infectious agents 34 (7.5) 30 (11.8) 4 (2.0) <0.001
Diabetes medications 29 (6.4) 25 (9.8) 4 (2.0) <0.001

* COPD, chronic obstructive pulmonary disease.
a Includes methotrexate, leflunomide, cyclophosphamide, cyclosporine, mycophenolate, dapsone, azathioprine, beli-
mumab, rituximab, etanercept, golimumab, tocilizumab, and tofacitinib.
b Nonsteroidal anti-inflammatory agents (ibuprofen, naproxen, ketorolac, meloxicam, celecoxib, nabumetone, piroxi-
cam, and indomethacin), acetaminophen, muscle relaxants (cyclobenzaprine, baclofen, tizanidine, cyclobenzaprine,
metaxalone, carisoprodol, and orphenadrine), gabapentin, pregabalin, ranolazine, and migraine treatment (rimege-
pant, ubrogepant, erenumab-aooe, and triptans).
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(Supplementary Figure 1); for example, in a previous study, we
showed that APPEAL vs GOAL participants were slightly younger
(46 vs 49 years old) and had lower disease activity (median SLAQ

score 11 vs 14), characteristics that were shown to be associated
with polypharmacy in the current study.34 Sixth, our study and the
parent cohort do not include healthy controls or controls with

Figure 3. Contribution of immunomodulating (A) and other (B) medications to reported polypharmacy. Shown are the percentages of partici-
pants with and without polypharmacy who reported from 0 to >10 immunomodulating and other prescription and over-the-counter medications.
Note: no participants reported more than 5 immunomodulating medications.
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other conditions, making it difficult to distinguish the relative con-
tributions of SLE and other conditions to polypharmacy in this
population. Finally, our results may not be generalizable to other
patients with SLE, including those in other US regions and those
outside the United States.

Despite these limitations, this is, to our knowledge, a novel
exploration of polypharmacy in a representative US SLE popula-
tion. Additionally, our study population was primarily Black,
reflecting a population disproportionately affected by SLE and
related poor outcomes. We estimated a high prevalence of poly-
pharmacy and hyperpolypharmacy across all subgroups, often
higher than estimates seen in the general US population of older
adults, with even higher prevalence estimates among those who
were older or had higher disease burden or longer disease dura-
tion. Although future studies are needed to better characterize
patient and provider perspectives on polypharmacy and appro-
priate prescribing, estimate associations of polypharmacy with
important outcomes (eg, quality of life, costs, medication adher-
ence, adverse events, and health care use), and explore the effec-
tiveness of individualized medication optimization interventions to
prevent and mitigate polypharmacy, these results emphasize the
need to address the complexity of medication regimens in this
population through patient-centered medication optimization
efforts.
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Role of Prednisone and 25-Hydroxyvitamin D on Bone
Mineral Density and Osteoporosis in
Systemic Lupus Erythematosus

Nima Madanchi,1 Andrea Fava,1 Daniel W. Goldman,1 Laurence S. Magder,2 and Michelle Petri1

Objective. We evaluated the role of 25-hydroxyvitamin D (25[OH]D), prednisone, and other risk factors for bone
mineral density (BMD) loss and osteoporosis in systemic lupus erythematosus (SLE).

Methods. We calculated the association between 25(OH)D levels and other potential risk factors and BMD
measures (spine T scores) and osteoporosis (defined as a T score ≤ −2.5) in a lupus cohort of 1,003 patients. General-
ized estimating equations were used to assess the statistical significance of observed differences, accounting for
patients with multiple BMD measures.

Results. Univariate analysis showed that older age, lower body mass index (BMI), mean past SLE activity (Safety of
Estrogens in Lupus Erythematosus National Assessment–Systemic Lupus Erythematosus Disease Activity Index > 2),
mean daily prednisone dose at any level, and a history of low C3 or C4 were associated with osteoporosis. Older age,
lower BMI, mean 25(OH)D levels, mean daily prednisone dose (again at any dose), and prior low C3 were associated
with lower spine T scores. In the multivariate analysis for osteoporosis, older age, lower BMI, low mean 25(OH)D levels,
and prednisone dose >5 mg/day remained predictors. Discontinuation of prednisone within one year before the next
BMD measurement led to higher mean spine T scores.

Conclusion. Prednisone dose, even at 5 mg/day, and low mean 25(OH)D levels were found to be modifiable
predictors of osteoporosis. Mean (reflecting supplementation), rather than initial, 25(OH)D levels were significantly
associated with BMD. Some of the bone loss from prior prednisone use appears to be reversible.

INTRODUCTION

Systemic lupus erythematosus (SLE) leads to a higher risk of
low bone mineral density (BMD) at all measured sites compared
to expected.1,2 The risk of osteopenia is 25% to 74%3,4 and that
of osteoporosis is 1.4% to 68%5,6 in SLE. Fracture occurrence
in patients with SLE is increased nearly five-fold compared with
healthy women of a similar age.7 The association of SLE and oste-
oporosis is particularly complex, as a recent genomic study found
highly overlapping differential gene expressions in SLE and osteo-
porosis and a close relationship between the molecular mecha-
nisms of these two entities.8

Older age, low body mass index (BMI) and weight, SLE
duration, organ damage score, renal dysfunction, high
C-reactive peptide or erythrocyte sedimentation rate, and cumu-
lative dose of glucocorticoid have all been previously reported to
be risk factors of low BMD in SLE.2,9,10 Low vitamin D level is a

risk factor for low BMD in the general population.11 No previous
study has explored the relationship between initial versus mean

serum vitamin D levels and low BMD in SLE.
In this study, we evaluated the association between SLE dis-

ease activity, prednisone, 25-hydroxyvitamin D (25[OH]D) level
(initial and over time), and other risk factors with bone density loss

and osteoporosis in the Hopkins Lupus Cohort.

PATIENTS AND METHODS

Study design. The Hopkins Lupus Cohort includes
patients with confirmed SLE classification based on the Sys-
temic Lupus International Collaborating Clinics (SLICC) 2012

classification criteria12 who are living in the Baltimore (Maryland,
United States) area. Patient race and ethnicity was self-reported,
using a fixed set of categories using NIH terminology. The cohort
was approved by the Johns Hopkins University School of
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Medicine institutional review boards (PRN number

NA_00039294). Patients’ rights, safety, and well-being were

protected based on the principles of the Declaration of Helsinki.

All patients gave written informed consent. The participants’
health and private data were kept confidential. Patients in the

cohort were seen at quarterly clinic visits, which included mea-

sures of serum 25(OH)D levels since 2009. BMD was measured

periodically using dual x-ray absorptiometry (DXA) scans done

for clinical care.

Inclusion and exclusion criteria. Patients aged 40 years
or older were included. Patients were excluded if there were no
25(OH)D level or bone density scan results.

Patient population. Of the 2,860 patients in our cohort at
the time of this analysis, there were 3,007 DXA measures from
1,003 different patients. In total, 320 patients had a single mea-
sure, 451 had two to four measures, and 232 had five or more.
BMD measures were made due to clinical indications.

Measurements.Wemeasured 25(OH)D levels by chemilu-
minescence immunoassay. We used the spine T scores in the
DXA scans (Hologic Horizon DXA System) for BMD. T scores
were calculated by comparing the BMD result with the BMD
results from healthy 25- to 35-year-old adults of the same sex
and ethnicity. Osteoporosis was defined as a T score ≤ −2.5.

Statistical analysis. For each BMD measure of each
patient, we defined potential time-varying predictors based on
measurements from cohort visits preceding that BMD assess-
ment. For example, for 25(OH)D, we considered two possible
predictors: the average 25(OH)D levels in all previous cohort visits
and the 25(OH)D level measured at the first cohort visit. We com-
pared predictor groups with respect to the mean spine T score
and the proportion of patients with a T score ≤ −2.5. The statisti-
cal significance of observed differences was quantified using
P values based on a generalized estimating equation (GEE) model
that accounts for correlation between repeated measures on the

same patient. Multivariate logistic regression based on GEE was
used to estimate the association between predictors and osteo-
porosis adjusting for age, prednisone dose, race, BMI, and history
of low complement.

RESULTS

There were 918 female and 85 male patients. There were
377 Black patients, 564 White patients, and 62 patients of other
races (29 East Asian patients, 33 not specified). A total of 92.6%
had a high school diploma or a higher degree. The mean age at
the diagnosis of SLE was 38.0 years. A total of 37.6% were past
smokers, 6.0% had a prior alcohol abuse history, and 5.2% had
a prior illicit drug use history. Regarding the SLICC classification
criteria, 45.2% had acute cutaneous lupus, 19.9% had discoid
lupus, 53.4% had photosensitivity, 56.7% had oral or nasal
ulcers, 76.5% had arthritis, 97.1% had antinuclear antibody,
48.2% had serositis, 9.9% had neurologic involvement, 70.2%
had hematologic involvement, and 98.4% had immunologic
involvement.

Table 1 shows the mean lumbar spine T scores and the prev-
alence of osteoporosis in different patient subgroups. Older age,
lower BMI, mean Safety of Estrogens in Lupus Erythematosus
National Assessment–Systemic Lupus Erythematosus Disease
Activity Index (SELENA-SLEDAI) of >2 (including serologies),
higher mean daily prednisone dose, and prior low C3 or C4 levels
predicted osteoporosis in the univariate analysis. Older age, lower
BMI, mean 25(OH)D levels, mean daily prednisone dose, and
prior low C3 (but not low C4) levels predicted lower spine T scores
in the univariate analysis. Cumulative dose of prednisone was also
a predictor of osteoporosis (P = 0.0019) and comparable to mean
prednisone dose as a predictor (data not shown).

Table 2 shows the multivariate analysis for osteoporosis in
different subgroups, controlling for age, race, BMI, prednisone,
and history of low complement. Older age, Black race, low BMI,
mean 25(OH)D levels, and mean prednisone dose >5 mg/day
were independent predictors of osteoporosis. A mean predni-
sone dose of less than 5 mg/day was still associated with 1.35
times higher risk of osteoporosis, although the association did
not reach statistical significance.

We examined other factors in the univariate and multivariate
models. The association with menopause status could not be
assessed with precision due to the fact that only a small percent-
age (5%) of the BMD measures were made in premenopausal
women, and this was highly correlated with age. Osteoporosis
and mean T score were not associated with calcium and/or vita-
min D supplementation, which we recorded from 2009 onwards.
We use bisphosphonates routinely for osteoporosis but could
not analyze as we did not collect data on the start date. Hip oste-
oporosis was less common than lumbar spine and increased with
higher prednisone doses, but not significantly.

SIGNIFICANCE & INNOVATIONS
• Osteoporosis in systemic lupus erythematosus is

driven by glucocorticoids. However, the role of glu-
cocorticoids and other risk factors such as vitamin
D on bone mineral density is not understood.

• This study is the first to look at multiple ways to
measure glucocorticoid therapy and the first to look
at longitudinal measures of 25-hydroxyvitamin D.

• Any mean prednisone dose of 5 mg or higher
increased the risk of osteoporosis significantly.

• Bone mineral density improves with glucocorticoid
taper.
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Table 1. Univariate analysis: prevalence of osteoporosis and mean T score in patient subgroups*

Predictor DXA measures, n
Osteoporosis,

n (%) P valuea
T score,

mean (SD) P valuea

Age, y 0.0001 <0.0001
40–49 1,080 83 (8) −0.56 (1.32)
50–59 1,049 109 (10) −0.85 (1.34)
60–69 677 106 (16) −0.92 (1.54)
70+ 201 31 (15) −0.72 (1.71)

Sex 0.3600 0.3600
Female 2,786 308 (11) −0.77 (1.40)
Male 221 21 (10) −0.60 (1.63)

Race 0.1400 0.3300
Black patients 1,116 132 (12) −0.67 (1.52)
White patients 1,722 166 (10) −0.78 (1.34)
Other 169 31 (18) −1.09 (1.37)

Body mass index 0.0001 <0.0001
<18 76 17 (22) −1.67 (1.18)
18–25 1,056 177 (17) −1.18 (1.29)
25–30 885 79 (9) −0.65 (1.39)
30–35 538 35 (7) −0.30 (1.47)
25+ 430 16 (4) −0.26 (1.34)

Mean SELENA-SLEDAIb 0.0028 0.3100
<2 1,428 118 (8) −0.70 (1.39)
2–4 929 132 (14) −0.83 (1.48)
4+ 404 57 (14) −0.84 (1.40)

Mean clinical SELENA-SLEDAIb 0.3400 0.7500
<2 2,061 218 (11) −0.78 (1.41)
2–4 622 81 (13) −0.75 (1.46)
4+ 78 8 (10) −0.49 (1.47)

Mean 25 (OH)D, ng/mLb 0.7000 0.0025
<20 91 16 (18) −0.76 (1.77)
20–30 273 28 (10) −0.61 (1.42)
30–40 531 52 (10) −0.65 (1.42)
40–50 648 67 (10) −0.67 (1.47)
50+ 410 53 (13) −0.99 (1.39)

First 25 (OH)D, ng/mL 0.1200 0.0890
<20 463 60 (13) −0.70 (1.50)
20–30 455 45 (10) −0.69 (1.42)
30–40 540 47 (9) −0.60 (1.44)
40–50 321 42 (13) −0.99 (1.41)
50+ 174 22 (13) −0.83 (1.51)

Mean prednisone dose, mg/dayb 0.0006 <0.0001
None 875 58 (7) −0.52 (1.36)
<5 902 87 (10) −0.78 (1.38)
5–10 657 101 (15) −0.89 (1.52)
10+ 329 62 (19) −1.10 (1.41)

Prior anti-dsDNAc 0.2200 0.5200
N 1,339 142 (11) −0.75 (1.38)
Y 1,423 166 (12) −0.77 (1.47)

Prior low C3c 0.0290 0.0097
N 1,431 125 (9) −0.59 (1.45)
Y 1,331 182 (14) −0.94 (1.37)

Prior low C4c 0.0096 0.3500
N 1,657 158 (10) −0.72 (1.43)
Y 1,105 149 (13) −0.83 (1.41)

* 25(OH)D, 25-hydroxyvitamin D; BMD, bone mineral density; dsDNA, double-stranded DNA; DXA, dual x-ray absorptiometry; GEE, generalized
estimating equation; SELENA-SLEDAI, Safety of Estrogens in Lupus Erythematosus National Assessment–Systemic Lupus Erythematosus Dis-
ease Activity Index.
a P values based on GEE to account for repeated observations on the same person.
b Mean SELENA-SLEDAI, 25(OH)D level, and prednisone dose were defined as the mean from all cohort visits before the visit at which BMDwas
measured. Clinical SELENA-SLEDAI means that C3, C4, and anti-dsDNA are omitted from the calculation of the SELENA-SLEDAI.
c Prior anti-dsDNA, prior low C3, and prior low C4 were defined as the occurrence at any cohort visit before the visit at which BMD was
measured.
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Table 3 addresses the question of whether reducing predni-
sone use led to an improvement in BMD. We classified patients
based on their mean prednisone use in the year before the BMD
measurement and before that as well. We found that those who
had a history of prednisone use and discontinued their predni-
sone within one year before the next BMD measurement had a
lower risk of osteoporosis (P = 0.095) and a higher mean BMD
(P = 0.038) than those who did not discontinue. However, the risk
was not as low as those who never took prednisone in the past.

DISCUSSION

Our study confirmed the general population findings that age
increases osteoporosis, and higher BMI is protective. The SLE
specific risk factors found were prednisone >5 mg/day and low
initial and mean 25(OH)D levels. Finally, reduction in prednisone
appeared to reduce the risk of osteoporosis at the next BMD
measurement.

There was a dose-response for prednisone dose and osteo-
porosis in our multivariate model. EULAR updated its 2019 rec-
ommendations for the management of SLE in 2023 and lowered
the target maintenance prednisone dose from 7.5 to 5 mg/day
or lower.13 We also, however, found an increased risk among
those with a mean prednisone dose of less than 5 mg/day
(although not statistically significant). As osteoporotic fractures
are one of the most common items found in the SLICC/American
College of Rheumatology (ACR) Damage Index,14 reduction in
prednisone use remains the most important modifiable risk factor
for osteoporosis. Encouragingly (Table 3), reduction in prednisone
use appeared to lead to improvement at the next BMD measure-
ment, indicating that bone loss in SLE is partially reversible. Stud-
ies on Cushing syndrome after treatment also showed
improvement in BMD, including improvement after many
years,15,16 emphasizing the potential reversibility of
glucocorticoid-induced bone loss.

Vitamin D is a sterol hormone (rather than a vitamin) with mul-
tiple metabolic effects. Vitamin D insufficiency and deficiency are
extremely common in SLE. In our past analysis, 25(OH)D supple-
mentation helped proteinuria, but the benefit plateaued at a
25(OH)D level of 40 ng/mL.15

We found an association between osteoporosis risk and SLE
disease activity in the univariate analysis only. Past studies did not
find such an association with SLE disease activity.10,17,18 This
association appeared to be explained by the immunologic com-
ponents of SELENA-SLEDAI, because when they were removed
to create “clinical SLEDAI,” the association disappeared
(Table 1). When we adjusted for prednisone, the relationship
between the immunologic components (low complement and
anti–double-stranded DNA) and osteoporosis risk were not signif-
icant, suggesting that the association observed in the univariate
analyses between low complement and osteoporosis was due
to confounding by prednisone use. One study previously reported

Table 2. Multivariate analysis: odds ratios for osteoporosis in differ-
ent subgroups controlling for potential confounding variables*

Predictor

Adjusted
odds ratio
(95% CI)a

Adjusted
P valuesa

Age, y
40–49 1.00 (ref group) –

50–59 2.02 (1.50, 2.73) <0.0001
60–69 2.61 (1.80, 3.76) <0.0001
70+ 2.45 (1.53, 3.91) 0.0002

Sex
Female 1.00 (ref group) –

Male 0.64 (0.30, 1.36) 0.2400
Race
Black patients 1.53 (1.02, 2.30) 0.0390
White patients 1.00 (ref group) –

Other 1.63 (0.75, 3.55) 0.2100
Body mass index
<18 1.30 (0.75, 2.26) 0.3500
18–25 1.00 (ref group) –

25–30 0.62 (0.48, 0.82) 0.0006
30–35 0.48 (0.33, 0.71) 0.0003
35+ 0.32 (0.20, 0.53) <0.0001

Mean clinical SELENA-SLEDAIb

<2 1.00 (ref group) –

2–4 1.14 (0.77, 1.69) 0.5200
4+ 1.18 (0.61, 2.27) 0.6300

Mean 25 (OH)D level, ng/mLb

<20 1.00 (ref group) –

20–30 0.58 (0.34, 1.00) 0.0510
30–40 0.57 (0.31, 1.05) 0.0690
40–50 0.46 (0.25, 0.87) 0.0160
50+ 0.54 (0.27, 1.11) 0.0930

First 25 (OH)D level, ng/mL
<20 1.00 (ref group) –

20–30 0.62 (0.34, 1.13) 0.1200
30–40 0.52 (0.29, 0.93) 0.0290
40–50 0.77 (0.40, 1.47) 0.4300
50+ 0.67 (0.31, 1.46) 0.3100

Mean prednisone dose, mg/dayb

None 1.00 (ref group) –

<5 1.35 (0.84, 2.17) 0.2100
5–10 2.04 (1.25, 3.31) 0.0041
10+ 2.60 (1.56, 4.34) 0.0002

Prior anti-dsDNAc

N 1.00 (ref group) –

Y 0.86 (0.61, 1.22) 0.4100
Prior low C3c

N 1.00 (ref group) –

Y 0.97 (0.68, 1.38) 0.8600
Prior low C4c

N 1.00 (ref group) –

Y 1.25 (0.85, 1.84) 0.2500

* 25(OH)D, 25-hydroxyvitamin D; BMD, bone mineral density; CI,
confidence interval; dsDNA, double-stranded DNA; GEE, generalized
estimating equation; SELENA-SLEDAI, Safety of Estrogens in Lupus
Erythematosus National Assessment–Systemic Lupus Erythemato-
sus Disease Activity Index.
a Adjusted for age, race, body mass index, prednisone dose, low C3,
and low C4 using a GEE logistic regression.
b Mean clinical SELENA-SLEDAI, 25(OH)D level, and prednisone dose
were defined as the mean from all cohort visits before the visit at
which BMDwasmeasured. The clinical SLEDAI removes low comple-
ment and anti-DNA points.
c Prior anti-dsDNA, prior low C3, and prior low C4 were defined as
the occurrence at any cohort visit before the visit at which BMD
was measured.
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that lower complement levels were associated with osteoporosis.9 In
contrast, another study reported higher C3 levels in patients with
SLE with low BMD.19 Our previous 1995 study (with less follow up
and smaller number of patients) showed lowC4was associated with
low BMD.20 However, C3-lacking mice had higher BMD.21 We now
conclude that SLE disease activity and low complement levels are
not associated with osteoporosis in SLE.

In our cohort, patients with SLE with low 25(OH)D levels are
advised to start either daily 2,000 IU or weekly 50,000 IU. Thus
the “mean” levels in our study reflect supplementation (although
adherence remains an issue).

The role of vitamin D supplementation in the primary preven-
tion of low BMD and fractures in the general population, however,
remains controversial. A clinical trial in 2004 reported that vitamin
D and calcium supplementation reduced osteoporotic fractures
in community-dwelling elderly people with known vitamin D defi-
ciency.22 A meta-analysis in 2016 reported the use of calcium
plus vitamin D supplements produced a statistically significant
15% reduced risk of total fractures and a 30% reduced risk of
hip fractures in both community-dwelling and institutionalized
middle-aged to older adults.23 However, two more recent meta-
analyses found the use of supplementation with calcium,
vitamin D, or both was not associated with a significant difference
in the risk of fractures in community-dwelling older adults without
known vitamin D deficiency, osteoporosis, or prior fracture.24,25

These studies do not generalize well though to SLE, as patients
with SLE are generally younger and vitamin D insufficiency and
deficiency are almost universal in SLE.26,27

Regarding the primary prevention of fractures, the
United States Preventive Services Task Force in 2018 recom-
mended against daily supplementation with 400 IU or less of vita-
min D and 1,000 mg or less of calcium in community-dwelling
postmenopausal women. The task force concluded that the cur-
rent evidence was insufficient to assess the balance of the bene-
fits and harms of vitamin D and calcium supplementation, alone
or combined, in men and premenopausal women.28 A more
recent randomized clinical trial in 2020 reported that in healthy
vitamin D–sufficient individuals aged 55 to 70 years, treatment

with high-dose vitamin D compared to low-dose vitamin D
resulted in volumetric BMD loss in women but not in men.29

The strength of this study is the large number of patients with
SLE followed in one center with the recording of multiple known
risk factors for osteoporosis longitudinally. However, there are
unavoidable limitations. Patients under 40 years were excluded.
BMDmeasurements were done for clinical care and not by proto-
col. Thus, the prevalence of osteoporosis reported in this study
applies to those with a clinical indication for a BMD and not to
the general SLE population. The cohort is primarily composed of
Black and White patients, so the results are not generalizable to
other races. Although confounding by indication is always a pos-
sibility, the relationship between disease activity and BMD was
very small after adjusting for prednisone dose and other variables
in the multivariate model. Also, the relationship between predni-
sone dose and BMD persisted after adjustments in the multivari-
ate models and has been seen by other researchers, so we
believe it is real.

We recommend avoiding prednisone use at any level in SLE
to reduce the risk of bone loss and osteoporosis. For the first
time, the complex relationship of 25(OH)D with BMD has been
elucidated. Optimal 25(OH)D levels should be at 40 to 50 ng/mL
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Sarilumab in Polyarticular-Course Juvenile Idiopathic
Arthritis: Dose-Finding and 1-Year Analysis of a Phase 2b,
Open-Label, Multicenter Study
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Objective. This study assessed sarilumab in treating patients with polyarticular-course juvenile idiopathic arthritis
(pcJIA).

Methods. This phase 2b, open-label study (NCT02776735) consisted of three sequential parts (each with a
core-treatment and extension phase). During part 1, three doses were assessed in two weight groups (group A/B:
≥30–60 kg/≥10 to <30 kg) to select the optimal dose with regard to pharmacokinetics, safety and efficacy were evaluated
in latter parts. During the extension phase of part 1, patients initially assigned to the selected optimal dose continued on this
dose; the remaining patients were switched to this selected dose. Patients in parts 2 and 3 received the selected dose from
baseline. The primary endpoint was pharmacokinetic exposure (area under the serum concentration versus time curve dur-
ing a dose interval Շ of 2 weeks [AUC0–Շ], maximum serum concentration observed [Cmax], and concentrations observed
before treatment administration during repeated dosing [Ctrough]). Safety and efficacy were assessed.

Results. Themean age of treated patients (N = 101; 76.2% female) was 9.4 years. Of the evaluated doses in part 1, dose
2 (group A/B: 3.0/4.0mg/kg every 2weeks [q2w]) was selected. In patients receiving the selected dose frombaseline (n = 73),
Cmax, AUC0–14 days and Ctrough at steady state in group A/B were 27.1/40.4 mg/L, 276/395-day*mg/L, and 9.57/14.4 mg/L,
respectively. At week 48, the JIA–American College of Rheumatology 30%, 50%, 70%, and 90% improvement criteria rates
were 100%, 100%, 93.8%, and 76.6%, respectively. Adverse events were reported in 70 of 73 patients (95.9%). Twenty-
seven patients (37%) experienced grade 3/4 neutropenia; there were no associated infections. No deaths occurred.

Conclusion. In patients with pcJIA receiving the selected dose from baseline, pharmacokinetic exposure was com-
parable to a dose of 200 mg q2w for adults with rheumatoid arthritis. Clinically relevant improvements were observed in
disease activity, with safety being consistent with the known profile of sarilumab.

INTRODUCTION

Juvenile idiopathic arthritis (JIA) includes all arthritis with

onset before age 16 years and persistence for at least 6 weeks

in the absence of any defined cause.1 JIA includes seven sub-

types defined by the International League of Associations for

Rheumatology (ILAR). It is the most common childhood rheu-

matic disease with an estimated global prevalence and incidence
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ranging from 3.8 to 400/100,000 and 1.6 to 23/100,000, respec-

tively.2–5

Polyarticular-course JIA (pcJIA) is an umbrella term that
includes rheumatoid factor (RF)–positive polyarticular JIA
(pJIA), RF-negative pJIA, and extended oligoarticular JIA
(eoJIA). Patients with pcJIA are at great risk of disability.6 Con-
ventional synthetic disease-modifying antirheumatic drugs
(csDMARDs) are used as a first-line therapy for pcJIA. Per the
2019 American College of Rheumatology (ACR) guidelines,
biologic DMARDs (bDMARDs) may be added to csDMARDs if
treatment response is insufficient. The guidelines also recom-
mend bDMARDs as the initial therapy in patients with high-risk
factors that include involvement of a high-risk joint (eg, cervical
spine, wrist, and hip) or high disease activity and/or those
judged by their physician to be at significant risk of joint dam-
age.7 However, a recent real-world analysis (predominantly
included patients with pcJIA) demonstrated that despite multi-
ple approved treatments, 45% to 52% of patients had chroni-
cally uncontrolled disease despite treatment with bDMARDs.8

This highlights an unmet clinical need in this population for
newer treatment options to meet treatment goals of remission
(ie, absence of disease activity) or, at least, of rapid and effec-
tive reduction in disease activity.9

Elevated levels of interleukin-6 (IL-6), a pleiotropic cytokine
involved in chronic inflammation, have been reported in the serum
and synovial fluid of patients with pcJIA, correlating with disease
activity and degree of disability.10–14 Sarilumab, a human mono-
clonal antibody, blocks the binding of IL-6 to both membrane-
bound and soluble IL-6 receptor α (sIL-6Rα). It is approved for
treating adult patients with moderately to severely active rheuma-
toid arthritis (RA),15 adult patients with polymyalgia rheumatica,15

and pediatric patients with active pJIA.15,16 Targeting IL-6 with

tocilizumab (a humanized monoclonal antibody to the IL-6R) has
shown to be effective in patients with pcJIA.17–20

This open-label study (NCT02776735) investigated sarilu-
mab as a treatment for pcJIA in children and adolescents aged
2 to 17 years. The core-treatment phase of dose-finding (part 1)
aimed to identify the optimal sarilumab dose regimen (ie, dose);
parts 2 and 3 further evaluate pharmacokinetics (PK), pharmaco-
dynamics (PD), efficacy, and safety of the selected sarilumab
dose in a larger patient group. Herein, we present results from
the core-treatment phase of part 1 and the 1-year analysis (after
last patient enrollment) of the selected dose in patients across all
three parts of the study.

METHODS

Study design

This multicenter, phase 2b, open-label study was conducted
across 15 countries and divided into three sequential parts. Each
part included an initial 12-week core-treatment phase followed by
an extension phase (Supplementary Figure S1A). To minimize
exposure to ineffective doses, only patients who achieved at least
a JIA-ACR 30% improvement criteria rate (JIA-ACR 30) response
at week 12 were allowed to enter the extension phase in parts
1 and 2. However, as all patients achieved a JIA-ACR 30 response
in the core-treatment phase of parts 1 and 2, this criterion was
removed for part 3. The duration of the extension phase
was 144 weeks for parts 1 and 2 and 84 weeks for part 3.

The clearance of monoclonal antibodies increases in a non-
linear manner relative to increasing body weight.21 Therefore,
given the range of body weights and ages in the pcJIA population,
weight-adjusted dosages were considered in two groups (group
A/B: ≥30–60 kg/≥10 to <30 kg). In part 1, three subcutaneous
doses were evaluated per body weight group for a total of six
planned patients per dose and weight group. Doses 1, 2, and
3 were proposed using PK modeling and simulation (Xu C,
Zhang M, Liu Y, et al; unpublished observations)22 to provide sim-
ilar PK exposure to the doses of 150 mg every 2 weeks (q2w),
200 mg q2w, and 150 mg every week (qw), respectively,
observed for adults with RA.23 Patients in groups A/B received
2.0/2.5 mg/kg q2w (dose 1), or 3.0/4.0 mg/kg q2w (dose 2), or
2.0/2.5 mg/kg qw (dose 3). Dose escalation was conducted step-
wise, starting with the lowest dose in the higher-weight group
(group A). Initiation of group B was permitted after data review of
at least three patients enrolled with the same dose in group A after
at least 6 weeks of treatment (Supplementary Figure S1B). Esca-
lation to higher doses within each weight group was permitted fol-
lowing a review of safety, efficacy, PK, and PD data, once the first
three patients enrolled in the current weight and dose group had
completed 6 weeks of treatment. Enrollment in dose 3 in group
B was permitted after data review from all other weight and dose
groups. Dose-escalation decisions were made by the

SIGNIFICANCE & INNOVATIONS
• The 1-year results of this phase 2b study indicate

that sarilumab, an interleukin-6 (IL-6) receptor
inhibitor, administered at doses of 3.0 mg/kg every
2 weeks (q2w) and 4.0 mg/kg q2w for patients with
polyarticular-course juvenile idiopathic arthritis
(pcJIA) weighing at least 30 kg and at least 10 kg to
less than 30 kg, respectively, yielded exposures that
were comparable to the approved dose (200 mg
q2w) of sarilumab in adult patients with rheumatoid
arthritis (RA).

• There was a rapid and clinically relevant improve-
ment in the signs and symptoms of pcJIA among
patients as early as week 2 after initiation of sarilu-
mab treatment, which was sustained until week 48.

• The safety profile of sarilumab observed in this
study was consistent with its known profile in adult
patients with RA and was similar to that of IL-6 inhi-
bition in children and adults.
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dose-escalation committee (DEC; made up of sponsors’ repre-
sentatives [experts in the field of medicine, pharmacovigilance,
PK, and biostatistics] and the principal investigator). Safety was
monitored throughout the study by an independent data-
monitoring committee (DMC). After the 12-week core phase,
patients in parts 1 and 2, who had a JIA-ACR 30 response at
week 12 entered the 144-week extension phase, and patients in
part 3 entered the 84-week extension phase. Based on health
authority recommendations, additional patients at the selected
dose were enrolled in parts 2 and 3 of the core-treatment phase
to provide sufficient precision PK/PD parameters, PK-PD relation-
ship assessments (part 2), and descriptive safety and efficacy
analysis (part 3).

The study was conducted in accordance with consensus
ethics principles including the Declaration of Helsinki and the
International Council for Harmonization of Technical Require-
ments for Pharmaceuticals for Human Use guidelines for Good
Clinical Practice and all applicable laws, rules, and regulations.
The study was approved by an independent ethics committee or
institutional review board at each trial site (Supplementary
Table S2).

Patients

Eligible patients were aged 2 to 17 years with a diagnosis of
RF-positive or RF-negative pJIA or eoJIA per the ILAR criteria1

with at least five active joints per ACR definition for “active arthri-
tis” (swelling within joint not because of deformity or limitation of
motion with pain or tenderness). Patients had to be inadequate
responders to current treatment and considered candidates for
bDMARDs per the investigators’ judgment. Written informed con-
sent was obtained from all patients/guardians, based on local
regulation and guidelines.

Key exclusion criteria included prior treatment with an anti–
IL-6/IL-6R antagonist, JAK inhibitor (within 4 weeks) or other bio-
logics (within five half-lives) of first sarilumab dose, and use of par-
enteral/intra-articular glucocorticoid (GC) injection within 4 weeks
before study baseline. Patients receiving nonsteroidal anti-
inflammatory drugs, oral GCs, or csDMARD treatment were to
be on a stable dose before entering the study (Supplementary
Table S3).

Study endpoints

The primary endpoint was sarilumab PK exposure (maximum
serum concentration [Cmax] and area under serum concentration
vs time curve [AUC0–Շ]) following the first dose and serum con-
centration observed before treatment administration during
repeated dosing (Ctrough) from baseline to week 12. Secondary
endpoints included PD, including serum concentration of high-
sensitivity C-reactive protein (hs-CRP), IL-6, and sIL-6Rα; effi-
cacy; and safety. Efficacy was determined by the proportion of

patients achieving, at week 12, a JIA-ACR 30%, 50%, 70%, or
90% improvement criteria rates (JIA-ACR 30/50/70/90)
response; change from baseline in JIA-ACR components; and
change from baseline in juvenile arthritis disease activity score
with 27-joint count (JADAS-27) with hs-CRP.

To provide corroboratory evidence of the treatment effects,
more recent efficacy assessments and definitions of inactive dis-
ease for pcJIA from the 2019 ACR guidelines7 were included
before database lock: change in JADAS 10-joint count hs-CRP;
clinical JADAS-27 (cJADAS-27); cJADAS-10 at weeks 6, 12,
24, and 48; and the proportion of patients with no active joints,
JADAS-10 inactive disease (JADAS-10 ≤ 2.7), clinical inactive dis-
ease (CID) per 2004 Wallace criteria (defined as the absence of
active joints and, of active uveitis, with a CRP level < 10 mg/L
and no disease activity as per the physician’s global assessment),
or CID per Wallace criteria without systemic GC use and clinical
remission (inactive disease per Wallace criteria for 6 consecutive
months prior to the assessment visits) at week 48. Subgroup
analysis was performed for JIA-ACR70 and cJADAS inactive dis-
ease activity (cJADAS-10 ≤ 2.5) at week 48 in patients receiving
the selected dose from baseline with different JIA subtypes,
with/without prior bDMARDs, and concomitant csDMARD use
at baseline.

Statistical analysis

In the core-treatment phase of part 1, six patients per dose
and weight group for a total of 36 patients were planned to be
enrolled. No formal power/sample size calculations were per-
formed for this assessment. However, this sample size was con-
sidered achievable and sufficient to describe PK and safety
parameters. In part 2, an additional 12 patients per weight group
were planned to enroll to achieve a total of 18 patients per weight
group at the selected dose for sufficient precision to estimate PK
parameters with the 95% confidence interval (CI) within 60% to
140% of the geometric mean. Considering a 15% dropout rate
in the core-treatment phase, approximately 30 patients were
planned for enrollment to the selected dose in part 2 to achieve
a total of 60 patients in parts 1 and 2, including 36 patients at
the selected dose. Approximately 28 patients were planned for
enrollment to the selected dose in part 3 to achieve a total of
100 treated patients for the entire study, as recommended by
the health authority.

A population PK (PopPK) model of pooled data was devel-
oped to describe the PK profile of sarilumab. Descriptive statistics
for the first dose, week 12, and steady state exposures of inter-
ests (eg, Ctrough, Cmax, and AUCτ) was reported by dose regimen
and by different covariate categories. Descriptive statistics were
also used to summarize PD and safety data. For efficacy end-
points, data for participants who achieved a JIA-ACR
30/50/70/90/100 response for each dose, overall, and by body
weight group were summarized by visit using counts,
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proportions, and 95% CIs. Efficacy endpoints up to 1 year were
analyzed using a “data as observed while on treatment
approach” (no imputation of missing data). Additionally, during
the 12-week core-treatment phase, JIA-ACR responses were
analyzed using two additional approaches for handling treatment
discontinuations and missing data (nonresponder imputation
and last observation carried forward). Overall score and change
from baseline in JADAS-27, JADAS-10, cJADAS-27, and
cJADAS-10 were summarized by visit (including number, mean,
SE, SD, median, minimum, and maximum) for each dose and
body weight group. Statistical analysis was performed using
SAS version 9.0 or later (SAS Institute Inc).

Data availability

Qualified researchers may request access to patient-level
data and related study documents, including the clinical study
report, study protocol with any amendments, blank case report
form, statistical analysis plan, and dataset specifications.
Patient-level data will be anonymized, and study documents will
be redacted to protect the privacy of the trial participants. Further
details on Sanofi’s data-sharing criteria, eligible studies, and pro-
cess for requesting access can be found at https://www.vivli.
org/.

RESULTS

Patients

Of the 102 patients enrolled in all parts of the study,
101 received sarilumab and 86 patients completed at least
52 weeks of treatment (Figure 1). The overall median treatment
duration was 1,078 days with a cumulative treatment exposure
of 214.4 patient-years (PY) (Supplementary Table S4).

Most treated patients were female (76.2%) and had RF-
negative pJIA (66.3%) with a mean age of 9.4 years (Table 1). At
baseline, patients had high disease activity, with a mean
cJADAS-10 score of 19.7, a mean active joint count of 15.8,
and a mean hs-CRP level of 12.2 mg/L. Overall, at baseline,
85.1% and 19.8% patients were receiving csDMARDs and sys-
temic GCs, respectively; 22.8% patients had received prior
bDMARDs.

Core-treatment phase of part 1

In part 1, 42 patients were enrolled and 34 completed the
12-week core-treatment phase. PK evaluation of all three doses
demonstrated nonlinear PK with target-mediated drug disposition
of sarilumab. Sarilumab PK exposure in patients who received
doses 1, 2, and 3 was comparable to the sarilumab doses of
150 mg q2w, 200 mg q2w, and 150 mg qw, respectively, for
adult patients with RA; PK exposure was comparable between

weight groups for all three doses. A decrease in mean hs-CRP
concentration and an increase in mean sIL-6Rα concentration
were greater with doses 2 and 3 than with dose 1 (Supplementary
Figure S2). All three doses proved efficacious for decreasing signs
and symptoms (as assessed by JIA-ACR 30 response) and dis-
ease activity (as assessed by JADAS-27 CRP) in both weight
groups, with no dose cohort prematurely stopped because of a
lack of efficacy. However, JIA-ACR responses were achieved less
rapidly with dose 1 compared with doses 2 and 3 (Supplementary
Figure S3). This was also evident when missing data were han-
dled with a nonresponder imputation approach or with last obser-
vation carried forward (Supplementary Table S5). The incidence
of adverse events (AEs) was comparable among all doses; how-
ever, protocol-specified extensive hematology monitoring identi-
fied a higher incidence of grade 3/4 neutropenia (absolute
neutrophil count [ANC] < 1,000/mm3) with dose 3 (Supplementary
Table S6). None of these events were associated with infections
or severe infections and all resolved within a few days. Hence,
based on the totality of PK, PD, safety, and efficacy results of the
core-treatment phase of part 1, dose 2 (thereafter designated as
the selected dose) was selected for further evaluation. Following
the selection of this dose, 20 patients who had been receiving
doses 1 or 3 during the core-treatment phase of part 1 had their
dose adjusted to the selected dose. Of 14 patients who received
the selected dose in the core-treatment phase of part
1, 13 patients continued the selected dose during the extension
phase. In the subsequent parts 2 and 3, 31 and 28 patients were
treated with the selected dose, respectively. Hence, 73 patients
were treated with the selected dose from baseline, and
93 patients had any exposure to the selected dose during the
study. Eight patients discontinued treatment before the dose
adjustment (Figure 1).

One-year analysis

PK. PK evaluation in patients on the selected dose from
baseline up to week 48 demonstrated comparable PK exposure
of sarilumab in both weight groups. The observed Ctrough in
patients on the selected dose was 2.24 mg/L to 3.10 mg/L at
week 2 (after the first dose), 7.49 mg/L to 9.47 mg/L at week
12 (after completion of the core-treatment phase), and 11.6
mg/L to 4.2 mg/L at week 48. PK parameters of sarilumab esti-
mated from the PopPK model after the first dose and at the
steady state are provided in Table 2. Cmax, AUC0–14 days and
Ctrough at the steady state in group A/B was 27.1/40.4 mg/L,
276/395-day*mg/L, and 9.57/14.4 mg/L, respectively. Based on
the PopPK model, in patients who received the selected dose
from baseline, the accumulation ratios were approximately two-
to four-fold as compared with the first dose for Ctrough, Cmax,
and AUC0–14 days, respectively. In patients who had their dose
adjusted to the selected dose, the observed Ctrough reached
levels comparable with those seen in patients originally assigned
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to the selected dose after 12 weeks from the time of dose adjust-
ment (data not shown).

PD. Median hs-CRP concentrations in patients on the
selected dose from baseline decreased in both weight groups
from week 2 onward and remained at a low concentration level
(<2 mg/L) through week 48 (Supplementary Figure S4A). Median
IL-6 and mean sIL-6Rα concentration increased from baseline to
week 12 (Supplementary Figure S4B and C).

Efficacy. JIA-ACR responses (as observed while on treat-
ment) in patients on the selected dose from baseline improved
from week 2 onward (Figure 2A). JIA-ACR 30/50/70/90 response
rates were observed in 100.0%/95.6%/80.9%/45.6% of the
patients at week 12, respectively. JIA-ACR response rates contin-
ued to improve until week 48 with 100%/100%/93.8%/76.6%
patients achieving JIA-ACR 30/50/70/90 response, respectively.
Consistent with JIA-ACR responses, all JIA-ACR components
(joints with active arthritis, joints with limited motion, physician
and patient global visual analog scale, Childhood Health Assess-
ment Questionnaire Disability Index, and hs-CRP) improved from
week 2 onward (Supplementary Table S7). A decrease in disease
activity as measured by JADAS-27 CRP was also observed from

week 2 onward. Mean change in the JADAS-27 CRP score
from baseline was −17.46 at week 12 and −20.75 at week
48 (Supplementary Figure S5). A decrease in the mean (SE) of
cJADAS-27 CRP and cJADAS-10 was observed from baseline
through week 48 (Figure 2B). Similar findings were observed for
mean change in JADAS-10 CRP, cJADAS-10, and cJADAS-27
scores from baseline and mean JADAS-27 CRP and JADAS-10
scores (Figure 2C; Supplementary Figure S5A and B). At week
48, 60.9% and 51.6% patients on the selected dose from base-
line achieved CID (per Wallace criteria) with no GC use and clinical
remission, respectively (Figure 2D).

No differences were found in efficacy (JIA-ACR 70 and cJADAS
≤ 2.5) at week 48 following sarilumab treatment between patients
with and without RF-positive JIA. Patients who had previously failed
a bDMARD showed efficacy (JIA-ACR 70 and cJADAS ≤ 2.5) com-
parable to that of those who had not. Further, the use of csDMARDs
did not appear to have an impact on the efficacy results, JIA-ACR
70, and cJADAS inactive disease (cJADAS-10 ≤ 2.5) (Figure 3).

Safety. Among 73 patients receiving the selected dose from
baseline, 70 patients (95.9%) experienced at least one AE
(Table 3). No deaths occurred during the study. The most fre-
quently observed AEs were infections and neutropenia. The most

Figure 1. Patient disposition. Group A’s weight group was at least 30 kg to 60 kg for patients enrolled in part 1 and at least 30 kg for patients
enrolled in parts 2 and 3; Group B’s weight group was 10 to less than 30 kg for all three parts. Dose 1 was 2.0 mg/kg every 2 weeks for the
patients of group A and 2.5 mg/kg every 2 weeks for the patients of group B during the core-treatment phase of part 1; the patients were then
switched to receive the selected dose 2. Dose 2 was 3.0 mg/kg every 2 weeks for the patients of group A and 4.0 mg/kg every 2 weeks for the
patients of group B throughout the study period. Dose 3 was 2.0 mg/kg every week for the patients of group A and 2.5 mg/kg every week for
the patients of group B during core-treatment phase of part 1; the patients were then switched to receive the selected dose 2. †The timing of
the dose adjustment ranged from week 84 to week 120. One patient of group A discontinued treatment (because of an AE) after a 52-week treat-
ment period before dose adjustment. ‡The timing of the dose adjustment ranged from week 32 to week 72. AE, adverse event.
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Table 1. Demographic and baseline clinical characteristics of the study population*

Parameters

Dose cohort 1a
Dose cohort 2
from baselineb Dose cohort 3c Any dose

Weight groups
A + B (n = 13)d

Weight groups
A + B (n = 73)d

Weight groups
A + B (n = 15)d

Weight group A
(n = 55)d

Weight group B
(n = 46)d

Weight groups
A + B (N = 101)d

Age, mean (SD), years 9.6 (4.3) 9.5 (4.7) 8.3 (5.2) 12.7 (3.0) 5.4 (2.9) 9.4 (4.7)
Sex (female), n (%) 10 (76.9) 58 (79.5) 9 (60.0) 43 (78.2) 34 (73.9) 77 (76.2)
Disease characteristics
JIA subtype, n (%)
RF-positive pJIA 4 (30.8) 13 (17.8) 2 (13.3) 13 (23.6) 6 (13.0) 19 (18.8)
RF-negative pJIA 9 (69.2) 48 (65.8) 10 (66.7) 32 (58.2) 35 (76.1) 67 (66.3)
eoJIA 0 12 (16.4) 3 (20.0) 10 (18.2) 5 (10.9) 15 (14.9)

Duration of pcJIA,
mean (SD), years

3.4 (4.5) 2.5 (3.3) 2.5 (2.8) 3.4 (4.2) 1.7 (1.8) 2.6 (3.4)

Any prior bDMARD, n (%) 5 (38.5) 14 (19.2) 4 (26.7) 10 (23.8) 4 (12.9) 23 (22.8)
Baseline disease features
cJADAS-10, mean (SD) 19.5 (4.4) 20.1 (4.1) 17.8 (4.9) 19.8 (4.0) 19.5 (4.7) 19.7 (4.3)
Active joint count, mean (SD) 15.8 (10.5) 16.1 (9.4) 14.7 (9.6) 18.1 (10.3) 13.2 (7.7) 15.8 (9.5)
hs-CRP, mean (SD), mg/L 5.7 (12.4) 14.5 (36.8) 6.5 (10.4) 9.6 (19.0) 15.3 (42.7) 12.2 (32.0)

Baseline treatments
Any csDMARD, n (%) 11 (84.6) 62 (84.9) 13 (86.7) 49 (89.1) 37 (80.4) 86 (85.1)
MTX, n (%) 11 (84.6) 59 (80.8) 13 (86.7) 46 (83.6) 37 (80.4) 83 (82.2)
Systemic GC, n (%) 4 (30.8) 10 (13.7) 6 (40.0) 13 (23.6) 7 (15.2) 20 (19.8)
Prednisone-equivalent dose,
mean (SD), mg/kg/day

0.26 (0.17) 0.20 (0.14) 0.19 (0.16) 0.18 (0.16) 0.26 (0.12) 0.21 (0.15)

* bDMARD, biologic disease-modifying antirheumatic drug; cJADAS-10, clinical juvenile arthritis disease activity score 10 joint count; csDMARD,
conventional synthetic DMARD; eoJIA, extended oligoarticular JIA; GC, glucocorticoid; hs-CRP, high-sensitivity C-reactive protein; JIA, juvenile idi-
opathic arthritis; MTX, methotrexate; pcJIA, polyarticular-course JIA; pJIA, polyarticular JIA; RF, rheumatoid factor.
a Dose 1 was 2.0 mg/kg every 2 weeks for the patients of group A and 2.5 mg/kg every 2 weeks for the patients of group B during the core-
treatment phase of part 1; the patients were then switched to receive the selected dose 2.
b Dose 2 was 3.0 mg/kg every 2 weeks for the patients of group A and 4.0 mg/kg every 2 weeks for the patients of group B throughout the study
period.
c Dose 3 was 2.0 mg/kg every week for the patients of group A and 2.5 mg/kg every week for the patients of group B during core-treatment
phase of part 1; the patients were then switched to receive the selected dose 2.
d Group A’s weight groupwas at least 30 kg to 60 kg for patients enrolled in part 1 and at least 30 kg for patients enrolled in parts 2 and 3; Group
B’s weight group was 10 to less than 30 kg for all three parts.

Table 2. Sarilumab pharmacokinetics parameters (estimated by the population pharmacokinetic model) in serum following first administration
and at steady state after repeated administration of three doses of sarilumab*

Parameters

Dose cohort 1a Dose cohort 2 from baselineb Dose cohort 3c

Weight
group Ad

Weight
group Bd

Weight
group Ad

Weight
group Bd

Weight
group Ad

Weight
group Bd

Following first dose administration (n = 7) (n = 6) (n = 42) (n = 31) (n = 6) (n = 9)
Cmax, mg/L 7.61 (2.69) 10.3 (1.65) 15.9 (5.45) 24.0 (3.93) 11.3 (1.84) 10.4 (2.84)
AUC0–Շ, day mg/L 54.2 (15.9) 69.2 (20.2) 138 (43.7) 205 (42.6) 62.0 (11.6) 55.3 (17.1)
Ctrough, mg/L 0.481 (0.379) 0.419 (0.240) 2.38 (1.80) 3.62 (2.33) 6.98 (2.22) 5.64 (2.46)

At steady state following
repeated dose administration

(n = 5) (n = 5) (n = 39) (n = 24) (n = 5) (n = 5)

Cmax, mg/L 11.1 (4.82) 14.0 (2.97) 27.1 (11.6) 40.4 (7.77) 37.6 (8.52) 28.9 (5.32)e

AUC0–Շ, day mg/L 90.7 (30.8) 110 (40.9) 276 (121) 395 (101) 470 (122) 352 (64.8)e

Ctrough, mg/L 1.36 (0.872) 1.39 (1.44) 9.57 (5.84) 14.4 (9.81) 28.0 (9.06) 21.6 (5.16)e

* All values are presented as mean (SD). AUC0-Շ, area under the serum concentration versus time curve during a dose interval Շ of 2 weeks;
Cmax, maximum serum concentration observed; Ctrough, concentrations observed before treatment administration during repeated dosing.
a Dose 1 was 2.0 mg/kg every 2 weeks for the patients of group A and 2.5 mg/kg every 2 weeks for the patients of group B during the core-
treatment phase part 1; the patients were then switched to receive the selected dose 2.
b Dose 2 was 3.0 mg/kg every 2 weeks for the patients of group A and 4.0 mg/kg every 2 weeks for the patients of group B throughout the study
period.
c Dose 3 was 2.0 mg/kg every week for the patients of group A and 2.5 mg/kg every week for the patients of group B during the core-treatment
phase part 1; the patients were then switched to receive the selected dose 2.
d Group A’s weight group was at least 30 kg to 60 kg for the patients enrolled in part 1 and at least 30 kg for patients enrolled in parts 2 and 3.
Group B’s weight group was 10 to less than 30 kg for all three parts.
e Two patients with one or twomissing doses (at week 28 or weeks 28 and 29) were included in the summary at steady state for the dose cohort
3 group B. After excluding these two patients, the mean (SD) of Cmax, AUC0–Շ, and Ctrough was 29.8 (7.19) mg/L, 360 (89.2) mg�day/L, and 20.9
(7.19) mg/L in the other three patients, respectively.
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frequent infections were nasopharyngitis, upper respiratory tract
infections, gastroenteritis, and rhinitis. Six patients experienced
nine serious AEs (SAEs). Two patients experienced two infectious
SAEs (acute sinusitis and bone tuberculosis); the incidence of
infectious SAEs was 1.2/100 PY (95% CI 0.15–4.50). All SAEs
resolved during the study period except the event of bone tuber-
culosis (reported as Pott’s disease) that occurred on day 4 in a
patient who had negative tuberculosis test at screening that led
to permanent treatment discontinuation. No SAE was considered
related to the study treatment per the investigator’s judgment.
AEs in patients with any exposure to the selected dose (n = 93)
are provided in Supplementary Table S8.

In patients receiving the selected dose from baseline, grade
3/4 neutropenia was identified in 27 patients (37%) (Group A =
10/42 [23.8%]; Group B = 17/31 [54.9%]) (Supplementary
Table S9). Grade 3/4 neutropenia mostly occurred during the first
12 weeks of treatment and were reversible (median duration
22 days) (Supplementary Figure S6). In the overall population (N =
101), 85.7% of patients with normal ANC had infections compared
with 85.4% with grade 3/4 neutropenia (Supplementary
Table S10). The incidence of infections during neutropenic and

nonneutropenic periods were 215.49 infections/100 PY (95% CI
117.81–361.55) and 161.95 infections/100 PY (95% CI 145.51–
179.73), respectively (Supplementary Table S11). No serious or
opportunistic infections occurred during the neutropenic period.

In patients with any exposure to the selected dose,
13 patients (14.0%) had at least one injection-site reaction, of
which 12 (12.9%) were related to study treatment. All were of mild
intensity and transient in nature with most resolving within
24 hours. Injection-site erythema (n = 9; 9.7%) was most fre-
quently reported.

In patients who received the selected dose, positive and per-
sistent antidrug antibody (ADA) response was detected in three
patients (4.3%) and two patients (2.9%), respectively. There was
no incidence of treatment-boosted ADAs.

DISCUSSION

The experimental doses of sarilumab tested in the core-
treatment phase of part 1 were proposed using the modeling
and simulation of sarilumab PK data from adult patients with RA

Figure 2. (A) Proportion of the patients achieving JIA-ACR 30/50/70/90 response (as observed while on treatment) up to week 48. (B) Change
from baseline in cJADAS scores (as observed while on treatment) up to week 48. (C) Mean cJADAS scores (as observed while on treatment) up to
week 48. (D) Proportions of patients with disease activity reduction criteria (observed cases) at week 48 in patients who received selected dose
2 from baseline. *JADAS-10 ≤ 2.7. †The Wallace criteria for CID are the absence of active joints and active uveitis, a normal C-reactive protein level
(<10 mg/L), and no disease activity per the Physician’s Global Assessment of Disease Activity (visual analog score ≤ 1.0). ‡Clinical remission was
defined as CID per the Wallace criteria for 6 consecutive months prior to assessment visits. ACR 30/50/70/90, American College of Rheumatology
30%, 50%, 70%, and 90% improvement criteria rates; CID, clinically inactive disease; cJADAS, clinical juvenile arthritis disease activity score; GC,
glucocorticoid; JIA, juvenile idiopathic arthritis; N, number of patients assessed for the parameters; n, number of patients with the outcomes.
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(Xu C, Zhang M, Liu Y, et al; unpublished observations).22 The
results of the core-treatment phase of part 1 demonstrated that
sarilumab exhibited nonlinear PK with target-mediated drug dis-
position, and systemic exposure to sarilumab was similar
between the two weight groups with each evaluated dose. Body

weight–adjusted doses yielded comparable exposure in both
weight groups and were comparable to the fixed doses tested in
adults with RA. However, PD effects (greater suppression of
CRP and greater increase of sIL-6Rα) and efficacy (with a rapid
and numerically high level of response, ie, JIA-ACR) were more

Figure 3. (A) JIA-ACR70 response rates and (B) cJADAS10 ≤ 2.5 in different subgroups of patients who received the selected dose 2 from base-
line. ACR70, American College of Rheumatology 70% improvement criteria rate; bDMARD, biologic disease-modifying antirheumatic drug; CI,
confidence interval; cJADAS, clinical juvenile arthritis disease activity score; csDMARD, conventional synthetic DMARD; eoJIA, extended oligoar-
ticular juvenile idiopathic arthritis; pJIA, polyarticular JIA; RF, rheumatoid factor.
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pronounced with doses 2 and 3 versus dose 1. Notably, although
AEs were balanced for all three doses, grade 3/4 neutropenia
were numerically higher with dose 3 than the other doses. Hence,
following the review of PK, PD, efficacy, and safety data during the
core-treatment phase of part 1, dose 2 was selected as the opti-
mal sarilumab dose for further evaluation. This dose achieved
similar exposure to and mirrored the PD and efficacy profile of
the equivalent dose of 200 mg q2w in adults with RA.23–25 The
q2w dosing schedule of the selected dose reduces injection bur-
den, which is particularly relevant in children and allows for longer
time for ANC recovery.

The present study enrolled a population with severe
(a significant proportion of the patients had failed at least one
bDMARD) and long-lasting disease (>2.5 years). Furthermore, at
baseline, patients had high disease activity as documented by
widespread arthritis (mean number of active joints of 16) and
by the high proportion of patients receiving concomitant
csDMARDs or systemic GCs at baseline. The results of 1-year
analysis showed improvement in JIA-ACR response from week
2 onward. Importantly, in patients receiving the selected dose
from baseline, clinically meaningful improvement in sign and
symptoms (JIA-ACR 70 response) was noted in 80.9% of

patients at week 12, which improved to 93.6% at week 48. A pre-
vious study with tocilizumab reported a JIA-ACR 70 response in
62.2% and 64.6% patients at weeks 16 and 40, respectively.17

The high affinity of sarilumab to the IL-6Rα receptor (dissociation
constant values for monomeric and dimeric IL-6Rα receptor were
61.9 and 12.8 pM, respectively) might be a possible explanation
for higher efficacy of sarilumab for pcJIA treatment.26 At week
48, approximately two-thirds of the patients achieved CID
(assessed by JADAS and the Wallace criteria), with most suc-
cessfully discontinuing systemic GCs. More than half of the
patients achieved clinical remission. These observations show
that sarilumab treatment for pcJIA meets two important consider-
ations emphasized by current international guidelines: (1) achieve
clinical remission or at least minimal/low disease activity and
(2) avoid long-term GC use.7,27

In this study, improvement in the JIA-ACR 70 response and
cJADAS-10 ≤ 2.5 was consistent across all JIA subtypes, includ-
ing RF-positive pJIA, which is often more difficult to treat.28 It is
well-documented that patients with failed bDMARD therapies for
pcJIA are less likely to achieve good clinical outcomes with sub-
sequent targeted therapies.29–31 Notably, in this study, the pro-
portion of patients achieving a JIA-ACR 70 response and

Table 3. Investigator-reported AEs in patients who received selected dose 2 from baseline during the AE period*

Patients with AEs

Dose cohort 2 from baselinea

Weight group A
(n = 42)b

Weight group B
(n = 31)b

Weight groups
A + B (n = 73)b

Any AEs 40 (95.2) [292.9] 30 (96.8) [542.5] 70 (95.9) [397.2]
Infectious AEs 30 (71.4) [91.9] 28 (90.3) [193.7] 58 (79.5) [134.5]

Serious AEsc 3 (7.1) [4.3] 3 (9.7) [7.5] 6 (8.2) [5.6]
Infectious serious AEs 1 (2.4) [1.1] 1 (3.2) [1.5] 2 (2.7) [1.2]

AEs leading to death 0 0 0
AE leading to treatment discontinuation 1 (2.4) [1.1] 6 (19.4) [8.9] 7 (9.6) [4.4]
Infections (bone tuberculosis) 0 1 (3.2) [1.5] 1 (1.4) [0.6]
Neutropenia 1 (2.4) [1.1] 4 (12.9) [6.0] 5 (6.8) [3.1]
Increase ALT 0 1 (3.2) [1.5] 1 (1.4) [0.6]

AEs of special interest 3 (7.1) [5.3] 10 (32.3) [26.8] 13 (17.8) [14.3]
Grade 4 neutropenia or any neutropenia
leading to permanent treatment discontinuationd

3 (7.1) [5.3] 7 (22.6) [22.4] 10 (13.7) [12.5]

Increased ALT leading to permanent
treatment discontinuation

0 1 (3.2) [1.5] 1 (1.4) [0.6]

Opportunistic infection (herpes zoster) 0 1 (3.2) [1.5] 1 (1.4) [0.6]
Tuberculosis 0 1 (3.2) [1.5] 1 (1.4) [0.6]

Common AEs with an overall incidence of ≥10%
Nasopharyngitis 11 (26.2) [22.5] 16 (51.6) [51.6] 27 (37.0) [35.5]
Neutropenia 10 (23.8) [24.6] 15 (48.4) [108.8] 25 (34.2) [59.8]
Upper respiratory tract infections 5 (11.9) [9.6] 3 (9.7) [8.9] 8 (11.0) [9.3]
Gastroenteritis 4 (9.5) [5.3] 8 (25.8) [14.9] 12 (16.4) [9.3]
Rhinitis 4 (9.5) [4.6] 3 (9.7) [8.9] 7 (9.6) [6.2]

* Values are the n (%) [NE per 100 patient-years]. AE, adverse event; ALT, alanine aminotransferase; NE, exposure-adjusted event rate (time
available for the entire study).
a Dose 2 was 3.0 mg/kg every 2 weeks for the patients of group A and 4.0 mg/kg every 2 weeks for the patients of group B throughout the study
period.
b Group A’s weight group was at least 30 kg to 60 kg for the patients enrolled in part 1 and at least 30 kg for patients enrolled in parts 2 and 3.
Group B’s weight group was 10 to less than 30 kg for all three parts.
c Six patients experienced nine serious AEs; each serious AE was reported once, and none of themwere related to the study drug. The reported
serious AEs included bone tuberculosis, pancreatic pseudocyst, acute pancreatitis, inguinal hernia, tonsillar hypertrophy, ligament rupture,
meniscus injury, juvenile idiopathic arthritis, and acute sinusitis.
d All those with neutropenia recovered within a median duration of 14 days after treatment discontinuation.
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cJADAS10 ≤ 2.5 were comparable with patients with or without a
prior failure of a bDMARD. Furthermore, both the efficacy out-
comes consistently improved irrespective of concomitant
csDMARD treatment. This is clinically relevant as a significant pro-
portion of patients (�50%) develop csDMARD intolerance.32 Our
study was not powered to assess differences in these subgroups;
therefore, these results should be interpreted with caution, and
validation from real-world studies is needed.

The selected dose of sarilumab was well-tolerated. The
safety profile was consistent with the known safety profile of
anti–IL-6 agents in adults and children, with no new safety con-
cerns.17,24,25,33 Most reported AEs were infections and neutrope-
nia. The incidence of infectious AEs was 146.6/100 PY. The
infections were mainly limited to the upper airway, which are com-
mon in pediatric populations,34 and were balanced across weight
groups. The incidence of infectious SAEs was 1.2/100 PY, which
is low compared with the occurrence rates, which were 4.9 and
5.2/100 PY for other anti–IL-6R agents.17,20

Per the study protocol, ANC was systematically assessed
leading to the detection of grade 3/4 neutropenia in 37% of
patients. In adult patients treated with sarilumab or tocilizumab,
the ANC nadir occurred a few days after first treatment adminis-
tration, after which ANC values recovered, consistent with class
effects.35 Importantly, most patients with grade 3/4 neutropenia
belonged to the lower-weight group. An evident trend toward
increased rates of neutropenia in younger, lower-weight patients
with pcJIA treated with tocilizumab was observed.36,37 No defini-
tive mechanism is available to explain why younger patients are
more prone to neutropenia; however, in general, a greater preva-
lence of neutropenia has been reported in children.38 All grade 3/4
neutropenia resolved within a few days. Incidence rates of infec-
tions during neutropenic or nonneutropenic periods were compa-
rable; notably, no serious infections occurred during the
neutropenic periods. This observation is consistent with data
obtained from children and adults treated with tocilizumab or sar-
ilumab, supporting the conclusion that neutropenia induced by
IL-6 inhibition does not increase risk of infection.17,33,35,36,39

The limitations of this study include the open-label design
with no control arm of placebo or an active comparator. This
was because of the ethical concerns of exposing children to a
noneffective treatment, given the potential chronic and severe
nature of the disease and the presence of available data on IL-6
inhibition in adults and children with arthritis.17,20,40 These issues
were reflected in the study design, with a sequential approach
for the tested doses, the involvement of a DMC and DEC to mon-
itor safety and efficacy of tested doses, and stringent hematology
monitoring throughout the study. This was also in relation to the
strategy for developing the drug using the pediatric extrapola-
tion concept introduced by the US Food and Drug Adminis-
tration, which allows the extrapolation of efficacy from adults
to children for a similar disease course and treatment
response.

Sarilumab exhibited nonlinear PK with target-mediated drug
disposition in patients with pcJIA. A dose of 3.0 mg/kg q2w in
patients at least 30 kg and 4.0 mg/kg q2w in patients at least
10 kg to less than 30 kg achieved exposures similar to those of
the approved dose of 200 mg q2w in adults with RA and was
selected as the optimal sarilumab dose in pcJIA. The 1-year anal-
ysis results reiterated PK and PD findings in a larger cohort and
showed that the dose was efficacious for pcJIA treatment with
more than half of the patients achieving CID off GCs. No new
safety signals were detected. Events of neutropenia were fre-
quent and well-established for IL-6 inhibitors and were not associ-
ated with infections.

ACKNOWLEDGMENTS

The authors thank the patients who participated in this study, the
co-investigators (listed in Supplementary Table S1), the DMC members
(Dr Ross Petty, Dr Laura Schanberg, and Dr Ronald Laxer), and the staff
at participating centers for their contributions to the study.

AUTHOR CONTRIBUTIONS
All authors contributed to at least one of the following manuscript

preparation roles: conceptualization AND/OR methodology, software,
investigation, formal analysis, data curation, visualization, and validation
AND drafting or reviewing/editing the final draft. As corresponding
author, Dr De Benedetti confirms that all authors have provided the final
approval of the version to be published, and takes responsibility for the
affirmations regarding article submission (eg, not under consideration
by another journal), the integrity of the data presented, and the state-
ments regarding compliance with institutional review board/Declaration
of Helsinki requirements.

ROLE OF THE STUDY SPONSOR
Medical writing assistance for this manuscript was provided by

Arohi Sarang, MPharm; Sambuddha Das, PhD; and Kavita Garg, PhD,
CMPP, from Sanofi. The study was sponsored by Sanofi and Regeneron
Pharmaceuticals, Inc. Authors affiliated with Sanofi and Regeneron Phar-
maceuticals, Inc. at the time of the study had a role in the study design,
analysis, or interpretation of the data as well as in critically revising the
manuscript, as stated in the authors contributions. Publication of this
article was contingent on the approval of Sanofi and Regeneron Pharma-
ceuticals, Inc.

REFERENCES

1. Petty RE, Southwood TR, Manners P, et al; International League of
Associations for Rheumatology. International League of Associations
for Rheumatology classification of juvenile idiopathic arthritis: second
revision, Edmonton, 2001. J Rheumatol 2004;31(2):390–392.

2. Thierry S, Fautrel B, Lemelle I, et al. Prevalence and incidence of juve-
nile idiopathic arthritis: a systematic review. Joint Bone Spine 2014;
81(2):112–117.

3. Oberle EJ, Harris JG, Verbsky JW. Polyarticular juvenile idiopathic
arthritis - epidemiology and management approaches. Clin Epidemiol
2014;6:379–393.

4. Dave M, Rankin J, Pearce M, et al. Global prevalence estimates of
three chronic musculoskeletal conditions: club foot, juvenile idiopathic

DE BENEDETTI ET AL758



arthritis and juvenile systemic lupus erythematosus. Pediatr Rheuma-
tol Online J 2020;18(1):49.

5. Harrold LR, Salman C, Shoor S, et al. Incidence and prevalence of
juvenile idiopathic arthritis among children in a managed care popula-
tion, 1996-2009. J Rheumatol 2013;40(7):1218–1225.

6. Webb K, Wedderburn LR. Advances in the treatment of polyarticular
juvenile idiopathic arthritis. Curr Opin Rheumatol 2015;27(5):
505–510.

7. Ringold S, Angeles-Han ST, Beukelman T, et al. 2019 American Col-
lege of Rheumatology/Arthritis Foundation guideline for the treatment
of juvenile idiopathic arthritis: therapeutic approaches for non-
systemic polyarthritis, sacroiliitis, and enthesitis. Arthritis Care Res
(Hoboken) 2019;71(6):717–734.

8. Brunner HI, Schanberg LE, Kimura Y, et al; PRCSG Advisory Council
and the CARRA Registry Investigators. New medications are needed
for children with juvenile idiopathic arthritis. Arthritis Rheumatol 2020;
72(11):1945–1951.

9. Ravelli A, Consolaro A, Horneff G, et al. Treating juvenile idiopathic
arthritis to target: recommendations of an international task force.
Ann Rheum Dis 2018;77(6):819–828.

10. De Benedetti F, Robbioni P, Massa M, et al. Serum interleukin-6 levels
and joint involvement in polyarticular and pauciarticular juvenile
chronic arthritis. Clin Exp Rheumatol 1992;10(5):493–498.
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Pharmacokinetics, Pharmacodynamics, and Safety of
Subcutaneous Belimumab in Pediatric Patients With
Systemic Lupus Erythematosus: A Multicenter,
Open-Label Trial
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Paediatric Rheumatology International Trials Organisation (PRINTO) Network investigators

Objective. This study aimed to characterize the pharmacokinetics, pharmacodynamics, safety, and exploratory
efficacy of subcutaneous belimumab in pediatric patients with active systemic lupus erythematosus (SLE) receiving
standard therapy.

Methods. This single-arm, multicenter, open-label trial (GSK study 200908; ClinicalTrials.gov identifier:
NCT04179032) used three-weight-band subcutaneous dosing of belimumab 200 mg every week (qw) for pediatric
patients weighing ≥50 kg, every 10 days for pediatric patients weighing 30 to <50 kg, and every 2 weeks (q2w) for pedi-
atric patients weighing 15 to <30 kg. The pharmacokinetic profile was characterized by observed concentration at
week 12 and population pharmacokinetics (popPK) estimates derived from concentrations over 52 weeks. Pharmaco-
dynamics, safety, and exploratory efficacy (≥4-point reduction from the baseline Safety of Estrogens in Lupus Erythe-
matosus National Assessment - Systemic Lupus Erythematosus Disease Activity Index [SELENA-SLEDAI] score) were
descriptively evaluated. Alternative two-weight-band subcutaneous dosing (≥40 kg: 200 mg qw; 15 to <40 kg: 200 mg
q2w) was simulated to predict pharmacokinetics for this regimen.

Results. Patients weighing 30 to <50 kg had lower observed belimumab concentrations than those weighing
≥50 kg (week 12 geometric mean 82.8 vs 134 μg/mL), but popPK analyses predicted the three weight bands to
be generally consistent and in alignment with established adult subcutaneous and pediatric intravenous expo-
sures. The pharmacodynamic and safety profile was consistent with known belimumab effects. By week
52, 18 of 22 patients (81.8%) had a ≥4-point reduction from baseline SELENA-SLEDAI scores. Hypothetical two-
weight-band dosing simulations predicted consistent exposure across weight bands and in line with established
exposures in SLE.

Conclusion. Exposure following subcutaneous belimumab administration in pediatric patients is consistent with
approved usage; these findings, along with consistent safety and efficacy data, support subcutaneous belimumab
use for pediatric patients with SLE.
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INTRODUCTION

Childhood-onset systemic lupus erythematosus (cSLE) is a
complex autoimmune disease. Patients often have major organ
involvement and accrue irreversible organ damage from disease
activity and medication side effects.1–5 cSLE is associated with
an approximate 18-fold increased mortality risk compared with the
general population.6 Compared with adult-onset SLE (aSLE), cSLE
is associated with a higher risk of kidney involvement, and patients
with cSLE are more likely to have received dialysis or a transplant
than those with aSLE.6–8 Because of the increased disease severity
in cSLE, more intensive pharmacological management is required
compared with aSLE.7,9 In clinical practice, this may mean high
cumulative glucocorticoid exposure,2,9 which, considering the rec-
ognized risk of steroid-associated organ damage and childhood
growth delay, is a concern.10–13 As such, steroid-sparing therapeutic
strategies are needed to help prevent flares and minimize organ
damage accrual in cSLE.2,4,9,14

Belimumab is a human monoclonal antibody and B-cell modu-
lator that targets the central immunopathogenic pathway in lupus,
selectively inhibiting soluble B-lymphocyte stimulator and reducing
autoreactive B cells that drive disease activity.15,16 Intravenous
(IV) belimumab has been approved since 2019 as add-on therapy
for patients at least five years of age with active, autoantibody-
positive SLE and since 2022 for active lupus nephritis.17–20 A phase
2 randomized controlled trial, PLUTO (GSK study BEL114055;
ClinicalTrials.gov identifier: NCT01649765), established the efficacy
and safety profile of IV belimumab for pediatric patients with
cSLE.17,18,21 To date, real-world evidence in cSLE is limited; how-
ever, emerging data support belimumab’s effectiveness in reducing
glucocorticoid exposure and suggest potential for improvements in
disease activity.22–24

Belimumab has also been available in a subcutaneous
(SC) formulation for adults with active SLE in combination with stan-
dard therapy since 2017, providing an alternative route of administra-
tion to the IV route.17,25 This study aimed to characterize the
pharmacokinetics (PK), pharmacodynamics (PD), safety, and explor-
atory efficacy of repeat doses of SC belimumab in pediatric patients
who are also receiving standard therapy for cSLE.

PATIENTS AND METHODS

Study design. This was a single-arm, multicenter, open-
label trial of belimumab 200 mg SC in pediatric patients with
active SLE receiving standard therapy (GSK study number
200908; ClinicalTrials.gov identifier: NCT04179032; trial protocol
available from ClinicalTrials.gov26). This study was conducted at
11 sites in 7 countries (Argentina, Germany, Japan, Mexico, the
Netherlands, Spain, and the United States). The trial comprised
an initial 12-week, open-label treatment phase (part A) with an
optional 40-week, open-label continuation phase for any patient
who completed part A (part B; weeks 12–52). An additional
optional access extension phase for eligible patients who com-
pleted part B is ongoing.

Three SC belimumab dose groups were defined by baseline
body weight, with the proposed weight thresholds (15 to
<30 kg, 30 to <50 kg, and ≥50 kg) approximately corresponding
to the age groups 5 to <9 years, 9 to <14 years, and 14 years
and older, according to the Centers for Disease Control and Pre-
vention clinical growth charts.27 Informed by PK modeling from
prior studies of belimumab in cSLE and aSLE,28,29 patients
weighing 15 to <30 kg were to receive belimumab 200 mg SC
every 2 weeks (q2w) (no patients enrolled in this weight group),
patients weighing 30 to <50 kg received belimumab 200 mg SC
every 10 days (q10d), and patients weighing ≥50 kg received beli-
mumab 200 mg SC every week (qw), per the approved adult
dose. Belimumab dosage was not changed during part A (weeks
1–12). During part B (weeks 12–52), dosing was adjusted if the
patient’s weight category changed from baseline.

Exposure, PD, safety, and exploratory efficacy data were col-
lected through part A and part B (52 weeks), with follow-up
assessments at 8 weeks (exposure, PD, and safety) and 16weeks
(safety only) after the final dose of belimumab for those not con-
tinuing to the optional access extension phase. In part A, trough
PK samples were taken on days 8, 15, 29, 57, and 85 for patients
weighing ≥50 kg or 15 to <30 kg, whereas patients weighing
30 to <50 kg provided samples on days 11, 21, 31, 61, and 81.
Approximately 28 patients were required to be enrolled in part A
to ensure that 24 patients were evaluable at week 12 to charac-
terize PK. The sample size of 24 participants and the specified
sampling schedule allowed estimation of central clearance and
volume of distribution with a 95% confidence interval within 60%
and 140% of their point estimates,30 with a power of 99.9% and
99.7%, respectively.

Patients. Patients were male or female, were 5 to 17 years
of age, and weighed ≥15 kg at enrollment. All patients had four or
more of the 1997 revised American College of Rheumatology cri-
teria for SLE at screening or previously31 and had active SLE dis-
ease, defined as a Safety of Estrogens in Lupus Erythematosus
National Assessment - Systemic Lupus Erythematosus Disease
Activity Index (SELENA-SLEDAI) score ≥6 at screening, and

SIGNIFICANCE & INNOVATIONS
• This was the first trial to assess subcutaneous beli-

mumab, a B-cell modulator that selectively inhibits
B-lymphocyte stimulator, in pediatric patients with
systemic lupus erythematosus (SLE) receiving stan-
dard therapy.

• Our findings of broadly consistent exposure across
pediatric weight ranges, in line with established
adult subcutaneous and pediatric intravenous
exposures, along with consistent safety and efficacy
data, support subcutaneous belimumab use for
pediatric patients with SLE.
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documented antinuclear antibody titer ≥1:80, and/or an anti–dou-
ble-stranded DNA (anti-dsDNA) antibody level ≥30 IU/mL.

Patients were required to have a protocol-defined stable SLE
standard therapy for ≥30 days before the first dose of belimumab,
with no new SLE therapies added during this time period. Patients
who had previous treatment with belimumab, B cell–targeted
therapy or abatacept, or any biologic investigational agent within
364 days of belimumab initiation were excluded. Those who had
certain medical conditions or a history of them were excluded,
including those with severe central nervous system lupus, renal
replacement therapy within 90 days of belimumab initiation, an
estimated glomerular filtration rate <30 mL/min/1.73 m2, and
acute severe nephritis. A full list of the eligibility criteria is provided
in Supplementary Table 1.

Patients provided age-appropriate assent, and their parent
or legally appointed representative provided written informed
consent before the initiation of any study procedures or study-
specific data collection. Patients who turned 18 years of age dur-
ing the study provided their own informed consent.

Demographic parameters, including date of birth, sex, race,
and ethnicity, were captured at screening. Race and ethnicity
were self-reported from a fixed set of categories, and more than
one category could be chosen.

End points. Theprimary endpointswere observed belimumab
concentrations at week 12, and PK parameters using population PK
(popPK) model-derived estimates for area under the curve
(AUC) over a dosing interval at steady state (AUCss); average
belimumab concentration at steady state (Cavgss; AUCss

normalized by the dosing interval); maximum belimumab con-
centration at steady state (Cmaxss); and minimum belimumab
concentration at steady state (Cminss).

The secondary end points were changes from baseline in
anti-dsDNA, complement component 3 (C3), C4, IgA, IgG, IgM,
and B-cell subset levels at weeks 12 and 52, and the incidence
of adverse events (AEs), serious AEs (SAEs), and AEs of special
interest (AESIs) during the study. The percentage of patients with
a change in status from baseline anti-dsDNA positivity, low C3 or
C4 levels, and normal/high Ig levels were also assessed as explor-
atory analyses.

Efficacy was an exploratory end point, assessed as the pro-
portion of patients with a ≥4-point reduction in their baseline
SELENA-SLEDAI score at weeks 12 and 52. A decrease in
prednisone use from baseline at weeks 12 and 52 was an addi-
tional exploratory analysis.

Data analysis. Descriptive statistics were used to summa-
rize the observed belimumab concentrations at week 12 and
steady-state exposures derived from popPK analysis. Approxi-
mate steady state in PK by week 12 was expected based on pre-
vious terminal half-life estimates of 16.3 days in pediatric patients
and 18 days for adults.28,29 To derive popPK exposures, a popPK

data set was compiled from all SC belimumab-treated patients in
this study and all IV belimumab–treated pediatric patients from
the previous PLUTO study.21 A model was fitted to this popPK
data set, informed by previous popPKmodels developed for adult
SC and pediatric IV dosing.28,29 The model was two-
compartmental with first order absorption, distribution, and elimi-
nation (Supplementary Table 2). Belimumab exposures were
extrapolated for patients weighing 15 to ≤30 kg, as no patients
were enrolled in this weight band. For descriptive comparison,
popPK-derived belimumab exposure distributions from adult
patients receiving belimumab 200 mg SC in the BLISS-SC study
(GSK Study BEL112341; ClinicalTrials.gov identifier:
NCT01484496)25 were calculated, as well as popPK-derived
exposure distributions for pediatric patients receiving belimumab
10 mg/kg IV in the PLUTO study (GSK study BEL114055; Clini-
calTrials.gov identifier: NCT01649765).21

PD was descriptively assessed by percentage change from
baseline levels of anti-dsDNA, C3, C4, IgA, IgG, IgM, and B-cell
subsets at weeks 12 and 52. The proportion of patients at week
52 with a change from baseline from positive anti-dsDNA to neg-
ative anti-dsDNA, low C3 or C4 levels to normal/high levels, and
normal/high IgA, IgG, or IgM levels to low levels was described.
Anti-dsDNA positivity was defined as ≥30 IU/mL, a normal/high
C3 level was defined as ≥90 mg/dL, and a normal/high C4 was
defined as ≥13 mg/dL. Normal/high and low Ig levels were
defined by the lower limit of normal for a patient’s age.

The safety and tolerability profile was evaluated descriptively
using the incidence of treatment-emergent AEs, SAEs, AESIs, and
AEs leading to treatment discontinuation throughout the study,
based on the Medical Dictionary for Regulatory Activities Version
25.1 classification.32 AESIs includedmalignancies, postinjection sys-
temic reactions (including hypersensitivity reactions), infections of
special interest (opportunistic infections, herpes zoster, tuberculosis,
sepsis), depression, suicide/self-injury, and death. AEs were evalu-
ated as mild, moderate, or severe by the investigators.

Ethics. This study was conducted in compliance with the
Declaration of Helsinki and was approved by the relevant national,
regional, or investigational center ethics committees or institu-
tional review boards (Supplementary Table 3), in accordance with
International Council for Harmonisation of Technical Require-
ments of Pharmaceuticals for Human Use Good Clinical Practice
and applicable country-specific requirements. Results are
reported following applicable components of the Consolidated
Standards of Reporting Trials guidelines.

Simulated two-weight-band SC dosing regimen.
Weight-based dosing was used in this study to accommodate
for marked differences in the weight of children of different ages.
Because the q10d dosing regimen investigated in this study may
be more difficult to adhere to than a qw or q2w regimen, which
would have a consistent day of the week of dosing, a hypothetical
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SLE pediatric population with two-weight-band qw or q2w SC
dosing was simulated to predict steady-state PK parameters for
this alternative regimen using the popPK model described previ-
ously. The simulated dosing regimen was 200 mg SC qw for
patients weighing ≥40 kg or 200 mg SC q2w for patients weigh-
ing 15 to <40 kg. Further information can be found in the Supple-
mentary Methods and Supplementary Table 2.

RESULTS

Patient population. Of 28 patients screened, 25 were
enrolled in the study, making up the intent-to-treat population
(Supplementary Figure 1). Those not enrolled either did not meet
the eligibility criteria (n = 2) or were excluded based on investiga-
tor’s discretion (n = 1). Patients were enrolled between November
2019 and September 2021. All 25 patients completed part A of
the study up to week 12, and 92.0% (n = 23/25) completed part
B up to week 52. Of the two patients who withdrew from the
study before week 52, one withdrew due to AEs, and one with-
drew at the investigator’s discretion. Of patients completing
part B, 47.8% (n = 11/23) have entered the optional access
extension phase of the study, which is ongoing.

Baseline characteristics are summarized in Table 1. Most
patients were female (n = 21/25; 84.0%) and White (n = 16/25;
64.0%), with a mean age at screening of 14 (SD 2.1) years. No
patients of the lowest weight category (15 to <30 kg) were
enrolled. Most patients were anti-dsDNA antibody positive at
baseline (n = 16/25; 64.0%). Baseline SELENA-SLEDAI score
components are detailed in Supplementary Table 4.

The mean duration of belimumab exposure was 357.8
(SD 43.0) days through week 52. Among patients weighing
30 to <50 kg, the mean number of injections over 52 weeks was
33.8 (SD 6.59), with a minimum of 15 and a maximum of 39.
Among patients weighing ≥50 kg, the mean number of injections
over 52 weeks was 51.2 (SD 2.23), with a minimum of 46 and a
maximum of 53.

PK. At week 12 and through 52 weeks, mean belimumab
concentrations were generally lower in the 30 to <50 kg cohort
compared with the ≥50 kg cohort (Table 2; Supplementary Fig-
ure 2). However, popPK model simulations of exposure versus
body weight demonstrated that steady-state exposures for the
three-weight-band SC regimens are expected to be consistent
across the pediatric weight range, with data extrapolated to the
lowest weight band (Figure 1A). PopPK-derived exposures for
pediatric IV belimumab patients in the PLUTO study and adult
SC belimumab patients in the BLISS-SC study are reported in
Supplementary Table 5 and Figure 1 for comparative purposes,
showing similar average concentrations at steady state (Cavgss)
across the pediatric weight range.

PD and biomarkers. Among those patients who were
anti-dsDNA antibody positive at baseline (n = 16), anti-dsDNA
antibody levels generally decreased by week 52, with a median
change of −58.9% (interquartile range [IQR] −83.00% to
−13.16%) at week 52 (Figure 2A). At week 52, 7.1% (n = 1/14)

Table 1. Patient baseline characteristics (ITT population)*

All patients (N = 25)

Female, n (%) 21 (84.0)
Age, mean (SD), y 14.0 (2.1)
Age range, min–max, y 10–17
Ethnicity, n (%)
Hispanic or Latino 11 (44.0)
Not Hispanic or Latino 14 (56.0)

Race, n (%)
American Indian or Alaska Native 3 (12.0)
Asian 4 (16.0)
Black or African American 1 (4.0)
Multiracial 1 (4.0)
Native Hawaiian or other Pacific Islander 0
White 16 (64.0)

Body weight cohorts, n (%)
≥50 kg 13 (52.0)
30 to <50 kg 12 (48.0)
15 to <30 kga 0

Body weight range, min–max, kg 34.5–78.5
SELENA-SLEDAI score, mean (SD) 9.5 (3.0)
Laboratory measures
Anti-dsDNA antibody positive

(≥30 IU/mL), n (%)
16 (64.0)

Anti-dsDNA antibody levels,
median (IQR),b IU/mL

524.0 (94.5–915.5)

ANA positive (titer ≥1:80), n (%) 24 (96.0)
Anti-dsDNA and/or ANA positive, n (%) 24 (96.0)
Low C3 levels (<90 mg/dL), n (%) 11 (44.0)
C3 levels, mean (SD), mg/dL 95.9 (23.7)
Low C4 levels (<13 mg/dL), n (%) 16 (64.0)
C4 levels, mean (SD), mg/dL 12.5 (6.9)
Low IgA (less than lower

limit of normal), n (%)
0

Low IgG (less than lower
limit of normal), n (%)

0

Low IgM (less than lower
limit of normal), n (%)

4 (16.0)

Total B cells, median (IQR),
CD19+ cells/mL

233,545.0
(143,582.0–445,690.0)c

Concomitant medication
Glucocorticoids, n (%) 21 (84)

Average daily prednisoned

dose category, n (%)
0 mg/day 4 (16)
>0 to ≤7.5 mg/day 9 (36)
>7.5 mg/day 12 (48)

Antimalarials, n (%) 25 (100)
Immunosuppressants, n (%) 21 (84)

* ANA, antinuclear antibody; anti-dsDNA, anti–double-stranded
DNA; IQR, interquartile range; ITT, intent-to-treat; SELENA-SLEDAI,
Safety of Estrogens in Lupus Erythematosus National Assessment -
Systemic Lupus Erythematosus Disease Activity Index.
a No patients weighing 15 to <30 kg were enrolled.
b Among patients who were positive for anti-dsDNA antibody
(n = 16).
c n = 18.
d Glucocorticoids were converted to prednisone-equivalent doses.
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of patients who were anti-dsDNA antibody positive at baseline
were anti-dsDNA antibody negative (Supplementary Figure 3A).
C3 levels generally increased across the 52 weeks for those with
low levels at baseline (n = 11), with a median increase of +23.5%
(IQR −2.96% to +29.94%) (Figure 2B). Likewise, for patients with
low C4 at baseline (n = 16), a median increase of +67.5% (IQR
+31.00% to +92.86%) at week 52 was observed (Figure 2C). At
week 52, 45.5% (n = 5/11) of patients with low C3 levels at base-
line had normal/high C3 levels, and 50.0% (n = 7/14) of patients
with low C4 levels at baseline had normal/high C4 levels
(Supplementary Figure 3B and C).

Median percentage changes in Igs at week 52 were as fol-
lows: IgA, −13.1% (IQR −22.93% to −5.27%); IgG, −12.3% (IQR
−22.82% to −5.82%); and IgM, −30.8% (IQR −41.45% to
−25.06%) (Supplementary Figure 4). In patients with normal/high
Ig levels at baseline, IgA and IgG levels at week 52 were above
the lower limit of normal, whereas 16.7% (n = 3/18) of patients
had reduced IgM levels to below the lower limit of normal
(Supplementary Figure 3D–F). Total B cells had a median change
of −61.3% (IQR −74.47% to −14.08%) from baseline levels at
week 52, CD20+ B cells had a median change of −61.7% (IQR
−75.04% to −11.74%), and naïve B cells had a median change
of −72.1% (IQR −85.15% to −50.53%) (Supplementary
Figure 5A–C). Circulating memory B cells had a large initial median
increase from baseline at week 2 of +120.8% (IQR +49.22% to
+180.95%; Supplementary Figure 5D). Levels subsequently
decreased from that initial surge but remained at +27.1% (IQR
−33.02% to +111.19%) above baseline at week 52. Plasmablasts
had a median change of −70.1% (IQR −80.22% to +68.32%)
from baseline at week 52 (Supplementary Figure 5E).

Safety. Throughout the study, 88.0% (n = 22/25) of patients
had at least one treatment-emergent AE (Table 3). The most

common organ system class involved was infections and infesta-
tions, reported in 72.0% (n = 18/25) of patients. The most common
AEs by preferred term were COVID-19 infection (n = 9/25, 36.0%;
all mild or moderate severity), injection-site pain (n = 4/25, 16.0%;
all mild severity), leukopenia (n = 4/25, 16.0%; all mild severity),
and neutropenia (n = 4/25, 16.0%; all mild or moderate severity).
One patient discontinued belimumab treatment due to decreased
lymphocyte, neutrophil, and white blood cell counts. One SAE
was reported: hospitalization for a COVID-19 infection. Of the
AESIs, there were three patients who experienced mild post-
injection systemic reactions (drug hypersensitivity, erythema, and
injection-site urticaria; n = 1 for each); all patients recovered. There
were no serious post-injection systemic reaction AESIs, and no
post-injection systemic reactions led to the discontinuation of
belimumab. There were no infections of special interest or cases
of depression or suicide/self-injury. No deaths occurred during the
reported study period.

Efficacy. At week 12, 66.7% (16/24) of patients achieved a
≥4-point reduction from the baseline SELENA-SLEDAI score; this
increased to 81.8% (18/22) at week 52. Among patients in the
≥50 kg cohort (qw dosing), 75.0% (9/12) achieved a ≥4-point
reduction from the baseline SELENA-SLEDAI score at week
12, increasing to 92.3% (n = 12/13) at week 52. In the 30 to
<50 kg cohort (q10d dosing), 58.3% (7/12) of patients achieved
a ≥4-point reduction from the baseline SELENA-SLEDAI score
at week 12, with 66.7% (n = 6/9) meeting this criterion at week
52. Among patients using prednisone at baseline, 33.3% (7/21)
had decreased prednisone use at week 12, and 52.6% (10/19)
had decreased use by week 52.

Simulated two-weight-band SC dosing regimen.
Belimumab exposures were generally consistent across the

Table 2. Observed week 12 and popPK-derived steady-state exposures of study participants and simulated steady-state exposures of a pedi-
atric patient population for the two-weight band SC regimen*

Pediatric patients (Study 200908)a Simulated pediatric patientsb

Total (N = 25) ≥50 kg (n = 13) 30 to <50 kg (n = 12) ≥40 kg (n = 4,484)
15 to <40 kg
(n = 5,516)

Belimumab dosage 200 mg SC qw/q10d 200 mg SC qw 200 mg SC q10d 200 mg SC qw 200 mg SC q2w
Geometric mean (CV%),

range or prediction
interval

Week 12
concentration, μg/mL

106 (49.3), 27.3–224 134 (34.7), 65.3–224 82.8 (49.3), 27.3–155 Not calculated Not calculated

Cminss, μg/mL 112 (41.7), 38.7–203 138 (26.2), 89.0–203 90.1 (43.9), 38.7–159 119 (38.6), 56.8–246 73.7 (44.6), 31.8–172
Cavgss, μg/mL 124 (37.3), 47.9–214 146 (25.2), 95.6–214 103 (39.8), 47.9–173 129 (36.8), 63.4–256 94.8 (37.8), 47.6–198
Cmaxss, μg/mL 131 (34.9), 54.1–220 151 (24.7), 99.4–220 111 (37.6), 54.1–182 134 (35.9), 67.7–263 110 (34.8), 58.0–217
AUCss, μg�day/mL 1,027 (32.1), 479–1,733 1,024 (25.2), 669–1,498 1,031 (39.8), 479–1,733 899 (36.8), 444–1,794 1,328 (37.8), 665–2,768

* AUCss, area under the curve over a dosing interval at steady state; Cavgss, average concentration at steady state (AUCss normalized by the
dosing interval); Cmaxss, maximum concentration at steady state; Cminss, minimum concentration at steady state; CV, coefficient of variation;
popPK, population pharmacokinetics; q2w, every 2 weeks; q10d, every 10 days; qw, every week; SC, subcutaneous.
a Geometric mean (CV%) is presented with range.
b Geometric mean (CV%) is presented with prediction interval.
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weight ranges for the simulated two-weight-band SC dosing
regimen (Figure 1B; Table 2). The expected range of steady-
state exposure (Cavgss) was slightly larger for the simulated
two-weight-band SC dosing regimen than for the three-
weight-band SC dosing regimen investigated in the present
study (Figure 1).

PK simulations demonstrated that when switching from IV to
SC belimumab for the two-weight-band SC regimen, exposure is
maintained when the first SC dose is administered one to four
weeks after the last IV infusion (Supplementary Figure 6). In partic-
ular, steady-state exposure can be expected from the first SC
dose when administered one or two weeks after the last IV dose.

Figure 1. Predicted Cavgss versus body weight for (A) the three-weight-band SC regimen studied and (B) the alternative two-weight-band SC
regimen. (A) Individual predicted Cavgss of patients in the study 200908 (N = 25) are shown as black data points. (A and B) Median predicted
Cavgss is shown as a solid black line, interquartile range of Cavgss is shown in dark green, and 95% prediction interval of Cavgss is shown in light
green. Weight thresholds are shown with a gray vertical line. One thousand pediatric patients were simulated per 1 kg body weight interval. The
Cavgss 95% prediction interval of adult patients (Adult SC) in the BLISS-SC study (GSK Study BEL112341; ClinicalTrials.gov identifier:
NCT01484496) is superimposed with horizontal dashed lines. No patients were enrolled in the 15 to <30 kg weight group in study 200908.
Cavgss, average concentration at steady state (area under the curve at steady state normalized by the dosing interval); qw, every week; q2w, every
2 weeks, q10d, every 10 days; SC, subcutaneous.
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DISCUSSION

This study of three-weight-band SC belimumab dosing in
pediatric patients with SLE receiving standard of care therapy
indicates consistent exposure across the weight bands, using
extrapolation to the lowest weight band, with no new safety

concerns. PD and efficacy responses in this open-label study
were consistent with the general trends observed in previous
belimumab studies in adults and children.21,25,33 Our PK and PD
results of SC belimumab in this pediatric population support the
expansion of current treatment options for this population with
often severe SLE manifestations and few steroid-sparing thera-
peutic options.

The BLISS-SC trial first established the efficacy and safety of
belimumab 200 mg SC qw in an adult population with moderate-
to-severe SLE.25 The dosing regimens in the present study were
selected to achieve a similar average exposure as observed with
the recommended SC dosing regimen in adult patients
with SLE. This SC target exposure is also consistent with that
obtained with IV belimumab in adults or pediatric patients,28 for
which similar clinical responses have been demonstrated in pedi-
atric and adult patients.34

Given the marked changes in weight during childhood,
weight-based dosing SC regimens were used. To accommodate
children 5 to 17 years of age, and to ensure younger children with
a lower body weight were not over-exposed, the three-weight-
band dosing regimen was used. Adherence was generally good,
with an average of 33.8 injections in the q10d dosing group and
51.2 in the weekly dosing group, including the two patients who
withdrew from the study.

Observed belimumab concentrations at week 12 and through
52 weeks were generally somewhat lower in patients weighing
30 to <50 kg, who received belimumab q10d, compared with
those weighing 50 kg or heavier, who received belimumab
qw. However, the average concentration at steady state (Cavgss)
remained comparable in both weight strata in popPK analysis, sup-
porting the rationale for the chosen body-weight-dependent dos-
ing regimen used in the study. Although only trough samples
were collected in the present study, frequent sampling over the
first 12 weeks to steady state provided sufficient information for
a precise characterization of absorption, with systemic PK
parameters predominantly informed from the pediatric IV beli-
mumab PLUTO study. The IV PLUTO study included patients
with body weights as low as 17 kg, which facilitates extrapola-
tion of data to the lower weight band in this study. The popPK
model-derived exposures of pediatric patients receiving SC beli-
mumab resemble those from the BLISS-SC adult trial, with sim-
ilar average concentrations also seen for pediatric patients
receiving IV belimumab in the PLUTO study.21,25 Fat-free mass
was tested for inclusion in the popPK model in place of body
weight as a predictor of belimumab PK, which resulted in a small
but non-significant improvement in the fit to the pediatric PK
data. Ultimately, body weight was selected in preference of fat-
free mass because it had practical advantage for a model evalu-
ating the exposure–body weight relationship.

The PD results of the present study demonstrate a
profile consistent with that observed in other studies of
belimumab.21,25,33,35 Observed decreases in IgG, total B cell,

Table 3. Summary of number of patients with treatment-emergent
AEs throughout the study*

Total (N = 25)

≥1 treatment-emergent AE, n (%) 22 (88.0)
AEs by SOC and preferred term,a n (%)
Infections and infestations 18 (72.0)
COVID-19 9 (36.0)
Nasopharyngitis 3 (12.0)
Upper respiratory tract infection 3 (12.0)
Viral infection 2 (8.0)

General disorders and administration
site conditions

8 (32.0)

Injection-site pain 4 (16.0)
Injection-site erythema 2 (8.0)

Blood and lymphatic system disorders 7 (28.0)
Leukopenia 4 (16.0)
Neutropenia 4 (16.0)
Lymphopenia 3 (12.0)
Anemia 2 (8.0)

Investigations 5 (20.0)
Neutrophil count decreased 2 (8.0)
Urine protein/creatinine ratio increased 2 (8.0)
White blood cell count decreased 2 (8.0)

Skin and subcutaneous tissue disorders 5 (20.0)
Erythema 2 (8.0)

Musculoskeletal and connective
tissue disorders

4 (16.0)

Myalgia 2 (8.0)
≥1 treatment-related AE,b n (%) 14 (56.0)
Mild 10 (40.0)
Moderate 4 (16.0)
Severe 0

≥1 SAE, n (%) 1 (4.0)
Infections and infestations 1 (4.0)
COVID-19 1 (4.0)

≥1 AE resulting in treatment discontinuation 1 (4.0)
AESI, n (%)
All malignanciesc 0
Post-injection systemic reactionsc,d 3 (12.0)
All infections of special interestc,e 0
Depression (including mood
disorders and anxiety)

0

Suicide/self-injuryf 0
Death 0

* AE, adverse event; AESI, AE of special interest; MedDRA, Medical
Dictionary for Regulatory Activities; SAE, serious AE; SOC, system
organ class.
a For SOC with any preferred terms occurring in more than one
patient; preferred terms occurring in more than one patient
reported.
b Patients counted by maximum AE severity experienced.
c Per custom MedDRA query (version 25.1).
d All post-injection systemic reactions were mild and did not lead to
discontinuation of belimumab, and all patients recovered.
e Includes opportunistic infections, herpes zoster, tuberculosis, and
sepsis.
f Per GSK adjudication.
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and naïve B cell levels by week 52 in this study were consistent
with the pediatric IV belimumab PLUTO study,21 without
increased rates of serious infection. Observed decreases in the
number of plasmablasts aligned with the known PD profile of
belimumab35; however, plasmablast changes were not reported
for the pediatric IV belimumab PLUTO study for comparison.
Fluctuation in circulating memory B-cell levels, as reported in the
present study, is expected with belimumab treatment and is
believed to be due to memory B-cell redistribution from lymphoid
organs and inflamed tissues into circulation.36

The safety and tolerability of belimumab in pediatric patients
observed throughout this study is consistent with the known
safety profile of belimumab, and no new safety concerns were
identified.21,25 A greater proportion of belimumab-treated
patients in this study had an AE classified under infections or
infestations (72.0%) compared with the pediatric IV belimumab
PLUTO study (56.6%) or the adult SC belimumab BLISS-SC
study (55.4%).21,25 Notably, the most common AE in this study
was attributable to COVID-19, as was the only SAE. The present
study took place during the COVID-19 pandemic, whereas both
the BLISS-SC and PLUTO studies were conducted before the
pandemic. Additionally, the small sample size of this study should
be considered when interpreting these results.

Most patients experienced an improvement in their cSLE dis-
ease activity (SELENA-SLEDAI score ≥4-point reduction from
baseline) through 52 weeks with belimumab in combination with
standard therapy in the present study. Although efficacy was only
an exploratory end point in this open-label study, our results are
consistent with the efficacy observed in previous SLE studies for
the approved belimumab doses in adults (SC) and children
(IV).21,25 Although differences in the proportion of patients in each
weight band achieving a ≥4-point reduction in the SELENA-
SLEDAI score at weeks 12 and 52 were observed in this study,
the small cohort sizes and differences in baseline SELENA-
SLEDAI scores likely influenced these results.

A two-weight-band dosing regimen with qw or q2w dosing
may be easier to implement in a home setting than a three-
weight-band regimen, as the two-weight-band regimen avoids
the 10-day dosing interval for patients weighing between 30 and
<50 kg and would therefore allow for a consistent day of the week
of administration. Based on the results of simulated PK modeling,
qw dosing for patients weighing ≥40 kg and q2w dosing for
patients weighing 15 to <40 kg yields belimumab exposures that

Figure 2. Median (IQR) percentage change in (A) anti-dsDNA,
(B) C3, and (C) C4 levels from baseline to week 52 (ITT population).
aIn patients who were anti-dsDNA antibody positive (≥30 IU/mL) at
baseline. bIn patients with low C3 levels (<90 mg/dL) at baseline. cIn
patients with low C4 levels (<13 mg/dL) at baseline. anti-dsDNA,
anti–double-stranded DNA; IQR, interquartile range; ITT, intent-to-
treat; SC, subcutaneous.
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are consistent across the pediatric weight range and in line with
approved adult SC or pediatric IV use. Through PK simulations,
the present analysis also suggests that patients can switch from
IV to SC administration and maintain comparable exposure levels.
The simulation found SC initiation one to two weeks after the last
IV dose to be optimal to attain approximately steady-state expo-
sures from the first SC dose, which is consistent with the labeled
use of SC belimumab with initiation one to four weeks after the
last IV dose.18

Given the exploratory nature of some end points, the small
number of patients in the study, and the open-label study design
with no placebo group, comparisons with the results of previous
studies should be interpreted with caution. This is further com-
pounded by differences in methodologies for handling missing
data. Notably, dosing recommendations for children weighing
less than 15 kg cannot be rendered at this time, and belimumab
is not currently approved in this weight range.

In conclusion, this study demonstrates that weight-based
stratified dosing of SC belimumab in pediatric patients with cSLE
achieves exposure consistent with the established SC adult and
IV pediatric doses, with no new safety concerns. These findings
allow for the extension of SC belimumab to pediatric patients
(aged five years and older) with cSLE who weigh more than
15 kg. This provides clinicians with a potentially glucocorticoid-
sparing treatment option for SC use to help manage cSLE and
improve patient outcomes.
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Preferences for Posttraumatic Osteoarthritis Prevention
Strategies in Individuals With Anterior Cruciate
Ligament Injury

Kevin Kennedy, PhD,1 Lily Waddell, BA,2 Adam Easterbrook, PhD,3 Jeffrey N. Katz, MD, MSc,4 Cale Jacobs, PhD,5

Morgan Jones, MD, MPH,5 Faith Selzer, PhD,5 Elena Losina, PhD,5 Liana Fraenkel, MD, MPH,6

and Nick Bansback, MSc, PhD1

Objective. There is growing interest in evaluating new strategies to delay or prevent posttraumatic osteoarthritis
(PTOA) in individuals who have sustained anterior cruciate ligament (ACL) injury. This study sought to determine char-
acteristics of potential treatments that are acceptable to patients with ACL injury.

Methods. Participants with a history of ACL injury were recruited from Reddit, Facebook, and ResearchMatch.org.
After consent and eligibility confirmation, participants completed a survey comprising questions on (1) demographics,
(2) PTOA perceptions, (3) perceived PTOA risk, and (4) a discrete choice experiment (DCE) task. The DCE assessed
treatment attributes including risk reduction, side effects, benefits, and out-of-pocket costs. In several scenarios, par-
ticipants chose between two hypothetical treatments with various attributes or no treatment. The data were analyzed
with multinomial logit, mixed logit, and latent class models.

Results. We enrolled 273 participants (median age 30.6 years [interquartile range 27–33]; 63% female; mean body
mass index = 25.5 kg/m2). Of these, 29% experienced daily knee pain, and 35% reported being very or extremely wor-
ried about knee OA. The two most influential attributes affecting treatment acceptability were monthly cost and poten-
tial mild side effects. Two preference phenotypes emerged: Class 1 members (n = 162, 59%) generally favored
treatment, prioritizing effectiveness and injections but were deterred by high cost. Class 2 members (n = 111, 41%)
were less inclined to use treatments with potential mild side effects and high cost.

Conclusion. These results can be used to develop tailored recruitment messaging for future trials. Messaging
should emphasize how to manage side effects and out-of-pocket costs.

INTRODUCTION

Osteoarthritis (OA) is a disabling condition that affects >15%

of adults in the United States.1 Individuals who sustain anterior

cruciate ligament (ACL) injury are at high risk to develop posttrau-

matic OA (PTOA), which accounts for nearly 12% of all cases of

OA.2–4 Published data have shown that approximately half of all

individuals who undergo ACL reconstruction develop PTOA

within 10 to 15 years.5 Because onset is typically in middle adult-

hood, PTOA compromises the productivity and quality of life of

working individuals. Individuals with PTOA are at a greater risk

for total knee arthroplasty (TKA) at an earlier age relative to individ-

uals with idiopathic OA.6–9

Because ACL injury often occurs in younger populations, the

onset of PTOA can develop at earlier ages.10 Those with ACL

injury can show first structural changes in their 30s as compared

with those with idiopathic OA, for whom the median age of diag-

nosis is 55 years.5,10 Potential treatments may include rehabilita-

tion, exercise programs, and oral or intra-articular medications.11

Before designing trials to determine the safety and efficacy of

such treatments, it is important to understand the treatment pref-

erences of individuals at high risk for PTOA. When patients decide
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whether to start a medication or treatment, they actively weigh the
benefits and the risks to make the decision that is best for them.
These risk-benefit decisions are collectively referred to as “trade-
offs.” Assessing patient preferences for treatment options to pre-
vent PTOA can inform the trade-offs patients are willing to make
among potential benefits, side effects, costs, and other
treatment-related aspects (eg, the need to attend frequent medi-
cal visits). A study of older patients with OA without a history of
traumatic injury found a significant proportion would accept small
risks of moderate side effects to prevent worsening OA, but par-
ticipants’ tolerance of medication risks varied based on their
knowledge of the illness and risk perception.12 A critical aspect
of the 21st Century Cures Act requires the US Federal Drug
Administration (FDA) to consider patient perspectives and needs
in the drug development and regulatory decision-making pro-
cesses.13,14 Individuals with significant knee injuries have variable
expectations about their future and often have limited opportuni-
ties to discuss long-term knee health with their health care pro-
viders.15 Studies like ours can help integrate patient voices into
clinical trials, helping fulfill the new FDA criteria for Patient-
Focused Drug Development.13,14

In this study, we evaluated preferences for potential preven-
tion treatment regimens for individuals at high risk for PTOA. Dis-
crete choice experiments (DCEs) are a reliable and widely
applied survey methodology for eliciting individuals’ preferences
for health care.16 The DCE method allows us to quantify the
trade-offs between attributes and levels associated with preven-
tive treatment, where we can examine in detail how individuals
with ACL injury choose between treatment alternatives. DCE
tasks afford a context that includes the PTOA risk reduction,
costs, and possible side effects associated with hypothetical
treatment scenarios. Understanding how patients weigh alterna-
tives is crucial in anticipating the demand for treatments in clinical
trials. We envision that the findings will inform future treatment
development and help to optimize enrollment into clinical trials
evaluating the efficacy of such treatments. The aim of the study
is to inform future clinical research into the development of

treatments for PTOA in conjunction with the preferences of indi-
viduals who have an ACL injury.

PATIENTS AND METHODS

Overview. This study used an internet survey in English to
understand preventive treatment preferences for PTOA in individ-
uals with previous ACL injury. The survey had three components,
each designed to elicit how participants perceive PTOA risk fol-
lowing ACL injury and would choose among prospective treat-
ment alternatives. First, we assessed participants’ knowledge of
general PTOA risk following ACL injury. Second, we determined
the participants’ perceived personal risk for developing PTOA.
Third, we elicited preferences for trade-offs of the attributes of
potential treatments that might prevent or delay the development
of PTOA using a DCE.16

We aimed to enroll at least 200 participants to provide suffi-
cient statistical power. The considerations for our power calcula-
tion are reported in the “DCE design” section. Participants were
recruited from posts on the ACL forums of Reddit, Research-
Match (a national health volunteer registry operated by Vanderbilt
University Medical Center and supported by the National Insti-
tutes of Health), and Facebook (ACL injury support and resource
groups) as shown in Supplements S1 and S2. Additional partici-
pants were recruited from the clinics of orthopedic sports medi-
cine surgeons at an academic medical center. Before voluntarily
proceeding to complete the web-based survey, participants
reviewed the study consent form with information including the
purpose of the study, the investigator, the time length of the sur-
vey, and plans for data storage. We collected data between July
and September 2023. All questionnaire responses were electron-
ically collected and stored securely on servers at the University of
British Columbia. Email addresses were stored in a secure RED-
Cap database at Mass General Brigham for remuneration pur-
poses only. Participants received a $20 Amazon e-gift card for
completing the survey. The study was approved by both the
Mass General Brigham Institutional Review Board and University
of the British Columbia behavioral ethics board. The questionnaire
was distributed as an open survey.

Legitimate participants (excluding bots) who resided in North
America, were aged between 18 and 45 years, and self-reported
an ACL injury diagnosed using advanced imaging techniques
(magnetic resonance imaging or computed tomography) in the
past 5 years were included in the analyses. Only complete ques-
tionnaires were analyzed. We minimized the impact of bots by
(1) including CAPTCHA requirements and questions such as
“What is your favorite animal?” or “How did you injure your
ACL? Tell us in a few sentences” and (2) identifying unlikely
responses to weight and height for entries stratified by age and
sex (see Supplement S3).

The upper age limit of 45 years was used as data suggest a
nontrivial proportion of ACL injuries and ACL reconstructions

SIGNIFICANCE & INNOVATIONS
• To our knowledge, this study is the first to apply a

discrete choice experiment to understanding
patient preferences for treatment strategies to pre-
vent posttraumatic osteoarthritis (PTOA).

• In determining the acceptability of a potential PTOA
treatment, we found the two most influential attri-
butes were monthly cost and potential side effects.

• Two preference phenotypes resulted from our anal-
ysis. Class 1 members generally favored treatment,
prioritizing effectiveness and injections and avoid-
ing high cost, whereas Class 2 members were less
inclined to adopt treatments with potential mild
side effects and high cost.
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occur between the ages of 40 and 45 years.17 The median age of
symptomatic knee OA diagnosis is approximately 55 years, so the
survey population was still markedly younger than the average
individual with primary knee OA.18

Survey design. To guide survey development, we con-
ducted semistructured interviews and focus groups with 25 par-
ticipants who sustained a recent ACL injury, recruited from
orthopedic practices at an academic medical center.19,20 The
interview data were analyzed and used to construct the survey
and identify relevant treatment attributes for the DCE. The survey
was reviewed with several participants, and, based on this feed-
back, the wording of some questions and attributes were
revised before launching the survey for data collection. To main-
tain a logical sequence, the survey questions were not random-
ized or alternated. Adaptive questioning was not used. The
survey asked 45 questions across 15 webpages with 1 to
12 questions per page (see Supplement S4). Participants were
required to complete all items on a survey page before proceed-
ing and were able to review and change their answers on previ-
ous pages.

Knowledge of knee arthritis. We included several true/
false statement tasks to approximate participants’ knowledge of
the body parts affected by knee OA (“Knee arthritis affects all
parts of the knee joint including the bone, cartilage, and
muscles,” correct answer: true), knee OA causes (“Knee arthritis
is caused by old age,” correct answer: false), knee OA symptoms
(“Symptoms of knee arthritis include joint pain, stiffness, swelling,
and difficulty with larger joint movements,” correct answer: true),
and knee OA treatment (“Knee arthritis can only be treated with
surgery,” correct answer: false). The proportion of correct state-
ments was included as a composite measure of overall knee OA
knowledge and included as a covariate in attempting to detect
relationships with latent class groups.

Assessment of risk perceptions and preferences.
The survey included a series of questions modified from a previ-
ous study that captured risk perceptions related to PTOA and its
prevention.21 Participants were asked to estimate their perceived
risk of developing knee arthritis in the next 20 years and the
chance they will need TKA in their lifetime, both measured on a
scale from 0% to 100%. Furthermore, participants were asked if
they considered their chance of developing knee OA to be higher
or lower than most other individuals of their age and sex. Finally,
participants were asked to assign a minimum level of lifetime
knee-related PTOA risk for them to initiate the following treat-
ments that may lower this risk: (a) take prescription medication,
(b) participate in physical therapy, and (c) modify their lifestyle.
Several related knee-specific questions were asked, including
how often they experience pain in their ACL-injured knee, how
often they are aware of their knee problem, and if they had

modified their lifestyle to avoid activities that could potentially
damage their knee. A complete knee-specific patient-reported
outcomes measure was not included to reduce the time neces-
sary to complete the survey.

Use of OA risk calculator.We collected age, sex at birth,
ethnicity, height, weight, family history of arthritis, and exposure to
work or movement-related risk factors associated with knee
arthritis (eg, persistent kneeling, squatting, or lifting). These partic-
ipant characteristics were used to estimate their individual risk of
developing OA in the next 20 years with a previously validated
OA risk calculator.22

Defining medication attributes. This work was per-
formed to gauge interest in the use of oral medication for PTOA
prevention. The items were informed by data collected from qual-
itative interviews and from recommendations by experts in a
patient preference assessment to evaluate the interest in partici-
pating in the Preventing Injured Knees from OA: Severity Out-
comes (PIKASO) study.19,20

To assess if participants accept oral medications in general,
we asked participants how many over the counter or prescription
medications they take daily. In addition, we collected participant
attitudes on incentives and deterrents to taking medications to
reduce the chance of OA on a five-point Likert scale from
“strongly disagree” to “strongly agree.” These included the
importance of reducing the chance of developing PTOA, reducing
the chance of requiring TKA, taking a medication daily, tablet size
(in relation to ibuprofen), duration of treatment (less than or more
than 6 months), and mild temporary side effects, such as diarrhea
or nausea.

DCE design. We asked study participants to choose
between alternative treatments with varying attributes (eg, patient
costs) and levels (eg, $0 per month, $10 per month, or $100 per
month) with eight discrete choice questions. We framed the DCE
questions as a choice involving two hypothetical treatment
options for preventing PTOA and an “opt out” option (“I prefer to
choose neither option”). Alternatives varied attribute levels for
each choice set. Attributes included (1) a description of treatment
effectiveness at reducing the chance of developing PTOA in the
next 20 years by one of three possible relative risk-reduction
levels (50%, 25%, or 0%, all displayed as absolute risks based
on individualized calculated baseline risk); (2) type of treatment
(physical therapy alone or with a daily pill or one-time injection);
(3) side effects (none, temporary mild nausea/diarrhea, or rare
but very serious condition); (4) other potential benefits (none or
delayed risk of diabetes/cancer); and (5) out-of-pocket cost ($0,
$10 per month, or $100 per month). The complete set of attri-
butes and levels included in the DCE are described in
Supplement S5.
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A d-efficient design was generated to maximize the statistical
difference between the profiles in each choice set by iteratively
comparing sets of alternatives with a modified Fedorov algorithm,
using the idefix package in R.23–25 The final design included
48 unique choice sets, each describing a pair of alternatives and
an opt out option. The clear dominance condition is met when
there is one clearly preferred treatment profile defined by greater
benefits, fewer adverse events, and lower costs. Two additional
choice tasks including the same set of attribute levels with clear
dominance were inserted into the design as both the first question
(warmup task) and the fifth question (consistency check). The
design was blocked into eight unlabeled choice sets. Participants
were assigned a random value between one and eight to allocate
their choice tasks to one of the eight blocks and were asked to
choose their preferred alternative for each question.

To determine the number of effective participants required to
adequately measure preferences, we decided that an SE of 0.05
was sufficient to detect meaningful differences between attribute
levels using a mixed logit (MXL) model. Based on a preliminary
sample of 40 participants, we calculated a minimum sample size
of 200 participants to estimate significant coefficients for level
2 parameters (from zero) from the observed pattern of variation
across parameters included in an MXL model. An example choice
question is shown in Figure 1. The study was conducted in accor-
dance with good research practice for DCEs and follows the Inter-
national Society for Pharmacoeconomics and Outcomes
Research Good Practice Guidelines.26

Data analysis. We conducted the analysis in a series of
steps to quantify preferences for DCE attribute levels. First, we
estimated weights for the DCE attribute level using a dummy-
coded multinomial logit (MNL) model to determine the overall
sample preferences.27 Second, we added a random parameter
to the MNL model to estimate an MXL.28 This model examined
whether sufficient preference heterogeneity existed to justify fur-
ther analysis of subgroup preferences. The random parameter
included an error component that described variability for all the
alternatives (independent and identically distributed [IID]) across
all participants (not all observations).29 In the event of statistical
significance of the IID parameter, a third, scale-adjusted latent
class (SALC) model was estimated. The SALC model allows for
the accounting of correlated preferences and improves model fit,
leading to more reliable inferences about preference heterogene-
ity. Latent class models with covariates can be used to examine
preference heterogeneity and identify subgroups within the sam-
ple that differ in how they choose between treatment alterna-
tives.30 The central concept is that members of each distinct
group are associated with an unobserved, or latent, construct
that assigns different weights to observed attribute levels
(or opting out).29,30,31 This type of model affords insight into the
characteristics associated with groups that have different

segments by including covariates (eg, age or attitudes) associ-
ated with this set of preferences.

The number of latent classes selected was based on
model parsimony and model fit (log likelihood tests and Akaike
information criteria [AIC]). The statistical significance of an
attribute-level coefficient (P < 0.05) indicated that participants
assigned to that class considered the specific attribute level to
affect their choice of treatment strategy. The coefficient sign
reflects whether the attribute has a positive or negative effect
on the perceived value of, and therefore preferences for, a
treatment characteristic. To characterize class membership,
we examined whether sociodemographic characteristics were
associated with a specific preference-set class membership
by entering them into the model as covariates one at a time.
We retained all sociodemographic characteristics significantly
associated with class membership at the P < 0.05 level that
also resulted in equal or improved model fit using the AIC. We
made predictions for treatment uptake by combining coeffi-
cients for specified levels and 95% confidence intervals (CIs)
calculated using the SE of estimates. We estimated probabili-
ties for all combinations of attributes relative to the null model
to illustrate the differences between class preferences. Proba-
bility estimates reflect the likelihood an individual belonging to
Class 1 or 2 would select each treatment profile. We conducted
the statistical analyses and reporting with base R and the
apollo package for the MNL and MXL models and LatentGold6
for the SALC model.32,33

RESULTS

Study sample. After excluding generated responses (bots),
we deemed 273 responses to be legitimate, and their data com-
prised the analytic dataset (Figure 2). Of these 273 participants,
102 (37%) were aged 18 to 30 years and 173 (63%) were female.
The average body mass index (BMI) for the sample was 25.55
(95% CI 24.91–26.19), and 86 (31.5%) participants reported hav-
ing at least one immediate family member with a history of arthri-
tis. Most participants (n = 197, 72%) underwent ACL
reconstruction to treat their injury. Most participants (n =
224, 82%) reported infrequent (monthly) or no regular use of sup-
plements. In terms of current knee pain, 179 participants (66%)
reported at least weekly knee pain, 73 (27%) reported monthly
knee pain, and 21 (8%) reported never having knee pain. Many
participants were aware of their knee problem daily (n =
105, 39%), even if they were not currently experiencing pain
(Table 1).

Knowledge and perceived risk of PTOA. Most partici-
pants (n = 245, 89%) responded correctly to all four questions
about knee arthritis, demonstrating a good baseline knowledge.
Participants considered their chance of developing knee OA to
be higher (n = 156, 57%) or much higher (n = 32, 12%) than most
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others of their age or sex because of their knee injury. The median
risk of developing OA after 20 years (measured from the OA risk
calculator) was 10% (interquartile range [IQR] 8%–14%).22 How-
ever, the median perceived risk was much higher at 65% (IQR
45%–80%). Most participants expressed some worry about
developing knee OA in the future, either moderately worried (n =
86, 32%), very worried (n = 73, 27%), or extremely worried
(n = 22, 8%).

Medication preferences. Most study participants were
somewhat (n = 172, 63%) or very (n = 82, 30%) interested in med-
ication use to reduce the risk of knee arthritis. For a hypothetical

medication that would reduce the need to undergo knee replace-
ment, 218 participants (80%) were at least somewhat interested
in taking the medication. This was relative to the 195 participants
(73%) that were at least somewhat interested in taking a medica-
tion that would reduce chances of developing arthritis (without
mentioning reducing the need for TKA). Furthermore, 173 partici-
pants (63%) agreed that the presence of any (even mild) side
effects was a barrier to taking an oral medication. The other bar-
riers to taking an oral medication included the need to take a med-
ication daily (n = 97, 36%), larger than normal pill size (n =
104, 38%), and requiring taking the medication for a long time
(n = 110, 40%).

Treatment A Treatment B I prefer to 
choose neither 

option

Effectiveness in reducing 
chance of developing 
arthritis and related pain 
in the next 20 years (and 
potential for future joint 
replacement)

18 out of 100 

people will 

develop knee 

arthritis

15 out of 100 people 

will develop knee 

arthritis

22 out of 100 

people will 

develop knee 

arthritis

Type of treatment A pill every day 

for the next 12 

months and 

physical therapy 2 

times a week for 

6 months

Physical therapy 2 

times a week for 6 

months

Physical therapy 

2 times a week 

for 6 months

Side effects Very rare chance 

(~6 in 100,000 

people) of 

developing a very 

serious condition

Mild nausea/diarrhea 

that typically goes away 

after 2 weeks, but 

possibly persistent 

increase in bowel 

movements

No 

nausea/diarrhea

Other potential benefits Potentially delay 

the onset of 

diabetes

Potentially lower the 

risk of some cancers in 

individuals with type 2 

diabetes

None

Out-of-pocket cost $10 per month $100 per month $0

Which do you prefer? O O O

Figure 1. An example of a discrete choice experiment choice task.
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Preferences for treatment alternatives. Overall,
195 of 273 (71%) participants provided the same response for
the warmup task and the consistency check question. In the initial
MNL model, all levels followed the expected direction (eg, 50%
effectiveness was preferred over 25%), and participants consid-
ered out-of-pocket cost ($100 per month) and mild nausea/
diarrhea to be the most important attribute levels to consider
when accepting a treatment for preventing PTOA. Notably, a
50% reduction in the chance of developing PTOAwas considered
less important than a chance of side effects, and a single injection
was preferred over taking a daily pill (Table 2).

A two-class latent class model best fit the data, suggesting at
least two preference phenotypes exist for this choice context and sam-
ple. Figure 3 illustrates differences between individual attribute levels.
Overall, participants in Class 1, representing 59% of the sample (n =
162), were more likely to choose treatment over participants in Class
2. Class 1 participants prioritized the following: effectiveness of the
medication, mode of administration (preferred injections over pills),
avoidance of mild nausea/diarrhea, and concerns regarding $100 per
month out-of-pocket costs. Participants in Class 2 (n = 111, 41%)were
less likely to choose treatment overall, with strong preferences to avoid
any side effects (mild nausea/diarrhea or small chance of serious side
effects) and cost as low as $10 per month. These participants placed
a greater value on treatments that could potentially lower cancer risk.

Characteristics of the participants were associated with class
membership (Table 2), where participants who reported taking
five or more daily medications were more likely to belong to Class
1 as were participants who were moderately to extremely worried

about arthritis. A higher perceived lifetime risk for the development
of OA was identified as a covariate for membership in Class 2, the
group of participants less likely to accept treatment.

Predictions. From the results of the DCE, we calculated
how a similar composition of patients with similar preferences

Figure 2. Sample inclusion flow diagram.

Table 1. Participant characteristics*

Characteristics
Total participants

(N = 273)

Age group, n (%)
18–29 y 102 (37.36)
30–45 y 171 (62.64)

Age, median (Q1–Q3), y 30.6 (27–33)
Location, n (%)
Canada 5 (1.83)
United States 268 (98.17)

Sex at birth, n (%)
Female 173 (63.37)
Male 100 (36.63)

Ethnicity, n (%)
Asian 26 (9.52)
Black 35 (12.82)
Hispanic or Latino/a 24 (8.79)
Native American or other Pacific

Islander
2 (0.73)

White 177 (64.84)
Other 9 (3.3)

Body composition, mean (95% CI)
Height, cm 170.43 (169.34–171.52)
Weight, lbs 163.60 (159.42–167.78)
BMI, kg/m2 25.55 (24.91–26.19)

Risk of developing OA, median (Q1–Q3) 10 (8–14)
Any parents or siblings with arthritis, n
(%)

86 (31.5)

Underwent ACL reconstruction, n (%)
Yes 197 (72.16)
No 76 (27.84)

Number of medications (not for knee),
n (%)

None 115 (42.12)
1–2 127 (46.52)
3–4 28 (10.26)
5+ 3 (1.1)

Regular use of supplements, n (%)
None 97 (35.5)
Daily 127 (46.5)
Weekly 33 (12.1)
Monthly 16 (5.9)

Pain in knee after ACL injury, n (%)
Never 21 (7.7)
Monthly 73 (26.7)
Weekly 92 (33.7)
Daily 79 (28.9)
Always 8 (2.9)

Awareness of knee problem, n (%)
Never 10 (3.7)
Monthly 57 (20.9)
Weekly 73 (26.7)
Daily 105 (38.5)
Constantly 28 (10.3)

* ACL, anterior cruciate ligament; BMI, body mass index; CI, confi-
dence interval; OA, osteoarthritis; Q, quartile.
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would choose between treatment alternatives for a relevant base
scenario. When presented with the base scenario of a pill treat-
ment with 25% effectiveness that causes temporary mild diar-
rhea/nausea, no additional benefits, and costs $10/month, we
would anticipate that 40% of participants assigned to Class
1 and 15% assigned to Class 2 would accept treatment. If, from
this base scenario, the efficacy of the treatment was improved to
50% effectiveness, 5% more (40% to 45%) participants in Class
1 and 4%more (15% to 19%) assigned to Class 2 were estimated
to accept treatment. If the out-of-pocket cost increased from $10
per month to $100 per month, 14% fewer participants assigned
to Class 1 (40% to 26%) and 11% fewer (15% to 4%) assigned
to Class 2 would accept treatment. If the method of medication

administration was changed from a pill to an injection, 7% more
(40% to 47%) participants assigned to Class 1 and 5% fewer
(15% to 10%) assigned to Class 2 would accept treatment.
Figure 4 illustrates a sample of 100 patients with ACL injury and
the expected acceptance proportion across these scenarios.
The complete set of scenarios with the most/least desired sets
of attribute levels are illustrated in Supplement S6.

DISCUSSION

We surveyed individuals who experienced an ACL injury to
examine the treatment preferences for lowering the risk of PTOA.
Our findings suggest that there is considerable heterogeneity in

Table 2. Discrete choice experiment parameter estimates, overall and latent class with covariates*

Models of preferences for OA prevention medication (dummy coded)

Variable Options
MNL

coefficient (SE)
MXL

coefficient (SE) Class 1
Class 2 P
value

Alternative-specific constant (choose
no treatment)

−0.53 (0.13)a −0.64 (0.15)b −1.74 0.24 <0.001a

Effectiveness in reducing chance of
developing arthritis in the next 20
years

0% – – – – 0.35
25% 0.19 (0.09)c 0.25 (0.09)c 0.11 0.47
50% 0.35 (0.10)a 0.43 (0.09)a 0.32 0.64

Type of treatment None – – – – <0.001a

Pill −0.26 (0.09)b −0.25 (0.10)b −0.08 −0.21
Injection −0.01 (0.10) 0.03 (0.09) 0.17 −0.66

Side effects None – – – – <0.001a

Mild nausea/
diarrhea

−0.72 (0.1)a −0.84 (0.09)a −0.52 −1.40

Small chance of
serious side effect

−0.51 (0.09)a −0.61 (0.09)a −0.28 −1.38

Other potential benefits None – – – – 0.005b

Potentially delay the
onset of diabetes

0.02 (0.09) 0.11 (0.10) −0.03 0.37

Potentially lower the
risk of some
cancers in T2D

0.14 (0.08)c 0.27 (0.11)b −0.01 0.80

Out-of-pocket cost $0 – – – – <0.001a

$10 per month −0.04 (0.08) −0.02 (0.09) 0.10 −0.50
$100 per month −0.79 (0.12)a −0.96 (0.08)a −0.54 −1.91

Random effect IID – −0.99 (0.07)a – –

Covariates (effects coded)
Number of medications not for the
knee

None – – −0.76 0.76 0.072
1–2 – – −0.39 0.39
3–4 – – −0.17 0.17
≥5 – – 1.32 −1.32

Worried about knee arthritis Not at all – – −0.49 0.49 <0.001a

Somewhat – – −0.50 0.50
Moderately – – 0.12 −0.12
Very much – – 0.40 −0.40
Extremely – – 0.46 −0.46

Perceived lifetime risk Low – – 0.22 −0.22 0.055
Moderate – – 0.10 −0.10
High – – −0.32 0.32
Log likelihood −1,692 −1,580 −1,482
Adjusted R2 0.054 0.115 0.19 0.34

* The P values for the MNL andMXLmodel coefficients reflect the significance of attribute levels for the whole sample within eachmodel. The P
values for Class 1 and Class 2 indicate a significant difference among any attribute levels between the two classes. IID, independent and iden-
tically distributed; MNL, multinomial logit; MXL, mixed logit; OA, osteoarthritis; T2D, type 2 diabetes.
a P < 0.001.
b P < 0.01.
c P < 0.05.
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preferences, but we identified that there is a subgroup of individ-
uals interested in treatments that may delay or lower their risk for
PTOA. Their preferences are shaped by the perceived effective-
ness of treatment, potential for side effects, mode of medication
administration, and out-of-pocket costs. These factors can be
important barriers to individuals using treatments. Methods used
in this study could provide critical data to inform investigators
designing OA prevention trials about key components of the
study that would optimize recruitment by addressing factors
important for individuals at risk of OA.

Our findings can be used by researchers designing trials for
PTOA. For example, there is a clear preference for one-time
injectable treatment for those opposed to daily pills. Regardless
of the medication delivery method, the treatment needs to be
inexpensive, as a $100 per month out-of-pocket cost is a clear
and strong deterrent. Finally, although side effects are an

inevitable feature of any medication, special attention should be
given to how temporary mild side effects, such as nausea and
diarrhea, are communicated. We found that these side effects
are significant deterrents to participants choosing treatment alter-
natives within our scenarios. A review highlighting the use of ver-
bal descriptors, such as “common” or “rare,” to convey the
frequency of side effects can lead to unrealistic patient expecta-
tions.34 It suggested presenting numerical data on the side effects
to set realistic expectations.34

Results of this study should be viewed in light of several limi-
tations, which may affect the generalizability of the results to
patients who reflect the characteristics of the participants
included in this study. First, the recruitment of participants meet-
ing the inclusion criteria was difficult to assess because the survey
depended on the self-report of injury diagnosis and the type of
imaging technology used to make that diagnosis. Ideally, these

Figure 3. Discrete choice experiment attribute-level probability by latent class. The attribute level sizes indicate the relative importance and direc-
tion of preferences on a latent scale. Within class, the magnitude of values can be compared on a relative scale.
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participants would be identified directly from electronic medical
records, which was not feasible to support the analysis of DCE
trade-offs with a sufficient sample size. The sampling methodol-
ogy collected responses from multiple sources, including in-clinic
recruitment. Second, in the study advertisement, a monetary
incentive was listed in the post on public forums, leading to exces-
sive illegitimate responses from automated machines. Although
we attended to the quality of the responses, there may have been
participants who were excluded from the analysis that provided
an account of their experience and preferences.

Third, the design of the attributes and levels in the discrete
choice tasks presented challenging trade-offs. The risk reduction
associated with treatment effectiveness was dependent on the
estimated risk for each participant. This approach to risk presen-
tation allows for more realistic trade-offs in evaluating treatment
effectiveness. However, it may have resulted in internally inconsis-
tent responses within choice sets where participants were pre-
sented with relatively small changes in their absolute risk,
particularly for the MNL model. Specifically, some participants
saw proportionally similar changes but with larger differences in
magnitude, which may have led to varying interpretations. Fur-
thermore, the language used to describe side effects and treat-
ment options was simplified to facilitate trade-offs between
choice alternatives. Although this was intended to make the tasks

more manageable, it may have been overly simplistic, potentially
leading participants to select dominant attribute levels. Fourth,
because the survey relied on self-report data, a definitive, current
diagnosis of OA was not verified in this study. Regarding the
potential impact on our overall modeling approach, we consid-
ered this limitation to have a minor effect. We observed consistent
incremental preferences across levels of proportionately incre-
mental risk. These issues were addressed using the MXL model,
which accounts for individual-level variation within partici-
pants (IID).

Our study was not sufficiently powered to measure all possi-
ble relationships of the covariates and their relation to latent clas-
ses. This is a challenging task because there is inherent
uncertainty in the number of latent classes, the preference func-
tions of those groups, and the associated characteristics (covari-
ates) of membership. Future studies aimed at understanding
patient treatment preferences should consider evaluating scenar-
ios of latent class fit for the number and potential effects for asso-
ciated covariates in a priori power calculations.

In conclusion, this study demonstrates how patient prefer-
ences inform the acceptability of treatment alternatives. This can
guide treatment development, inform clinical trial design, and/or
understand patient population preferences for available treatment
alternatives. Further studies should consider other factors

Figure 4. Discrete choice experiment scenario prediction by latent class. The figure describes the predicted number of participants out of
100 who would choose treatment given the described characteristics (out-of-pocket cost, pill/injection, effectiveness, side effects, or other bene-
fits). The columns describe the differences by different latent classes, and the rows show the changes in predicted uptake given changes in a sin-
gle attribute level (all other attributes held the same).
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involved in participating in clinical trials beyond the treatment itself,
such as incentives, randomization, and modes of recruitment.
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Response to Allopurinol and Febuxostat According to the
Fractional Excretion of Urate in Men With Gout

Pascal Richette,1,2 Anouk Walter-Petrich,3,4 Quang Dinh Nguyen,5 Matthieu Resche-Rigon,3,4

Quang Huy Dinh Nguyen,5 Minh Duc Do,6 Thao Phuong Mai,6 Tuan Duc Nguyen,6 Fernando Perez-Ruiz,7

Emmanuel Letavernier,8,9 Tristan Pascart,10 Augustin Latourte,1,2 Hang Korng Ea,1,2

and Thomas Bardin1,2

Objective. Body mass index (BMI), glomerular filtration rate (GFR), and pretreatment urate levels have been reported
to influence the urate-lowering response to allopurinol. We investigated whether the fractional excretion of uric acid
(FEUA) also modulates this response and relates to oxypurinol concentrations. We further evaluated its potential influ-
ence on febuxostat, not as a direct comparison, but to determine whether the effect of FEUA was specific to allopurinol.

Methods. The data are from n = 1,547 and n = 296 patients starting allopurinol and febuxostat, respectively. The
relationship between FEUA (≤5.5% or >5.5%) and the dose response to allopurinol or febuxostat was assessed by lin-
ear mixed-effects regression models on serum urate levels and adjusted for BMI, estimated GFR (eGFR), and treatment
doses. Concentrations of oxypurinol were measured in a subgroup of patients (n = 181). A multiple linear regression
model was used to assess the association between FEUA and oxypurinol concentrations, adjusted for BMI, eGFR, allo-
purinol dosage, and serum urate levels.

Results. The median FEUA in the whole population was 4.0% (quartile 1–3: 3%–5.1%). The changes in serum urate
levels for each 150-mg increase in allopurinol in patients with FEUA ≤5.5% or >5.5% were −72.37 (confidence interval
[CI] −74.81 to −69.94) μM and −65.96 (CI −71.29 to −60.62) μM, respectively (P = 0.032). We found higher oxypurinol
concentrations in patients with the lowest FEUA (P = 0.032). However, we did not observe any interaction between
the febuxostat response and FEUA (P = 0.13).

Conclusion. Allopurinol is more effective in patients with low FEUA, probably because of the reduced renal excre-
tion of oxypurinol. These data highlight the similarity between the renal handling of oxypurinol and urate.

INTRODUCTION

Allopurinol, an analog of hypoxanthine, is the recommended

first-line medication for most people with gout.1 After ingestion,

approximately 80% to 90% of allopurinol is rapidly metabolized

to oxypurinol, which is almost completely eliminated by the

kidneys. Both allopurinol and oxypurinol inhibit xanthine oxidore-

ductase, the enzyme responsible for converting hypoxanthine to

xanthine and xanthine to urate, primarily in the liver.2

There is considerable interindividual variability in response to

allopurinol. Several clinical factors have been reported to be asso-

ciated with a better response to allopurinol, including low body
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mass index (BMI), poor renal function as measured by the esti-

mated glomerular filtration rate (eGFR), and high pretreatment

urate levels.3 Heritability might also influence the response to allo-

purinol: the presence of the lysine (K) allele of ABCG2, a urate

transporter expressed in the kidney but also in the intestine and

the liver, has been reported to be associated with a reduced effect

of allopurinol in some studies,4,5 but not all.6,7

At the kidney level, two main factors influence the urate levels.
The eGFR determines the filtered urate load, whereas the fractional
excretion of uric acid (FEUA) reflects tubular secretion and reabsorp-
tion. Although largely independent when renal function is preserved,
FEUA may increase as eGFR declines in advanced chronic kidney
disease as a compensatory mechanism for urate excretion by resid-
ual nephrons or the involvement of intestinal urate excretion.8–11

Because renal underexcretion of urate, as defined by an
FEUA ≤5.5%,8,12 is the dominant cause of hyperuricemia in 80%
to 90% of patients with gout,1 studies have investigated the influ-
ence of FEUA on the response to uricosuric agents, particularly
benzbromarone. Overall, these studies showed that patients with
a low FEUA, that is, less than 5.5%, respond better to benzbro-
marone than patients with a higher FEUA do.13

Very few studies have investigated the effect of FEUA on the
response to allopurinol.14 Studies have shown that uricosurics
increase the clearance of oxypurinol15–17 because it is likely a sub-
strate for URAT1, as is urate.18

We hypothesized that a low FEUA would enhance the urate-
lowering response to allopurinol, independently of glomerular fil-
tration, by reducing the renal clearance of oxypurinol. In contrast,
because febuxostat is primarily metabolized in the liver, we
hypothesized that its efficacy would not be influenced by FEUA.

Accordingly, the objective of this study was to assess
whether FEUA modulates the hypouricemic effect of allopurinol
or febuxostat. We also examined the relationship between FEUA
and oxypurinol concentrations.

PATIENTS AND METHODS

Study population. Patients were recruited from the Vien Gut
Medical Center, an outpatient clinic for people with gout for whom
clinical, biologic, and imaging data are collected at each visit, accord-
ing to a predefined protocol. For this study, we analyzed data from
newly diagnosed patients between June 2017 and January 2023
for whom we had at least one month of follow-up of urate-lowering

therapy (ULT). Gout was diagnosed according to the American Col-
lege of Rheumatology/EULAR criteria.19 We excluded women from
the study population because the number of women among newly
diagnosed patients was very low (n = 30) and because sex is asso-
ciated with FEUA in different ethnic groups.20

This study was approved by the ethics committee of the Uni-
versity of Medicine and Pharmacy, Ho Chi Minh City, Vietnam.
Written informed consent was obtained from all participants. The
data sets used and/or analyzed during the current study are avail-
able from the corresponding author upon reasonable request.

Treatment with xanthine oxidase inhibitors. All
patients were started on a xanthine oxidase inhibitor with a treat-
to-target strategy as follows: for those with an eGFR ≥60
mL/min/1.73 m2, allopurinol was started at 150 mg/d (half a
300-mg tablet) for one month, and the dose was increased by
150 mg increment per month until the serum urate (SUA) target
was <360 μM (60 mg/L) for two consecutive months. For patients
with tophi, urate arthropathies, or more than six flares per year, the
SUA target was <300 μM (50 mg/L). In patients with an eGFR <60
mL/min/1.73 m2, febuxostat was started at 40 mg/d, with monthly
increments of 40 mg until the urate target was achieved, up to
120mg/d. Prophylactic colchicine (0.5–1mg/d) was prescribed dur-
ing the first months of the study. The median length of follow-up was
4.1 months (95% confidence interval [CI] 3.9–4.4).

Demographics and laboratory tests. Data on gout
features and comorbidities, SUA levels, serum creatinine levels, and
eGFR were collected before the initiation of ULT. SUA levels were
monitored monthly until the urate target was obtained. The eGFR
was estimated by the Modification of Diet in Renal Disease equation.
The FEUA was calculated as (UUA × Pcr)/(PUA × Ucr) × 100,
expressed as a percentage, where U and P represent the urinary
and plasma concentrations, respectively; PUA represents the SUA
levels; and cr represents the creatinine level. It is the ratio of urate
clearance to creatinine clearance. The FEUA was determined by
using spot-urine samples, as it has been demonstrated to be a valid
method,21 not different from the FEUA estimated by using 24-hour
urine collection, which is very difficult to obtain for many patients.

Measurement of plasma oxypurinol and allopurinol
concentrations. Among the study population, oxypurinol and
allopurinol assays were available for 187 patients. A 50-μL solu-
tion of 40-μg/mL acyclovir was added to 500 μL of plasma from
the patient sample and vortexed for 10 seconds. Then, 250 μL
of a solution of 10% perchloric acid was added, and the mixture
was vortexed for one minute. The sample was centrifuged at
17,000 revolutions per minute at 20�C for 10 minutes. Finally,
the sample was filtered through a 0.22-μm filter and injected into
the chromatographic system. The concentrations of allopurinol
and oxypurinol in the plasma samples were identified via LC soft-
ware from Shimadzu (Kyoto, Japan). Concentrations of
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oxypurinol and allopurinol were determined one month and two
months after the initiation of allopurinol. Blood samples were
taken on average four hours after the morning dose of allopurinol.
Among the 187 patients, n = 6 were excluded from the analysis
because the plasma oxypurinol concentration was <3 mg/L
(20 μM), a low concentration suggesting that these patients were
not adherent to treatment, as previously reported.3

Statistical analysis. Categorical variables are described as
frequencies (percentages); continuous variables are described as
medians and interquartile ranges. Comparisons of continuous data
were performed using the nonparametric Wilcoxon rank sum test.
For comparisons of binary data, Fisher exact test was used.

Associations between FEUA and clinical or biochemical vari-
ables were first assessed using univariate logistic regression
models. Variables significantly associated with FEUA (P < 0.05)
in the univariate analysis were then entered into a multivariate
logistic regression model to identify independent predictors of
FEUA ≤5.5%. The interaction between FEUA and the dose
response to either allopurinol or febuxostat (ie, lowering SUA
levels) was assessed using linear mixed-effects regression mod-
els for urate levels, including a random intercept for patients to
account for repeated measurements. The models were adjusted
for BMI, eGFR, and treatment doses as fixed effects.

Subgroup analyses were performed with treatment-by-
subset interactions tested using the Gail and Simon statistics, a
method that analyzes qualitative interactions between treatment
effects and patient subgroups.22 An FEUA cutoff of 5.5% was
used, as was done in several studies conducted in Asia.8,12,23

To further assess whether FEUA provided information indepen-
dent of eGFR, we also tested for collinearity between FEUA and
eGFR using correlation analyses and variance inflation factors.24

A linear mixed-effects model for oxypurinol concentrations
was used to assess the association between FEUA and oxypuri-
nol concentrations, with a random intercept for patients to

account for repeated measures, and adjusted for BMI, eGFR,
allopurinol dosage, and SUA levels as fixed effects.

Because treatment allocation was based on renal function
(allopurinol in patients with eGFR ≥60 mL/min/1.73 m2 and
febuxostat in those with eGFR <60 mL/min/1.73 m2), the study
was not designed to compare outcomes between the two drugs.
All the tests were two sided, with P ≤ 0.05 considered statistically
significant. Statistical analyses were performed via R version 4.2.1
(The R Foundation, https://www.R-project.org/).

RESULTS

Demographic characteristics. The data are from 1,843
male patients who were newly diagnosed with gout and started
ULT. Among these patients, 1,547 patients received allopurinol,
and 296 received febuxostat. The demographic characteristics of
the study population are shown in Table 1. The median (quartile 1–
3 [Q1–Q3]) age of patients treated with allopurinol was 45 (38–53)
years, with a median BMI of 24.7 (22.8–27) kg/m2. In these patients,
themedian SUA level was 543 (464–613) μM, and themedian eGFR
was 95 (83–106) mL/min/1.73 m2. Patients treated with febuxostat
were older, had lower eGFR, were more likely to have diabetes or
hypertension, and had higher SUA levels (all P values < 0.001).

FEUA in the study population. Before the initiation of
ULT, the median (Q1–Q3) FEUA in the whole population was
4.0% (3%–5.1%; Figure 1A). It was slightly greater in patients
receiving febuxostat who had lower renal function than in those
receiving allopurinol: 4.4% (3.2%–6%) and 4.0% (3%–5%),
respectively (P < 0.0001; Figure 1B).

According to the univariate analysis, an FEUA ≤5.5%was asso-
ciated with higher eGFR, BMI, and triglyceride levels, and it was
associated with younger age (all P values < 0.001). There was no
association between FEUA and low-density lipoprotein cholesterol
levels (Supplementary Table 1). Age (odds ratio [OR] 0.98 [95% CI

Table 1. Baseline characteristics of patients treated with either allopurinol or febuxostat*

Allopurinol Febuxostat
P value(n = 1,547) (n = 296)

Age, y 45 [38–53] 57 [48–65] <0.0001
BMI, kg/m2 24.7 [22.8–27] 24.0 [21.8–26] <0.0001
Comorbidities
Chronic kidney disease 5 (0.3) 157 (53.2) <0.0001
Type 2 diabetes 114 (7.4) 46 (15.5) <0.0001
Hypertension 476 (30.8) 153 (51.7) <0.0001
Cardiovascular diseases 1,022 (66.1) 234 (79.1) <0.0001

Serum urate level, μM 543 [464–613] 561 [476.8–639.2] 0.007
eGFR, mL/min/1.73 m2 95 [83–106] 59 [49–76.5] <0.0001
LDL cholesterol, mmol/L 3.0 [2.4–3.7] 2.8 [2.2–3.6] 0.016
Triglycerides, g/L 2.5 [1.7–3.7] 2.3 [1.5–3.5] 0.017
FEUA, % 4.0 [3–5] 4.4 [3.2–6] <0.0001

* Data are presented as medians [Q1–Q3] or numbers (percentages). CKD was defined as an eGFR less than 60
mL/min/1.73 m2. Cardiovascular diseases include coronary artery diseases, heart failure, arrhythmia, and valvular
heart disease. BMI, bodymass index; CKD, chronic kidney disease; eGFR, estimated glomerular filtration rate; FEUA,
fractional excretion of uric acid; LDL, low-density lipoprotein; Q, quartile.
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0.96–0.99], P = 0.0002) and eGFR (OR 1.01 [95% CI 1–1.02],
P = 0.0008) were significantly associated with FEUA ≤5.5% in the
multivariate model (Table 2), with a trend toward an association with
triglyceride levels (OR 1.06 [95% CI 1.0–1.13], P = 0.064).

Response to allopurinol or febuxostat according to
the FEUA. We then assessed the interaction between the FEUA
and the hypouricemic effect of allopurinol. We found a significant
interaction between FEUA and each 150-mg increment of allopu-
rinol on reducing SUA levels (P = 0.032, adjusted for allopurinol,
BMI, and eGFR; Table 3). The hypouricemic effect of allopurinol
was more pronounced in patients with a low FEUA: the decreases
in SUA levels for each 150-mg increment of allopurinol were
−72.37 (CI −74.81 to −69.94) μM and −65.96 (CI −71.29 to

−60.62) μM in patients with an FEUA ≤5.5% and an FEUA
>5.5%, respectively (Figure 2A and Supplementary Table 2).

In contrast, we found no interaction between FEUA and
febuxostat on reducing SUA levels (P = 0.13; Table 4). The asso-
ciation between the decrease in SUA levels for each 40-mg incre-
ment of febuxostat did not significantly differ across the two
groups of patients defined by an FEUA ≤5.5% or >5.5%
(Figure 2B and Supplementary Table 3). Variance inflation factors
for all variables, including FEUA and eGFR, were below 2, indicat-
ing no collinearity in our models (Supplementary Figure 1).

Figure 1. FEUA in the study population. (A) Distribution of the FEUA in 1,843 male patients with gout. (B) FEUA in patients who received allopu-
rinol or febuxostat. FEUA, fractional excretion of uric acid.

Table 2. Multivariate analysis of factors associated with an
FEUA ≤5.5%*

OR (95% CI) P value

Age, y 0.98 (0.96–0.99) 0.0002
BMI, kg/m2 1.02 (0.99–1.06) 0.19
eGFR, mL/min/1.73 m2 1.01 (1–1.02) 0.0008
Triglycerides, g/L 1.06 (1–1.13) 0.064

* BMI, body mass index; CI, confidence interval; eGFR, estimated
glomerular filtration rate; FEUA, fractional excretion of uric acid;
OR, odds ratio.

Table 3. Adjusted analysis of the effect of allopurinol on serum urate
levels with a linear regression model (n = 1,537 patients)*

Variables Beta 95% CI P value

FEUA > 5.5% −39.93 −53.27 to −26.59 <0.0001
Allopurinol (each 150
mg)

−72.37 −74.81 to −69.94 <0.0001

BMI, kg/m2 3.75 2.56 to 4.95 <0.0001
eGFR, mL/mn/1.73 m2 −0.26 −0.5 to −0.02 0.035
FEUA > 5.5% ×
allopurinol interaction

6.46 0.33 to 12.59 0.032a

* BMI, body mass index; CI, confidence interval; eGFR, estimated
glomerular filtration rate; FEUA, fractional excretion of uric acid.
a Gail and Simon interaction test.
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Relationship between oxypurinol concentrations
and the FEUA. To explain the relationship we observed between
an FEUA ≤5.5% and a better response to allopurinol, we evalu-
ated the concentrations of oxypurinol, an active metabolite of allo-
purinol (Supplementary Table 4), according to the FEUA, in a
subgroup of patients (n = 181). These patients had a median
BMI of 24.7 (Q1–Q3: 22.5–27.2) kg/m2 and a median eGFR of
93 (Q1–Q3: 79–106) mL/min/m2. Only two patients took
diuretics. We found a significant association between lower FEUA
and higher oxypurinol concentrations (P = 0.032, adjustment for
BMI, eGFR, allopurinol dosage, and SUA levels). There was a
strong association between the concentrations of allopurinol and
oxypurinol (P < 0.0001; Supplementary Table 5).

DISCUSSION

This study identified FEUA as a new covariate that modulated
the hypouricemic effect of allopurinol. Although statistically signif-
icant, the difference in the hypouricemic effect of allopurinol
according to FEUA was modest and of uncertain clinical rele-
vance. Nevertheless, this finding reinforces the concept that the
renal mechanisms regulating urate and oxypurinol handling are
quite similar. A low FEUA was associated with a better response
to allopurinol, independent of the GFR and BMI, which was likely
due to a decrease in oxypurinol renal clearance. Although FEUA
and eGFR were modestly associated, there was no collinearity
supporting the independent contribution of FEUA beyond glo-
merular filtration to the response to allopurinol.

The kidney is responsible for the majority of urate excretion in
humans.1 Renal excretion of urate is dependent on both the fil-
tered urate load and the fraction of the filtered load that is elimi-
nated in the urine, that is, the FEUA,9,25 which is under the
control of multiple urate transporters in the proximal tubule.26

We observed that the influence of FEUA on the allopurinol
response is independent of the glomerular function. Although
eGFR determines the filtered load of oxypurinol, FEUA captures
the balance between secretion and reabsorption in the tubule,
which critically shapes oxypurinol clearance. Thus, the improved
hypouricemic response in patients with low FEUA, albeit modest,
likely reflects increased tubular reabsorption of oxypurinol rather
than decreased glomerular filtration.

Several factors have been reported to lower the FEUA and
are therefore risk factors for hyperuricemia and gout. Heredity,

Figure 2. FEUA and response to xanthine oxidase inhibitors. (A) Response to allopurinol according to the FEUA. (B) Response to febuxostat
according to the FEUA. FEUA, fractional excretion of uric acid; SUA, serum urate. Color figure can be viewed in the online issue, which is available
at http://onlinelibrary.wiley.com/doi/10.1002/acr.25695/abstract.

Table 4. Adjusted analysis of the febuxostat effect on serum urate
levels via a linear regression model (n = 291 patients)*

Variables Beta 95% CI P value

FEUA > 5.5% −39.76 −67.04 to
−12.48

0.004

Febuxostat (each 40 mg) −103.21 −115.2 to
−91.22

<0.0001

BMI, kg/m2 1.34 −1.48 to
4.16

0.35

eGFR, mL/mn/1.73 m2 −0.74 −1.2 to
−0.29

0.001

FEUA > 5.5% × febuxostat
interaction

−15.26 −36.56 to
6.04

0.13a

* BMI, body mass index; CI, confidence interval; eGFR, estimated
glomerular filtration rate; FEUA, fractional excretion of uric acid.
a Gail and Simon interaction test.
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which plays a key role in the genesis of the disease,27 is undoubt-
edly one of the most important. Indeed, several SUA-associated
single nucleotide polymorphisms have been reported to be asso-
ciated with a lower FEUA,28 notably at the SLC2A9 locus, with dif-
ferences depending on ethnicity groups.20 In contrast, the Q141K
variant of ABCG2 has not been found to be associated with FEUA
variations9 but might modify the response to allopurinol, although
the data are conflicting. Other clinical variables reported to influ-
ence FEUA are male sex and BMI.20 We did find an association
between BMI and FEUA ≤5.5% in the univariate analysis, which
was no longer significant in the multivariate analysis, suggesting
an indirect effect of BMI on FEUA. Notably, a study conducted in
people with overweight and obesity revealed that this association
was observed only when urate levels increased following a fruc-
tose load.29

The doses of allopurinol needed to lower the SUA levels
below 360 μM vary from one individual to another and depend
on clinical and biologic factors. According to a recent study, these
factors include ethnicity, BMI, pretreatment SUA levels, and renal
function.6 In contrast to what has been reported in previous
studies,3,30 neither the ABCG2 genotype (rs2231142) nor the
presence of diuretics were predictors of allopurinol efficacy in
more recent papers.6,7

Multivariate analysis revealed that the hypouricemic effect of
allopurinol was greater in patients with a low FEUA, that is, less
than ≤5.5%, independent of BMI and kidney function. These data
suggest that the mechanisms involved in the tubular secretion
and excretion of urate could also modify the pharmacokinetics of
allopurinol, independent of the GFR.

In contrast, we found no interaction between febuxostat and
FEUA, a result that was expected because febuxostat is metabo-
lized mainly in the liver and is virtually not eliminated by the kid-
neys. In line with our findings, Qi et al reported that the response
to febuxostat, as assessed by the percentage of patients achiev-
ing SUA levels of less than 360 μM, was identical in patients with
an FEUA ≥5.5% or <5.5%.31

Because the renal elimination of oxypurinol is the most
important aspect of the pharmacokinetics of allopurinol,15 we
explored the association between FEUA and oxypurinol concen-
trations. We found that oxypurinol concentrations were higher in
patients with a low FEUA, independent of BMI, eGFR, allopurinol
dosage, and SUA levels. This is probably because the oxypurinol
filtered at the glomerulus is then largely reabsorbed by the proxi-
mal tubules.

The mechanisms underlying the renal elimination of oxypuri-
nol in patients with gout have not been extensively studied. Unlike
allopurinol, which has a very short half-life of one hour, the half-life
of oxypurinol is approximately 23 hours.15 The finding that the
renal clearance rate of oxypurinol was lower than the GFR but
two to three times greater than that of urate led to the hypothesis
that oxypurinol could be reabsorbed by renal tubules, such as
urate.32 This hypothesis was further supported by the

observation of an increase in renal clearance of oxypurinol by uri-
cosurics in patients with gout15,16,33 but also in Dalmatian dogs.32

In this breed of dog, urate excretion equals or exceeds the GFR
because of a mutation in the SLC2A9 gene, which codes for the
urate transporter GLUT9,34 explaining why renal urate reabsorp-
tion is lost almost entirely.34

It was subsequently shown that oxypurinol is a substrate of
URAT1, highlighting the similarity in the renal handling of urate
and oxypurinol. Thus, URAT1 might play a key role in the renal
reabsorption of oxypurinol to the difference of OAT4, which
seems to not be involved in this process.18 Other studies have
suggested that GLUT9 may also transport oxypurinol.33,35

Our study has limitations that must be considered. We rec-
ognize that the difference in the magnitude of the hypouricemic
effect of allopurinol according to the FEUA is not large, so the clin-
ical relevance at the individual level of this result is unknown. Our
study population did not include women, which is explained by
the very low prevalence of women treated at the Vien Gut Medical
Center. Therefore, it is not possible to generalize our results to all
patients with gout. Furthermore, the phenotype of the patients in
our study are different from those included in similar studies con-
ducted notably in Oceania and the US3,6,7,20: overweight and
obesity are rare in our study population. In addition, individuals
treated with allopurinol in our study had a preserved renal function
(eGFR ≥ 60 mL/min/1.73 m2), which may restrict the generaliz-
ability of our findings to gout populations with a higher prevalence
of chronic kidney disease, in which the relationships between
FEUA, oxypurinol clearance, and allopurinol response may differ.
It is therefore difficult to compare our results with those already
published in this area. Lastly, the oxypurinol threshold of 3 mg/L
that we used to define nonadherent patients is questionable, as
this threshold varies according to patient characteristics that we
did not take into account.36 In conclusion, our study revealed
that, in addition to the GFR, the FEUA is a renal parameter that
influences the response to allopurinol but not to febuxostat.
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R E V I EW A R T I C L E

Advances in Synovial Fluid Analysis for the Diagnosis
of Crystal Arthropathies

Tom Niessink,1,2 Tim L. Jansen,2 Matthijs Janssen,2 and Cees Otto1

Synovial fluid analysis remains to be a critical aspect of the diagnosis of crystal arthropathies. The gold stan-
dard, compensated polarized light microscopy (CPLM), has significant shortcomings due to poor reproducibil-
ity and improper training of specialists. Especially in cases of artifacts, low crystal counts, and combinations of
crystals, errors are frequently made. There are several new techniques in development to improve the accuracy
of crystal identifications. With modified CPLM, microscopes, often aided by machine-learning algorithms,
enhance the image contrast, which significantly improves sensitivity. Examples are lens-free polarized light
microscopy and polychromatic polarized light microscopy. These techniques have relatively low costs and
are easy to use. Another approach is using Raman spectroscopy alone or as a second (verification) step for
the objective identification of crystals. This improves objectivity and specificity of diagnosis. Examples include
a point-of-care Raman spectroscope and integrated Raman-polarized light microscopy. Although these are
more accurate than the microscopy-based platforms, they are often more expensive and require some addi-
tional training. Both Fourier transform infrared spectroscopy (FTIR) and scanning electron microscopy (SEM)
have also been used for crystal identification in research. FTIR contributes specificity in a manner similar to
Raman methods. SEM adds a higher resolution than optical methods and provides a clear view of morphology.
In this narrative review, we provide an overview of the available literature comparing innovational techniques in
synovial fluid analysis.

Introduction

Crystalline arthropathies are a class of generally auto-

inflammatory diseases caused by deposited crystals in the syno-

vial space. The most important crystalline arthropathies include

gout, calcium pyrophosphate deposition disease (CPDD), and

basic calcium phosphate (BCP)–associated arthritis.1,2 The pre-

sentation of these crystals, alone or in combinations, can trigger

the inflammasome via a second signal (for example, interleukin-1

β) and offset a strong inflammatory response.3 The crystal

arthropathies can be very painful and can limit patients in daily

activities. When these conditions are left untreated, patients can

experience permanent joint damage and disability.4

To enable administering low-cost and high-quality health

care, a detailed and thorough determination of all crystals present

in the synovial fluid is required, such that effective therapy can be

started with certainty. The only definitive method of diagnosing

crystalline arthropathies is by the direct identification of the

present potentially causative crystals within the synovial fluid

drawn from affected patients.5 Current methods to perform

synovial fluid analyses, predominantly compensated polarized

light microscopy (CPLM), are known to be highly dependent

on the quality of the microscope used, the number of crystals

present, and skills of the trained analyst, and therefore, one

may raise doubts on the correctness of the clinical

diagnosis.6–8 There is a demand for more objective technolo-

gies. In this review, different types of crystals that commonly

occur in synovial fluid will be discussed. This review intends

to present recent advances in technology for the diagnosis of

crystal arthropathies and discuss the advantages and limita-

tions of each diagnostic method. This is especially important
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for calcium crystals, as these are difficult to diagnose.9 An

overview of these methods is given in Table 1, together with

a scoring on criteria important for implementation (sensitivity,

specificity, ease of use, readiness, and costs).

Classes of synovial fluid crystals and crystal
mimickers

There is a range of different crystals that can be found in
synovial fluids, most of which are directly related to the arthropa-
thy involved. Synovial fluids can also simultaneously contain two
or more types of crystals, a condition known as mixed crystal dis-
ease.10 Classes of crystals and other biologic deposits are given
in Table 2. Classes of foreign bodies with known prevalence in
synovial fluid are given in Table 3.

For the diagnosis of crystalline arthropathies, especially in
suspected gout and CPDD, both EULAR and the American Col-
lege of Rheumatology (ACR) recommend microscopical analysis
of synovial fluid aspirates.5,11 Identification of monosodium urate
monohydrate (MSU) and calcium pyrophosphate (CPP) crystals
in synovial fluid in the setting of arthritis will help clinicians and will
often lead to a direct and definitive diagnosis of the underlying
condition.

CPLM

The gold standard in synovial fluid identification is CPLM.
CPLM is a well-established technique and was first applied in
rheumatology in the 1960s.12,13 CPLM enables crystals based
on their morphology and their polarizing (birefringent) properties.
MSU crystals, for example, show a strong, negative birefringence
and are typically needle shaped, whereas CPP crystals show a

weak positive birefringence and more rhomboid or rod-like
shapes (Supplementary Figure 1A and B).14

Although rheumatologists are increasingly using CPLM, it
has limited reliability as a diagnostic tool. First reports on poor
reproducibility, sensitivity, and specificity stem from 1986 to
1998.15–18 Some of the surveyed centers had a mere 50% accu-
racy rate in the diagnosis. More recent studies showed the
accuracy of detection is heavily dependent on the observer’s
training and structured training and further education are not uni-
form across countries.6,7 To find a correct diagnosis, an analyst
should not only know how to identify crystals but also know how
to handle a specialized microscope. CPLM enables the identifica-
tion of the sign of birefringence and morphology of the object but
does not enable precise characterization of crystal composition.
Most often, an identification of MSU is more accurate than CPP.
Berendsen et al (2017)6 showed a correct identification of patho-
gnomonic MSU crystals by 81% and CPP crystals by 68% of par-
ticipants. Errors in an individual diagnosis can have a large impact
on the patient’s treatment success, prognosis, and long-term
outcome.

MSU might also be mistaken for other synovial fluid crystals
with similar morphology and/or birefringence. Cholesterol for
example (Supplementary Figure 1D), which is often presented as
large geometric plates with notched corners with varying negative
birefringence, may present dendrites with similarities to MSU and
can sometimes be found in patients with gout.19

Hydroxyapatite crystals are small (sub micrometer) and lack
birefringence, which is problematic for CPLM detection.20,21 For
detection of these crystals, an additional alizarin red staining is
required, but the effectiveness of this method has been ques-
tioned.18,22 Deposited glucocorticoids are often present as amor-
phous masses and are therefore difficult to recognize

Table 1. Harvey Ball assessment of the compared innovations*

Modality Sensitivity Specificity Ease of use Readinessa Cost

CPLM ◑ ◕ ◯ ◯ ◔

CPLM + PC ◔ ◕ ◯ ◯ ◔

SCPLM ◔ ◑ ◔ ◑ ◔

DL-HPM ◔ ◑ ◔ ◑ ◯
Polychromatic PLM ◔ ◑ ◯ ◑ ◔

POC Raman ◑ ◯ ◑ ◔ ◑

SRS microscopy ◔ ◔ ◕ ◑ ◕

iRPolM ◔ ◯ ◔ ◔ ◕

(s)FTIR ◔ ◯ ◑ ◑ ⬤

SEM/EDX ◯ ◑ ◑ ◑ ⬤

In vivo Raman ◕ ◑ ◔ ◕ ◑

Sweat SERS ◑ ◕ ◑ ◕ ◕

* ⬤ = worst, ◕ = moderate, ◑ = median, ◔ = good, ◯ = best. CPLM, compensated polarized light microscopy; DL-
HPM, deep-learning holographic polarization microscopy; iRPolM, integrated Raman-polarized light microscopy;
PC, phase contrast; PLM, polarized light microscopy; POC, point-of-care; SCPLM, single shot computed polarized
light microscopy; SEM/EDX, scanning electron microscopy with energy dispersive x-ray spectroscopy; SERS,
surface-enhanced Raman spectroscopy; (s)FTIR, (synchrotron) Fourier transform infrared spectroscopy; SRS, stim-
ulated Raman scattering.
a With readiness, we imply technology readiness level or time to clinic. All evaluations are performedwith respect to
CPLM as the gold standard.

ADVANCES IN CRYSTAL IDENTIFICATION 789



(Supplementary Figure 1C). Dust particles, silicates, foreign bod-
ies, and other artifacts are also a cause of misinterpretation
in CPLM.

The coexistence of multiple types of crystals can further
complicate the identification; for example, CPP crystals can be
found together with BCP crystals, like hydroxyapatite, in patients
with osteoarthritis.23 Sometimes CPP and MSU crystals can be
found in the same joint, leading to the diagnosis of both gout
and CPDD.24–26 This is a difficult diagnosis to make, however,
as finding a few CPP crystals lying among thousands of MSU
crystals can easily be compared to a needle-in-a-haystack situa-
tion. The presence of a combination of CPP and MSU crystals is
also being referred to as mixed crystal arthritis.10

Thus, the use of CPLM in specific cases may be problematic,
especially in more difficult cases of crystalline arthritis. Therefore,
rheumatologists worldwide are depending on a subjective, imper-
fect, and sometimes unreliable technique and make high-impact
clinical decisions based on questionable data, especially when
applied to patients with a low a priori risk of gout or acute CPP
arthritis.

Alternatives for CPLM-based crystal identification

Due to the problems associated with CPLM, several
methods have been developed or are under development to
improve the reliability of microscopic synovial fluid analysis.27

These methods either rely on different contrast mechanisms (aliz-
arin red staining and phase contrast microscopy) or are designed
to be cheaper alternatives, such as lens-free polarized light
microscopy, or use a combination of high-tech optical elements
and computational enhancement to improve on CPLM image
contrast, such as single shot computational polarized light
microscopy (SCPLM), deep-learning holographic polarization
microscopy, and polychromatic polarization microscopy. We will
discuss these methods in the following sections.

Alizarin red staining. As BCP crystals have very low bire-
fringence (+0.007, compared to −0.3 of MSU), identification of
these crystals by CPLM is not straightforward with the equipment
that is commonly clinically available. Alizarin red is a soluble
sodium salt of alizarin sulfonic acid, which binds to calcium to

Table 2. An overview of known crystals and biologic deposits which can be identified in synovial fluid samples*

Crystal type Description

Monosodium urate Presence is evidence for the diagnosis of gout in affected patients. Patients with gout have hyperuricemia to such
an extent that uric acid precipitates in their synovial fluids as MSU. When these MSU crystals are recognized by
resident synovial macrophages, they will activate the NLRP-3 inflammasome and release pro-inflammatory
cytokines like interleukin-1, which promotes a large influx of neutrophils in the synovial space.3,66 Symptoms
include a rapid onset of severe pain, swelling, redness, heat, and loss of function. Gout mostly affects the first
metatarsophalangeal or ankle joint but can also affect other joints, such as the knee joints. Renal or ureteral
urate stones are a common comorbidity (odds ratio 1.4) in patients with gout.67

Calcium pyrophosphate Presence is evidence for CPDD in specific clinical scenarios. These crystals occur when pyrophosphate anions form
with calcium cations.12 The exact pathologic pathway behind this process is not fully understood, but prevalence
shows a strong correlation with arthritis of larger joints, mostly in elderly patients, although hereditary forms
also affect patients at a younger age in Gitelman syndrome.12–14 The severity of symptoms is similar to gout, and
the disease was therefore formerly known as pseudogout. Acute CPP arthritis mostly occurs in the knee and the
wrist but other joints can also be affected.

Hydroxyapatite BCP crystals relate to HADD, including the Milwaukee shoulder. HADD is known to be a very destructive joint
disease.20,68 The inflammatory response in HADD is similar to gout and CPDD.68 HADD can occur in every joint
but predominantly affects shoulder joints, followed by the knee, hip, elbow, wrist, and ankle joints.20 BCP is also
known to be highly prevalent in osteoarthritis and is suspected to be associated with the pathogenesis of this
disease.69

Calcium oxalate Associates with oxalate arthritis. This arthritis is often preceded by hyperoxaluria, which is mostly an inherited
metabolic disorder but can also occur in renal insufficient patients with a high oxalate or vitamin C intake.18,19

Oxalate crystals occur in two forms, m-CO or d-CO. Hyperoxaluria is a serious condition and may lead to kidney
failure when left untreated.

Cholesterol monohydrate
plates

Can be found in the synovial fluid of patients with rheumatoid arthritis, gout, and other rheumatic diseases.19,70–72

They are rare, and a clear relationship between cholesterol deposits and inflammation has not been found.73

When present in a bursal sack or joint, the deposits cannot be cleared easily, so a chronic swelling may persist.
Maltes cross birefringent
spherules

Maltese cross birefringence can be caused by either lipid droplets or polysaccharides (starch) or can be a rare
presentation of monosodium urate.14,44 The clinical relevance of these objects remains elusive. Maltese cross
birefringence is a result of radial (spherical) symmetry of the organization of anisotropic molecules within the
particle. It has been quantitively described and is not a specific material property.

Calcites The presence of calcium carbonate crystals in the joint space is a recent finding,46 and the clinical relevance of
these crystals remains to be studied. In vitro assays have demonstrated their pro-inflammatory properties, and
the crystals are highly prevalent in patients with end-stage osteoarthritis.46

* Many of these are known to be associated with inflammatory joint disease. BCP, basic calcium phosphate; CPDD, calcium pyrophosphate
deposition disease; CPP, calcium pyrophosphate; d-CO, dihydrate calcium oxalate; HADD, hydroxyapatite deposition diseases; m-CO, monohy-
drate calcium oxalate; MSU, monosodium urate monohydrate.
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form an orange to red pigment. The method is inexpensive and
can be performed in any modern pathology laboratory. Although
frequently used in research,22,28 the method is not used often in
clinical practice.29 Alizarin red binds to calcium from any form of
calcium-containing crystal and is therefore not specific for BCP.
Furthermore, alizarin red assays are known to be not sensitive
for small microcrystals, which makes it unsuitable for identification
of often tiny BCP crystals.

Phase contrast microscopy. Where polarized light
microscopy provides image contrast based on birefringence,
phase contrast relies on the phase shift that occurs when light is
scattered by (biologic) specimens such as a crystal. As light can
be described as a wave, the phase of a light ray varies between
0 and 2π between a crest of the wave and the next crest. When

a light ray scatters, the phase jumps with π/2. After passage of
the scattered light through a phase plate, where it acquires
another π/2 phase shift, it is recombined with the nonscattered
wave. The interference between the scattered and
nonscattered light ray can be constructive when the rays are in
phase with each other or destructive if the rays are shifted half a
wavelength (or π) in phase. Similar to a compensated polarized
light microscope, a phase contrast microscope contains a series
of specialized optical elements to allow for phase contrast micros-
copy, such as an annular diaphragm and a phase plate. The
phase plate translates the gained phase differences into intensity
differences and therefore into visible image contrast. The idea to
use phase contrast microscopy for synovial fluid analysis is not
novel, as it was already introduced by Kohn et al in 1968.12 Phase
contrast microscopy is an inexpensive and widely available tech-
nique and can be combined with polarized light microscopy in a
single microscope platform. The visibility for small CPP crystals
is significantly better with phase contrast microscopy compared
to polarized light microscopy (Supplementary Figure 2). Unlike
CPLM, phase contrast microscopy never became popularized in
clinical use, and statistics on sensitivity and specificity are there-
fore unknown. Phase contrast does not provide a specificity to
distinguish between MSU and CPP, and crystal identification has
to be done on the basis of morphology or with an (integrated)
polarized light microscope. It is to be expected that the sensitivity
of a phase contrast microscope, when integrated with polarized
light microscopy, is increased for CPP, with similar specificity.
Operating of a phase contrast microscope is not more complex
than a CPLM, and the method is readily available for clinicians;
associated purchase costs are comparable to CPLM.

SCPLM. In SCPLM, an ordinary microscope platform is
altered with a left hand circular polarizer and a specialized camera
with four orthogonal polarizing filters per pixel.30 In a single shot,
the camera takes four images (one for every polarization) and then
computes a pseudocolor CPLM image. These pseudocolor
images offer enhanced contrast compared to CPLM, and the
microscope can operate at several magnifications. As the method
is based on an ordinary microscope platform and the additionally
required optical components are relatively affordable, it could be
possible to upgrade existing microscopes in rheumatology
departments to SCPLM systems. Expert raters tested SCPLM
and demonstrated higher crystal detection rates for both CPP
and MSU crystals.31 Statistics on diagnostic sensitivity and spec-
ificity are as of yet unknown. The developers of this device expect
the sensitivity to be higher than CPLM, but as birefringence is the
discriminating factor among crystal types, specificity should be
similar. Operation of this device should be comparable to CPLM,
although additional software is required. The first studies with
patient data have been published,30 but additional research is
necessary before market entry. The costs should be similar
to CPLM.

Table 3. An overview of foreign body material with known occur-
rence in the joint and synovial fluid

Foreign body Description

Injected
glucocorticoids

Glucocorticoid injections are anti-
inflammatory therapeutics used for
different types of arthritis, including
crystalline arthritis. Glucocorticoids
themselves are also crystals, which may
be pro-inflammatory on their own and
cause postinjection flares.74,75 Due to
their varying morphology,
misclassification of these particles is a
risk.

Micrometals and
oxide minerals

It is well known that friction between
orthopedic joint implants can lead to
wear particle generation.76,77 Common
metal components of orthopedic
implants include titanium, zirconium, and
cobalt-chromium alloys.78 Oxide
minerals, such as titanium dioxide, can be
found in and around the prosthetic
joint47 but have also been found in
healthy joints,48 where their presence is
potentially related to ingestion of these
particles though food. Titanium is for
instance also a food additive and may
enter the body by absorption through
the skin or gut. These minerals are
possibly pro-inflammatory79 and are
therefore potentially clinically relevant.

Microplastics These have been identified in both
prosthetic joints47 and native joints.80

Microplastics are pro-inflammatory, and
their presence has been associated with
an increased risk of cardiovascular
disease.81 Microplastics might enter the
body via ingestion and can be found even
in otherwise healthy individuals.82 There
is ample scientific evidence between the
presence of microplastics and
inflammatory joint disease, although
some case reports on periprosthetic
inflammation associated with foreign
body infiltration exist too.83
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Lens-free polarized light microscopy and deep-
learning based holographic polarization microscopy. In
an attempt to create a more affordable and practical platform for
synovial fluid analysis, the lens-free polarized light microscope is
only several centimeters large.32 The components of a lens-free
polarized light microscope are mostly similar to that of a CPLM,
including polarizing filters and a compensator. Instead of lenses,
a large complementary metal oxide semiconductor (CMOS) opto-
electronic image sensor is used to capture light directly from the
synovial fluid. The method is designed to mimic CPLM as close
as possible, using Jones calculus as a physical basis for its
image-processing algorithm. For every sample, two holographic
(depth-sensitive) images are captured with different analyzer
angles, and a pseudocolor CPLM image is calculated. The
method has been demonstrated to accurately depict MSU crys-
tals and glucocorticoid deposits, although no proper diagnostic
accuracy study was performed. The main advantage of this
method is a very large field of view of 20 mm2, which is directly
equal to the size of the CMOS chip and two orders of magnitude
larger compared to CPLM, and the small size of the device. The
resolution of the device is stated to be similar to that of
ordinary CPLM.

In a second iteration of the lens-free device, deep-learning
algorithms were added to improve image contrast. A SCPLM
microscope was used to generate training data for the deep-
learning algorithm, and the output of the deep-learning based
holographic polarization microscope indeed closely resembles
the enhanced contrast offered by SCPLM. An additional advan-
tage of adding deep learning is that only one image with one ana-
lyzer angle is used for imaging. At this point, no clinical
performance studies have been performed, and the sensitivity
and specificity of this device is unknown. The developers expect
that performance matches that of SCPLM, thus an increased sen-
sitivity (compared to CPLM) and similar specificity. Like SCPLM,
there are some additional steps in software required to get to a
diagnosis. There is no price range known thus far, but the device
is designed to be low cost.

Polychromatic polarized light microscopy. Shribak33

developed a device called the “polychromatic polarized light
microscope.” This device uses a bandpass filter and two special
filters called “spectral polarization state generators” to enhance
the visibility of small birefringent materials in microscopy.33 These
filters contain an ordinary linear polarizer and a z-cut quartz crystal
that are oriented orthogonally to each other, similar to CPLM. This
approach allows researchers to study weakly birefringent biologic
materials, including cells, organelles, and organic matrixes. In a
small study, they also demonstrated that this can be used to iden-
tify MSU and CPP. They report a perfect match in crystal classifi-
cation between CPLM and their technique in 55 joint fluid
aspirates (28 gout, 20 CPDD, 1 mixed crystal disease, and
6 negative),34 which indicates at least similar sensitivity

and specificity as CPLM, although increased sensitivity is to be
expected according to the author. The operation of the polychro-
matic polarized light microscope should be very similar to CPLM.
Although some clinical data are published, additional validation is
a necessity. The pricing should be similar to CPLM.

Raman spectroscopic tools for synovial fluid
analysis

Raman spectroscopy is a spectroscopic technique based on
the interaction between light and electrons in a material
(Supplementary Figure 3). The atoms in a molecular bond make
oscillatory motions, which modulate the electronic response.
The modulation takes place with unique frequencies, which
enables objective material identification. When irradiated with
monochromatic (laser) light, the energy associated with the mod-
ulation of the bonds will be small but leads to a presentation of
higher and lower frequencies in the scattered light. This can be
measured as a change in color with respect to the original mono-
chromatic light source. Analysis of the color spectrum of the scat-
tered light provides a fingerprint of the bonds present in the
sample and can be used to identify the material.

Although Raman spectroscopy is a widely used analytical
technique for research, clinical use of Raman spectroscopy is lim-
ited. The ability to detect MSU and CPP crystals in synovial fluid
was already demonstrated in 1991.35 We discuss several
applications here.

A proof of principle of Ramanmicroscopy for crystal
identification. McGill et al used a BGSC RM III Raman micro-
scope with a 514-nm, 10-mW laser to identify MSU crystals in a
patient with gout and CPP crystals in a patient with CPDD.35

Acquisition of spectra with their microscope, which was a state-
of-the-art device for that time, ranged from 1 to 30 minutes. They
show a strong correlation between patient material and spectra
from synthetic crystals.

A point-of-care Raman spectroscope. The first publica-
tion on the possibility of a point-of-care Raman device for gout
diagnosis was in 2009 by Cheng et al.36 They used centrifugation
to collect crystal pellets in a conical tube, which was then scanned
with a Labram HR800 Raman microscope, using a 660-nm laser
source. The complete Raman analysis was automated, and a
series of fixed points on the conical tube was measured, which
took 15 minutes. They found consistent results with CPLM in
32 of 35 patient samples.

This was followed by Li et al, who produced a shoebox-sized
Raman device.37,38 It can filter the sample from an aspirated joint
with an integrated microsieve with 1-micron pores, which is sub-
sequently scanned in the device. Before scanning, a 30-minute
chemical digestion step was performed. Thirty fixed scanning
points, with a 30-μm step size, were analyzed per sample, and
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crystals were identified based on their expression of either a
630 cm−1 (MSU) or a 1,050 cm−1 peak (CPP).39 They analyzed
174 samples using both CPLM and their device. There was a
consistency between the two in 89.7% of all results. In eight sam-
ples, CPLM could identify MSU crystals where Raman could not,
and in eight samples, Raman could identify CPP where CPLM
could not. In two samples, Raman identified the presence of both
CPP and MSU where CPLM did not.

The produced point-of-care device was inexpensive and
showed a good correlation with CPLM (Cohen’s κ = 0.84 for gout
and κ = 0.61 for CPDD). Their technique does not allow visual exam-
ination of the crystals however, and they recommend the use along-
side CPLM rather than being a substitution. As the method performs
area scans at fixed locations instead of locating individual crystals, it
is to be expected that sensitivity is low in samples with low crystal
counts. As a Raman spectrum provides a full chemical fingerprint of
the analyte, specificity should be excellent. Although the Raman
measurement is automated, there is a digestion step required. Given
all available evidence, this method is relatively close to clinical imple-
mentation, although no commercial activity can be found in more
recent years. Pricing has been stated to be around 10,000
United States dollars (USD).37

Stimulated Raman scatteringmicroscopy. Zhang et al
used stimulated Raman scattering (SRS) for the detection of CPP
and MSU in rat models, synovial fluid aspirates, and surgical tis-
sue.40 In SRS, the presence of a specific vibrational band is mea-
sured with two laser beams, which are shifted in frequency from
each other by the frequency of interest in the material.41 The so-
called pump laser will donate intensity to the Raman excitation laser
when the band of interest is present. This increase in laser intensity
can be measured and therefore be used for identification. In this
experiment, a 1,040-nm Raman excitation laser was used, together
with a pump laser which was set to 976 nm for MSU and 937 nm
for CPP. Theywere able to detect MSU in synovial fluid samples from
two patients with gout and ex vivo surgical resections (metatarso-
phalangeal 1 [MTP1], ankle, and elbow) of tophi or synovium from
four patients with gout. Furthermore, they showed an ability to detect
and identify MSU and CPP in synovial tissue of rats (ex vivo), which
were injected with these crystals three days before sacrifice.

The spectroscopic contrast offered by SRS increases
specificity for crystals that are difficult to detect with CPLM,
such as CPP. SRS microscopy allows for spectroscopy-
based, visual observation of the crystals. However, the method
of Zhang et al only allows analysis of a portion of the Raman
spectrum, inhibiting the identification of crystals other than
MSU and CPP. The specificity is therefore lower compared to
other spectroscopic techniques. SRS is challenging to do and
is probably not suitable for standard clinical applications, due
to the complexity of the associated technology, and SRS
devices are costly (<400,000 USD).

A hybrid Raman-polarized light microscopy
platform. One of the shortcomings of Raman spectroscopic
analysis for synovial fluid samples is the inability to localize birefrin-
gent objects, such as most crystals in the sample. Crystals are
small (<10 μm) objects and can be difficult to find, especially when
low in number. The use of polarized light microscopy provides
crystal localization with high contrast but low chemical specificity.
By combining polarization microscopy with Raman microscopy, a
hybrid platform is created: the integrated Raman-polarized light
microscope (iRPolM).

Diagnostic accuracy studies have been performed with this
device for gout and CPDD. MSU crystals were identified in
77.6% of patients with gout who were positive for the 2015
ACR/EULAR gout classification criteria,42,43 and CPP crystals
were identified in 86.0% of patients with CPDD who were positive
for the 2023 ACR/EULAR CPDD classification criteria.44,45 The
primary advantage of this modality is the ability to find the crystals
and to obtain a Raman spectrum to characterize the crystal with
high chemical specificity. It has shown itself as a proven technol-
ogy not only for the identification of MSU or CPP crystals but also
has been shown to be important in the study of osteoarthritis, as it
demonstrated the ability to characterize seven crystal types in
end-stage osteoarthritis46 and was able to identify foreign body
material, both in patients with suspected orthopedic implant–
related complications47 and in native joints.48 iRPolM demon-
strates increased sensitivity compared to CPLM, given the spec-
troscopic contrast, which makes identification of CPP crystals
easier. As Raman spectra are chemical fingerprints of the studied
crystals, specificity is excellent. Identification of crystals with
iRPolM requires operators to locate crystals with polarized light
microscopy, which can then be scanned with the integrated
Raman spectroscope. Several studies on diagnostic performance
have been published, and further development toward clinical
implementation is being pursued. At this point, no price is avail-
able, but it is expected to be around 150,000 to 250,000 USD.

Automated classification of Raman spectra. Raman
spectra are highly suitable for machine-learning approaches due
to their unique, specific characteristics. Popular chemometric
techniques for the classification of Raman spectra include linear
classifiers, such as linear discriminant analysis or logistic
regression,49 but also more sophisticated methods, including
one-dimensional convolutional neural networks.50 Raw Raman
spectroscopic data often has to be preprocessed before classifi-
cation is possible. Common preprocessing steps include baseline
removal, normalization, and dimensional reduction. A support
vector machine-based model demonstrated to be highly effective
in classifying spectra from patients with gout and CPDD. This
model was trained on data from 246 patients and validated on
200 new, unseen synovial fluids. The model had a sensitivity of
81.4% for gout and 90.5% for CPDD, compared to the respective
ACR/EULAR classification criteria sets.51
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Research tools: infrared spectroscopy and
scanning electron microscopy/energy dispersive
x-ray spectroscopy

Infrared (IR) spectroscopy and scanning electron micros-
copy (SEM), the latter often combined with energy dispersive
x-ray spectroscopy (EDX), have been used extensively as a
research tool in crystal analysis. These methods are generally
considered unfit for clinical applications, however, due to high
associated costs, laborious sample preprocessing, and extensive
training required. We therefore briefly discuss these methods in
this section.

Fourier transform infrared spectroscopy (FTIR). IR
spectroscopy, like Raman spectroscopy, is a form of vibrational
spectroscopy and uses IR light to measure the molecular vibra-
tions of an object. In FTIR, the sample is illuminated with multiple
wavelengths of IR light at once, and a Fourier transform of variable
pathlength information renders the absorption spectrum. FTIR
often requires dehydration of the samples to avoid the intense
absorption of IR light by water and is therefore less suitable for
synovial fluids, although it has been shown that crystals can be
identified in tissue.52,53 In the study of Rosenthal et al (2008),54 a
synchrotron is used to generate this collection of wavelengths.
This is a costly and highly specialized device but leads to a sensi-
tive system. In their study, Rosenthal et al demonstrate their ability
to identify CPP and BCP crystals in synovial fluid. Like Raman
spectroscopy, IR spectra are chemical fingerprints of crystals
and specificity is excellent.55

SEM/EDX. The resolution offered by SEM is much higher
than any available by optical microscopic technique, due to the
much shorter wavelengths of the electrons compared to photons.
SEM performs a raster scan with an electron beam and provides
image contrast due to the scattering of these electrons by the
sample. These devices can be complemented with an integrated
EDX, which measures the emission of atom-specific x-ray spectra
stimulated by the electron beam. Due to the high resolution of
SEM, it is well-suited for the study of tiny crystals such as
BCP.56 The sensitivity of SEM is very high, and with EDX, it is also
specific in crystal identification. Sample preprocessing before
SEM analysis is extensive, however, and includes sample dehy-
dration. These devices are complicated in use and therefore not
suitable for normal clinical practice. Pricing is around
400,000 USD.

Noninvasive approaches for diagnosing gout

As a joint puncture is a painful procedure for patients and the
puncture site is a potential entry point for infections, noninvasive
approaches would be beneficial for rheumatology care. Crystals
can be seen with imaging techniques such as x-ray, echography,

and, more recently, dual-energy computed tomography, but
these techniques have been thoroughly discussed elsewhere.57

The main advantage of dual-energy computed tomography is
increased chemical specificity for specific types of crystals (BCP,
CPP, and MSU58), although the sensitivity is limited. Here we will
focus on two approaches using visible light to diagnose gout
in vivo.

In vivo Raman spectroscope. Abhishek et al used a
Snowy Range Sierra Raman spectrometer device as a noninva-
sive Raman probe.59 This device operates a 785-nm, 100-mW
laser and has a spectral resolution of 4 cm−1. They placed their
device directly on the skin of the affected first MTP joint. The
in vivo measurement principle of Abhishek et al eliminates
the need for synovial fluid aspiration, as it can directly scan the
affected joint. The operator places the device about 2 cm from
the affected joint, oriented such that the laser is in line with the
synovial space. In their pilot-sized study, MSU crystals were
found in 7 of 10 patients with gout and 1 of 10 patients with oste-
oarthritis. They did not include a comparison with CPLM.

In vivo Raman spectroscopy has been used as a diagnostic
tool before in other fields of interest with promising results.60–62

While being noninvasive, in principle, the penetration of light into
the skin is limited. Also, measuring through the skin will generate
a significant amount of background signal, which can be prob-
lematic. In the Abhishek et al study, 16 of 18 known MSU peaks
were identified. However, 12 of these peaks overlapped with
peaks present in the signal from a healthy patient, and only
4 peaks were unique. In their paper, a background removal algo-
rithm was recommended to tackle some of these problems, but
none was applied. There has been no update on this work since
the first paper. The sensitivity of this technique is low, as it can
only identify MSU in patients with sufficient deposits in their joint.
Additionally, the presence of strong background signals make
the identification of Raman spectra more difficult. The used device
is easy to operate, although good alignment with the joint of inter-
est is required. Although some interesting results were published,
no activity toward clinical implementation has been pursued. No
pricing is available, but the device should be relatively low cost.

Noninvasive Raman spectroscopic urate
monitoring in sweat. The level of uric acid in human sweat is
directly related to the level of uric acid in the serum.63 As sweat
is easily accessible without penetrating the skin, it provides a win-
dow for in vivo metabolite monitoring. Most techniques for analyz-
ing sweat use electrochemistry, relying on enzymes and
antibodies to retrieve valuable information. In their 2024 paper,
Chen et al use surface-enhanced Raman spectroscopy (SERS)
to measure uric acid levels in sweat.64 They designed a special-
ized bandage-sized wearable to collect sweat, which can be ana-
lyzed with their spectroscope. Combined with a deep-learning
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artificial intelligence model, they state an accuracy of 97% for
diagnosing gout in simulated sweat samples.

As this device is measuring uric acid levels in serum, not
monosodium urate crystals in synovial fluid, it is not suitable as a
diagnostic for gout. Asymptomatic hyperuricemia is very com-
mon, and hyperuricemia in serum is therefore not a specific bio-
marker for gout. This device can be interesting as a tool in
clinical research in gout, however, as frequent, noninvasive serum
uric acid level monitoring provides deep insight into uric acid
metabolism. No actual clinical data have been published as of
yet, and at this point, no pricing is available, although the required
SERS device is costly (>150,000 USD).

Physical constraints in transdermal measurements
and how to tackle these. Due to the high attenuation of visible
light in tissue,65 we are only able to penetrate a few millimeters
deep into the human skin. Attenuation of light in tissue is a combi-
nation of absorption and scattering processes and is highly
dependent on the wavelength (color). Abhishek et al used a
785-nm laser, which is considered near-IR, and demonstrated
promising results with their device in an MTP1 joint.59 However,
it is to be expected that these results cannot be reproduced with
larger joints such as an ankle, knee, or shoulder.

There is much research on novel photonic principles to pen-
etrate deeper in human tissue. Molecules such as melanin, fat,
collagen, and hemoglobin are high absorbing in the visible light
region, which leads to a direct physical constraint on how we
can perform transdermal measurements. If near-IR or IR light is
used, we see significantly lower attenuation, which could provide
a window of opportunity.

Conclusions

In this narrative literature review, we discuss a wide range of
innovations designed to improve the diagnosis of gout, CPDD,
other crystallopathies, and crystal mimickers. These innovations
are designed to either enhance the currently available CPLM tech-
nique, which leads to improved sensitivity, or change the crystal
characterization method to a spectroscopic approach, which
leads to improved specificity. Most techniques still require arthro-
centesis, although two promising noninvasive in vivo approaches
have been published. None of the described innovations have
made it into the clinic, and all will require approval from the Food
and Drug Administration (USA), In Vitro Diagnostic Regulation
(EU), or a comparable agency before clinical acceptation. Clinical
performance data are available for some techniques, but none
have been tested by independent agencies. As all described
devices are in a prototype stage (most technology readiness level
3–4, some 6–7), it will take several years before any of these
in vitro diagnostic tools enter the market.

Traditional treatments of crystal arthropathies like gout and
CPDD are often based on treating the inflammation rather than

the cause of the disease. The scientific consensus is shifting,
however, with the appearance of drugs targeting the formation
of specific crystals and inflammasome inhibitors. Gaining more
insight into the different crystals present in the synovial fluid of
these patients will allow physicians to target specific crystals and
make therapies more personalized. Crystal identification can then
be used to find biomarkers for both diagnosis and disease
monitoring.
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R E V I EW A R T I C L E

Performance Characteristics of Anti–Collagen II Antibodies
in Relapsing Polychondritis and Related Diseases:
Prospective Analysis, Systematic Review, and Meta-Analysis

Karyssa Stonick,1 Marcela A. Ferrada,2 Alice Fike,1 Kaitlin A. Quinn,1 Benjamin A. Turturice,1 Casey Stein,1

and Peter C. Grayson1

Objective. Relapsing polychondritis (RP) is a rare disease defined by recurrent cartilaginous inflammation. Anti–
collagen II (Col2) antibodies have been proposed as a diagnostic biomarker for RP, but their performance characteris-
tics are not well defined.

Methods. In an observational cohort, anti-Col2 antibody levels were measured in patients with RP compared to
other inflammatory diseases that mimic RP. In parallel, a systematic review and meta-analysis was performed to
assess anti-Col2 antibody prevalence across a broad spectrum of diseases. Individual study risk ratios (RRs) and
pooled disease category RRs, study bias, and interstudy heterogeneity were assessed.

Results. In the observational cohort, anti-Col2 antibody prevalence did not differ between RP and comparators.
The performance characteristics of anti-Col2 to diagnose RP were poor (sensitivity = 18%; specificity = 72%). Anti-
Col2 antibody titers did not correlate with disease activity in RP (r = 0.08, P = 0.44). In the systematic review, 71 of
2,443 reviewed articles were included. Anti-Col2 antibodies were not associated with RP across five pooled studies
(RR: 2.09; 95% confidence interval [CI]: 0.05–81.80; P = 0.69). Anti-Col2 antibodies were significantly associated with
a composite group of inflammatory diseases with cartilaginous involvement (RR: 2.99; 95% CI: 1.29–6.91; P = 0.01).
Studies using healthy controls reported increased effect sizes compared to studies that used disease controls
(β-estimate = 1.14, I2 = 17.08%; P = 0.0004).

Conclusion. Anti-Col2 antibodies are neither sensitive nor specific for RP, are detected in the minority of patients
with RP, and are detected at similar prevalences across a spectrum of inflammatory diseases with cartilage inflamma-
tion. Use of these antibodies to diagnose or monitor RP is not advisable.

INTRODUCTION

Relapsing polychondritis (RP) is a rare, systemic inflamma-

tory disease characterized by recurrent episodes of cartilage

inflammation that can lead to organ and life-threatening comp-

lications. RP is primarily diagnosed based on clinical recognition

of an appropriate pattern of symptoms and organ system

involvement. The clinical criteria to diagnose RP include auricular,

nasal, and airway/laryngotracheal chondritis, seronegative

nonerosive arthritis, ocular inflammation, hearing loss, vestibular

damage, response to glucocorticoids or dapsone, and histologic

confirmation.1–3 Given the rarity and heterogeneous nature of

RP, developing adequate expertise to diagnose the disease is

challenging, which can lead to diagnostic delays.1–3 Identification

of biomarkers that can accurately and objectively confirm

disease when there is clinical suspicion remains a major unmet

need in RP.
Anti–collagen II (Col2) antibodies have been associated

with RP, and testing for these antibodies is clinically available.4–7

A few small studies have reported an association between anti-
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Col2 antibody titers and RP.4–6 Animal models of disease support

a potentially pathogenic role of anti-Col2 antibodies in RP and

related diseases. Immunization of mice with anti-Col2 antibodies

induces collagen-induced arthritis and ear chondritis, which reca-

pitulates clinical features of both rheumatoid arthritis (RA) and

RP.8,9 Anti-Col2 antibodies have been proposed as a potential

diagnostic biomarker for RP. Whether these antibodies are reli-

able clinical biomarker to diagnosis and monitor RP has not been

well characterized, and it remains unclear if anti-Col2 antibodies

are directly involved in disease pathogenesis in humans or simply

represent a marker of cartilage disease.
The objective of this study was to determine the performance

characteristics of anti-Col2 antibodies to differentiate RP from
other diseases. Performance of anti-Col2 antibodies was
assessed within an observational cohort study of patients with
RP and comparator diseases that can present with similar carti-
laginous and extracartilaginous features as RP. A systematic
review and meta-analysis was also performed to synthesize exist-
ing evidence on the prevalence and diagnostic utility of anti-Col2
antibodies in RP and other conditions.

METHODS

Cohort study. Study population. Patients with RP and
inflammatory diseases with clinical overlap were enrolled into an
ongoing, prospective observational cohort study at the National
Institute of Arthritis, Musculoskeletal, and Skin Diseases of the
National Institutes of Health. Each patient provided written
informed consent, and the protocol was approved by local ethics
review (14-AR-0200). All patients with RP fulfilled diagnostic cri-
teria for this disease.1–3 A subset of patients with RP who have
mouth and genital ulcers with inflammatory chondritis (MAGIC)
syndrome were studied independently. A comparator group of
patients with other forms of vasculitis was selected from within
the same study protocol, including patients with vacuoles, E1
enzyme, X-linked, autoinflammatory, somatic (VEXAS) syndrome,
large vessel vasculitis (LVV), or small and medium vessel vasculitis
(SMVV). Patients with LVV included those with giant cell arteritis or
Takayasu arteritis. Patients with SMVV included those with granu-
lomatosis with polyangiitis (GPA), Behçet disease, microscopic

polyangiitis, eosinophilic GPA, isolated cutaneous vasculitis,
cryoglobulinemic vasculitis, or IgA-associated vasculitis. The
composite disease comparator group was chosen because
these conditions have clinical features that can substantially over-
lap with RP, and thus are a likely population in which a diagnostic
test to rule out RP would be clinically indicated.

Clinical assessment. Study investigators clinically evaluated
each patient at every study visit per protocol. Clinical features of dis-
ease were systematically recorded. Chondritis was defined as auric-
ular chondritis, nasal chondritis, airway chondritis, or inflammatory
arthritis. Cartilage damage was defined as subglottic stenosis, tra-
cheomalacia, bronchomalacia, saddle nose deformity, or external
ear deformity, as previously defined.10 Physician Global Assessment
(PGA) scores were assessed on a scale of 0: remission to 10: severe
disease at each visit. Demographic information including age, sex,
race, ethnicity, CD19 B cell counts, and treatments was recorded.
Patients were considered B cell depleted if they had an absolute
CD19 cell count of <70/uL by flow cytometry.

Anti-Col2 antibody testing. Anti-Col2 antibody testing (Mayo
Clinic, test identifier: FFTYC) was performed on the serum of con-
secutive patients evaluated between 2019 and 2023. If testing
from multiple study visits was available for an individual patient,
results from the initial test was used. The Mayo Clinic test uses
an IgG antibody against the antigen of denatured Col2 derived
from chick sternal cartilage. Reference ranges were applied per
predefined test standards from the Mayo Clinic: an anti-Col2 anti-
body titer level of 20 to 25 equivalent units (EU)/mL was consid-
ered borderline elevated, and a titer level of >25 EU/mL was
considered unequivocally positive. Analyses were performed at
both cutoff levels.

Statistical analysis. Performance characteristics of anti-Col2
antibodies (sensitivity, specificity, receiver operating characteristic
curves) were assessed in patients with RP and MAGIC syndrome
in reference to the comparator disease group (R-Studio pROC).11

The comparator group was further stratified into diseases of carti-
laginous inflammation (VEXAS, GPA) and extracartilaginous
symptom overlap (all other comparators). Continuous variables
were compared between groups using Kruskal-Wallis tests. Cor-
relations were calculated using Spearman rank coefficient. Cate-
gorical variables were compared using Fischer’s exact tests or
chi-squared test, as appropriate. The frequency of specific clinical
symptoms was compared between those who were anti-Col2
antibody positive vs antibody negative for patients with RP alone
and for patients with diseases of cartilage inflammation (RP,
MAGIC, VEXAS, GPA). Analyses were performed using Graph-
Pad Prism 10, JMP 16, and R-Studio 4.4.0.

Systematic review and meta-analysis. Literature
search. To evaluate the diagnostic performance of anti-Col2 anti-
bodies across a broader spectrum of diseases, a systematic review
and synthesis of evidence was performed in accordance with the
recommendations of the Cochrane Collaboration and the Preferred

SIGNIFICANCE & INNOVATIONS
• The performance characteristics of anti–collagen II

autoantibodies to diagnose or monitor relapsing
polychondritis (RP) are poor.

• Presence of anti–collagen II antibodies likely indi-
cates a history of cartilage inflammation rather a
disease-specific pathologic antibody.

• Anti–collagen II antibodies have limited utility as a
clinical biomarker and should not be routinely
ordered in cases of suspected RP.
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Reporting Items for Systematic Reviews and Meta-Analyses
(PRISMA). The study was registered in PROSPERO (April 1, 2025;
Centre for Reviews and Dissemination no. 1023286). A comprehen-
sive PubMed search was performed using the terms ((anti-collagen
II) OR (collagen II antibodies)) AND (human)), and snowballing was
performed to identify any additional articles to include. One study
investigator (KS) performed the article search. Rayyan AI was used
to increase the efficiency of the review by highlighting words that
the authors designated as keywords for inclusion (i.e., human, colla-
gen II, etc.) and exclusion (i.e., animal, mouse, rat, etc.) and by track-
ing which articles were marked for inclusion/exclusion.12 Articles
were excluded first by title, then abstract, and finally by full article
review. Studies were excluded if they (1) only measured anti-Col2
antibody titers in animal models, (2) did not include the data from
the control population and/or only used the control population to
set the reference range within their study and did not show the rate
positivity of anti-Col2 antibodies within the control population,
(3) did not report the rate of positivity or number of participants pos-
itive within the study/disease population, (4) did not measure anti-
Col2 antibodies in serum (ie, only measured it in synovial fluid),
(5) were not printed in English, or (6) were unable to be accessed.
Studies were included in the meta-analysis if they were published in
English, were accessible, andmeasured and reported anti-Col2 anti-
body prevalence rates in the serum from at least one human dis-
ease/participant population and the serum from at least one human
control population. Positivity definitions from each study were used
for that respective study to define the rate of positivity in the dis-
ease/participant population and control population. Individual study
definitions for anti-Col2 positivity were frequently based on the titer
levels of the control population (ie, ±2 or 3 SDs from the average titer
level of the control population).

Study data extraction. For each study, one study investigator
(KS) extracted and recorded the sample size, proportion of partic-
ipants who were anti-Col2 antibody positive, proportion of con-
trols who were anti-Col2 antibody positive, whether healthy
and/or disease controls were used, year of publication, country
of publication, proportion of female participants (if reported),
Col2 antigen species (if reported), Col2 antigen anatomic location
(if reported), whether native or denatured anti-Col2 antibodies
were used (if reported), average age of the participants
(if reported), and the quality of the study. The quality of each study
was assessed using the Newcastle-Ottawa Quality Assessment
Scale for Case Control Studies. For comparability, studies should
account for treatment effect for therapies that could impact anti-
body production. Additionally, composition of the control group
(healthy vs appropriate disease comparator conditions) was con-
sidered when assessing study quality.

If more than one disease/population was investigated within
an article, the disease that was emphasized in the discussion
and conclusion was designated as the primary disease for that
study. To reduce multiple comparisons, only the primary disease
and control populations were included in the meta-analysis. If

multiple antibody comparisons were included, the one most sim-
ilar to the antibody used by the Mayo Clinic test was included
(IgG, denatured, chick, sternal cartilage). If multiple control popu-
lations were included, the comparison to the disease control pop-
ulation rather than the healthy control population was included.

Study categorization. Studies were grouped into four cate-
gories based on classification of the primary disease of interest
as predisease, noninflammatory diseases, inflammatory diseases
without cartilage involvement, and inflammatory diseases with
cartilage involvement (see Supplementary Table 1 for definitions).
Two authors (CS, BAT) independently categorized all the articles
included in the study according to these definitions. Discrepan-
cies were resolved with review by a third author (KAQ) and
discussion.

Statistical analysis. Risk ratios (RRs) and 95% confidence
intervals (CIs) were calculated for each study, and pooled RRs
were estimated using the restricted maximum likelihood method.
Studies were weighted by cohort size relative to the total number
of participants in all the studies within that category combined
(equation: (no. of participants within the disease cohort of an arti-
cle) / (sum of the number of participants with the disease cohort of
all the studies) = weight of the study). This method was chosen
rather than inverse variance to minimize weighting of studies
where the total sample size was disproportionally driven by con-
trols rather than cases. Study bias was calculated using Egger’s
test. Heterogeneity between studies was evaluated using
meta-regression analyses. Forest plots, funnels plots, and meta-
regression plots were generated to visualize the data. For meta-
regression analyses, the following variables were considered:
publication year, sample size of the disease cohort, total study
size, age and sex of patients in the disease cohort, disease cate-
gory (predisease, noninflammatory, inflammatory with or without
cartilage involvement), country of publication (Americas, Australia
and Asia, Europe), antigen species (human, nonhuman, both),
antigen location (axial, appendicular), and control population
(healthy vs disease). Studies with missing data or that did not fit
into the defined subcategories above were excluded. Subcate-
gories with a minimum of two studies were included in the final
regression analysis. Variables with a P value < 0.20 and an R2 >
0% on univariable regression were included in multivariable mod-
els (R-Studio metafor, ggplot2).13,14 R-Studio (meta, metafor)
was used to run meta-analysis and meta-regressions.11,14,15

RESULTS

Cohort study. 1. Patient characteristics. A total of
171 patients were included in the present study: 84 with RP,
11 with MAGIC, and 76 with comparator diseases (45 with
VEXAS, 13 with LVV, and 18 with SMVV). Baseline demographics
including sex, race, and factors relevant to treatment and disease,
reported by disease category, are displayed in Table 1. Except for
the patients with VEXAS, which consisted entirely of men because
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it is an X-linked disease, the cohort was predominantly female
(Table 1). A proportion of patients within each disease category
were B cell depleted at the time of antibody testing (Table 1)—this
was sometimes, but not always, due to B cell–depleting therapy.
Median PGA scores significantly differed by disease (P < 0.0001;
Table 1), which likely reflects lack of effective clinical treatments
for RP, MAGIC, and VEXAS relative to other forms of vasculitis.

2. Performance characteristics of anti-Col2 antibodies and

levels across diseases. The performance characteristics of anti-
Col2 antibodies to diagnose RP were poor at a reference cutoff
of both >20 EU/mL (sensitivity = 31%; specificity = 57%) and of
>25 EU/mL (sensitivity = 18%; specificity = 72%). The prevalence
of anti-Col2 antibodies was greater in the comparator diseases
(28%) than RP (18%), with an area under the curve <50%
observed for RP relative to comparators (Figure 1A; Supplemen-
tary Figure 1). There were no significant differences in the propor-
tion of patients with detectable anti-Col2 antibodies by disease
(RP = 15 of 84, 18%; MAGIC = 5 of 11, 46%; LVV = 3 of
13, 23%; SVV = 6 of 18, 33%; VEXAS = 10 of 45, 22%;
P = 0.21). The performance characteristics of anti-Col2 antibod-
ies for each disease was poor (Figure 1A). No significant differ-
ences in median anti-Col2 antibody titer levels were observed
between diseases (RP = 17.1 EU/mL; MAGIC = 21.6 EU/mL;
VEXAS = 18.2 EU/mL; LVV = 18.3 EU/mL; SMVV = 20.8 EU/mL;
P = 0.20, Figure 1B).

3. Correlation of anti-Col2 antibody levels and disease
activity. Anti-Col2 antibody titers did not correlate with
disease activity for any of the diseases (RP r = 0.08, P = 0.44;
MAGIC r = 0.01, P = 0.99; VEXAS r = −0.05, P = 0.76;
LVV r = 0.03, P = 0.94; SMVV r = 0.10, P = 0.70). Results
did not change when excluding CD19 B cell–depleted patients
(RP r = 0.08, P = 0.46; MAGIC r = 0.29, P = 0.45; VEXAS

r = −0.21, P = 0.46; LVV r = 0.04, P = 0.91; SMVV r = 0.05,
P = 0.88). Anti-Col2 titers did not correlate with PGA in patients
with RP, even when excluding those who were B cell depleted
(Figure 1C and 1D). Comparing anti-Col2 positivity in patients with
RP who were in remission or had low disease activity (defined as a
PGA score of 0 or 1) to those with active disease (defined as PGA
score ≥2), no statistically significant association was observed
(21% vs 15%, P = 0.73). No associations were observed between
anti-Col2 antibody titer levels and specific comparator diseases
(Supplementary Table 2).

4. Anti-Col2 antibody association with specific clinical

manifestations of RP. At a reference cutoff of >25 EU/mL, anti-
Col2 antibody positivity did not correlate with symptoms of chon-
dritis or cartilage damage in patients with RP (Supplementary
Figure 2A). Across all studied clinical associations, anti-Col2 anti-
bodies were only detected in a greater proportion of patients with
RP who had ear chondritis (93 vs 87%) or inflammatory arthritis
(93 vs 86%), but these results were not statistically significant. In
patients with diseases that have known cartilage involvement
(RP, VEXAS, MAGIC, and GPA), there was no association
between anti-Col2 antibody positivity and symptoms of chondritis
or cartilage damage (Supplementary Figure 2B).

Systematic review and meta-analysis of anti-Col2
antibodies in RP and related diseases. 1. Study
characteristics. Out of 2,443 articles screened, 71 met the inclu-
sion criteria. Most exclusions were due to animal only studies,
missing control data, or inaccessible text. The PRISMA flow dia-
gram is show in Figure 2.

2. Anti-Col2 antibodies in RP. Five studies, including the
present observational cohort, assessed anti-Col2 antibody
positivity prevalence in RP compared to controls, and these

Table 1. Study population characteristics for the observational cohort (n = 177)*

Characteristics

Relapsing
polychondritis

(n = 84) MAGIC (n = 11) VEXAS (n = 45) LVV (n = 13) SMVV (n = 18)

Age, median (IQR),
y

45.5 (33.0–57.25) 41.0 (26.5–48.5) 67.0 (63.0–72.0) 37.0 (23.0–69.0) 62.5 (39.5–69.25)

Female sex, n (%) 60 (71) 10 (91) 0 (0) 12 (92) 13 (72)
Race, n (%) 74 (88) 10 (91) 42 (93) 11 (85) 15 (83)
CD19 absolute
count <70/uL,
n (%)

2 (2) 3 (27) 33 (73) 3 (23) 8 (44)

B cell–depleting
therapy,
n (%)

3 (4) 0 (0) 4 (9) 0 (0) 4 (22)

IVIG, number (%) 7 (8) 1 (9) 0 (0) 0 (0) 1 (6)
Prednisone dose,
median (IQR)

3.75 (0.00–12.12) 0.00 (0.00–15.00) 20.00 (10.00–25.00) 0.00 (0.00–4.00) 0.00 (0.00–5.00)

PGA scores,
median (IQR)

2.00 (1.00–3.00) 3.00 (2.00–4.00) 2.00 (2.00–3.00) 0.00 (0.00–0.00) 0.00 (0.00–0.75)

* IQR, interquartile range; IVIG, intravenous immunoglobulin; LVV, large vessel vasculitis; MAGIC, mouth and genital ulcers
and inflamed cartilage; PGA, physician global assessment; SMVV, small/medium vessel vasculitis; VEXAS, vacuoles, E1
enzyme, X-linked, autoinflammatory, somatic syndrome.
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studies were conducted between 1978 and 2025.4,5,16,17

The pooled RR for these studies was 2.09 (95% CI: 0.05–
81.80; P = 0.69) (Figure 3). The quality of articles ranged
from 4 to 7 of 9 with a mean of 5.2 ± 1.3 (95% CI: 3.6–
6.8). When studies were excluded based on a low-quality
score (≤4 of 9), the pooled RR decreased to 1.66 (95% CI:
0.07–41.30; P = 0.76) (Supplementary Figure 3). There was
significant heterogeneity between the studies (I2 = 92.7%;
P < 0.001).

3. Anti-Col2 antibodies in other diseases. There were
44 studies published between 1978 and 2025 comparing the

prevalence of anti-Col2 antibodies in inflammatory diseases with
cartilaginous involvement to controls, including the present obser-
vational cohort study.4,5,16–57 There was a significant association
between anti-Col2 antibodies and inflammatory diseases with
cartilaginous involvement compared to controls (RR: 2.99; 95%
CI: 1.29–6.91; P = 0.01) (Figure 4A). Because studies were
weighted based on disease cohort size, statistical significance
was largely driven by three larger studies—Too et al, which was
weighted at 13.5%; Manivel et al, which was weighted at 16.2%;
and Zeng et al, which was weighted at 23.2% (Supplementary
Figure 4).41,53,55 There was a significant amount of heterogeneity

Figure 1. Anti-Col2 antibodies and clinical associations. (A) Prevalence of anti-Col2 antibodies at two different titers did not differ between RP,
MAGIC syndrome, VEXAS, LVV, and SMVV. (B) Anti-Col2 antibodies did not differ by disease where green indicates normal, blue is borderline ele-
vated, and red is elevated. (C) Anti-Col2 antibody titers were not associated with PGA scores of disease activity in patients with RP (D) or when
excluding patients with RP who were B cell depleted. AUC, area under the curve; Col2, collagen II; EU, equivalent unit; LVV, large vessel vasculitis;
MAGIC, mouth and genital ulcers with inflammatory chondritis; PGA, physician global assessment; RP, relapsing polychondritis; SMVV, small/
medium vessel vasculitis; VEXAS, E1 enzyme, X-linked, autoinflammatory, somatic.
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between studies in this group (I2 = 92.6%; P < 0.001). The
Egger’s test for study bias did not find significant study bias
(P = 0.057). The line generated from Egger’s test on the funnel
plot had a negative slope, indicating a nonstatistically significant
trend toward a bias in which smaller studies showed larger effect
sizes (Supplementary Figure 5A).

There were seven studies published between 1988 and
2016 comparing the prevalence of anti-Col2 antibodies in
inflammatory diseases without cartilaginous involvement to con-
trols.58–63 Risk of anti-Col2 antibodies in inflammatory diseases
without cartilaginous involvement was not significantly different
compared to controls (RR: 1.74, 95% CI: 0.84–3.61; P = 0.11)
(Figure 4B, Supplementary Figure 6). There was a significant
amount of heterogeneity between the studies within this group
(I2 = 79.5%; P < 0.001). The Egger’s test for study bias did not
find significant study bias (P = 0.13) (Supplementary Figure 5B).
The line generated from Egger’s test on the funnel plot had a pos-
itive slope indicating bias toward larger studies showing larger
effect sizes.

There were 17 studies published between 1979 and 2018
examining the prevalence of anti-Col2 antibodies in noninflam-
matory diseases,64–79 and three studies published between
1988 and 2015 focused on anti-Col2 antibodies in a predis-
ease state before onset of RA.80–82 Compared to controls,
there was no significant association between the noninflam-
matory group (RR: 1.10, 95% CI: 0.44–2.75; P = 0.84) or the
predisease group (RR: 1.15, 95% CI: 0.25–5.40; P = 0.86)
(Figure 4C and 4D; Supplementary Figures 7 and 8). There
was a significant amount of heterogeneity between the studies
within these groups (I2 = 82.9%; P < 0.001 and I2 = 94.3%;
P < 0.001 respectively). The Egger’s test for the noninflamma-
tory disease category did not find significant study bias
(P = 0.40). The line generated from Egger’s test on the funnel
plot had a negative slope indicating bias toward smaller stud-
ies showing larger effect sizes (Supplementary Figure 5C).
The Egger’s test for the predisease category did not find signif-
icant study bias (P = 0.83). The line generated from Egger’s
test on the funnel plot had positive slope indicating bias

Figure 2. Systematic review study selection flow diagram. This flow diagram describes the process for identifying 71 articles included in this
review out of 2,443 potential articles identified by the search strategy. Color figure can be viewed in the online issue, which is available at http://
onlinelibrary.wiley.com/doi/10.1002/acr.25697/abstract.
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toward larger studies showing larger effect sizes
(Supplementary Figure 5D).

4. Meta-regressions.On univariable regression, only one var-
iable was significantly associated with interstudy heterogeneity
with an R2 value >0%. Use of healthy controls rather than disease
comparators was significantly associated with an increased effect
size (β estimate = 1.14, P = 0.0004; Figure 5). However, this vari-
able only explained 17.08% of the heterogeneity.

DISCUSSION

Anti-Col2 antibodies have poor performance characteristics
to diagnose or monitor disease activity in RP. Within the cohort
analysis portion of this study, the presence of anti-Col2 antibodies
in patients with RP was not associated with diagnosis, disease
activity, or any specific clinical characteristics of disease. Depend-
ing on the titer level used to define anti-Col2 antibody positivity,
only 18% to 32% of patients with RP had detectable antibodies.
There was a numerically greater proportion of patients with RP
who had detectable anti-Col2 antibodies in association with ear
chondritis and inflammatory arthritis—which are phenotypic fea-
tures that mice sensitized with anti-Col2 antibodies can
develop.8,9 However, these associations were not statistically sig-
nificant and were not replicated in a broader set of diseases
defined by cartilage involvement. More broadly, the systematic
review and meta-analysis portion of the study confirmed that
beyond a lack of sensitivity, anti-Col2 antibodies are also not spe-
cific for RP and can be detected at similar frequencies across a

wide range of related and unrelated conditions. Therefore, anti-
Col2 antibodies are not useful in clinical practice to diagnose a
patient with suspected RP or to monitor disease activity in
a patient with confirmed RP.

Anti-Col2 antibodies have been studied across a wide spec-
trum of diseases. Although there was significant variability in indi-
vidual study results within the meta-analysis, a significant pattern
of association was observed. Compared to noninflammatory dis-
eases, there was an association between the presence of anti-
Col2 antibodies and inflammation, with a three-fold increased risk
to detect anti-Col2 antibodies in a group of diseases defined by
inflammation with cartilage involvement that was statistically sig-
nificant and a near significant two-fold increased risk in a group
of inflammatory diseases without cartilage involvement. For the
few studies in which anti-Col2 antibodies were measured in
the predisease state, there was no clinical association. Taken
together, these findings suggest that anti-Col2 antibodies may
form in response to systemic inflammation that involves cartilage
or collagen rich structures but are less likely to play a primary role
in disease pathogenesis for a specific condition.

Significant heterogeneity was observed between the studies
included in this meta-analysis. Meta-regression did not identify
factors that accounted for a substantial proportion of heterogene-
ity between studies. The only variable that was significantly asso-
ciated with heterogeneity was the composition of the control
group. Studies that used disease controls rather than healthy
controls were significantly less likely to identify an association
between anti-Col2 antibodies and the disease of interest,

Figure 3. Forest plots of the association of anti-Col2 antibodies and relapsing polychondritis. Anti-Col2 antibodies were not associated with
relapsing polychondritis across five pooled studies. The number of disease cases of relapsing polychondritis and controls is reported for each
study along with individual and pooled risk ratios. CI, confidence interval; Col2, collagen II; RE, random effects.
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Figure 4. Forest plots of the association of anti-Col2 antibodies and a broad spectrum of clinical diseases. (A) Pooled risk ratios show a significant asso-
ciation between anti-Col2 antibodies and inflammatory diseases with cartilaginous involvement. Significant associations were not detected between (B)
inflammatory diseases without cartilaginous involvement, (C) noninflammatory diseases, (D) or in studies in which antibody testing was performed before
the onset of rheumatoid arthritis and anti-Col2 anitbody positivity. CI, confidence interval; Col2, collagen II; RA, rheumatoid arthritis; RE, random effects.
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supporting the concept that anti-Col2 antibodies are not disease
specific and can be seen in a range of other conditions.

The current cohort study has several strengths. First, com-
pared to prior studies, this is the largest cohort of patients with
RP for whom anti-Col2 antibodies were tested. Second, the
cohort study compared RP to a spectrum of related diseases
rather than healthy controls. Choosing an appropriate compara-
tor population is crucial because the clinical utility of any diagnos-
tic test is only as good as its ability to differentiate diseases with
similar presentations. Third, this study contains the only system-
atic review and meta-analysis performed to date to determine
the clinical utility of anti-Col2 antibodies as a diagnostic bio-
marker. The study was performed in accordance with PRISMA
recommendations. Results from the meta-analysis aligned with

the cohort study to provide robust cumulative evidence about
the poor performance characteristics of anti-Col2 antibodies to
diagnose RP due to low sensitivity and specificity. Fourth, we
detected a novel association between anti-Col2 antibodies and
cartilage inflammation that was not disease-specific and could
inform future experiments regarding the role of anti-Col2 antibod-
ies in the context of cartilage inflammation.

This study also has potential limitations to consider. In the
cohort study, anti-Col2 antibody levels were typically measured
later into disease in patients who were receiving immunosuppres-
sive therapies. Anti-Col2 antibodies may be higher earlier on in
disease onset, such as in juvenile idiopathic arthritis.21 However,
the performance characteristics of anti-Col2 antibodies were poor
even when excluding patients on B cell–depleting therapies, and

Figure 5. Meta-regression to determine sources of heterogeneity between studies. Studies compared the prevalence of anti-Col2 antibodies
using healthy controls rather than disease controls reported significantly higher effect estimates. Col2, collagen II. Color figure can be viewed in
the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/acr.25697/abstract.
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no association was seen between anti-Col2 and disease activity.
Disease activity scores differed at the time of antibody assess-
ment, with the highest scores observed in patients with RP,
MAGIC, and VEXAS. Despite these differences, an increased
prevalence of anti-Col2 antibodies was not observed in these
conditions relative to other disease comparators. The Mayo Clinic
(test identifier: FFTYC) Collagen II Antibodies test recognizes a
specific epitope, and it is possible that another epitope would
show amore significant correlation. Nevertheless, this is the major
commercially available test for anti-Col2 antibodies, and thus it is
a reasonable epitope on which to analyze performance character-
istics. Additionally, the studies analyzed in the systematic review
and meta-analysis used a wide range of different antigens and
epitopes, yet no consistent pattern of anti-Col2 antibody positivity
was associated with a particular disease or cartilage antigen. For
the systematic review and meta-analysis, diseases were catego-
rized based on study investigator agreement, so there was poten-
tial for misclassification, particularly when differentiating between
inflammatory diseases with or without cartilage involvement. The
number of articles included within each disease category was var-
iable, and few articles were identified in the predisease group,
which may limit the precision of the findings and introduce bias.
The definitions for normal varied across the studies, so it can be
challenging to know precisely how the deviations in the definitions
may have affected positivity rates in the individual study cohorts.
However, meta-regression analysis based on study definitions of
normal did not reveal a significant contribution to interstudy
heterogeneity.

In conclusion, anti-Col2 antibodies have limited utility in clini-
cal practice. These antibodies are neither sensitive nor specific to
diagnose RP, and they do not correlate with disease activity or
specific clinical features. Anti-Col2 antibodies may be indiscrimi-
nately detected in a wide range of diseases in which there is
inflammation of cartilage, indicating that they lack the specificity
required for them to be used for clinical diagnosis or disease mon-
itoring. Despite a lack of clinical utility, there is continued rationale
to study the development and function of anti-Col2 antibodies in
research settings. Identification of a diagnostic biomarker that
can differentiate RP from related conditions remains a research
priority and a major unmet clinical need.
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Bridging clinical relevance and equity in the cost-
effectiveness of standardized exercise therapy for
osteoarthritis: comment on the article by Mazzei et al

To the Editor:
We read with great interest the recent article entitled, “Real-

world cost-effectiveness of a standardized education and exer-
cise therapy program for hip and knee osteoarthritis compared
to usual care,“1 which provides valuable insights into the eco-
nomic and clinical implications of implementing standardized edu-
cation and exercise programs within community health systems.
This study is commendable for addressing the real-world perfor-
mance of such interventions, an area often underexplored com-
pared to controlled trial settings. From a clinical practice
perspective, however, several issues merit further reflection to
optimize translation of these findings into health care policy and
routine care.

First, although the study highlights that the standardized
program was associated with improvements in pain, function,
and quality of life, the magnitude of these benefits did not reach
the minimal clinically important difference (MCID). This raises
an important question for clinicians: how can modest statistical
improvements be transformed into outcomes that are mean-
ingful for patients in everyday practice? One potential solution
is to integrate structured adherence monitoring and individual-
ized support within the program. Patient engagement in exer-
cise interventions is notoriously variable, and suboptimal
adherence may attenuate clinical gains. Incorporating digital
health tools, such as wearable activity trackers or mobile appli-
cations, could provide real-time feedback and enhance patient
accountability.2 Additionally, tailoring exercise intensity and
progression to individual capabilities—rather than relying solely
on a standardized schedule—might yield greater improve-
ments that cross the MCID threshold. These enhancements
would not only strengthen clinical effectiveness but also
amplify the cost-effectiveness of the intervention from both
public and private payer perspectives.

Second, the comparator group of “usual care” encom-
passed a heterogeneous mix of community-based resources,
many of which are not guideline-recommended first-line treat-
ments. For example, the reliance on massage, chiropractic, or
acupuncture by participants substantially inflated out-of-pocket
expenditures, thereby diluting the comparative value of the stan-
dardized program when a health care perspective was consid-
ered. From a clinical standpoint, this heterogeneity complicates
the interpretation of findings because it blurs the contrast

between evidence-based and non–evidence-based care. A more

nuanced approach in future studies would be to stratify “usual
care” according to guideline concordance. This would enable a

clearer assessment of whether structured education and exercise

programs outperform truly recommended alternatives or whether

their observed advantage primarily reflects displacement of less

effective practices. Such differentiation would provide clinicians

and policymakers with more precise evidence on which interven-

tions deserve prioritization in resource-limited health care

environments.
Third, the lifetime cost-effectiveness estimates relied on

Markov modeling assumptions that all-cause mortality risks

were equal across health states and that prosthetic joint out-

comes were homogenous over time. These simplifications,

although necessary for modeling feasibility, may understate

the long-term clinical risks associated with joint replacement,

such as revision surgery, infection, or reduced functional gains

in older adults. From a clinical practice perspective, these

assumptions limit the ability to fully appreciate the potential role

of first-line treatments in delaying or preventing surgery. More

robust modeling could incorporate differential mortality risks

and surgical complications, ideally informed by national joint

registries. In parallel, linking exercise adherence and weight

management to surgical incidence would yield more realistic

estimates of how such interventions influence long-term

patient trajectories. By doing so, clinicians would gain a more

reliable understanding of how nonsurgical strategies can

meaningfully alter the natural history of osteoarthritis, rather

than merely deferring surgical intervention.
Finally, an important implication for clinical practice lies in

the equity of access. The study revealed that nearly 60% of

osteoarthritis-related health care costs were borne by patients

out-of-pocket.1 In practice, this creates a socioeconomic gra-

dient in who can realistically benefit from structured first-line

programs. For clinicians, recommending such interventions

without acknowledging their financial burden may inadvertently

widen health disparities because patients with lower income

are less able to participate. This underscores the necessity of

policy reform to include standardized education and exercise

programs within the publicly funded basket of services. In the

meantime, clinicians should proactively screen for financial

barriers during consultations and consider referral pathways

that connect patients to subsidized community programs or

virtual delivery models, which can reduce costs associated

with travel and facility-based care. Addressing affordability
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directly in clinical encounters will help mitigate inequities until

system-level solutions are implemented.
In conclusion, this study adds substantially to the evi-

dence base supporting standardized education and exercise
therapy for hip and knee osteoarthritis. Yet, for its findings to
translate into meaningful clinical benefit, further refinement is
needed in program adherence strategies, comparator group
characterization, long-term modeling, and equitable access.
By tackling these areas, future research and clinical implemen-
tation can ensure that standardized first-line interventions not
only deliver statistical improvements but also generate clinically
meaningful, equitable, and sustainable outcomes for patients
living with osteoarthritis.

Author disclosures are available at https://onlinelibrary.wiley.com/doi/
10.1002/acr.25688.
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Reply

To the Editor:
We thank Drs Li et al for their interest and commendations

about our cost-effectiveness analysis (CEA) of standardized exer-
cise and education programs compared to joint replacement as a
plausible first-line guideline-supported nonsurgical option for
patients waiting for surgical consultation and who may benefit.1

They raise many good points, to which we have responded
below.

(1) Minimal clinically important difference (MCID): There
remains no consensus about the MCID for osteoarthritis interven-
tions such as joint replacement surgery. There is substantial vari-
ability in both the definition of MCID (distribution-based vs
anchor-based approaches) and the population in which MCIDs
are measured. For example, a systematic review reported a
median anchor-based MCID for Hip Disability and Osteoarthritis
Outcome Score (HOOS) quality of life of 25 (interquartile range

[IQR] 14–27) and a median distribution-based MCID of 13 (IQR
10–14) for hip arthroplasty.2 Alternative measures such as mini-
mal important difference, minimal important change (MIC), and
patient acceptable symptom state have also been suggested. In
our study, all outcome measures yielded positive improvements
for GoodLife with osteoArthritis in Denmark (GLA:D®) compared
to usual care. Using an MIC of 5.5, our findings (mean difference
of 7.14) for the HOOS/Knee Injury and Osteoarthritis Outcome
Score quality of life measures are an important change.

(2) Solutions to improve clinical effectiveness and cost-effec-
tiveness: We welcome the suggested solutions to transform
statistical improvements into outcomes that are clinically mean-
ingful. Poor adherence may attenuate gains from exercise, and
enhancements such as digital health tools to improve attendance
would only increase the clinical benefits of these interventions and
improve cost-effectiveness. Similarly, tailoring and virtual adapta-
tions could be promising enhancements. Studies combining
wearable devices, apps, and coaching have demonstrated mod-
est but significant improvements in physical activity and related
patient outcomes.3

(3) Improving estimates given heterogeneity of usual care
comparator: Our “usual care” comparator included a heteroge-
neous mix of treatments, some of which are likely not evidence-
based—reflecting the “real-world” context in which patients
access a mixture of options to manage their osteoarthritis. If we
were to limit the usual care comparator to only guideline-
recommended treatments, we expect this would affect not only
the difference in out-of-pocket expenditures by potentially diluting
the comparative cost but also may impact the difference in out-
comes and comparative clinical effectiveness. Thus, it would be dif-
ficult to predict the net effect on the cost-effectiveness estimate.

(4) Dynamic simulationmodeling approaches and optimization
to prioritize resource allocation: Our Markov model is a simplifica-
tion that likely understates the risks associated with joint replace-
ment and the potential clinical benefits of first-line treatments in
delaying or preventing surgery. A survivor effect could offset some
of these surgical risks because people with higher mortality risks
may not survive to receive joint replacement surgery. A dynamic
simulation model would better capture the evolving benefits, risks,
and outcomes of treatment interventions across the osteoarthritis
disease trajectory. Dynamic simulation models (eg, discrete event
simulation or agent-basedmodeling) are well suited in a health sys-
tem context to enable modeling of individual behaviors (eg, exer-
cise adherence) and broader population-level effects over time.4

These models can capture patient heterogeneity and time-varying
risks (eg, mortality risk by age, comorbidities, and surgical status).
These features are relevant for system-level evaluation of real-world
implementation of health care interventions and long-term impacts.
To expand consideration to all possible alternative interventions
simultaneously and inform decision makers about resource alloca-
tion across the range of all possible alternatives, constrained opti-
mization modeling methods would be helpful.5
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directly in clinical encounters will help mitigate inequities until

system-level solutions are implemented.
In conclusion, this study adds substantially to the evi-

dence base supporting standardized education and exercise
therapy for hip and knee osteoarthritis. Yet, for its findings to
translate into meaningful clinical benefit, further refinement is
needed in program adherence strategies, comparator group
characterization, long-term modeling, and equitable access.
By tackling these areas, future research and clinical implemen-
tation can ensure that standardized first-line interventions not
only deliver statistical improvements but also generate clinically
meaningful, equitable, and sustainable outcomes for patients
living with osteoarthritis.
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Reply

To the Editor:
We thank Drs Li et al for their interest and commendations

about our cost-effectiveness analysis (CEA) of standardized exer-
cise and education programs compared to joint replacement as a
plausible first-line guideline-supported nonsurgical option for
patients waiting for surgical consultation and who may benefit.1

They raise many good points, to which we have responded
below.

(1) Minimal clinically important difference (MCID): There
remains no consensus about the MCID for osteoarthritis interven-
tions such as joint replacement surgery. There is substantial vari-
ability in both the definition of MCID (distribution-based vs
anchor-based approaches) and the population in which MCIDs
are measured. For example, a systematic review reported a
median anchor-based MCID for Hip Disability and Osteoarthritis
Outcome Score (HOOS) quality of life of 25 (interquartile range

[IQR] 14–27) and a median distribution-based MCID of 13 (IQR
10–14) for hip arthroplasty.2 Alternative measures such as mini-
mal important difference, minimal important change (MIC), and
patient acceptable symptom state have also been suggested. In
our study, all outcome measures yielded positive improvements
for GoodLife with osteoArthritis in Denmark (GLA:D®) compared
to usual care. Using an MIC of 5.5, our findings (mean difference
of 7.14) for the HOOS/Knee Injury and Osteoarthritis Outcome
Score quality of life measures are an important change.

(2) Solutions to improve clinical effectiveness and cost-effec-
tiveness: We welcome the suggested solutions to transform
statistical improvements into outcomes that are clinically mean-
ingful. Poor adherence may attenuate gains from exercise, and
enhancements such as digital health tools to improve attendance
would only increase the clinical benefits of these interventions and
improve cost-effectiveness. Similarly, tailoring and virtual adapta-
tions could be promising enhancements. Studies combining
wearable devices, apps, and coaching have demonstrated mod-
est but significant improvements in physical activity and related
patient outcomes.3

(3) Improving estimates given heterogeneity of usual care
comparator: Our “usual care” comparator included a heteroge-
neous mix of treatments, some of which are likely not evidence-
based—reflecting the “real-world” context in which patients
access a mixture of options to manage their osteoarthritis. If we
were to limit the usual care comparator to only guideline-
recommended treatments, we expect this would affect not only
the difference in out-of-pocket expenditures by potentially diluting
the comparative cost but also may impact the difference in out-
comes and comparative clinical effectiveness. Thus, it would be dif-
ficult to predict the net effect on the cost-effectiveness estimate.

(4) Dynamic simulationmodeling approaches and optimization
to prioritize resource allocation: Our Markov model is a simplifica-
tion that likely understates the risks associated with joint replace-
ment and the potential clinical benefits of first-line treatments in
delaying or preventing surgery. A survivor effect could offset some
of these surgical risks because people with higher mortality risks
may not survive to receive joint replacement surgery. A dynamic
simulation model would better capture the evolving benefits, risks,
and outcomes of treatment interventions across the osteoarthritis
disease trajectory. Dynamic simulation models (eg, discrete event
simulation or agent-basedmodeling) are well suited in a health sys-
tem context to enable modeling of individual behaviors (eg, exer-
cise adherence) and broader population-level effects over time.4

These models can capture patient heterogeneity and time-varying
risks (eg, mortality risk by age, comorbidities, and surgical status).
These features are relevant for system-level evaluation of real-world
implementation of health care interventions and long-term impacts.
To expand consideration to all possible alternative interventions
simultaneously and inform decision makers about resource alloca-
tion across the range of all possible alternatives, constrained opti-
mization modeling methods would be helpful.5
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(5) Affordability and equity considerations: This article
focused specifically on the cost-effectiveness (measured as the
incremental cost per quality-adjusted life-year gained and net
monetary benefit) of standardized exercise and education as a
guideline-recommended first-line intervention, given that we had
launched the GLA:D® program across the province. However,
many patients had to pay out of pocket for the program—thus
discouraging uptake and creating inequities. To support transla-
tion of these findings to inform health care policy, we also exam-
ined affordability in our companion budget impact analysis (BIA)
article to estimate the annual costs and benefits of providing the
program to people waiting for a surgical consult.6 Based on
observed practice in our clinics and published evidence, we con-
servatively estimated that 40% of patients would attend the ses-
sions and 11% would avoid surgery based on improvements
experienced from the program. Even these conservative parame-
ter estimates resulted in estimates of cost-saving. We concluded
that public funding of these programs could help reduce surger-
ies, improve access to evidence-based care, and yield net
savings.

Equity of access to treatment is another consideration.
GLA:D® is currently offered in 73 registered Alberta locations,
of which 47 are publicly funded. The remaining 26 sites are pri-
vate, and participants pay out of pocket for the program. One
of the mechanisms to address the equity issue was to present
a business case for publicly funded clinic options to be made
available across the province as a means of minimizing the
imbalance. This was a key motivation for undertaking this
research. Our BIA demonstrates the potential value of public
investment in standardized education and exercise interventions
from the payer perspective as well as the patient perspective.

In conclusion, we hope that our CEA and BIA findings, along
with proposed further enhancements to improve clinical effective-
ness and cost-effectiveness, will support the implementation of
evidence-based first-line solutions to improve access to treat-
ment for patients across all socioeconomic classes and provide
relief to a highly strained health care system with long wait times
for surgical consultation.
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