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Sex-Related Differences in Efficacy and Safety Outcomes
in Axial Spondyloarthritis Randomized Clinical Trials:
A Systematic Literature Review and Meta-Analysis

Angel Gao,1 Jordi Pardo Pardo,2 Steven Dang,3 Lianne S. Gensler,4 Philip Mease,5 and Lihi Eder3

Objective. We aimed to assess differences in baseline characteristics, efficacy, and safety of advanced therapies
between male and female patients with axial spondyloarthritis (axSpA) in randomized controlled trials (RCTs).

Methods. We conducted a systematic literature search for RCTs assessing the efficacy of advanced
therapies in patients with axSpA until March 19, 2023. We extracted the following outcomes by sex: baseline
participant characteristics, Assessment in Spondylarthritis International Society (ASAS) 20/40 criteria, and Axial
Spondyloarthritis Disease Activity Score low disease activity or inactive disease (ASDAS-LDA/ID). Random-
effects models were used to calculate pooled effects for responses in men versus women for different medication
classes.

Results. We included 79 RCTs (n = 23,748 patients, 69.7%male). Only 9 trials (11.4%), 22 trials (28%), and 9 tri-
als (11.4%) reported baseline characteristics, efficacy end points, and safety end points by sex, respectively. At
baseline, women were significantly older and had higher pain scores, whereas men had higher C-reactive protein
levels. Overall, male patients were more likely to achieve an ASAS40 response compared to female patients for
all advanced therapies (odds ratio [OR] 1.88, 95% confidence interval [CI] 1.44–2.46) and for interleukin-17A (IL-
17A) inhibitors (IL-17Ai) (OR 1.82) and tumor necrosis factor inhibitor (TNFi) (OR 2.42), and male patients had
numerically higher values for IL-17A/Fi. Male patients were also more likely to achieve an ASDAS-LDA/ID
(OR 2.19, 95% CI 1.47–3.26) across all advanced therapies and for IL-17Ai (OR 2.08) and TNFi (OR 2.42)
individually.

Conclusion. Female patients with axSpA are less likely to achieve efficacy outcomes on advanced therapies com-
pared to their male counterparts, with similar differences across medication classes. Future studies should study the
biologic (sex-related) and sociocultural (gender-related) mechanisms underlying these differences.

INTRODUCTION

Axial spondylarthritis (axSpA) is characterized by axial

inflammation accompanied by peripheral musculoske-

letal and extramusculoskeletal manifestations.1,2 Historically,

axSpA was perceived to predominately affect men.3 Recent

research shows a male-to-female ratio ranging from 2:1 to

3:1 for radiographic axSpA (r-axSpA).2,4,5 However, nonradio-

graphic axSpA (nr-axSpA) shows a more balanced distribution

between the sexes.2

AxSpA manifests differently in men and women. Male

patients tend to develop more severe radiographic spinal damage

and have higher C-reactive protein (CRP) levels,6 whereas female

patients consistently report higher pain scores and poorer health-

related quality of life.7–9

The emergence of advanced therapies directed at various

disease-specific inflammatory pathways has significantly improved

patient outcomes.10,11 However, observational studies indicate

that female patients with axSpA have a significantly lower treatment
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response and are less likely to achieve low disease activity

(LDA) states than their male counterparts.7,12–14 Additionally,

female patients tend to discontinue therapy prematurely and

are more prone to treatment failure.7,12,13

Although data from observational studies are important for
understanding real-world effectiveness of advanced therapies,
randomized controlled trials (RCTs) offer unbiased evidence
regarding the efficacy and safety of currently used therapies.
However, RCTs typically do not provide sex-disaggregated
results.15 Consequently, it remains unknown whether sex differ-
ences exist in the participation and baseline characteristics of
patients with axSpA in RCTs investigating advanced therapies.
Differences in participation by sex could affect the generalizability
and interpretation of the results, and sex-related differences in
baseline characteristics could affect the probability of responding
to therapy, for example, a higher body mass index (BMI) and
lower CRP levels could influence response. More importantly, lim-
ited data are available on how patient sex influences treatment
efficacy and safety among patients with axSpA and whether such
responses vary across different drug classes. Recently, a meta-
analysis of RCTs in patients with psoriatic arthritis (PsA)
highlighted such differential responses across classes of
advanced therapies.16

In this systematic literature review (SLR) and meta-analysis of
RCTs of advanced therapies in axSpA, we aimed to report the fol-
lowing outcomes by sex: (1) participation, (2) baseline character-
istics, (3) efficacy end points, and (4) safety end points.
Identifying sex-related differences in treatment outcomes in

interventional studies is a crucial for gaining insights into and
addressing sex-based disparities in advanced therapies for this
patient population.

MATERIALS AND METHODS

We conducted an SLR and meta-analysis in accordance
with the Preferred Reporting Items for Systematic Reviews and
Meta-Analyses statement (see Supplementary Table 1).17 This
study was registered on PROSPERO (CRD42023412351). The
study design followed the Population, Intervention, Comparison,
Outcome questions outlined in Supplementary Table 2. Because
this study is a systematic review of the literature, it did not require
a review by an institutional ethics committee.

Search strategy and eligibility criteria. A search strat-
egy was designed in consultation with a methodology expert
(JPP) to find primary references in Medline, Embase, and
Cochrane Central Register, from January 1, 2000, to March
19, 2023 (Supplementary Table 3). We also searched clinical trial
databases (ClinicalTrials.gov) and databases of regulatory agen-
cies including the European Medicines Agency (EMA) and US
Food and Drug Administration (FDA). Furthermore, we screened
the references within articles selected for this study to identify
potentially relevant studies.

Two reviewers (AG and SD) independently performed
abstract/title and full-text screening to identify RCTs meeting the
following eligibility criteria: (1) RCTs in adult patients, (2) diagnosis
of axSpA including ankylosing spondylitis and radiographic and
nonradiographic axSpA, and (3) trials assessing the efficacy of
an advanced therapies (biologic or targeted synthetic disease-
modifying antirheumatic drug [DMARD]) compared to placebo or
another DMARD. Exclusion criteria included the following:
(1) cohorts, case controls, reviews, and case reports/series;
(2) duration of less than 12 weeks; (3) non-English articles;
(4) studies comparing treatment strategies (eg, withdrawal stud-
ies); and (5) studies comparing biosimilars to the corresponding
originator biologic DMARD. Although we excluded non-English
articles, we translated 10 such articles using Google Translate
and confirmed that none reported sex-disaggregated results.

Data abstraction. Two reviewers (AG and SD) indepen-
dently performed data abstraction in duplicate using standardized
electronic extraction forms. Any discrepancies were resolved
through discussion with the senior investigator (LE).

In cases in which multiple publications described results from
the same RCT, we reviewed all publications, including those
reporting the primary analysis of the results, as well as any addi-
tional publications reporting post hoc analyses and open-label
extensions. If subgroup analysis by sex was conducted, second-
ary publications were included. Otherwise, only the primary publi-
cation was considered. As a result, each RCT was counted only

SIGNIFICANCE & INNOVATIONS
• Our study results revealed that female patients with

axial spondyloarthritis (axSpA) participating in clini-
cal trials are less likely to achieve efficacy end points
compared to their male patient counterparts across
both tumor necrosis factor and interleukin-17
inhibitors.

• Some of these sex-related differences in treatment
outcomes may stem from a higher burden of symp-
toms at baseline among female participants and
differences in SpA features (radiographic vs
nonradiographic).

• This study improves our understanding of how the
patient’s sex influences treatment outcomes in
axSpA. The differential treatment response may
arise from biologic, sex-related mechanisms or
sociocultural, gender-related mechanisms.

• We also highlighted the inadequate reporting of
sex-disaggregated data, particularly concerning
safety end points. Future trials should consider sex
and gender in the trial design and prioritize diligent
reporting of sex-based analyses to ensure best
practices.

GAO ET AL814
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once in the denominator when analyzing sex-disaggregated
reporting and participation.

Study outcomes. For each trial, we extracted information
on the study design, intervention, and baseline patient character-
istics, including the prevalence of male and female participants, as
well as whether the study reported sex-disaggregated data on
baseline axSpA features, efficacy, and safety outcomes. The
terms “sex” and “gender” were used interchangeably in the stud-
ies reviewed to denote subgroup analyses of study outcomes in
men and women. Therefore, we refer to the term “sex” through-
out the article, acknowledging that the variations in study out-
comes likely stem from both biologically based, sex-related
factors and socioculturally influenced, gender-related factors.

When available, we extracted information on baseline patient
characteristics by sex including demographics and measures of
disease activity. In addition, we extracted data on the proportion
of patients achieving the following efficacy end points by sex at
the primary time point of the trial: Assessment of Spondyloarthritis
International Society (ASAS) 20/40 response criteria, Bath Axial
Spondyloarthritis Disease Activity Index (BASDAI) 50 response,
ASDAS inactive disease (ID) (score < 1.3), and ASDAS LDA
scores (score < 2.1). ASDAS-LDA and ASDAS-ID were analyzed
together due to limited number of trials reporting each one. Lastly,
we extracted data on safety end points by sex at the latest time
point of the trial.

Statistical analysis. Initially, we computed the weighted
pooled proportion of male and female participants in the RCTs.
Subsequently, we reported the proportion of trials reporting sex-
disaggregated results concerning baseline characteristics, effi-
cacy end points, and safety end points.

Next, we conducted a random-effects meta-analysis to
compare the differences in baseline study characteristics
between male and female patients. We used random-effects
models to combine results from individual trials.18 The models
included variables reported by sex for each study, including
means and SDs for continuous variables and frequency and total
number for binary variables. Sex differences in baseline patient
characteristics were reported as mean differences (MDs) with
95% confidence intervals (CIs) for continuous variables and odds
ratios (ORs) with 95% CIs for binary variables in male patients ver-
sus female patients.

To evaluate sex differences in efficacy end points, we used a
random-effects model to compute ORs for the rates of ASAS40,
ASAS20, and BASDAI50 responses and ASDAS LDA or ID
(ASDAS-LDA/ID) in men versus women. These models included
the frequency of the outcome and total number of participants
by sex, stratified by drug class. Pooled ORs were calculated for
each drug class individually and for all classes combined. In addi-
tion, we conducted a meta-analysis to estimate the pooled effects

of achieving ASAS40 and ASAS20 placebo response in men ver-
sus women.

We evaluated clinical heterogeneity across studies by exam-
ining the variability in participants, interventions, and outcomes.
Methodologic heterogeneity was assessed by exploring
differences in study design and risk of bias. Additionally, we inves-
tigated the presence of substantial heterogeneity in end point
results through visual inspection of the forest plot and quantitative
analysis using χ2 statistics (Q statistics) and I2 statistics.19 A value
of I2 greater than 40% was considered indicative of heterogeneity
across studies.20

Furthermore, to further explore sources of heterogeneity, we
conducted a series of subgroup analyses based on the following
subgroups: drug class, bioexposure, and SpA features (r-axSpA
vs nr-axSpA). Data analysis was conducted using the Compre-
hensive Meta-Analysis software (version 3.3.070).

Given the limited reporting of safety end points by sex, we
provided a descriptive summary of the results without conducting
a meta-analysis. We visually examined funnel plots to assess pub-
lication bias. Additionally, risk of bias was evaluated using the
Cochrane collaboration risk of bias tool 1.0 by two independent
investigators (AG and LE).21

RESULTS

A total of 6,535 records were identified following the initial
search and removal of duplicates. Additionally, three more rele-
vant records were found in the FDA and EMA databases (sum-
mary basis of approval packages).22,23 After an initial screening,
we selected 1,117 records for full-text review (Figure 1). Of these
records, 1,029 were excluded for the following reasons: 586 were
post hoc analyses or extensions of the primary study and lacked
sex-disaggregated data, 326 were not RCTs, 38 involved the
wrong intervention, 33 reported on irrelevant outcomes, 26 had
an incorrect duration, 10 were not in English, 4 had the wrong
patient population, and 3 could not be retrieved.

A total of 90 records (79 individual trials, 23,748 participants)
were included in the SLR (Supplementary Table 4).7,22–106 Of
these trials, 75 trials (23,190 participants) reported the proportion
of male and female participants, revealing an overall ratio of male-
to-female participation of approximately 2:1 (69.7% male partici-
pants). The male-to-female ratio was higher in r-axSpA, at
approximately 3:1 (75.3% male participants), whereas it was
equal in nr-axSpA (50.1% male participants) (Supplementary
Table 5).

Sex-disaggregated data reporting. Aminority of the trials
provided sex-disaggregated results. Specifically, 9 trials (11.4%,
3,284 participants) reported baseline characteristics by sex,7,36,48

22 trials (27.8%, 7,331 participants) reported any efficacy end points
by sex,7,22,23,30,31,35–39,41,44–47,49,61,62,64,66,69,70,82,88–93,105,107–111

and only 9 trials (11.4%, 816 participants) reported safety end
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Figure 1. Study flow diagram summarizing the results of the literature search. Color figure can be viewed in the online issue, which is available at
http://onlinelibrary.wiley.com/doi/10.1002/acr.25512/abstract.
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points by sex.7,36 For efficacy end points by sex, 13 trials (19.4%,
67 trials)36,41,48,69,89 reported ASAS40, 9 trials reported ASAS20
(13.2%, 68 trials),22,23,36,82,92 and 15 trials reported ASDAS
(28.8%, 52 trials).7,36,41,48,70,89

Baseline characteristics by sex. Nine trials that reported
sex-disaggregated data on demographics and disease character-
istics were included in the meta-analysis (Table 1, Supplementary
Table 6).7,36,48 Overall, male patients had higher baseline CRP
levels (MD 5.9 mg/L, 95% CI 2.7–9.0 mg/L) and were more likely
to be HLA-B27 positive (OR 1.58, 95% CI 1.23–2.03). In contrast,
male patients had lower BASDAI scores (MD −0.4, 95% CI −0.5
to −0.3). No significant difference was observed in disease duration
and ASDAS score between men and women. Sex-related demo-
graphic differences included younger age in male patients
(MD −4.48 years, 95% CI −6.48 to −2.69 years) and lower BMIs
in male patients (MD −0.63, 95% CI −1.17 to −0.09).7,36,48

Efficacy end points by sex. ASAS40 response was
reported by sex in 13 trials (six publications, 2,407
patients).36,41,48,69,89 The overall probability of achieving an
ASAS40 response across all drug classes was higher in male
compared to female patients (OR 1.88, 95% CI 1.44–2.46;
Figure 2).36,41,48,69,89,106 These sex differences were significant
for both interleukin-17A inhibitors (IL-17Ai) (OR 1.82, 95% CI
1.32–2.52) and tumor necrosis factor inhibitor (TNFi) (OR 2.42,
95% CI 1.20–4.86). For interleukin 17-A/F inhibitor (IL-17A/Fi)
(bimekizumab), a higher ASAS40 response was observed in
men with nr-axSpA (OR 2.57, 95% CI 1.24–5.30), whereas the
response among patients with r-axSpA was only numerically
higher. Substantial heterogeneity in estimated effects was found
within each class and across classes (I2 >40%).

Similarly, sex-related differences were observed in ASAS20
responses, although fewer trials were included in the meta-
analysis (nine trials, five publications, 1,672 patients).22,23,36,82,92

Male patients were more likely to achieve an ASAS20 response
compared to female patients across all trials combined

(OR 1.79, 95% CI 1.19–2.69). This higher rate of ASAS20
response was significantly higher in TNFi (OR 1.71, 95% CI
1.14–2.15); however, it was only numerically higher in IL-17 inhib-
itors (IL-17i) (OR 1.22, 95% CI 0.68–2.22; Figure 3). Substantial
heterogeneity in effect size was observed across studies and
within the IL-17Ai group (I2 = 58%).

ASDAS-LDA/ID state was reported in 15 trials (six records,
3,423 patients). Male patients were more likely to achieve the
ASDAS-LDA/ID state compared to female patients across all trials
(OR2.19, 95%CI 1.47–3.26).7,36,41,48,70,89 This preferential response
in men was significantly higher in both TNFi (OR 2.42, 95% CI 1.21–
4.87) and IL-17Ai (OR 2.08, 95% CI 1.28–3.38). Substantial hetero-
geneitywas found across both classes (I2 = 64%) (Figure 4). No signif-
icant sex differences were observed in ASAS40 placebo response
(OR 1.35, 95% CI 0.94–1.92; Supplementary Table 7) and ASAS20
placebo response (OR 1.08, 95% CI 0.80–1.47).

A single trial assessing a JAK inhibitors (JAKi) reported
ASAS40 response by sex in patients with r-axSpA receiving upa-
dacitinib.31 However, we were unable to include this study in the
meta-analysis because it reported the rate difference in
the response to upadacitinib from placebo rather than reporting
the rates of response in the study drug alone. Nevertheless, the
trial indicated a numerically higher ASAS40 in men versus women
(response rate difference in men 30.9, 95% CI 15.0–46.9;
response rate difference in women 15.3, 95% CI −9.7 to 20.3).

Subgroup analyses and meta-regression. Subgroup
analyses and meta-regression revealed higher rates of ASAS40
and ASAS20 response and ASDAS-LDA/ID in men across vari-
ous factors including drug class, SpA features, and biologic expo-
sure (Supplementary Tables 8–10). Notably, heterogeneity in
effect size was influenced primarily by the underlying SpA feature,
namely r-axSpA versus nr-axSpA. Our analysis consistently
showed that the odds of achieving efficacy end points among
men were higher in patients with nr-axSpA (OR 2.60–3.76) com-
pared to those with r-axSpA (OR 1.21–1.72), as depicted in
Figure 5. The meta-regression showed a significantly higher sex-

Table 1. Summary results of random-effects meta-analysis of the differences in baseline patient characteristics in male versus female patients*

Variable
Number of
recordsa

Number of
male/female patients

Mean difference
(male − female) (95% CI) or
odds ratio of males vs,

females (95% CI) Heterogeneity, I2 (%)

Age, y 3 1,428/573 −4.5 (−6.5 to −2.5) 0
BMI, kg/m2 3 1,428/573 −0.63 (−1.17 to −0.09) 0
Disease/symptom duration, y 4 2,385/899 0.1 (−1.6 to 1.8) 26.9
ASDAS mean score 4 2,385/899 0.1 (−0.1 to 0.2) 27.4
BASDAI mean score 4 2,385/899 −0.4 (−0.5 to −0.3) 0
CRP, mg/L 4 2,385/899 5.9 (2.7 to 9.0) 18.8
HLA-B27 positive 3 1,428/573 1.58 (1.23 to 2.03) 0

* ASDAS, Assessment in Spondyloarthritis International Society; BASDAI, Bath Axial Spondyloarthritis Disease Activity Index; BMI, body mass
index; CI, confidence interval; CRP, C-reactive protein.
a The term “records” refers to the number of published articles or abstracts.
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related discrepancy in ASDAS-LDA/ID and ASAS40 response
among patients with nr-axSpA. No consistent differences in effect
size were found between the drug classes and for bionaïve and
bioexposed patients.

Imaging. In one trial involving 182 patients treated with
TNFi, sex-disaggregated imaging data were analyzed, specifically
focusing on magnetic resonance imaging (MRI) vertebral corner
inflammation, vertebral corner fat deposition, and radiographic
syndesmophyte progression.109 Overall, male participants were
more likely to exhibit progression of spinal imaging findings
(adjusted OR ranging from 2.36 to 3.39).109

Safety end points. Because of the limited reporting of sex-
disaggregated safety data, a meta-analysis could not be con-
ducted. Two publications reported safety end points by sex.7,36

Pooled data from five secukinumab trials found a numerically higher

proportion of female patients treated with secukinumab experienc-
ing any adverse effects (AEs) through 12 months (91% female,
86% male).36 Furthermore, the rate of serious AEs was numerically
higher in men (12%) than women (10%), and the rate of discontinu-
ation due to any AE was numerically higher in men (6%) than
women (4%).36 In another study, pooled data from four etanercept
trials revealed a significantly higher rate of discontinuation among
men compared to women (hazard ratio 1.49, P = 0.008; male:
7%; female: 10%).7 Although the overall AE rates were low, men
exhibited numerically higher rates of serious infections (men: 0.6%;
women: 0%), inflammatory bowel disease (men: 0.3%; women:
0%), and uveitis (men: 2.3%; women: 1.8%).7

Risk of bias. Only one study was classified as high risk of
bias due to unmasking of the intervention (Supplementary
Table 11).66 The remaining trials were classified as low risk of bias.
The funnel plots showed an overall balanced distribution of

Figure 2. Random-effects meta-analysis of sex differences in ASAS40 response by medication class. ASAS40, Assessment in Spondylarthritis
International Society for 40% improvement; C-AXSPAND, Multicenter Study Evaluating Certolizumab Pegol Compared to Placebo in Subjects
With axSpA Without X-ray Evidence of AS; CER, certolizumab; CI, confidence interval; ETA, etanercept; IL-17A, interleukin-17A; IL-17A/F, inter-
leukin-17A/F; inh., inhibitor; IV, intravenous; IXE, ixekizumab; LD, loading; NR, non-radiographic; nr-axSpA, nonradiographic axial spondyloarthri-
tis; OR, odds ratio; r-axSpA, radiographic axial spondyloarthritis; SC, subcutanous; SEC, secukinumab; TNF, tumor necrosis factor. Color figure
can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/acr.25512/abstract.
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Figure 3. Random-effects meta-analysis of sex differences in ASAS20 response by medication class. ADA, adalimumab; ASAS20, Assessment
in Spondylarthritis International Society for 20% improvement; axSpA, axial spondyloarthritis; CER, certolizumab; CI, confidence interval; GOL,
golimumab; IL-17Ai, interleukin-17A inhibitor; nr-axSpA, nonradiographic axial spondyloarthritis; OR, odds ratio; r-axSpA, radiographic axial spon-
dyloarthritis; SEC, secukinumab; TNFi, tumor necrosis factor inhibitor. Color figure can be viewed in the online issue, which is available at http://
onlinelibrary.wiley.com/doi/10.1002/acr.25512/abstract.

Figure 4. Random-effects meta-analysis of sex differences in ASDAS-LDA/ID medication class. ASDAS-LDA/ID, Axial Spondyloarthritis Disease
Activity Score low disease activity or inactive disease; C-AXSPAND, Multicenter Study Evaluating Certolizumab Pegol Compared to Placebo in
Subjects With axSpAWithout X-ray Evidence of AS; CER, certolizumab; CI, confidence interval; ETA, etanercept; IL-17Ai, interleukin-17A inhibitor;
IXE, ixekizumab; NR, non-radiographic; nr-axSpA, nonradiographic axial spondyloarthritis; OR, odds ratio; r-axSpA, radiographic axial spondylo-
arthritis; SEC, secukinumab; TNFi, tumor necrosis factor inhibitor. Color figure can be viewed in the online issue, which is available at http://
onlinelibrary.wiley.com/doi/10.1002/acr.25512/abstract.
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studies for ASAS40 and ASDAS-LDA/ID. A potential publication
bias for ASAS20 response was noted due to a tendency toward
the preferential publication of small studies with positive effects
and large studies with null effects (Supplementary Table 12).

DISCUSSION

Our meta-analysis found notable sex-related differences in
the efficacy of advanced therapies in axSpA RCTs. Across IL-17i
and TNFi users, female patients were less likely to achieve efficacy
end points compared to their male counterparts. This trend was

particularly pronounced among patients with nr-axSpA. Sex
differences were also found in patient demographics and dis-
ease activity measures at baseline, likely contributing to these
differences in treatment response. Finally, similar to recently
reported findings in PsA,16 we identified a significant gap in
the reporting of trial end points by sex. Reporting of such data
is critical for gaining deeper insights into sex-specific differ-
ences in axSpA, ultimately facilitating optimized care for this
patient population.

Our meta-analysis findings align with a previous attempt to
explore sex-related differences in advanced therapies in

Figure 5. Subgroup meta-analysis of (A) ASAS40 response, (B) ASAS20 response, and (C) ASDAS-LDA/ID in male patients versus female
patients (odds ratios and 95% confidence intervals). ASAS20, Assessment in Spondylarthritis International Society for 20% improvement;
ASAS40, Assessment in Spondylarthritis International Society for 40% improvement; ASDAS-LDA/ID, Axial Spondyloarthritis Disease Activity
Score low disease activity or inactive disease; IL-17A, interleukin-17A; IL-17A/F, uinterleukin 17A/F; inh, inhibitor; nr-axSpA, nonradiographic axial
spondyloarthritis; r-axSpA, radiographic axial spondyloarthritis; TNF, tumor necrosis factor.
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axSpA.112 This earlier review similarly found lower efficacy
in female patients with axSpA. However, the study had some
methodologic limitations that may have affected the accuracy
of the reported results.113 One of the limitations is that the
authors used fixed effects meta-analysis to pool together study
end points despite substantial heterogeneity, which may have
led to under estimation of the CIs. The meta-analysis also pooled
together studies reporting different end points, which compli-
cates the interpretation of the results, but it failed to report sex
differences in baseline characteristics that could have influenced
the sex differences in efficacy end points or to report sex differ-
ences in safety end points. Finally, the study included fewer trials
in the efficacy meta-analysis compared to our study. In contrast,
our study offers a more comprehensive and detailed assess-
ment of sex-related difference in axSpA trials. We achieved this
by including a larger number of RCTs in the meta-analysis, ana-
lyzing multiple end points, and evaluating safety end points by
sex. Furthermore, we explored several potential underlying
mechanisms and sources of heterogeneity to elucidate our
results. For instance, we identified a higher burden of symp-
toms at baseline among female patients, which may partially
account for their lower likelihood of achieving an ID or LDA
state. Overall, our meta-analysis findings are consistent with
observational studies, indicating reduced effectiveness of bio-
logic medications in axSpA.12–14,114–116 However, by exclu-
sively including RCTs in our analysis, we mitigated biases
inherent to observational studies, thereby enhancing the
robustness of our findings.

Whether the patient’s sex could guide the selection of
advanced therapies remains unknown. Although intriguing, our
study did not find any differences in efficacy end points among
IL-17Ai, IL-17A/Fi, and TNFi. In a recent meta-analysis of RCTs
in PsA, differential sex-related responses were found across drug
classes.16 Specifically, comparable responses were observed
between men and women for JAK and Tyk2 inhibitors, whereas
biologic therapies showed a preferential response in male
patients.16 Unfortunately, we could not include any JAKi trial in
our meta-analysis, which precluded direct comparisons across
drug classes. Sex-related dimorphisms have been reported in
immune profiles of patients with r-axSpA. Gracey et al117 reported
a lower signature of the IL-17 axis in female patients, whereas
both men and women exhibited similar activation of the Th1 axis.
Despite these differences in immune profiles, they did not trans-
late into discernible sex-related response disparities across IL-
17i and TNFi, both of which showed a similar magnitude of male
preferential response.

Reports of lower response among female patients to biologic
therapies extend beyond axSpA to other rheumatic conditions,
potentially explained by sex- or gender-related mechanisms.
Apart from physiologic differences in pain perception or amplifi-
cation, societal perceptions of feminine or masculine behavior
can influence patient-reported pain scores.118 Additionally,

sex-related differences in response to biologic therapies may
stem from factors, such as immunogenicity and the develop-
ment of autoantibodies to drugs in female patients,119 higher
baseline inflammatory burden in male patients, as well as
higher BMIs in female patients, which has been linked to
reduced response to biologic therapies.120 In addition, comor-
bidities that tend to be higher in female patients, such as
depression and fibromyalgia, may also affect response to ther-
apy. Unfortunately, we couldn’t explore the causal mediating
effects of these factors due to the aggregated nature of
reported data. However, an axSpA-specific factor that may
have contributed to the lower response in female patients is
the severity of spinal imaging changes. Our subgroup meta-
analysis revealed more pronounced sex differences in patients
with nr-axSpA compared to r-axSpA. It is conceivable that
misdiagnosis of female patients as nr-axSpA due to nonspe-
cific MRI changes in the sacroiliac joints may have contributed
to the lower treatment efficacy in female patients in this
group.121

A key finding of our study is the strikingly low rate of reporting
sex-disaggregated results in RCTs. Merely 28% of trials reported
study end points by sex, with an even lower 11% reporting safety
data by sex. It is noteworthy that regulatory agencies such as the
FDAmandate analysis of drug efficacy by sex as part of the licens-
ing process of new drugs. However, these data remain unpub-
lished in medical journals, possibly due to a combination of lack
of awareness regarding their importance and commercial consid-
erations. The Sex and Gender Equity in Research guidelines
underscore the importance of considering sex and gender in
research publications, specifically reporting sex-disaggregated
study outcomes.122 It is critical that investigators, journals
reviewers, and editors adhere to these recommendations, espe-
cially when reporting the results of pivotal RCTs of new drugs. In
addition, the results of the study can also inform future trial design.
For example, trial designers may consider stratifying by sex to
reduce the risk of differences in response between placebo and
the intervention arms being, at least partly, due to imbalance in
sex distribution across study arms. This was recently imple-
mented in the ARGO trial, a phase 2 trial that assessed soneloki-
mab in patients with PsA.123

Our study had several limitations worth noting. Firstly, the
scarcity of sex-disaggregated data raises concerns regarding
publication bias. The publication of such data appears to be
higher in recent years, likely reflecting a growing awareness in
sex differences in recent years. Secondly, the lack of patient-level
data means that we cannot investigate other factors such as con-
comitant medications or BMI as potential underlying mecha-
nisms. Lastly, the lack of sex-disaggregated safety end points
meant that we were limited to descriptive reporting.

In conclusion, our findings underscore the significant influ-
ence of the patient sex on the response to advanced therapies
in axSpA. Overall, female patients were less likely to achieve
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efficacy outcomes compared to male patients. However, the
underlying mechanisms driving this differential response
remain unknown. To address this gap in knowledge, it is
essential that future trials prioritize the reporting of sex-
disaggregated data. A greater understanding of this topic
should facilitate the integration of sex and gender consider-
ations in drug prescription ultimately leading to improvement
in patient care.
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R E V I EW A R T I C L E

Lupus Flares: More Common in Dialysis Patients Than
in Post–Kidney Transplant Recipients: A Systematic
Review and Meta-Analysis

Ansaam Daoud,1 Loai Dweik,2 Niraj Desai,1 Sarfaraz A. Hasni,3 and Omer N. Pamuk1

Objective. In this study, we performed a systematic literature review and meta-analysis to assess the frequency of
systemic lupus erythematosus (SLE) flares in patients with end-stage renal disease (ESRD) and patients undergoing
renal replacement therapy (RRT), hemodialysis (HD), peritoneal dialysis (PD), and kidney transplant (KT).

Methods. Literature from 1973 to 2023 was searched for studies on the frequency of lupus flares after RRT. Data
were extracted for ESRD and each RRT modality. Forest plots and random effect models were used to evaluate the
odds ratios (95% confidence interval [CI]) of SLE flares after ESRD or RRT, and study heterogeneity was assessed
using I2 statistics.

Results. A total of 57 studies fulfilled the study entry criteria. A total of 29 studies evaluated extrarenal SLE flares
after HD/PD, and five studies evaluated extrarenal SLE flares after KT. The frequency of extrarenal SLE flares was
compared between HD and PD in seven studies and between HD/PD and KT in four studies. The recurrence of lupus
nephritis (LN) was analyzed in 29 studies. Overall, 35.9% of patients with ESRD had at least one extrarenal flare after
RRT. The frequency of extrarenal SLE flare was similar in PD and HD (oods ratio [OR] 1.05, 95% CI 0.57–1.94).
Extrarenal flare risk was significantly higher in the PD/HD group compared with that of the KT group (OR 4.36, 95%
CI 1.66–11.47; P = 0.0028). The recurrence of LN after KT was 3.39%.

Conclusion. Extrarenal lupus flares can still occur in more than one-third of patients with ESRD receiving RRT.
Dialysis patients have a higher flare risk than those after KT, with comparable flare risk among patients receiving HD
and PD.

INTRODUCTION

Systemic lupus erythematosus (SLE) is a multisystem,

chronic autoimmune disease characterized by complex immune

dysregulation. Although many patients with SLE experience

periods of low disease activity or quiescence interspersed with

lupus flares, this pattern is not universal.1 Up to 30% of patients

with SLE experience chronically active disease, and 30% have

chronically quiescent disease.1 One of the most serious and

common complications of SLE is lupus nephritis (LN), which has

a significant impact on quality of life and results in worse out-

comes.2 Renal involvement occurs in up to 60% of patients with

SLE, and despite significant advancements in the management

of LN, approximately 20% of these patients still progress to

end-stage renal disease (ESRD).3–7 European Renal Association

registry data displayed that the incidence of SLE-associated renal

replacement therapy (RRT) was 0.8 per million people per year

between 1992 and 2016.8 Among patients with SLE requiring

RRT, hemodialysis (HD) was the initial modality in 74% of cases

followed by peritoneal dialysis (PD) in 21%. Kidney transplanta-

tion (KT) was the initial RRT modality in approximately 5% of

patients.8

SLE disease activity is generally thought to become quies-

cent after ESRD allowing for de-escalation or withdrawal of the

immunosuppressive regimen. The purported mechanisms of this

decline in lupus activity are considered a natural progression of

the disease to a “burnout state” and immune modulation owing

to uremia and dialysis.3,5,6,9,10 The patients usually receive high
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doses of immune-suppressant medications after KT, which will

also suppress any lupus disease activity. However, data from sev-

eral studies show up to 80% of patients experiencing ongoing

SLE disease activity and flares.3,5–7,11–19 Through this systematic

literature review, we aim to evaluate the risk of SLE flares in

patients after ESRD and explore how these risks vary according

to the type of RRT, including HD, PD, and KT.

PATIENTS AND METHODS

The systematic review and meta-analysis incorporated the
Preferred Reporting Items for Systematic Reviews and Meta-
Analyses (PRISMA) 2020 guidelines and checklists.20 Given the
nature of this meta-analysis of existing data from previously pub-
lished studies, institutional review board or ethics committee
approval was not required. This study did not involve direct
human or animal subject research.

Data sources. We performed a literature search using the
keywords “systemic lupus erythematosus,” “end-stage kidney
disease,” “renal replacement therapy,” “hemodialysis,” “perito-
neal dialysis,” “kidney transplantation,” “renal transplantation,”
and “lupus nephritis,” combined with the word “OR” in the
PubMed, Web of Science, and Cochrane Library databases from
1973 to 2023. Conference abstracts and references of relevant
articles published before October 2023 were also reviewed.
Three reviewers (AD, LD, and ONP) conducted a literature search
in these databases. The titles and abstracts of all potential articles
were reviewed, and then the full text of selected articles was eval-
uated in detail. Another reviewer analyzed a random 20% of all

potential abstracts. There was 100% agreement between
reviewers for the included and excluded articles.

We included studies that analyzed the frequency of disease
flares in patients with SLE who received RRT because of
LN. If there were data for SLE disease flares, we included all
LN-associated RRT modalities, such as HD, PD, or KT. The data
were collected from studies comparing the frequency of disease
flares among different RRTs. The criteria for classifying SLE
included the American College of Rheumatology (ACR) 1982,
modified 1997, Systemic Lupus International Collaborating
Clinics 2012, and ACR/EULAR 2019 criteria.21–24 We included
cohort studies, case control studies, population-based studies,
and retrospective and prospective studies. However, no clinical
trials met our inclusion criteria. We excluded studies written in lan-
guages other than English and abstracts lacking the necessary
information for data extraction.

Definition of SLE flares. There was variability in defining
lupus flares across the studies reviewed. Therefore, we accepted
individual the SLE flare definition of each study. In some studies,
lupus flares were defined by an increase in the SLE Disease Activ-
ity Index score by three or more points only if the clinical symp-
toms responded to increased corticosteroid therapy. Some
studies used serologic markers like complement levels and anti–
double-strand DNA to define lupus flares. Other studies relied on
a physician’s global assessment or the International Flare
Consensus Initiative to define flares, focusing on measurable
increases in disease activity in one or more organ systems, which
were considered clinically significant and often led to changes in
treatment. In studies specifically focusing on the recurrence of
LN in KT patients, some flares were solely confirmed through
kidney biopsies showing histopathologic evidence of disease
activity, and some relied on response to clinical symptoms such
as proteinuria, hematuria, or renal dysfunction.

Data extraction, synthesis, and quality assessment.
Three authors (AD, LD, and ONP) independently reviewed all arti-
cles. We extracted data about the publication date, study method
(cohort, case control, population-based, prospective, or retro-
spective), the type of RRT, and SLE flares. We recorded the
frequency of SLE flares identified across different RRT modalities,
including PD, HD, and KT. When available, we also recorded the
data pertaining to the types of SLE flares.

The Newcastle-Ottawa Quality Assessment Scale for cohort
and case control studies was used to evaluate the methodologic
quality of eligible studies and risk of bias.25 This scale analyzes
cohort selection and comparisons between groups, outcomes,
and adequacy of study period. Two authors (A.D. and O.N.P.)
rated each study separately, giving a score out of nine possible
points. If there were discrepancies in the scores, the issue was
resolved by consensus with a third author (LD) (Tables 1 and 2).
Two reviewers’ inter-reliability was calculated.

SIGNIFICANCE & INNOVATIONS
• This study offers a detailed review and data analy-

sis, providing valuable insights into the risk of sys-
temic lupus erythematosus (SLE) flares in patients
with SLE after end-stage renal disease (ESRD)
across different renal replacement therapy (RRT)
modalities.

• The finding that more than one-third (35.9%) of
patients with ESRD experience at least one extrare-
nal SLE flare after RRT indicates a significant clinical
concern for patients with SLE and ESRD.

• The study provides a comparative risk analysis of
SLE flares, revealing that patients receiving dialysis
(hemodialysis or peritoneal dialysis) are at a higher
risk of extrarenal flares compared with those who
have undergone kidney transplantation (KT).

• The findings suggest that KT may offer a consider-
able advantage in the recurrence of lupus nephritis,
with a low recurrence rate (3.39%), which is
promising.
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Statistical analysis. Common effect models were used to
detect the frequency of disease flares in the LN-ESRD groups.
Studies included in our analysis showed crude data, therefore
unadjusted analysis was performed. We used the Mantel-
Haenszel test to detect the differences in SLE flares between
groups. We created forest plots to summarize composite data,

generating the frequencies, odds ratio (OR), and correspond-
ing 95% confidence interval (CI) for each subgroup. We used
the I2 statistic to evaluate heterogeneity between studies, and
25%, 50%, and 75% indicated low, moderate, and high het-
erogeneity, respectively. Funnel plots were employed to detect
publication bias. We used the R Statistical Software Meta

Table 1. Overview of included studies on SLE flares*

Study, year Years Study design n RRT duration Follow-up duration NOS/quality Study outcome

Gaillard et al, 202312 2008–2011 RC 137 NA 5 y 8 SLE flares on dialysis
Kim et al, 20226 1995–2020 RC 121 HD: 19 mo 45 mo 8 SLE flares on HD/PD

PD: 10 mo
Tsai et al, 201911 NA RC 94 HD (6.3 y), PD (6 y),

KT (7.1 y)
HD (6.3 y),

PD (6 y), KT (7.1 y)
6 SLE flares and survival on

HD/PD/KT
Park et al, 201830 2005–2016 RCC 19 43.3 mo of dialysis

before KT
70.1 mo 7 Renal outcomes and SLE

flares on KT
Barrera-Vargas et al, 20165 1993–2014 RCC 38 NA ≥18 mo after

dialysis initiation
8 SLE flares on dialysis

Oliveira et al, 201231 1992–2010 RCS 14 30 mo of dialysis
before KT

NA 5 Clinical outcomes on KT

Kang et al, 201113 1990–2007 RMC 59 NA HD: 5 y 5 SLE flares and survival on
HD/PD/KT

PD: 5 y
KT: 10y

Zhu et al, 200932 1997–2006 NA 29 NA ≥2 y 4 SLE flares and mortality
on HD/PD

Ribeiro et al, 200533 2003–2004 PCS MC 57 54 mo NA 7 LN and nonrenal SLE
flares in ESRD

Siu et al, 200514 1995–2003 RCC 18 35.4 mo NA 5 SLE flares and outcomes
on CAPD

Goo et al, 200415 1990–2000 RC 45 NA 53 mo 5 SLE activity and survival in
ESRD

Lee et al, 200334 1991–2001 RCC 26 57.5 mo 57.5 mo 5 SLE activity before/after
ESRD

Okano et al, 20017 1982–1999 RCS 14 ≥6 mo NA 5 SLE flares and clinical
course on HD

Krane et al, 199927 1988–1994 RCS 19 NA 3 y 6 SLE activity before/after
ESRD

Bruce et al, 199935 NA RC 13 NA 12 mo 5 SLE flares in ESRD
Szeto et al, 199836 1987–1996 RC 18 NA 33.8 mo after dialysis 5 SLE activity on dialysis
Kobayashi et al, 199526 1977–1994 RCS 6 5.2 y 6.6 y 6 SLE activity on dialysis
Stock and Krane, 199337 NA RCS 6 NA NA 4 SLE activity on HD/PD
Cheigh et al, 199016 1970–1987 RC 59 NA 77.6 mo 5 SLE activity in ESRD
Nossent et al, 199010 1988 RC 55 NA NA 5 SLE activity before/after

ESRD
Sires et al, 198938 1982–1985 CC 9 NA 23 mo 5 SLE flares and clinical

course on HD
Rodby et al, 198717 1981–1986 RCC 8 20.8 mo 20.8 mo after dialysis 4 SLE flares and serologic

activity on PD
Correia et al, 198439 NA NA 24 NA NA 4 SLE activity and survival in

ESRD
Pahl et al, 198440 1974–1983 RCS 11 31 mo 31 mo 5 SLE activity before/after

dialysis
Coplon et al, 198341 1969–1973 RCS 10 14.3 mo NA 5 SLE activity in ESRD
Jarrett et al, 198342 1971–1981 RCC 14 3.1 y NA 6 SLE activity and survival

on dialysis
Kimberly et al, 198143 1970–1979 RCS 39 NA NA 5 SLE activity and

progression to ESRD
Fries et al, 197444 NA NA 13 NA NA NA NA

* CAPD, continuous ambulatory peritoneal dialysis; ESRD, end-stage renal disease; HD, hemodialysis; KT, kidney transplantation; LN, lupus
nephritis; MC, multicenter; mo, months; NA, not available; NOS, Newcastle-Ottawa Scale; PCS, prospective cross-sectional; PD, peritoneal
dialysis; RC, retrospective cohort; RCC, retrospective case control; RCS, retrospective case series; RMC, retrospective multicenter; RRT, renal
replacement therapy; SLE, systemic lupus erythematosus; y, years.
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Package (version 4.2.1; R Core Team 2022) to perform all
analyses.

RESULTS

Study characteristics. The literature review revealed
583 relevant articles; 487 were deemed unsuitable by title or
abstract. We reviewed the full text of the remaining 96 articles,

and 57 fulfilled the study entry criteria (Figure 1). The Newcastle-
Ottawa Quality Assessment Scale score was evaluated in 50 arti-
cles and the mean ± SD of articles was 6.1 ± 1.3 with a maximum
score of nine points. Interrater reliability for these quality scores
was κ = 0.88 with two independent reviewers. The general char-
acteristics of studies that showed SLE flares after ESRD develop-
ment are seen in Table 1. Table 2 summarizes studies that
showed SLE flares after KT.

Table 2. Overview of included studies on LN flares*

Study, year Years Study design n RRT duration
Follow-up
duration NOS/quality Study outcome

Martínez-L�opez et al, 202245 1980–2018 RCC 21 1.63 y 14.2 y 8 Graft survival and SLE
flares on KT

Pattanaik et al, 202246 2006–2017 RC 38 4 y 1,230 d 7 LN recurrence and
outcomes on KT

Gołębiewska et al, 201647 1999–2014 RC 19 58 mo 1 mo–10.5 y 7 Early/late outcomes on
KT

Çelt_Ik et al, 201648 2000–2013 RC 12 39 mo 63 mo 7 Clinicopathologic
findings and SLE
flares on KT

Norby et al, 201049 2008 CS 41 13 mo NA 9 RLN on KT
Contreras et al, 201050 1987–2006 RCC 6850 NA 4.95 y 7 RLN and graft survival

on KT
Burgos et al, 20094 1977–2007 RC 202 3.1 y 11.2 y 7 RLN and allograft loss

on KT
Ghafari et al, 200851 1989–2006 RCC 23 NA 87 mo 5 LN flares on KT
Yu et al, 20082 1984–2007 CC 23 29.7 mo 107.2 mo 8 SLE flares and

outcomes on KT
Lionaki et al, 200852 1985–2005 CC 26 30 mo 79 mo 7 SLE flares and survival

on KT
Moroni et al, 200553 1982–2004 RCC 33 42 mo 91 mo 8 RLN and survival on KT
Goral et al, 200354 1976–2000 RC 50 40 mo 6.8 y 6 RLN on KT
Bartosh et al, 200155 1987–1998 RCC 94 514 d 3 y 7 SLE flares and graft

outcomes on KT
Stone et al, 199856 1984–1996 RCS 97 33.5 mo 62.6 mo 7 RLN on KT
Azevedo et al, 199857 1975–1994 RCC 45 NA NA 8 SLE flares and biopsy

findings on KT
Grimbert et al, 199858 1971–1993 CC 53 48 mo before KT NA 8 SLE flares and graft

survival on KT
Bitker et al, 199359 NA NA 10 NA NA NA KT study and NA
Nyberg et al, 199260 NA NA 16 NA NA 5 KT study and NA
Contreras-Rodríguez et al, 199261 NA NA 16 NA NA NA KT study and NA
Sumrani et al, 199262 NA NA 40 NA NA NA KT study and NA
Goss et al, 199163 1963–1990 RCS 14 36 mo before KT 43.7 mo 5 SLE flares and graft

survival on KT
Rivera et al, 199064 1979–1989 RCS 8 22.1 mo before KT 45.1 mo 7 RLN and graft survival

on KT
Bumgardner et al, 198865 1969–1987 RCC 32 0–60 mo before KT 7.1 y 7 SLE flares and

outcomes on KT
Roth et al, 198766 1979–1985 RCS 15 11.6 mo before KT 3.1 y 7 SLE flares, LN flares, and

graft survival on KT
Mejia et al, 198367 1971–1982 RCS 18 1–30 mo receiving

dialysis before KT
4.5 y 6 SLE activity, LN flares,

and graft survival on
KT

Cameron, 198268 NA NA 6 NA NA NA KT study and NA
Brown et al, 197969 NA NA 30 NA NA NA KT study and NA
Amend et al, 197770 NA NA 11 NA NA NA KT study and NA
ASC/NIH, 197571 NA RMC 56 NA 2 y 6 SLE flares and survival

on KT

* CC, case control; CS, cross-sectional; d, days; KT, kidney transplantation; LN, lupus nephritis; mo, months; NA, not available; NOS, Newcastle-
Ottawa Scale; RC, retrospective cohort; RCC, retrospective case control; RCS, retrospective case series; RLN, recurrent lupus nephritis; RMC, ret-
rospective multicenter; RRT, renal replacement therapy; SLE, systemic lupus erythematosus; y, years.
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Meta-analysis. To identify SLE flares, we used each
study’s own definitions for SLE flare. Twenty-nine studies (1,016
patients with SLE) evaluated clinical SLE disease flares after dialy-
sis initiation (HD and/or PD). The overall random-effects model
pooled a 35.9% (95% CI 33.3–38.9) incidence of at least one
lupus flare after dialysis initiation in patients with ESRD with a high
level of heterogeneity (I2 = 89%) (Figure 2). Seven studies
(307 patients with SLE) compared SLE disease flares after PD
versus HD initiation. The frequency of SLE flares was similar
in PD (25.6%) and HD (25.3%) (OR 1.05, 95% CI 0.57–1.94;
P = 0.88). Only limited studies evaluated the types of clinical fea-
tures in SLE flares after RRT. Two studies reported higher than

40% hematologic flares after ESRD development.4,5 Other com-
mon clinical features of flares reported in the studies were arthritis,
neurologic disease, mucocutaneous findings, and fever.

Flares after different RRT modalities. Five studies
assessed clinical extrarenal lupus flares after KT (13 flares,
206 patients). A total of 6.3% of patients had at least one extrare-
nal disease flare (95%CI 3.7%–10.6%). Four studies (204 patients
with SLE) compared lupus flares in patients with SLE with PD/HD
or KT. Flare risk was significantly higher in the PD/HD group com-
pared with the KT group (OR 4.36, 95% CI 1.66–11.47;
P = 0.0028) (Figure 3). Twenty-nine studies (7,875 patients with

Review of literature utilizing keywords 

"systemic lupus erythematosus”, or “end-

stage kidney disease”, or "renal 

replacement therapy", or “hemodialysis”, 

“peritoneal dialysis”, or “kidney 

transplantation”, or “renal transplantation”,

or “lupus nephritis”

Title and Abstract review

n=583 

Exclusion criteria, n=487

Failure to meet inclusion 

criteria

Eligible studies, n=57

Lupus flares after RRT: 29

The comparison of HD and PD: 6

Lupus flares after KT: 5

The comparison of HD/PD and KT: 4

LN flares after KT: 29

Exclusion criteria, n=39

Full text review

n=96

Figure 1. Study algorithm. HD, hemodialysis; KT, kidney transplant; LN, lupus nephritis; PD, peritoneal dialysis; RRT, renal replacement therapy.

LUPUS FLARES IN ESRD 831



Figure 2. The frequency of systemic lupus erythematosus flares after hemodialysis and/or peritoneal dialysis. CI, confidence interval. Color figure
can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/acr.25507/abstract.

Figure 3. The comparison of systemic lupus erythematosus flares in kidney transplantation (reference group) and dialysis (peritoneal dialysis/
hemodialysis). CI, confidence interval; OR, odds ratio. Color figure can be viewed in the online issue, which is available at http://onlinelibrary.
wiley.com/doi/10.1002/acr.25507/abstract.
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SLE with KT) analyzed the recurrence of LN after KT. A total of
3.39% of patients with lupus with KT had LN relapse (95% CI
3.01%–3.81%; I2 = 91%) (Figure 4).

DISCUSSION

In the present systematic review, we observed that SLE
flares may occur in up to 35.9% of patients with SLE after the
development of ESRD. The frequency of SLE flare is similar in
PD and HD. On the other hand, SLE flares are relatively uncom-
mon after KT. LN recurrence is possible after KT but is rare.

The frequency of lupus flares after RRT varies among the
studies included. These variations could be explained by differ-
ences in the definition of lupus flare and geographic location as
well as race and ethnicity. The difference in individual study

follow-up times could also explain the variations observed. For
example, one of the recent studies included in this meta-analysis
observed frequent lupus flares (81%) in patients observed for
72 months after starting dialysis.12 This study found that severe
lupus flares were relatively common (19%).12 Conversely, other
studies included found lower rates of lupus flares.6,11,26 One par-
ticular study suggested that lupus flares are common early after
dialysis initiation but decrease over time, with clinically active
lupus in 55% of patients with SLE in the first year; however, this
rate decreased to 6.5% in the fifth year and 0% in the 10th year
after dialysis initiation.16 These longitudinal studies indicate that
although clinical disease activity may decline after starting RRT,
serologic activity could persist in some patients.

The proposed decline mechanism in SLE activity in the ESRD
stage has yet to be fully understood. Studies claim multiple

Figure 4. The frequency of lupus nephritis flares after kidney transplantation. CI, confidence interval. Color figure can be viewed in the online
issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/acr.25507/abstract.
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immune modulatory factors that contribute to reduced disease
activity after ESRD development in SLE. These factors include
B cell depletion, impaired B cell maturation, apoptosis of naïve
and central memory T cells, shift in T helper ratio, altered matura-
tion of dendritic cells, diminished costimulatory capacity, and
decreased interferon α production.5 In addition, the removal of
inflammatory cytokines and autoantibodies by dialysis might be
another contributing factor.6 On the other hand, rapid withdrawal
of immunosuppressive treatment, insufficient dose of hydroxy-
chloroquine, and missing rheumatology visits are the main risk
factors associated with SLE disease activity after ESRD. It is
important to note that our study did not explore these mecha-
nisms directly; rather, they are derived from the literature and pro-
posed as potential explanations.

Our meta-analysis showed similar SLE flares in the HD and
PD groups. However, some studies reported higher rates of flares
in the HD group than in the PD group.5,11 The proposed possible
mechanisms accounting for differences in immune reactivity
between different dialysis modalities include HD-associated cyto-
kine induction through adhesion of mononuclear cells to dialyzer
membrane, complement activation of dialyzer membrane, passage
of cytokine-inducing bacterial fragments from contaminated dialy-
sate into blood, and HD-associated phagocyte impairment.15

Our meta-analysis showed that both renal and extrarenal
lupus flares are relatively rare after KT. Patients after KT had better
survival rates as compared to those receiving HD or PD.11,13 For
instance, the study from Kang et al found one lupus flare among
17 patients who underwent KT.13 Another study, which investi-
gated the risk of relapse of LN after KT, did not detect any LN flare
in 18 patients who received KT during a 15-year follow-up
period.16 Although the exact mechanism for why lupus flares are
less common after KT is unknown, several factors have been pro-
posed. The potent immunosuppressive regimen after KT,
bypassing potential pathogenic autoantibody-production from
diseased kidneys as a result of KT, and elimination of proinflam-
matory side effects of HD are the main factors to explain lower
renal and extrarenal lupus flares after KT as compared with
patients receiving HD or PD.3 The impact of these proposed
mechanisms should be considered when interpreting the lower
incidence of lupus flares in KT recipients compared with patients
receiving HD or PD.

Most of the studies included in our analysis did not analyze
the clinical features of SLE flares after ESRD development. There-
fore, we could not evaluate the clinical and serological features of
lupus flares in our study. Interestingly, some studies revealed a
greater occurrence of hematologic flares compared with other
types of lupus flares. Kim et al found that most flare manifesta-
tions in patients with SLE receiving dialysis were hematologic
(40.6%) followed by neurologic (28%).6 Another study also
reported a similar frequency of hematologic flare (42%) followed
by mucocutaneous manifestations (38%) and arthritis (30%).5

On the other hand, other studies reported various clinical findings

of flares, including fever and neurologic, arthritic, and mucocuta-
neous findings.7,11,14,27

Our study has some limitations. First, the classification of
lupus and definitions of lupus flares were not uniform across the
observational studies included, which could introduce misclassifi-
cation bias. Second, several studies had no information about the
types of SLE flares and concomitant SLE treatment, which can
influence outcomes. Therefore, it is important to note that the def-
inition and classification of SLE flares were not uniform across the
studies, which could introduce heterogeneity and potential bias in
the analysis. Third, variation in follow-up time across studies could
lead to heterogeneity in the results, impacting the proportion of
patients observed to experience SLE flares. Additionally, the fact
that nephrologists, rather than rheumatologists, primarily follow
patients with SLE after the development of ESRD may result in
the underrecognition of extrarenal lupus flares. Moreover, the
extensive timeframe of our study (1973–2023) introduces the
potential for bias owing to temporal trends in LN treatment and
outcomes. Over the decades, significant advancements in treat-
ment protocols, diagnostic criteria, and patient management
have occurred, which may affect the comparability of data from
different periods. Future studies should also consider stratifying
data by time periods to assess the impact of these temporal
changes on study outcomes and further exploring the impact of
health care disparities on disease flares in patients with SLE
and ESRD.

There are significant health disparities in patients with SLE
that may be avoidable. The mechanisms of health disparities in
SLE are very complex and involve biologic, sociocultural, physical,
and other environmental factors.28 Health care disparities signifi-
cantly impact certain racial and ethnic groups, especially African
American and Hispanic patients, contributing to worse outcomes
in SLE, including a higher risk of LN-ESRD. In addition, self-
identified African American patients are 25% less likely to be wait-
listed than self-identified non-Hispanic White patients, even after
adjusting for medical factors and social determinants of health.29

Therefore, the differences in the risk of SLE flares in patients
receiving dialysis versus in those who received a KT might be
due to differences in access to KT by race and ethnicity. African
American patients with lupus are more likely to have severe SLE
with recurrent flares and are less likely to receive a KT.

In summary, SLE flares after ESRD may be more common
than previously thought, and some patients with SLE and ESRD
might continue to experience SLE flares. Health care providers
should consider continued vigilance for signs of active flares, par-
ticularly in the first 5 years after dialysis initiation. Although our
study did not specifically examine the role of multidisciplinary care,
it is widely recognized that patients with SLE could benefit from
ongoing follow-up with both nephrologists and rheumatologists
to ensure optimal management of their condition after ESRD. A
multidisciplinary approach may help in the timely identification
and management of SLE flares even after the onset of ESRD.
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Global Trends in Risk Factors for Low Back Pain: An Analysis
of the Global Burden of Disease Study Data From 1990
to 2021

Katharine E. Roberts,1 Manuela L. Ferreira,2 Paula R. Beckenkamp,1 Sneha Nicholson,3 Lyn March,4

and Paulo H. Ferreira1

Objective. The increasing burden associated with low back pain (LBP) is a critical issue. This is a novel analysis of
trends in risk factors for LBP aiming to identify risk factors that require further attention or consideration in global pol-
icies to reduce the burden of LBP.

Methods. The Global Burden of Disease study metadata were used to describe the trends in three modifiable cat-
egories of risk factors that contribute to the burden associated with LBP. The trends in occupational/ergonomic,
behavioral (smoking), and metabolic (high body mass index [BMI]) risk factors for LBP between 1990 and 2021 have
been described with attention to global areas, high sociodemographic index (SDI) areas, and low SDI areas.

Results. The number of years lived with disability (YLDs) caused by LBP increased globally, in high and low SDI
areas between 1990 and 2021. The impact of smoking and occupational/ergonomic risk factors have decreased; how-
ever, the impact of high BMI has increased markedly in the same time frame, with a particularly concerning impact in
high SDI areas and on women.

Conclusion. The burden of LBP is increasing globally, with a significant proportion of the YLDs caused by LBP
attributed to three modifiable lifestyle factors: occupation/ergonomics, smoking, and high BMI. Of significant concern
is the rapidly increasing impact of high BMI on YLDs caused by LBP, with the greatest impact seen among women in
low and high SDI areas. The role of additional risk factors (eg, physical inactivity) still needs to be determined in the con-
text of the global burden of LBP.

INTRODUCTION

The increasing burden associated with low back pain (LBP)

is a critical health issue that demands global attention. In 2020,

619 million people experienced LBP globally,1 with an age-

standardized prevalence of 7,460 per 100,000 (range 6,690–

8,370), resulting in 69 million years lived with disability (YLDs)

worldwide.1 This represents a significant increase from 1990,

when 377.5 million people experienced LBP globally2 and the

associated YLD was 43 million.1 Driving the demand for atten-

tion is the fact that LBP prevalence is forecast to expand to

843 (95% uncertainty interval [UI] 759–933) million by 2050, with

the potential for substantial increases in associated disability

and burden.1

Understanding the mechanisms that explain disease

development and analyzing the trajectories of risk factors over

time could provide insights into preventive strategies to posi-

tively impact disease prevalence and burden as well as identify

areas that require further attention or a review in global policy.3

The Global Burden of Disease (GBD) study generates publicly

available datasets and tools that allow the analysis of estimates

of global health data. Specifically, GBD study data provide not

only estimates of the prevalence of diseases but also the prev-

alence and impact of risk factors for them, affording the ability
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to identify the relative importance of different risk factors both

over time and among populations globally.3

In 2018, The Lancet published an LBP series calling attention
to the global dilemma of LBP,4–6 citing aging and expanding
populations, as well as inadequate management, as major con-
tributing factors associated with increasing disability and costs
globally.4 In addition, the study demonstrated that in 2020 more
than one-third of the YLDs associated with LBP are associated
with three GBD risk factors1: occupational/ergonomic, smoking,
and high body mass index (BMI). These risk factors have been
included in the GBD study LBP estimates, reflecting their relative
prevalence in the literature when they meet the evidence of risk-
outcome pair criteria.3 The increased prevalence of these risk fac-
tors since 1990 may have been associated with the increasing
burden of LBP globally. However, the trends in the risk associa-
tion between these factors and LBP is still to be ascertained.

The current study aimed, for the first time, to report the global
trends in risk factors for LBP from 1990 to 2021. The trends in
YLDs have been reported as numbers and percentages providing
a comparison between men and women as well as a comparison
between the trends in risk factors in high sociodemographic index
(SDI) areas and low SDI areas. Understanding the trends of risk
factors and their association with the burden of LBP over time
could provide insights into preventive strategies to positively
impact LBP prevalence and its associated burden as well as
important information to guide policy to address the global bur-
den of LBP.

PATIENTS AND METHODS

Data source. The methods used by the GBD study for col-
lecting and calculating LBP and risk factor estimates are
described in detail elsewhere.7 In short, the GBD study uses a
large number of data sources to estimate illness, injury, morbidity,
and attributable risk for 204 countries.7,8 Prevalence data and
disability weights are then used to calculate YLDs. For LBP, con-
sidered to be a nonfatal health outcome, there were 492 input

sources from 204 countries and territories identified between
1990 and 2021. Input data sources can be found at https://
ghdx.healthdata.org/gbd-2021/sources. The GBD study follows
the Guidelines for Accurate and Transparent Health Estimates
Reporting Statement.9 The GBD study systematically reviews
and synthesizes data from multiple electronic sources,7 and a
meta-regression approach is used to synthesize the data
extracted for each risk-outcome pair as per the Preferred Report-
ing Items for Systematic Reviews and Meta-analysis frame-
work.10 The main analytical tools used for GBD 2021 are
disease model meta-regression 2.1, spatiotemporal Gaussian
process regression, and meta-regression—Bayesian, regu-
larised, trimmed.7

Outcome. The GBD study defines LBP as pain experienced
in the posterior body between the lower margin of the 12th ribs
and the lower gluteal folds, which may or may not include referred
pain into one or both lower limbs, and lasts for at least 1 day.1,11

YLDs were used to describe the burden associated with LBP.
Although disability-adjusted life years (DALYs) are often used to
describe the burden associated with disease, YLDs are com-
monly used to describe the burden of nonfatal diseases such as
LBP.1 Estimates are presented as numbers (count), age-
standardized percentages, and age-standardized rates (per
100,000 population). The GBD study categorizes risk factors into
hierarchical order. Level 1 represents three broad categories
(occupational, behavioral, and metabolic), which are progressively
broken down into level 2, 3, and 4 risk factors.3 For example,
behavioral risk factors (level 1) may be disaggregated into
tobacco (level 2) and smoking, chewing tobacco, and second-
hand smoke (level 3). This hierarchy allows analysis of individual
risk factors or groups of risk factors.7

Risk factors. In the context of LBP, the risk factors reported
in the GBD study are occupational/ergonomic (level 3), smoking
(levels 2 and 3), and BMI (level 2).3 Occupational/ergonomic
exposures include lifting, forceful movements, vibrations, and
awkward postures. High BMI for adults aged >20 years is defined
as >20 to 25 kg/m2.12 SDI is an indicator of the social and eco-
nomic conditions (ie, development status) that influence health
outcomes. SDI is calculated by the GBD combining total fertility
rate, mean education, and lag-distributed income per capita,8

generating a score between 0 and 1. A score of 0 represents min-
imum socioeconomic development and, therefore, poorer associ-
ated health outcomes.7 SDI is divided into quintiles with low SDI
incorporating countries with an SDI of 0.00 to 0.45 and high
SDI incorporating countries with an SDI of 0.81 to 1.00.13

The GBD study assesses the impact of each risk factor using
a comparative risk assessment framework7 estimating risk with a
six-step meta-analytical method: (1) risk-outcome pairs that meet
specific criteria; (2) relative risks as a function of exposure;
(3) levels of exposure in each age, sex, location and year; (4) the

SIGNIFICANCE & INNOVATIONS
• Understanding the trajectories of risk factors pro-

vides insights into preventive strategies that may
positively impact low back pain (LBP) burden.

• The impact of occupational/ergonomic risk factors
and smoking on the years lived with disability
because of LBP is decreasing globally.

• The impact of high body mass index is increasing at
an alarming rate and is particularly significant for
women in both high sociodemographic index (SDI)
areas and low SDI areas.

• We urgently need effective preventive strategies to
address obesity, especially among women, if we
aim to control the global burden of LBP.
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theoretical minimum risk exposure; (5) computed attributable
deaths, years of life lost, YLDs, and DALYs; and (6) population-
attributable fractions and attributable burden.3 The GBD study
currently provides data on only the three risk factors discussed
in this study, for which there is credible evidence of risk-outcome
relationships. This includes findings supported by more than one
study type, data from at least two cohorts, minimal and explained
heterogeneity, low risks of confounding and selection bias, and
biologically plausible dose-response gradients.1,7

Data presentation, UIs, and data access. All data were
downloaded from the results14 and compare tools15 for presenta-
tion. The GBD metadata are publicly available through the Insti-
tute for Health Metrics and Evaluation (IHME) Global Health Data
Exchange (GHDx) at https://www.healthdata.org/data-tools-
practices/interactive-data-visuals and https://vizhub.healthdata.
org/gbd-compare/.

Trends in risk factors were viewed using the IHME data visu-
alization tools. Specifically, the GBD “results tool”14 was used to
visualize the trends in risk factors for LBP using 5-year brackets
(1990 to 2020 and 2021). The GBD “compare tool”15 was used
to visualize the risk factors for LBP when comparing high SDI
countries with low SDI countries. Percentage change was gener-
ated by the data visualization tools. The visualization tools were
accessed in July 2024.

No patients were involved in this study, and ethical approval
was not required for this study. All data relevant to the study are
included in the article or uploaded as online supplemental

information. The GBD metadata are publicly available through
the IHME GHDx.

RESULTS

In 1990, 42.4% of the YLDs caused by LBP globally were
attributable to exposure to the three risk factors assessed in this
study: occupational/ergonomic, behavioral (smoking), and meta-
bolic (high BMI). By 2020, the proportion had decreased slightly
to 38.8%.1 A global map displaying YLDs caused by LBP in
2021 is presented in Figure 1, and global maps displaying LBP
attributable to occupational/ergonomic, behavioral (smoking),
and metabolic (high BMI) risk factors for both sexes and all ages
in 2021 are available in Supplementary Figures 1, 2, and 3,
respectively.

Global trends in YLDs attributable to occupational/
ergonomic, smoking, and high BMI risk factors. Globally,
the YLDs caused by LBP as a percentage of total YLDs attrib-
utable to all causes decreased from 1990 to 2021 for occupa-
tional/ergonomic and smoking risk factors, whereas the
percentage of YLDs caused by LBP attributable to high BMI
increased in the same period (Figure 2). The rank of risk factors
by contribution to YLDs caused by LBP has occupational/
ergonomic as the most contributing factor, followed by
smoking and high BMI, with occupational/ergonomic factors
contributing the most YLDs caused by LBP and high BMI con-
tributing the least (Figure 3). That rank order has not changed
since 1990.

Figure 1. Global distribution of the estimated number of years lived with disability caused by low back pain in 2021 presented as all ages and
both sexes.
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The global rate of YLDs caused by LBP attributed to occupa-
tional/ergonomic risk factors has decreased for both sexes com-
bined and when men and women are considered separately.
The percentage of YLDs caused by LBP attributed to occupa-
tional/ergonomic risk factors and smoking as a proportion of total
YLDs has also decreased (by 12% and 21%, respectively) from
1990 to 2021. In comparison, the percentage of YLDs caused
by LBP attributed to high BMI as a proportion of total YLDs
increased by 65% from 1990 to 2021. Importantly, the number
of YLDs caused by exposure to high BMI also increased markedly
from 3,100,000 in 1990 to 8,400,000 in 2021 (Table 1; Figure 4;
and Supplementary Figures 4 and 5).

The impact of smoking on LBP is more pronounced for men
than it is for women globally. The total number of YLDs caused by
LBP for men that were attributable to smoking increased from
approximately 4,400,000 in 1990 to 5,900,000 in 2021
(Supplementary Figure 4). In comparison, the YLDs caused by
LBP that were attributable to smoking for women increased from
approximately 2,400,000 in 1990 to 2,900,000 in 2021
(Supplementary Figure 4). Most notably, the impact of high BMI
on YLDs caused by LBP has increased globally since 1990. The
rate of YLDs per 100,000 caused by LBP attributed to high BMI
for men increased by 45% from 1990 to 2021. This trend is also
significant for women in the same period, for whom the rate of

Figure 2. Estimated trends in YLDs caused by occupational/ergonomic, behavioral (smoking), and metabolic (high body mass index) risk factors
presented as percentages from 1990 to 2021. SDI, Sociodemographic Index; YLD, year lived with disability. Color figure can be viewed in the
online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/acr.25520/abstract.

Figure 3. Rank of (occupational/ergonomic), behavioral (smoking), and metabolic (high body mass index) risk factors as an estimated rate of
YLDs per 100,000 caused by low back pain in 1990 compared with 2021 for all Global Burden of Disease age groups. SDI, Sociodemographic
Index; YLD, years lived with disability. Color figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.
1002/acr.25520/abstract.
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YLDs per 100,000 caused by LBP because of high BMI increased
by 37% (Table 1 and Supplementary Figure 4).

Trends in YLDs attributable to occupational/
ergonomic, smoking, and high BMI risk factors in high
SDI areas. The trends in high SDI areas mimic those of global
trends, with YLDs caused by LBP as a proportion of total YLDs
decreasing for occupational/ergonomic and smoking risk fac-
tors and increasing for high BMI between 1990 and 2021
(Figure 2). In high SDI areas, when considering both sexes com-
bined, the impact of high BMI increased by 36% from 118.84
YLDs per 100,000 in 1990 to 161.80 YLDs per 100,000 in
2021 (Table 2; Supplementary Figure 4). A slight 11% decrease
occurred in rate of YLDs per 100,00 caused by occupational/
ergonomic risk factors with a more significant decrease of 29%
in rate of YLDs per 100,000 caused by smoking for both sexes
combined in that timeframe. Notably, in high SDI areas, the rank
order differs, and smoking is more impactful than occupational/
ergonomic risk factors or high BMI for both sexes combined.
This indicates that smoking has a bigger impact on the risk of
YLDs caused by LBP in high SDI areas than low SDI areas or
globally when considering both sexes combined. In

2012/2013, the impact of high BMI surpassed that of occupa-
tional/ergonomic factors and the rank order changed, with
smoking as the most impactful risk factor followed by high BMI
and then occupational/ergonomic risk factors. This trend in the
ranking of risk factors remained stable from 2013 to 2021
(Table 1 and Supplementary Figure 4).

When considering men alone, a decrease is observed of 8%
and 25% of total YLDs caused by exposure to occupational/
ergonomic risk factors and smoking, respectively, and an
increase of 53% of total YLDs caused by exposure to high BMI
between 1990 and 2021. In comparison, the YLDs caused by
LBP attributed to smoking in women decreased by 24% and only
0.1% for occupational/ergonomic risk factors between 1990 and
2021. The rate of YLDs per 100,000 caused by LBP attributed
to high BMI has increased from 95.48 in 1990 to 134.88 in
2021, representing an increase of 35% in total YLDs. Of note,
the rank order of risk factors for women has changed significantly,
with high BMI becoming more impactful throughout the period
from 1990 to 2021 (Figure 3). In 1990, smoking was the most
impactful risk factor for women followed by occupational/
ergonomic risk factors then high BMI. In 1996, high BMI out-
ranked occupational risk factors, and by 2012 high BMI became

Table 1. Percentage change in YLDs caused by LBP/total YLDs, number of YLDs, and rate of YLDs per 100,000
attributed to occupational, smoking, and high BMI risk factors for men, women, and both sexes combined between
1990 and 2021*

Location Risk factor Men, %a Women, %a Both sexes, %a

Percentage change in the number of YLDs (all ages)
Global Behavioral (smoking) 35 (29 to 40) 22 (16 to 27) 30 (25 to 35)
Global Metabolic (high BMI) 178 (160 to 194) 167 (154 to 179) 171 (157 to 183)
Global Occupational/ergonomic 37 (32 to 43) 50 (40 to 61) 43 (37 to 50)
High SDI Behavioral (smoking) 8 (2 to 14) 3 (−3 to 8) 6 (0 to 11)
High SDI Metabolic (high BMI) 116 (98 to 134) 96 (83 to 111) 103 (88 to 119)
High SDI Occupational/ergonomic 18 (12 to 24) 23 (14 to 33) 20 (14 to 27)
Low SDI Behavioral (smoking) 71 (63 to 77) 66 (50 to 85) 69 (62 to 77)
Low SDI Metabolic (high BMI) 401 (320 to 452) 308 (273 to 334) 333 (289 to 360)
Low SDI Occupational/ergonomic 86 (79 to 94) 102 (91 to 114) 95 (88 to 102)

Percentage change in the YLDs owing to LBP/total YLDs (age-standardized)
Global Behavioral (smoking) −21 (−24 to −20) −31 (−34 to −29) −25 (−27 to −23)
Global Metabolic (high BMI) 65 (54 to 73) 53 (46 to 60) 57 (48 to 63)
Global Occupational/ergonomic −12 (−15 to −9) −6 (−11 to 0.5) −9 (−12 to −5)
High SDI Behavioral (smoking) −25 (−28 to −22) −24 (−27 to −21) −24 (−26 to −21)
High SDI Metabolic (high BMI) 53 (40 to 63) 46 (37 to 56) 48 (37 to 58)
High SDI Occupational/ergonomic −8 (−11 to −5) 0.1 (−6 to 7) −4 (−7 to 0)
Low SDI Behavioral (smoking) −21 (−24 to −18) −24 (−32 to −16) −23 (−26 to −20)
Low SDI Metabolic (high BMI) 129 (92 to 154) 77 (63 to 88) 92 (73 to 102)
Low SDI Occupational/ergonomic −15 (−18 to −12) −12 (−17 to −7) −14 (−17 to −10)

Percentage change in the rate of YLDs per 100,000 (age-standardized)
Global Behavioral (smoking) −31 (−33 to −29) −39 (−41 to −36) −33 (−35 to −32)
Global Metabolic (high BMI) 45 (36 to 53) 37 (30 to 43) 39 (32 to 45)
Global Occupational/ergonomic −23 (−25 to −20) −16 (−21 to −10) −19 (−22 to −16)
High SDI Behavioral (smoking) −30 (−36 to −27) −30 (−33 to −27) −29 (−32 to −26)
High SDI Metabolic (high BMI) 41 (29 to 52) 35 (26 to 45) 36 (26 to 46)
High SDI Occupational/ergonomic −15 (−18 to −11) −8 (−13 to −1) −11 (−15 to −8)
Low SDI Behavioral (smoking) −26 (−29 to −23) −29 (−36 to −21) −27 (−31 to −24)
Low SDI Metabolic (high BMI) 114 (80 to 137) 66 (53 to 78) 81 (63 to 92)
Low SDI Occupational/ergonomic −21 (−24 to −18) −17 (−22 to −12) −19 (−22 to −16)

* BMI, body mass index; LBP, low back pain; SDI, sociodemographic index; YLD, year lived with disability.
a The data in parentheses are uncertainty intervals.
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the most impactful risk factor for YLDs caused by LBP in women
in high SDI areas.

Trends in YLDs attributable to occupational/
ergonomic, smoking, and high BMI risk factors in low
SDI areas. In low SDI areas, the ranks mirror those of the global
trends for both sexes combined (Figure 3). However, when
women are considered separately, high BMI becomes more
impactful than behavioral risk factors from 1991 to 2021
(Supplementary Figure 6). Similar to the global and high SDI area
trends, the number of YLDs caused by LBP attributable to occu-
pational/ergonomic risk factors, smoking, and high BMI increased
from 1990 to 2021. However, in contrast to global and high SDI
trends, the percentage of YLDs attributable to occupational/
ergonomic risk factors did not start to decline until 2005, and the
percentage of YLDs attributable to high BMI demonstrated a slow
increase from 1990 to 2021 (Figure 2).

The impact of risk factors in low SDI areas for both sexes
combined have the same rank order as the global trends: occu-
pational risk factors are ranked first followed by smoking and high
BMI (Figure 3). In low SDI areas, occupational/ergonomic risk fac-
tors have been the most impactful risk factors associated with
YLDs caused by LBP since 1990, declining by a minimal 14% of
total YLDs by 2021 (Table 1). The rate of YLDs per 100,000
caused by LBP attributable to occupational risk factors also
decreased slightly for both sexes combined. Of note, YLDs
caused by LBP attributed to exposure to smoking and high BMI
increased throughout the period, resulting in 3,600,000 total
YLDs caused by LBP in 2021 for each risk factor. Despite this
increase in total YLDs, the impact of smoking as a proportion of
total YLDs decreased by 23% when considering both sexes
combined.

Of particular significance, the impact of high BMI as a pro-
portion of total YLDs increased by 92% by 2021 in both sexes
combined. Considering women alone, a decrease is seen in the
impact of occupational/ergonomic risk factors and smoking of
12% and 24% of total YLDs caused by LBP as a proportion
of total YLDs, respectively. The impact of occupational/
ergonomic risk factors and smoking on the rate of YLDs per
100,000 similarly decreased by 17% and 29%, respectively. The
impact of high BMI on all measures of YLDs caused by LBP
increased markedly. Most notably, the number of YLDs caused
by LBP that are attributed to high BMI increased by a staggering
308% by 2021 (Table 1 and Supplementary Figure 4).

DISCUSSION

This descriptive study aimed to explore the trends in trajecto-
ries of three modifiable risk factors for LBP (occupational/ergo-
nomic, behavioral [smoking], and metabolic [high BMI]) from
1990 to 2021, using data from the IHME and GBD study. Signifi-
cant changes were observed over time of the impact of these risk
factors on the total YLDs caused by LBP, the rate of YLDs per
100,000, the YLDs caused by LBP as a proportion of total YLDs
owing to all causes, and, importantly, the rank order of these risk
factors.

Although occupational/ergonomic risk factors are the most
impactful risk factors for LBP globally and in low SDI areas, a
decline in the percentage of YLDs owing to occupational/
ergonomic risk factors has been seen worldwide. Of note, this
decline was not observed in low SDI areas until the early 2000s.
In addition, a decrease in average annual percent change in DALY
rates and age-standardized disability rates since 1990 that has
been seen in high SDI areas has not been seen in low SDI

Figure 4. Estimated trends in YLDs caused by occupational/ergonomic, behavioral (smoking), and metabolic (high body mass index) risk factors
presented as counts from 1990 to 2021. SDI, Sociodemographic Index; YLD, year lived with disability. Color figure can be viewed in the online
issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/acr.25520/abstract.
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areas,16 suggesting that low SDI areas have been slower to
respond to the burden of musculoskeletal disorders,16 potentially
explaining this delay.

In high SDI areas, the number of YLDs that can be attributed to
smoking is a decreasing trend that has been occurring since 2011,
and the percentage of YLDs caused by LBP as a proportion of total
YLDs and the rate of YLDs per 100,000 that can be attributed to
smoking has decreased globally since 1990, demonstrating the
success that global policy can have in modifying behavior. The
World Health Organization Framework Convention on Tobacco
Control was enforced in 2005,17 with a large number of countries
globally experiencing their most significant reductions in age-
standardized prevalence of smoking between 2005 and 200917

despite disparities still existing in global taxation and legislation.3 A
positive correlation between smoking and SDI has been
reported,12,18 which may reflect the significant use of smokeless
tobacco in low SDI areas18 and the ongoing challenge of changing
lifestyle behaviors globally.18 Furthermore, increasing global popula-
tions and population ageing18 are resulting in increased numbers of
people smoking and increased YLDs owing to LBP attributed to
smoking, despite a decrease in the global prevalence of smoking.17

The most concerning trend identified is the rapidly increasing
impact of high BMI globally on YLDs caused by LBP with an
increase of 171% globally, 103% in high SDI areas and 333% in
low SDI areas. Globally, the DALYs attributed to high BMI
increased from 33.1 million in 1990 to 70.7 million in 2017,19

which is likely because of increasing and aging populations19 as
well as increasingly sedentary lifestyles, increased caloric
intake,3 and increased life-stress.19 The risk-weighted exposure
for high BMI is noted to increase with increasing SDI,20 with sum-
mary exposure values increasing by >40% between 1990 and
2016.18 The rapidly increasing impact of high BMI on YLDs
caused by LBP in high SDI areas is particularly worrisome as all-
cause DALYs attributable to high BMI have remained stable in
high SDI areas over this same period of time.21

In 2021, the impact of metabolic risk factors on YLDs caused
by LBP was markedly more significant for women than for men,
with the discrepancy likely to be multifactorial. Obesity is more
prevalent in women than men globally22,23 and is more common
in older age groups.22 Women may be more susceptible to psy-
chopathology associated with obesity and are up to two times
more likely to report anxiety or affective disorders associated with

Table 2. Years lived with disability caused by low back pain presented as counts (millions), percentage (age-stan-
dardized), and rate (age-standardized) for global, high SDI, and low SDI areas attributed to occupational, behavioral
(smoking), and metabolic (high BMI) risk factors in 1990 and 2021 (both sexes combined)*

Risk Metrica 1990b 2021b

Global
Metabolic (high BMI) Number 3.09 (0.31–6.48) 8.36 (0.84–17.42)
Metabolic (high BMI) Percent 7.49 (0.79–14.72) 11.74 (01.22–22.84)
Metabolic (high BMI) Rate 70.22 (7.14–146.48) 97.66 (9.78–204.00)
Occupational/ergonomic Number 10.85 (7.60–14.54) 1.57 (11.03–20.91)
Occupational/ergonomic Percent 24.18 (22.35–25.88) 22.07 (20.34–23.69)
Occupational/ergonomic Rate 226.82 (158.99–304.34) 183.82 (129.49–247.24)
Behavioral (smoking) Number 6.78 (4.07–10.07) 8.82 (5.18–13.13)
Behavioral (smoking) Percent 16.34 (11.13–21.32) 12.26 (8.16–16.33)
Behavioral (smoking) Rate 153.22 (91.37–226.59) 102.04 (60.03–152.10)

High SDI
Metabolic (high BMI) Number 1.22 (0.12–2.55) 2.48 (0.25–5.09)
Metabolic (high BMI) Percent 9.99 (1.03–19.78) 14.80 (1.55–28.27)
Metabolic (high BMI) Rate 118.84 (11.60–248.80) 161.80 (15.99–332.59)
Occupational/ergonomic Number 1.82 (1.27–2.45) 2.19 (1.56–2.95)
Occupational/ergonomic Percent 15.68 (14.47–16.82) 15.12799 (14.10–16.23)
Occupational/ergonomic Rate 186.74 (129.62–252.22) 165.69 (118.62–222.72)
Behavioral (smoking) Number 2.52 (1.50–3.74) 2.66 (1.56–3.99)
Behavioral (smoking) Percent 20.77 (14.02–27.24) 15.88 (10.35–21.31)
Behavioral (smoking) Rate 247.25 (147.56–367.62) 173.83 (101.74–261.13)

Low SDI
Metabolic (high BMI) Number 0.08 (0.01–0.17) 0.36 (0.04–0.73)
Metabolic (high BMI) Percent 3.22 (0.36–6.10) 6.16 (0.62–11.91)
Metabolic (high BMI) Rate 27.81 (3.09–55.76) 50.30 (5.07–103.18)
Occupational/ergonomic Number 1.08 (0.77–1.45) 2.11 (1.47–2.84)
Occupational/ergonomic Percent 38.38 (35.72–40.91) 33.04 (30.52–35.33)
Occupational/ergonomic Rate 331.67 (238.02–442.90) 269.53 (191.97–364.56)
Behavioral (smoking) Number 0.21 (0.12–0.32) 0.36 (0.20–0.55)
Behavioral (smoking) Percent 8.69 (5.70–11.74) 6.69 (4.29–9.08)
Behavioral (smoking) Rate 75.09 (44.42–112.87) 54.56 (31.26–83.63)

* BMI, body mass index; SDI, sociodemographic index.
a Number is presented as counts in millions for all ages. Percentages and rates are age-standardized.
b The data in parentheses are uncertainty intervals.
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obesity,24 as well as decreased health-related quality of life,25

compared with men. Increased abdominal and visceral fat associ-
ated with hormonal changes that occur during perimenopause
and menopause may also be important in this relationship,26 as
chronic low-grade inflammation is specifically associated with
abdominal and visceral adiposity.27 Furthermore, low levels of
physical activity have been found to be associated with an
increased incidence of radiating LBP in people with obesity (odds
ratio [OR] 3.3, 95% confidence interval [CI]1.01–10.4).28 In addi-
tion, the bidirectional relationship among high BMI, low physical
activity, and LBP is likely to be important.

Increased awareness and intervention to mitigate risks, as
well as technology and automation and a shift away from
manufacturing and agriculture, has likely driven the decreasing
impact of occupational/ergonomic risk factors on YLDs caused
by LBP.20 Globalization has led to increased manufacturing in
lower SDI areas, which may have decreased the impact of occu-
pational risk factors on YLDs caused by LBP in high SDI areas
while increasing the impact in low SDI areas. In high SDI areas,
fewer YLDs caused by LBP can be attributed to occupational/
ergonomic risk factors than to smoking.

Low physical activity is almost certainly an important risk fac-
tor that is contributing to the increase in YLDs caused by LBP
globally, and it would be appropriate for the IHME to consider
inclusion of low physical activity as a risk factor for musculoskele-
tal conditions, including LBP, in future GBD releases. There is
global recognition of an increasing epidemic of sedentary behav-
ior partly associated with changing occupational and leisure time
activities.29,30 Alzrahani et al performed two systematic reviews
reporting an inverse relationship between physical activity and
LBP, with moderate physical activity associated with lower LBP
prevalence,31 and >3 hours per day of sedentary behavior associ-
ated with increased LBP disability.32 Psychological state is also
recognized as a potential risk factor for LBP,33–35 and a history
of LBP may be associated with recurrences of LBP,36 both of
which warrant further attention on a global scale.

Although the impact of occupational/ergonomic risk factors
on LBP is a decreasing trend, it warrants continued attention,
especially in low SDI areas. Lifting, forceful movements, vibra-
tions, and awkward postures are most commonly associated
with manufacturing, farming, and manual labor,37,38 however it is
still unclear whether LBP is more prevalent in rural or urban set-
tings.39 Recent evidence also suggests psychosocial aspects,
such as high stress levels,40–42 may also be important contribu-
tors to LBP associated with occupational/ergonomic risk
factors.39

The mechanisms through which high BMI impacts LBP are
multifactorial with systemic inflammation,43,44 increased mechan-
ical stress,45,46 metabolic syndrome,45 and deconditioning asso-
ciated with low physical activity47,48 thought to contribute to the
development of LBP. People with a high BMI commonly report
higher disability levels associated with their LBP,49 with the odds

of experiencing high levels of LBP disability associated with high
BMI being 1.39 (95% CI 1.15–1.68) in men and 1.45 (95% CI
1.29–1.62) in women.49 Moreover, men and women who are
obese are more likely to seek medical care for their LBP
(OR 1.56, 95% CI 1.46–1.67)50 compared with people with a
healthier BMI. The impact of high BMI on the chronicity of LBP,
disability associated with LBP, and care-seeking for LBP49,50–52

suggests that lifestyle programs focusing on maintaining a healthy
BMI could potentially be important factors in managing the global
burden associated with LBP.53

There appears to be a bidirectional relationship between
smoking and LBP,54 with smoking impacting LBP via central
processing,54 altered pain processing, and impaired oxygen
delivery55 with further possible links via lowmood, socioeconomic
status, and opioid use.55 A recent meta-analysis reported that
current smokers are 30% more likely to suffer from chronic dis-
abling LBP than nonsmokers.56 Smokers with chronic pain also
report increased pain intensity,54,57 poorer function, worse mental
health and mood,54 worse pain interference,54 and greater opioid
use57 compared with nonsmokers.54,58 Smoking cessation is
likely to improve musculoskeletal health,59 day-to-day functional
capacity,60 and the incidence of LBP.61

The LBP series published in The Lancet4–6 made a call for
LBP management to focus on healthy lifestyles, suggesting that
lifestyle programs that focus on these modifiable lifestyle behav-
iors may be important for managing the global burden associated
with LBP. Understanding the trends in the trajectories of these
modifiable lifestyle risk factors for LBP may also provide important
information for guiding global conversation and policy to address
the burden associated with LBP. Strategies may need to vary
between areas of different SDIs, addressing differences in popu-
lation and access to resources as well as society and culture.6

Understanding the impact and trends of these lifestyle risk factors
in different SDI areas may, therefore, aid in directing focus for
more effective policy changes and priorities globally.

To our knowledge, this is the first study describing the trends
in three modifiable risk factors for LBP from 1990 to 2021, which
is a significant strength of this study. The large volume of data
generated by the GBD study and the 29 years represented in
the data are further strengths of this study. However, the data
generated by the GBD study are modeled estimates, which may
be seen as a limitation of this study.62 The LBP prevalence data
are primarily obtained from high-income countries, which may
impact the generalizability of the results.1 However, we did not
discuss subnational data or specific countries in an effort to max-
imize the completeness of data used in the trend visualizations.
Furthermore, although temporal changes in GBD data are
thought to be potentially unreliable,62 we focused on a general
trend analysis rather than specific changes by year. Data from
low SDI countries are scarce in the GBD analyses, impacting the
strength of conclusions from low SDI areas,63 and conclusions
should therefore be considered cautiously. Additionally, a large
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component of risk of LBP is unaccounted for in GBD data, and
additional factors such as low physical activity, if measured, may
influence the rank order of modifiable factors.

The burden of LBP continues to increase globally, with a sig-
nificant portion of the YLDs caused by LBP attributed to three
modifiable lifestyle factors: occupational/ergonomic, smoking,
and high BMI. The number of YLDs caused by LBP continues to
increase globally despite the percentage of total YLDs decreas-
ing, which is reflective of an expanding and aging global popula-
tion. Exposure to occupational risk factors remains the biggest
contributor to YLDs caused by LBP globally, but of greater con-
cern is the rapidly increasing impact of high BMI, especially
among women. The global increase in BMI is likely related to
increases in sedentary lifestyles, which may further impact YLDs
caused by LBP. Local and global strategy and policy urgently
need to consider the management of the modifiable lifestyle risk
factors of occupational/ergonomic, behavioral (smoking), and
especially metabolic (high BMI) risk factors to address the grow-
ing global burden associated with LBP.
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Long-Term Outcomes of Children Born to Anti-Ro
Antibody–Positive Mothers With and Without
Rheumatic Disease

Talia Diaz,1 Ashely Danguecan,2 Daniela Dominguez,3 Andrea Knight,3 Carl A. Laskin,4 Deborah M. Levy,3

Edgar Jaeggi,3 Melissa Misztal,3 Piushkumar Mandhane,5 Theo Moraes,6 Lawrence Ng,3 Franklin Silverio,3

Earl D. Silverman,3 Elinor Simons,7 Stuart E. Turvey,8 Padmaja Subbarao,9 and Linda T. Hiraki3

Objective. The objective of this study was to estimate the prevalence of allergy, and/or neurodevelopmental and
autoimmune diagnoses in children born to anti-Ro antibody–positive mothers.

Methods. We conducted a cohort study of children born to anti-Ro antibody–positive mothers observed in the neo-
natal lupus erythematosus (NLE) clinic at The Hospital for Sick Children. Participants one year of age or older were
invited to complete a health status questionnaire. Prevalence of allergic, neurodevelopmental, and autoimmune dis-
ease diagnoses was compared between the NLE cohort and the non-NLE population-based CHILD Cohort Study
cohort. Descriptive statistics were used for demographics, NLE manifestations, and outcomes. Fisher’s exact test
compared the prevalence of diagnoses between subgroups. We tested the association between allergies and neurode-
velopmental conditions and NLE with logistic regression models. A P-value < 0.006 was considered significant.

Results. We included 321 participants born to anti-Ro antibody–positive mothers. The median age at survey com-
pletion was six years, 51% of participants were female, and 50% (n = 162) had NLE. We found no significant difference
in any disease prevalence between children with and without NLEmanifestations (P = 0.57) or between children born to
mothers with and without a rheumatic disease (P = 0.11). Disease prevalence was similar between the NLE and CHILD
cohorts (allergic disease 30% vs 22% [P= 0.25], neurodevelopmental conditions 5% vs 2% [P = 0.45], autoimmune
disease 4% vs 2% [P = 0.68]).

Conclusion. In a large multiethnic cohort of infants born to anti-Ro antibody–positive mothers, there was no signif-
icant difference in the prevalence of allergic, neurodevelopmental, or autoimmune diseases between children with and
without NLE or between those born to anti-Ro antibody–positive mothers and a population-based non-NLE cohort.

INTRODUCTION

Neonatal lupus erythematosus (NLE) is an acquired autoim-

mune syndrome in infants, secondary to the transplacental passage

of maternal anti-Ro antibodies.1 NLE includes a wide range of clinical

manifestations: cardiac, cutaneous, hepatic, hematologic, and

neurologic. Complete congenital heart block is the most severe

NLE manifestation because it is irreversible and may require pace-

maker insertion at birth. Complete congenital heart block is present

in 2% of children born to women with positive anti-Ro antibodies.2

The risk of complete congenital heart block increases to 19% for chil-

dren born to women with a previously affected child.3 Fetal exposure
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to antimalarials throughout pregnancy may decrease the risk of

developing cardiac NLE.4,5

Anti-Ro antibodies are present in 0.86% of healthy women,
in 40% of patients with systemic lupus erythematosus (SLE), and
in 60% to 100% of patients with Sjögren disease.6,7 Despite the
high prevalence of these specific autoantibodies in women with
rheumatic diseases, 50% of the children with NLE are born to
asymptomatic woman or women with an undifferentiated auto-
immune syndrome.8 Maternal rheumatic disease status has
been suggested to be a risk factor for NLE, yet findings are
inconsistent.9

Previous studies have suggested that children with NLE-
associated complete congenital heart block may have an
increased risk of allergic, autoimmune, neuropsychiatric, and neu-
rodevelopmental conditions compared to the general popula-
tion.10,11 To date, little is known about the long-term outcomes
of children without features of NLE born to anti-Ro antibody–
positive mothers with or without a rheumatic disease diagnosis.

The aim of this study was to examine the prevalence of aller-
gic, neurodevelopmental, and autoimmune (rheumatic and non-
rheumatic) diagnoses in children born to anti-Ro antibody–
positive mothers. Secondary aims were to compare the preva-
lence of allergic, neurodevelopmental, and autoimmune diseases
in (1) children born to anti-Ro antibody–positive mothers, with
and without NLE manifestations, (2) children born to mothers
with and without a rheumatic disease diagnosis, and (3) children
born to anti-Ro antibody–positive mothers compared to the pop-
ulation based CHILD Cohort Study participants.

PATIENTS AND METHODS

Study population. SickKids NLE clinic cohort. We con-
ducted a cohort study of all patients observed in our NLE clinic
at The Hospital for Sick Children (SickKids) born to women with
anti-Ro antibodies during pregnancy with and without a rheu-
matic disease diagnosis. The clinic serves a multiethnic greater
Toronto area population. Children included in the study were
discharged from the NLE clinic between September 1987 and

August 2021. The anti-Ro antibody status of mothers was con-
firmed in the first trimester of pregnancy or at NLE diagnosis.
Anti-Ro antibodies were tested by enzyme-linked immunosor-
bent assay for most participants. Beginning in June 2016, the
majority of anti-Ro antibodies were tested by chemilumines-
cence immunoassay, enabling quantification of anti-Ro52 and
anti-Ro60 titers. Postnatally, children born to these mothers
were seen in the NLE clinic at 2, 4, and 12 months of age, irre-
spective of the presence or absence of NLE manifestations. If
they were persistently autoantibody positive and/or symptom-
atic, they were followed with subsequent rheumatology clinic
visits or by their primary care provider. Clinical and laboratory
manifestations of NLE were prospectively collected and stored
in a dedicated NLE database.

Inclusion criteria. Participants were included in the study if all
the following criteria were met: (1) documentation of maternal
positive anti-Ro antibodies during pregnancy (2) age ≥one year
old, (3) discharged from the NLE clinic, and (4) consented to par-
ticipate in research at discharge. Unconsented patients were sent
an invitation letter by mail or email to participate in the study. In
addition, we posted on social media platforms (SickKids’ Twitter
account) informing NLE graduates of the study. Participants were
excluded if there was no documentation of an NLE diagnosis and
specific NLE manifestations. This study was approved by the
Research Ethics Board at SickKids (REB no. 1000034004). We
extracted demographic data on mothers and children, which
included the following: sex, self-reported ethnicity, maternal anti-
Ro antibody status during pregnancy, maternal health status
(diagnoses of rheumatic diseases were provided by their rheuma-
tologists), NLE diagnosis, and specific manifestations from the
NLE database and medical charts.

NLE cohort health status questionnaire. A self-
administered health status questionnaire for graduated patients
with NLE or their parents was designed by three pediatric rheu-
matologists with experience in NLE (LTH, AK, and TD) and
a clinical pediatric psychologist (AD) with experience in neona-
tal neurodevelopmental follow-up. The questionnaire was
designed in REDCap and approved by the Research Ethics
Board at SickKids. There was a parent version of the question-
naire for parents of children <18 years of age and a participant
version for graduated patients with NLE ≥18 years of age. The
questionnaire included the following: (1) sociodemographic
information; (2) presence or absence of allergic, neurodevelop-
mental, and autoimmune (rheumatic and nonrheumatic) condi-
tions; (3) family history; and (4) disclosure of personal health
information. The questionnaire was sent by email to partici-
pants, followed by up to three biweekly reminders if necessary.
If there was no response after three reminders, participants
were considered as lost to follow-up and they were excluded
from the study.

SIGNIFICANCE & INNOVATIONS
• Little is known about long-term health outcomes of

children born to anti-Ro antibody–positive mothers
with and without a rheumatic disease.

• In this large multiethnic cohort of children born to
anti-Ro antibody–positive mothers, we did not
observe a higher prevalence of allergic, neurodeve-
lopmental, or autoimmune diseases in children
compared to population controls.

• This study on longterm outcomes in NLE
may inform counseling to affected families and
aid physicians who care for these children.
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CHILD Cohort Study. The CHILD Cohort Study is a multi-
center, prospective, longitudinal, population-based birth cohort
study following children over time from maternal pregnancy to
adolescence (https://childstudy.ca/). The CHILD Cohort Study
includes participants from Vancouver, Edmonton, Manitoba, and
Toronto, Canada. The CHILD Cohort Study collects children’s
and parents’ health data via self-reported questionnaire. We
focused on the self-administered health status questionnaire for
five-year-old children regarding allergy, neurodevelopmental,
and autoimmune (rheumatic and nonrheumatic) diagnoses that
were similar to those included in our NLE cohort health status
questionnaire. We included children with a completed five-year
child health questionnaire. Children born to mothers with a rheu-
matic disease diagnosis were excluded from this comparator
group.

Exposure of interest. Our exposures of interest were
(1) NLE diagnosis (present or absent) and (2) maternal rheumatic
disease during pregnancy (present or absent). NLE was defined
as one or more of the following manifestations: (1) cardiac
(conduction [congenital atrioventricular block] and/or myocardial
disease), (2) cutaneous, (3) hepatic, (4) hematologic, and (5) neu-
rologic. Maternal rheumatic disease status during pregnancy
(present or absent) was extracted from the NLE database.

Outcomes. The outcomes of interest were the presence of
diagnoses categorized in four groups of disorders as obtained
from the NLE clinic health status and CHILD questionnaires:
(1) allergic diseases (asthma, eczema, urticaria, and seasonal
allergies), (2) neurodevelopmental conditions (autism and atten-
tion deficit hyperactivity disorder [ADHD]), (3) autoimmune
rheumatic diseases (arthritis, SLE, vasculitis, and other), and
(4) autoimmune nonrheumatic diseases (type 1 diabetes, inflam-
matory bowel disease, psoriasis, thyroid disease, and other).

Statistical analysis. Summary statistics were used for
demographic and clinical data. We compared the prevalence of
disease diagnoses between (1) children with and without an NLE
diagnosis and (2) children born to women with and without a
rheumatic disease diagnosis during pregnancy using Fisher’s
exact test. Secondary analyses compared allergic, neurodevelop-
mental, and autoimmune disease prevalence between children
born to anti-Ro antibody–positive mothers and children from the
CHILD Cohort Study across Canada (Edmonton, Toronto, Van-
couver, and Winnipeg) and from the Toronto subgroup. The eth-
nic groups of the NLE SickKids cohort and the CHILD Cohort
Study cohort were compared by using the chi-square test. We
tested the association of NLE manifestations in the NLE cohort
and maternal anti-Ro antibody positivity compared with no anti-
Ro antibody exposure in the CHILD cohort with allergy and neuro-
developmental diagnoses using logistic models. The association
between these exposures and autoimmune disease was not

tested because of limited numbers of patients with autoimmune
disease. Multivariable models included covariates for child’s sex,
child’s ethnicity, maternal rheumatic disease status during preg-
nancy (present or absent), and maternal use of antimalarials dur-
ing pregnancy (taken or not taken). A corrected P value <0.006
(adjusted for nine independent tests) was used for signifi-
cance. Data analysis was performed using R version
1.2.5042 (R Foundation for Statistical Computing). This study
was approved by the Research Ethics Board at SickKids
(REB no. 1000034004).

RESULTS

A total of 711 surveys were sent to the SickKids NLE clinic
cohort, of those 321 (45%) surveys were completed (parents
91% [n = 292], patients 9% [n = 29]). Participants were 51%
female (n = 163). The median age at survey time was 6.1 years
(interquartile range [IQR] 3–11.3 years). Participants’ ages at sur-
vey time were as follows: <3 years in 22% (n = 70), 3 to ≤5 years in
14% (n = 45), 5 to 10 years in 34% (n = 110), ≥10 to 15 years
in 15% (n = 50), and >15 years in 14% (n = 46). The ethnic distri-
bution of the SickKids NLE clinic cohort was as follows: European
in 44% (n = 140), East Asian in 17% (n = 53), admixed in 9%
(n = 30), South Asian in 8% (n = 27), African in 7% (n = 23), Amer-
ican in 3% (n = 11), other ethnicities (eg, Middle Eastern, First
Nations, Pacific Islander) in 2% (n = 6), and missing ethnicity
(if the questionnaire was not completed or if the child had one par-
ent with an unknown ethnicity) in 10% (n = 31). Of the SickKids
NLE clinic cohort, 50% (n = 162) of the participants had NLEman-
ifestations. The most frequent NLE manifestations were hepatic
(49%, n = 80), cutaneous (23%, n = 38), and cardiac involvement
(19%, n = 31) (Table 1). Sixty-eight percent (n = 203) of partici-
pants were born to a mother with a rheumatic disease diagnosis
during pregnancy, with SLE being the most frequently reported
diagnosis in 66% (n = 101) of the mothers. Information on antima-
larial use during pregnancy was available in 60% (n = 121) of the
mothers. Of those mothers, 52% (n = 63) were on antimalarial
medication during pregnancy.

Among the NLE clinic cohort, the prevalence of allergic dis-
ease at any point over the follow-up period was 30% (n = 84).
Within this group of participants with allergy diagnoses, eczema
was the most reported (58%, n = 49), followed by seasonal aller-
gies (29%, n = 24) and asthma (23%, n = 19). Neurodevelopmen-
tal conditions were reported in 5% (n = 15), comprising ADHD in
66% (n = 10) and autism in 33% (n = 5). Other reported neurode-
velopmental conditions included learning disorders in 3% (n = 9),
language disorders in 1% (n = 4), global developmental delay in
1% (n = 4), and intellectual disability in 0.7% (n = 2). Rheumatic
autoimmune diagnoses were reported in 1% (SLE n = 2 and reac-
tive arthritis n = 1). Nonrheumatic autoimmune diagnoses were
reported in 2% (n = 7), with type 1 diabetes in 71% (n = 5) of the
patients, vitiligo in 14% (n = 1), and alopecia in 14% (n= 1). Within
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the cohort with anti-Ro antibody–positive mothers, there was no
statistically significant difference in disease prevalence of allergic
diseases, neurodevelopmental conditions, and/or autoimmune
(rheumatic and nonrheumatic) diagnoses between children with
and without NLE manifestations (Figure 1) or between children
born to a mother with and without a rheumatic disease

(Figure 2). No association was found between NLE and allergy
(odds ratio [OR] 0.93, 95% confidence interval [CI] 0.56–1.57,
P = 0.81) and neurodevelopmental diagnoses (OR 0.80, 95% CI
0.25–2.51, P = 0.71) in univariate and multivariate adjusted logis-
tic models (Table 2).

The comparator CHILD Cohort Study included 3,261 partic-
ipants, with 47% (n = 1,638) female. The CHILD Cohort Study
Toronto subgroup included n = 761 participants. The median
age at survey time was 5.3 years (IQR 5.1–5.4). The ethnic distri-
bution of the CHILD Cohort Study cohort was as follows:
European in 62% (n = 2,010), admixed in 21% (n = 674), East
Asian in 7% (n = 231), South Asian in 2% (n = 67), African in 1%
(n = 44), American in 1% (n = 34), other ethnicities (eg, Middle
Eastern, Pacific Islander) in 1% (n = 46), and missing ethnicity
(if the questionnaire was not completed or if the child had one par-
ent with an unknown ethnicity) in 5% (n = 155). The ethnic groups
of the SickKids cohort and the CHILD Cohort Study cohort were
compared using the chi-square test (4.11 × 10−38) and Fisher’s
exact test (5.91 × 10−30), with significant difference in the distribu-
tion of overall ethnicity.

In the CHILD Cohort Study, the most frequently reported
allergic disease was eczema (26%, n = 632). Asthma was
reported in 7% (n = 154), urticaria was reported in 7% (n = 164),
and seasonal allergies were reported in 7% (n = 159). Of the neu-
rodevelopmental conditions, autism was reported in 1% (n = 20)
and ADHD was reported in 1% (n = 19). Rheumatic autoimmune
diagnoses were reported in 1% (n = 6; IgA vasculitis n = 2; juvenile
idiopathic arthritis n = 2; and periodic fever, apthous stomatitis,
pharyngitis, adenitis n = 2), and nonrheumatic autoimmune diag-
noses were reported in 1% (n = 9; celiac disease n = 5, anti–N-
methyl-D-aspartate encephalitis n = 1, immune thrombocytopenia
n = 2, and hypothyroidism n = 1).

Table 1. Child demographic and clinical characteristics of the
SickKids NLE clinic (n = 321) and CHILD (n = 3,261) cohorts*

NLE clinic
cohort CHILD cohort

Female, n (%) 163 (51) 1,638 (47)
Age, median (IQR), y 6 (3–11.3) 5.3 (5.1–5.4)
Ethnicity, n (%)
European 140 (44) 2,010 (62)
East Asian 53 (17) 231 (7)
Admixed 30 (9) 674 (21)
South Asian 27 (8) 67 (2)
African 23 (7) 44 (1)
American 11 (3) 34 (1)
Other/missinga 37 (12) 46 (1)

NLE, n (%) 162 (50) –

Hepatic 80 (49) –

Hematologic 51 (31) –

Cutaneous 38 (23) –

Cardiac 31 (19) –

Neurologic 13 (8) –

Maternal rheumatic disease, n (%) 154 (64) –

SLE 101 (66) –

Sjögren disease 28 (18) –

Rheumatoid arthritis 10 (6) –

Other 16 (10) –

* IQR, interquartile range; NLE, neonatal lupus erythematosus; SLE,
systemic lupus erythematosus.
a “Other” includes Middle Eastern, First Nations, and Pacific
Islander; “missing” represents if the questionnaire was not com-
pleted or if the child has one parent with unknown ethnicity.

Figure 1. Comparison of disease prevalence in children with and without NLE features within the cohort of children born to anti-Ro antibody
positive mothers (n=318). AD, Autoimmune Disease; ADHD, attention deficit hyperactivity disorder; NLE, neonatal lupus erythematosus.
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When comparing children born to anti-Ro antibody–positive
mothers and children from the CHILD Cohort Study, we found
no significant difference in disease prevalence of allergic diagno-
ses (asthma 7%, eczema 18%–26%, urticaria 5%–7%, seasonal
allergies 7%–9%) or neurodevelopmental diagnoses (ADHD
1%–4% and autism 1%–2%) (Figure 3). Repeat analyses
restricted to the Toronto subset of the CHILD cohort did not show
a significant difference in prevalence of allergic diseases and
neurodevelopmental conditions (Figure 3).

DISCUSSION

In a large multiethnic population of children born to anti-Ro
antibody–positive mothers, we did not observe a higher preva-
lence of allergic, neurodevelopmental, or autoimmune diagnoses

among children with NLE compared to those without NLE. We
also found no difference in the prevalence of these diagnoses
when comparing children born to anti-Ro antibody–positive
mothers to children from the Canadian population-based CHILD
Cohort Study. Our findings suggest that children born to anti-Ro
antibody–positive mothers do not have a higher prevalence of
allergic, neurodevelopmental, and/or autoimmune diagnoses
compared to the general population. These results provide reas-
surance to the families of children born to anti-Ro antibody–
positive mothers.

Prior studies have investigated the prevalence of neurodeve-
lopmental conditions in children born to mothers with rheumatic
disease. In a prospective study, 49 children born to women with
SLE were matched with children born to women without SLE by
age, sex, race, and socioeconomic status.12 These children

Figure 2. Diseases prevalence in children born to anti-Ro positive antibody mothers with and without a rheumatic disease (n=298). AD, Autoim-
mune Disease; ADHD, attention deficit hyperactivity disorder.

Table 2. Allergic and neurodevelopmental conditions risk on children born to anti-Ro antibody–positive mothers
(n = 287)*

Allergies,
OR (95% CI) P value

Neurodevelopmental
conditions, OR (95% CI) P value

NLE 0.93 (0.56–1.57) 0.81 0.80 (0.25–2.51) 0.71
Child ethnicity (referent: European)
Admixed 1.20 (0.49–2.97) 0.68 –a

American 0.53 (0.10–2.68) 0.44 –a

African 1.35 (0.51–3.60) 0.54 2.95 (0.60–14.36) 0.17
East Asian 1.22 (0.60–2.47) 0.57 1.59 (0.41–6.13) 0.49
South Asian 0.70 (0.25–1.91) 0.48 0.79 (0.08–7.21) 0.83
Other/not available 0.80 (0.29–2.21) 0.67 –a

Female (referent)
Male 1.38 (0.82–2.31) 0.21 3.76 (1.00–14.1) 0.04

Antimalarials in pregnancy 0.88 (0.49–1.82) 0.73 1.74 (0.36–8.38) 0.48
Antimalarials not available 0.85 (0.46–1.56) 0.61 1.15 (0.28–4.67) 0.84
Maternal rheumatic disease 1.41 (0.76–2.59) 0.26 1.08 (0.24–4.81) 0.91

* CI, confidence interval; NLE, neonatal lupus erythematosus; OR, odds ratio.
a Insufficient numbers to generate a point.
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underwent psychological evaluation to determine the prevalence
of neuropsychological dysfunction. The authors found greater
odds of impairment in learning and memory (OR 3.45 [95% CI
1.25–9.09], P = 0.02) and in behavior (OR 4.00 [95% CI
1.12–14.3], P = 0.03) among children born to women with SLE
compared to those born to women without SLE.12 Although the
study observed these statistical differences in neuropsychological
testing, the clinical and functional implications are unclear. Of
note, the prevalence of neurodevelopmental conditions such as
global developmental delay, language disorder, and learning and
intellectual disabilities ranged between 1% and 3%, comparable
with the general population.13,14

Previous studies have suggested that children born to
women with SLE may have a higher risk of allergic conditions. A
large cohort study by Couture et al10 showed that there was an
increased risk of allergic conditions (asthma, allergic rhinitis,
eczema, urticaria, angioedema, anaphylaxis) in 719 children born
to mothers with SLE compared to 8,493 matched controls
(OR 1.35, 95% CI 1.13–1.61). In another study,15 using a large
Swedish population-based study sample of 775 children born to
mothers with SLE and 11,225 children born to mothers without
SLE, the risk ratio for childhood asthma was 1.46 (95% CI 1.16–
1.84). In contrast, 45% (n = 144) of the children included in our
study were born to mothers with SLE; however, we did not find
a higher prevalence of allergic conditions in our NLE population
compared to population based CHILD cohort.

Our finding of a similar prevalence of autoimmune diagnoses
in children born to anti-Ro antibody–positive mothers and the
general population also differs from prior studies of long-term out-
comes of infants born to mothers with SLE. A large cohort study
of 719 children born to mothers with SLE, using International

Classification of Diseases, Ninth and 10th Revision diagnostic
codes to determine the prevalence of autoimmune diseases in
children, found that children born to women with SLE as com-
pared to women without SLE (mean age of 9.1 years) had an
increased risk of nonrheumatic autoimmune diseases (OR 2.30,
95% CI 1.06–5.03).16 A limitation of using administrative claims
data is the inability to validate the accuracy of the diagnostic
codes used to identify cases of disease. Increased vigilance and
medical investigation of children born to mothers with SLE, from
both parents and care providers, can lead to potential misclassifi-
cation of these children as having a disease diagnosis. This may
result in a higher frequency of billing for diseases that represent
investigations rather than confirmed diagnoses. Although 45% of
the children included in the SickKids NLE clinic cohort were born
to a mother with SLE, we did not find an association between
maternal rheumatic disease diagnosis and diagnosis of an auto-
immune disease in the child. This may be due to the relatively
young age of our study participants (median age at survey was
6.1 years [IQR 3–11.3 years]), since autoimmune diseases more
frequently develop during adolescence or young adulthood.

Other studies have found an association between NLE and
future autoimmune diseases. In a large cohort study11 119 chil-
dren with complete congenital heart block secondary to NLE,
their siblings (n = 128) all born to anti-Ro antibody positive
mothers, and were matched by age, sex, month of birth, and
region of birth, to healthy controls (n = 1,190) and their siblings
(n = 1,071). An increased risk of systemic connective tissue dis-
eases was reported in children with NLE-associated complete
congenital heart block (hazard ratio 11.8, 95% CI 4.0–11.8). In the
SickKids NLE clinic cohort, 19% (n = 31) of the participants had
cardiac NLE manifestations; however, we did not observe a higher

Figure 3. Diseases prevalence of NLE (n = 321) vs. CHILD (n = 3261) vs. CHILD Toronto (n = 761) Cohorts. AD Autoimmune Disease; ADHD,
attention deficit hyperactivity disorder; NLE, neonatal lupus erythematosus.
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proportion of autoimmune diseases when comparing children with
cardiac (0%) versus noncardiac (4%) NLE manifestations.

We acknowledge some limitations of our study. Our power to
detect differences in autoimmune and neurodevelopmental con-
ditions was limited given the sample size, the rare nature of these
diagnoses, and self-reported diagnoses. Due to the median age
of six years among participants, the prevalence of autoimmune
diseases was low, as these diseases are typically diagnosed in
adolescence or young adulthood. This resulted in limited power
to detect a difference in the prevalence of autoimmune diseases.
However, we had >99% power to detect a difference in allergic
disease prevalence between the NLE and CHILD cohorts if we
presumed an allergic disease prevalence of 38% in the CHILD
cohort and a previously reported increased relative risk for allergic
disease in the NLE cohort of 1.35.

This study has several strengths. Little is known about long-
term health outcomes of children born to anti-Ro antibody–
positive mothers with and without a rheumatic disease diagnosis.
The majority of prior studies examining the prevalence of disease
diagnoses focus on children born to mothers with SLE. In our
study, we were able to compare the prevalence of diagnoses
among children observed in the NLE SickKids clinic cohort, irre-
spective of maternal disease status, and we also compared our
clinic cohort to the CHILD Cohort Study cohort, a Canadian
population-based study. Our study provides essential information
for parental counseling and education, which may guide disease
screening for physicians who care of these children.

In conclusion, in this large multiethnic cohort of children born
to anti-Ro antibody–positive mothers, we did not observe a
higher prevalence of allergic, neurodevelopmental, or autoim-
mune diseases in children compared to population controls.
Continued follow-up beyond six years of age will provide more
information regarding the risk of developing autoimmune
diseases in children born to anti-Ro antibody–positive mothers.
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Geographic Clustering of Systemic Sclerosis in
Areas of Environmental Pollution

Noelle N. Kosarek,1 Megan E. Romano,1 Erika L. Moen,1 Robert W. Simms,2 Ashleigh Erickson,1

Dinesh Khanna,3 Patricia A. Pioli,1 and Michael L. Whitfield2

Objective. Systemic sclerosis (SSc) is a rare autoimmune disease characterized by fibrosis of the skin and other
organs. SSc is thought to arise in genetically predisposed individuals with occupational triggers, although further envi-
ronmental etiologies still need to be identified. Limited research exists detailing which environmental factors lead to the
downstream inflammatory and fibrotic symptoms experienced by patients with SSc across the United States. This
study describes a retrospective cohort of 179,188 individuals with an SSc or SSc-related diagnosis code enrolled in
the Medicare beneficiary program between the years 2014 and 2018.

Methods. The incidence of SSc and SSc-related diagnosis codes in all US zip codes with beneficiary counts
greater than 11 was calculated. We conducted global and local Moran’s Index (Moran’s I) as well as a hot spot analysis
with the Getis Ord Gi statistic to determine whether SSc and SSc-related diagnosis codes exhibited clustered or dis-
persed patterns across the United States. We identified clusters of SSc and SSc-related diagnosis code with high inci-
dences in or around Superfund sites, which are federally identified areas of environmental contamination.

Results. SSc exhibited clustered patterns in two analyzed cohorts based on global Moran’s I statistics of 0.588 and
0.521. Results of local Moran’s I indicated clusters of disease in Mississippi, New York, Wisconsin, and Michigan,
among others. Some zip codes with high disease incidences were home to at least one Superfund site.

Conclusion. SSc exhibits nonrandom, clustered distributions in a US Medicare beneficiary cohort composed of
179,188 individuals from 2014 to 2018.

INTRODUCTION

Systemic sclerosis (SSc) is a rare autoimmune disease

characterized by fibrosis of the skin and internal organs,

vascular abnormalities, and autoantibody formation.1 SSc

has the highest case fatality rate of any autoimmune disease:

30% to 40% of individuals with SSc die within 10 years of

diagnosis.2

Data on the geographic distribution of SSc and related disor-

ders are sparse. SSc prevalence and incidence have been esti-

mated globally. A meta-analysis of 100 studies found a pooled

prevalence of 17.6 per 100,000 people and an incidence3–5 of

1.4 per 100,000 people. The study noted wide regional variation,

with North America reporting significantly higher estimates than

other areas. SSc geographic distribution has been studied on

the nationwide level in other countries such as Denmark, Italy,

and the United Kingdom.6–9 Although the findings of these stud-

ies are significant, they are not generalizable to a US population.

Similarly, many US studies are limited to specific states or cities

and are not generalizable to the greater US population.10,11

Although, one of these examined the distribution of patients with

SSc from two large academic centers in Massachusetts and

found a significant enrichment of patients with SSc around haz-

ardous waste facilities and oil release disposal sites. Of the nation-

wide US studies, researchers have found geographic clusters of

high SSc deaths in South Dakota, New Mexico, and Montana,

among others.12 A second nationwide study of SSc provided

updated incidence and prevalence for SSc and SSc-associated
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interstitial lung disease but did not focus on geographic

distributions.13

SSc arises in a genetically predisposed individual and has
been reported to coincide with occupational triggers such as
crystalline silica14,15 or solvent exposure, although further envi-
ronmental etiologies still need to be identified. Occupational, bac-
terial, and viral factors have been cited as potential environmental
triggers of SSc. Higher levels of serum silica micro- and nanopar-
ticles were found in individuals diagnosed with SSc compared to
healthy controls after occupational exposure to silica dust,16 and
several case reports have documented SSc development after
silica dust exposure.17,18 Trichloroethylene (TCE), which is used
as a metal degreasing and dry cleaning solvent, has been
reported to induce SSc19,20 and has been associated with the
development of pulmonary fibrosis in mice.21 Many other organic
compounds, such as chlorinated solvents, welding fumes, and
vinyl chloride, have been associated with SSc presentation
and progression.22–24

The potential sources of environmental triggers are extensive
and vary by geographic region. Given this, investigating SSc inci-
dence at federally identified sites of hazardous contamination
may aid in narrowing the list of exposures associated with SSc
presentation. Superfund sites, where severe contamination has
occurred because of the improper management of hazardous
waste, are designated by the US Environmental Protection
Agency (EPA) under the Comprehensive Environmental
Response, Compensation, and Liability Act. Many of these sites
are associated with former manufacturing facilities, landfills, and min-
ing operations. EPA funding is available to support environmental
remediation efforts, as exposure to toxic substances at Superfund
sites is linked to cancer incidences in 48 states.25 Notable examples
include the high incidence of bladder cancer observed in residents
near the Drake Superfund site in Pennsylvania26 and the increased
incidences of melanoma, lymphoma, kidney, brain, and breast
cancers27 in individuals working at an IBM location near the Endi-
cott Village Well Field (Endicott, NY), which was identified as a
source of contaminated drinking water.

Given the contribution of environmental inducers to SSc
development and progression, investigation of associations
between SSc incidence in the greater United States and near
Superfund sites may aid in the identification of specific occupa-
tional or environmental regulators of disease. To assess these

potential associations, Medicare beneficiary data were used to
build two cohorts of Medicare beneficiaries carrying SSc or SSc-
related diagnosis codes between the years 2014 and 2018. In this
work, we report the spatial distribution of SSc and SSc-related
diagnosis codes across the United States and within proximity
to Superfund sites.

PATIENTS AND METHODS

SScMedicare cohort. The Committee for the Protection of
Human Subjects (CPHS) at Dartmouth College approved this
study (CPHS study number STUDY00032176; institutional review
board number IRB00006768). Medicare beneficiaries enrolled in
the program between 2014 and 2018 and carrying at least one
of the SSc or SSc-related International Classification of Diseases
(ICD)-9 and/or ICD-10 diagnosis codes listed in Table 1 were
used to assemble the two cohorts analyzed in this study. Benefi-
ciaries were included in the cohort if they were the minimum age
of 65 years to qualify for Medicare or turned 65 during the 2014
to 2018 capture period. Cohort 1 was composed of individuals
with primary SSc ICD-9 and ICD-10 codes, whereas cohort
2 included individuals with a diagnosis code of “history of sclero-
derma” (ICD-10 Z87.39), which additionally included individuals
with a “personal history of other diseases of the musculoskeletal
system and connective tissue.”

Nationwide descriptive statistics and zip code
incidence rates. Descriptive statistics including incidence by
age, sex, race, and diagnosis code were generated in SAS Studio
v3.8 (SAS Institute, Inc). Incidence rates for all US zip codes were
calculated by extracting the number of beneficiaries enrolled in
Medicare and the number of beneficiaries in our cohorts in each
zip code. Zip codes with cohort 1 or cohort 2 beneficiary counts
less than or equal to 11 were suppressed. It is a Centers for Medi-
care and Medicaid Services rule that counts less than or equal to
11 in individual zip codes must be suppressed to ensure that ben-
eficiaries are not identifiable. The number of cohort beneficiaries
was divided by the total number of beneficiaries to obtain inci-
dence rates for SSc and SSc-related diagnosis codes in individual
zip codes.

Incidence rates in zip codes containing at least one
Superfund site. A list of current, proposed, and retired Super-
fund sites was compiled from the US EPA Socioeconomic Data
and Applications Center. The link to these data can be found at
https://sedac.ciesin.columbia.edu/data/set/Superfund-epa-
national-priorities-list-ciesin-mod-v2. Risk ratios for cohort 1 and
cohort 2 in zip codes with Superfund sites were calculated by
dividing the incidence rate for each zip code by the nationwide
incidence rate for the diagnosis codes used to assemble cohorts
1 and 2 in the United States. Maps outlining zip code and state
boundaries displaying disease incidence were generated in

SIGNIFICANCE & INNOVATIONS
• SSc exhibits nonrandom, clustered distributions in a

US Medicare beneficiary cohort.
• Clusters of SSc and SSc-related diagnosis codes

were found across multiple geographic locations. A
significant fraction of the zip codes with high rates
and risk ratios in clusters of SSc and SSc-related
diagnosis codes contained Superfund sites.
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ArcGIS Online. Additional maps found in Supplemental Figures 1
and 2 display the incidence of cohorts 1 and 2 diagnosis codes
in relation to SSc treatment centers and Superfund sites,
respectively.

Moran’s Index. Moran’s Index (Moran’s I) of global spatial
autocorrelation was conducted on the identified cohorts in the
United States in Geoda (version 1.22.0.4). Global Moran’s I pro-
vides an easily interpretable measure of whether data exhibit true
clustering. A positive value for global Moran’s I indicates that the
data are spatially clustered, whereas a negative value suggests a
dispersed pattern in the data; random distributions result in values
near 0. Likewise, negative Z scores indicate more dispersion,
whereas positive Z scores indicate more clustering. A positive
global Moran’s I is indicative of a less than 1% likelihood that clus-
tering occurs as the result of random chance. We conducted local
Moran’s I analysis in ArcGIS Online. Local Moran’s I indicates
which zip codes are clusters of high or low incidences. Zip code
boundaries were colored by local Moran’s I cluster assignments,

which were conducted in ArcGIS Online, with inverse distance
weighting for K nearest neighbors based on a chordal approxima-
tion to geodetic Euclidean distance. To identify specific hot or cold
clusters of disease in cohorts 1 and 2, an optimized hot spot anal-
ysis was conducted using the Getis Ord Gi* statistic in ArcGIS
Online.

RESULTS

Geographic distribution of cohort 1. We assembled a
cohort of 58,379 Medicare beneficiaries, heretofore referred to
as cohort 1, carrying at least one ICD-9 and/or 10 code associ-
ated with scleroderma (Table 1). Most beneficiaries carried a diag-
nosis of “systemic sclerosis” (16.15%), “progressive systemic
sclerosis” (0.79%), “pulmonary hypertension secondary to
scleroderma” (51.26%), or “renal involvement in scleroderma”
(18.98%). This cohort of beneficiaries was 67.70% female,
84.05% White, and predominantly from the Northeast, South-
east, and Midwest United States, with a female-to-male ratio of

Table 1. Characteristics of cohort 1 and cohort 2 in Medicare beneficiary data by sex, age, race, diagnosis code, and US region*

Characteristic Cohort 1 (n = 58,379) Cohort 2 (n = 179,188)

Sex, n (%)
Male 18,854 (32.30) 6,4214 (35.84)
Female 39,525 (67.70) 114,974 (64.16)

Age, n (%), yr
Under 65 2,250 (3.85) 6,496 (3.63)
65–74 26,356 (45.15) 87,971 (49.09)
75–84 20,529 (35.17) 59,666 (33.30)
Over 85 9,244 (15.83) 25,055 (13.98)

Race, n (%)
Unknown 562 (0.96) 153,317 (85.56)
White 49,065 (84.05) 150,00 (8.37)
Black 5,462 (9.36) 2,563 (1.43)
Other 977 (1.67) 2,769 (1.55)
Asian 1,103 (1.89) 2,517 (1.40)
Hispanic 976 (1.67) 749 (0.42)
North American Native 234 (0.40) 153,317 (85.56)

Diagnosis and ICD codes, n (%)
Systemic sclerosis (7101) 9,428 (16.15) 9,428 (5.26)
Progressive systemic sclerosis (M340) 460 (0.79) 460 (0.26)
CREST syndrome (M341) 1,829 (3.13) 1,829 (1.02)
Other systemic sclerosis (M3489) 375 (0.64) 375 (0.21)
Systemic sclerosis unspecified (M349) 4,561 (7.81) 4,561 (2.55)
Systemic sclerosis with lung involvement (M3481) 214 (0.37) 214 (0.12)
Lung involvement in systemic sclerosis (5172) 91 (0.16) 91 (0.05)
Systemic sclerosis with myopathy (M3482) 30 (0.05) 30 (0.02)
Systemic sclerosis polyneuropathy (M3483) 385 (0.66) 385 (0.21)
Pulmonary hypertension secondary to scleroderma (I2729) 29,923 (51.26) 29,923 (16.70)
Renal involvement in scleroderma (N08) 11,083 (18.98) 11,083 (6.19)
Personal history of other disease of the musculoskeletal system
and connective tissue (Z87.39)

0 (0.00) 120,809 (67.42)

US region, n (%)
Northeast 13,709 (23.48) 38,202 (21.32)
Southeast 16,985 (29.09) 49,190 (27.45)
Midwest 12,101 (20.73) 44,261 (24.70)
Southwest 6,284 (10.76) 17,635 (9.84)
West 9,300 (15.93) 29,900 (16.69)

* CREST, calcinosis, Raynaud phenomenon, esophageal dysmotility, sclerodactyly, telangiectasias; ICD, International Classification of Diseases.
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2.09:1 (Table 1). A detailed summary of cohort 1 distribution by
sex, age, and race is reported in Supplemental Tables 1 and 2.

The incidence rate of cohort 1 diagnosis codes in each zip
code in the United States was then plotted. As shown in

Figure 1A and Supplemental Figure 3A, high incidences of cohort
1 diagnosis codes were noted in the northeast region of Missis-
sippi, the northeast and southern regions of Louisiana, and in
New Jersey and Maryland. Global spatial autocorrelation using

Figure 1. (A) Distribution of the incidence rate of Medicare beneficiaries carrying at least one of the diagnosis codes for cohort 1 (see Table 1) by
zip code between the years 2014 and 2018. Zip codes with high incidences are indicated in red and dark orange, whereas zip codes with low inci-
dences are shown in yellow or light orange. Statistically significant clusters were noted in Mississippi, Maryland, and New Jersey. (B) Results of
Moran’s Index local spatial autocorrelation on cohort 1 geographic data. Zip codes with high incidences surrounded by other zip codes of high
incidences are indicated in pink. Dark red indicates zip codes of high incidences surrounded by areas of low incidences. Light blue and dark blue
indicate areas of low incidences. (C) Results of optimized hot spot analysis on cohort 1 geographic data. Hot spots of high incidences are shown in
varying shades of red, whereas cold spots of low incidences are shown in varying shades of blue.
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Moran’s I was calculated for cohort 1, resulting in a Moran’s I
of 0.5880, a Z score of 74.3258, and a P value of 0.00
(Supplemental Figure 4). The distribution of cohort 1 beneficia-
ries was clustered in this cohort and did not exhibit a random
dispersion. Cohort 1 clusters were not consistently found at
or near treatment center zip codes. Scleroderma specialty
treatment centers are notably absent in Mississippi, where
distinct clusters in rural areas were located (Supplemental
Figure 1A).

To confirm these results, local spatial autocorrelation and
optimized hot spot analysis was performed. Zip codes with pink,
red, dark blue, or light blue coloration in Figures 1B and C had
P values below 0.05. As demonstrated in Figure 1B and Supple-
mental Figure 3B, local spatial autocorrelation identified clusters
in New Jersey, Louisiana, and Mississippi. Optimized hot spot

analysis confirmed the presence of hot spots in Louisiana and
Mississippi (Figure 1C, Supplemental Figure 3C).

To identify potential connections between SSc and Super-
fund site localization, the incidence of cohort 1 diagnosis codes
was plotted in zip codes that contained at least one Superfund
site (Figure 2A, Supplemental Figure 3D). Using these parame-
ters, a high incidence of diagnosis codes was noted in zip codes
containing at least one Superfund site in New Jersey and
Maryland (Figure 2B). These sites included Central Chemical,
Upper Valley Deerfield Township Sanitary Landfill, Nascolite Corp,
Vineland Chemical Company, and Brick Township Landfill
(Figure 2B). Based on the calculated national incidence of cohort
1 diagnosis codes, which was 0.50%, the risks of having an SSc
diagnosis code for individuals residing in zip codes containing
each of these Superfund sites were 5.66, 3.72, 3.84, 3.44, and

Figure 2. (A) Distribution of the incidence rate of Medicare beneficiaries carrying at least one of the diagnosis codes for cohort 1 (see Table 1) by
zip code containing at least one Superfund site between the years 2014 and 2018. Zip codes with high incidences are indicated in red and dark
orange, whereas zip codes with low incidences are shown in yellow and light orange. (B) Cohort 1 clusters were noted near Central Chemical,
Brick Township Landfill, Vineland Chemical Company, Nascolite Corp, and Upper Deerfield Township Sanitary Landfill.
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4.9 times greater, respectively, than the national risk
(Supplemental Table 3). A map displaying incidence rates for
cohort 1 and locations of Superfund sites can be found in Supple-
mental Figure 2A.

Distribution of SSc and history of SSc by age, sex,
race, and diagnosis code. Cohort 1 does not contain a diag-
nosis code capturing beneficiaries with a history of SSc. Here
we define cohort 2, which includes beneficiaries carrying the diag-
nosis codes captured in cohort 1 with the addition of the code
Z87.39. This code encompasses a history of SSc and related
conditions. This code was included in cohort 2 to capture benefi-
ciaries who came into the cohort who had received an SSc
diagnosis code before being enrolled in Medicare. These benefi-
ciaries would not have been provided an additional SSc diagnosis
code during the catchment period, rather they would be given the
history of SSc code. In cohort 2 we identified 179,188 Medicare
beneficiaries carrying at least one of the diagnosis codes for this
cohort between the years 2014 and 2018, 114,974 beneficiaries
were female and 64,214 were male (Table 1). The ratio of women
to men was approximately 1.79:1. A detailed breakdown of
cohort 2 demographic distribution by sex, age, and race is
reported in Supplemental Tables 4 and 5. The majority of the
cohort 2 beneficiaries (87,971, 49.09%) were between the ages
65 and 74. The cohort included 6,496 beneficiaries (3.63%) that
turned 65 during the 2014 to 2018 period (Table 1).

The racial distribution of this cohort was predominantly White
(85.56%). The remaining beneficiaries identified as Black (8.37%),
unknown (1.27%), other (1.43%), Asian (1.55%), Hispanic
(1.40%), and North American Native (0.42%) (Supplemental
Table 5). Thus, cohort 2 was composed of primarily White and
Black beneficiaries, which is consistent with previously published
literature.28,29

Geographic distribution of cohort 2. The geographic
distribution of cohort 2 across the United States was assessed
for geographic clusters to test the hypothesis that SSc incidence
is nonrandom and associated with environmental factors that
contribute to disease presentation and progression. Accordingly,
the incidence rate for cohort 2 diagnosis codes in each zip code in
the United States was plotted (Figure 3A). Examples of locations
with high incidences are shown in Figure 3A. These include a
location in Georgia; three locations in Mississippi; and distinct sin-
gular locations in Ohio, the southeast corner of Wisconsin, and
New York. To stratify locations based on relative risk, rates in indi-
vidual zip codes were compared to the national average. The
national incidence for cohort 2 diagnosis codes between 2014
and 2018 was calculated as 1.56%. The relative risks of cohort
2 diagnosis codes in Fond du Lac (Wisconsin), Rootstown
(Ohio), Endicott (New York), Milledgeville (Georgia), Booneville
(Mississippi), Prentiss (Mississippi), and Columbia (Mississippi)

are 4.08, 4.49, 3.36, 7.5, 5.22, 6.09, and 6.19, respectively
(Supplemental Table 6).

To determine whether the clusters of high incidences were
statistically significant, Moran’s I global spatial autocorrelation
analysis was conducted using Geoda. Analysis of the clusters
identified in Figure 3A resulted in a Moran’s I of 0.5212, a Z score
of 59.4272, and a P value of 0.00 (Supplemental Figure 5). Cohort
2 clustering was highly statistically significant. These results
indicated the observed clusters were specific with a nonrandom
distribution across the United States. Cohort 2 clusters were not
consistently found at or near treatment center zip codes
(Supplemental Figure 1B).

Statistically significant low or high clusters were identified
using local spatial autocorrelation and optimized hot spot analy-
sis. Pink, light blue, red, or dark blue colors denote statistically
significant high or low clusters (P ≤ 0.05; Figure 3B). The results
of the local spatial autocorrelation identified statistically significant
clusters of diagnosis codes in Wisconsin, Michigan, Ohio, New
York, North Carolina, Georgia, and Mississippi (Figure 3B).
Because noise was detected in the local spatial autocorrelation,
an optimized hot spot analysis was performed to confirm that
these were truly significant clusters. This analysis not only con-
firmed the presence of hot spots in the states noted previously,
but identified additional hot spots in Oklahoma, Louisiana,
Indiana, Pennsylvania, and New Hampshire (Figure 3C).

Because environmental factors may influence the develop-
ment and/or progression of rheumatologic and connective tissue
diseases, potential cluster localization near Superfund sites was
investigated. A total of 15,551 Medicare beneficiaries carrying a
cohort 2 diagnosis code resided in the same zip code as a Super-
fund site in the years 2014 to 2018. As shown in Figure 4A–D,
high rates of cohort 2 diagnosis codes were identified at the
Newsome Brothers/Old Reichhold Chemicals, Inc (9.66%), Endi-
cott Village Well Field (5.24%), Picayune Wood Treating (5.17%),
Mid-South Wood Products (4.21%), and Refuse Hideaway Land-
fill (3.81%) Superfund sites. Comparison of calculated risk ratios
with national incidence demonstrated that the risks of carrying a
cohort 2 diagnosis code at Newsome Brothers/Old Reichhold
Chemicals, Inc, Picayune Wood Treating, and Mid-South Wood
Products were 9.66, 3.31, and 2.70 times greater, respectively,
than the national risk in the Medicare beneficiary population
between 2014 and 2018 (Figure 4B–D). A map displaying inci-
dence rates for cohort 2 and locations of Superfund sites can be
found in Supplemental Figure 2B.

DISCUSSION

Consistent with many autoimmune diseases, there is an
increased incidence of SSc in women compared with men; previ-
ous studies have reported female-to-male ratios9,30,31 of 3:1 to
7.8:1. In these study cohorts (Table 1), female-to-male ratios of
2.09:1 in cohort 1 and 1.79:1 in cohort 2 were observed. Notably,
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Figure 3. (A) Distribution of the incidence rate of Medicare beneficiaries carrying at least one diagnosis code for cohort 2 (see Table 1) by zip
code between the years 2014 and 2018. Lower incidence rates are indicated in yellow and orange, whereas higher incidence rates are indicated
in darker orange and red. Statistically significant clusters were identified in Wisconsin, Michigan, Ohio, New York, Georgia, Mississippi, Nebraska,
and Kansas. (B) Results of the Moran’s Index local spatial autocorrelation on cohort 2 geographic distribution. Zip codes with high incidences sur-
rounded by other zip codes of high incidences are indicated in pink. Dark red indicates zip codes of high incidences surrounded by areas of low
incidences. Light blue and dark blue indicate areas of low incidences. (C) Results of optimized hot spot analysis on cohort 2 geographic data.
Hot spots of high incidence are shown in varying shades of red, whereas cold spots of low incidences are indicated in varying shades of blue.
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these analyses culled Medicare data from a large sample size that
spanned the geographic entirety of the United States, and benefi-
ciaries included in these analyses were between the ages of
65 and 74. Patients with severe chronic illnesses that cause sig-
nificant disability, including renal disease, can qualify for Medicare
before the age of 65, which speaks to the severe disability
patients with SSc experience. Therefore, we did not include indi-
viduals under the age of 65 in our analysis.

The geographic distribution of cohort 1 beneficiaries
occurred in clustered, nonrandom patterns in the United States.
We identified several zip codes within clusters with high cohort
1 incidence in northeast Mississippi, Louisiana, New Jersey, and
Maryland. Although potential sources of contamination that may
account for the increased incidence of cohort 1 diagnosis codes
in northeast Mississippi and Louisiana were not apparent, clusters
of cohort 1 diagnosis codes were identified in and around New

Figure 4. (A) Distribution of the incidence rate of Medicare beneficiaries carrying a diagnosis of cohort 2 by zip code containing at least one
Superfund site between the years 2014 and 2018. Zip codes with high incidences are colored in a red or orange, whereas zip codes with low inci-
dences are colored in tan and light orange. (B–D) Clusters of cohort 2 were detected in New York, Arkansas, Mississippi, and Wisconsin.
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Jersey and Maryland zip codes that contained at least one Super-
fund site. Zip codes that encompassed the Central Chemical,
Brick Township Landfill, Vineland Chemical Company, Nascolite
Corp, and Upper Deerfield Township Sanitary Landfill Superfund
sites demonstrated elevated risk ratios of 5.66, 3.72, 3.84, 3.44,
and 4.90, respectively, compared to the national risk of cohort
1 diagnosis codes between the years 2014 and 2018.

New Jersey has the greatest number of Superfund sites in
the United States,32 many of which processed vinyl chloride, a
compound that has been associated with the development of
SSc.24 Interestingly, 1,2 dichloroethane, which is used in the pro-
duction of vinyl chloride, is found at 62 of the 114 National Priori-
ties List (NPL) sites in New Jersey.33 1,2 dichloroethane is
particularly dangerous when it is absorbed into ground water
and then used for showering, as inhalation of shower-generated
vapors may induce immune activation and result in damage to
the nervous system, liver, kidneys, and lungs.34 Although vinyl
chloride has been associated with liver, dermal, and kidney
fibrosis,35–37 the role of 1,2 dichloroethane in fibrotic activation is
unclear. The effect of both of these chemicals on skin fibrosis
have not been established and warrants further investigation.

Similar to cohort 1, the geographic distribution of cohort
2 beneficiaries occurred in clustered, nonrandom patterns in the
United States. Of note, southeast Wisconsin exhibited a high inci-
dence of cohort 2 diagnosis codes in many zip codes in and
around the Milwaukee metropolitan area, home to lumber
processing plants, dairies, breweries, and agriculture and
manufacturing industries.38 Given this history of industrial activity,
it is difficult to pinpoint any one pollutant with fibrotic or
inflammatory-inducing properties. However, landfill Superfund
sites in this area may contribute to disease development through
exposure to synthetic chemicals and heavy metals. For example,
Refuse Hideaway Landfill, located in southeast Wisconsin outside
of Madison, has reported the presence of TCE,39 which has been
implicated in SSc presentation and progression.40,41 In addition,
heavy metals, including cadmium, cobalt, copper, iron, lead, and
zinc, have been found in the 38-acre City Disposal Corp Landfill,
a Superfund site in Dunn, Wisconsin.42 Exposure to cadmium,
lead, and zinc has been associated with SSc development.43,44

Similarly, Sauble Township in Lake County, Michigan, had a
high burden of cohort 2 diagnosis codes. Lake County is home
to the Wash King Laundry Superfund site, where perchloroethy-
lene was used in dry cleaning. This site remains on the NPL, a
government-curated list of Superfund sites, and in situ thermal
remediation has been recommended to clean up the impacted
area. Exposure to perchloroethylene and TCE has been associ-
ated with diffuse SSc onset.45

Clusters of cohort 2 diagnosis codes were identified around
Prentiss, Marion, and Lauderdale counties in Mississippi. Notably,
Marion County was home to the Newsome Brothers/Old Reich-
old Chemicals Inc Superfund site in Columbia, Mississippi. This
site was initially used as a wood treating facility before its

conversion to a chemical plant where pentachlorophenol, a
potential human carcinogen,46 was mixed with diesel oil.
Although the EPA removed this site from the NPL in 2000 and it
is now deemed safe, many individuals exposed to chemicals
before remediation may still reside in the area, potentially account-
ing for the increased incidence reported here.

Moreover, a high incidence cluster of cohort 2 diagnosis
codes were noted in and around Endicott, New York. Endicott is
home to the Endicott Village Well Field Superfund site, which con-
tains a Ranney well and accompanying zone of influence on area
groundwater. The EPA detected vinyl chloride, a potential trigger
for SSc onset,23,24 and other volatile organic compounds in the
water from the Ranney well. The source of well contamination
was identified as the neighboring Endicott Landfill.

Wood processing Superfund sites including the Mid-South
Wood Products in Arkansas, Newsome Brothers/Old Reichhold
Chemicals in Mississippi, Picayune Wood Treating in Mississippi,
and Georgia-Pacific Corp Timber Company were associated with
high rates of cohort 2 diagnosis codes. Read counts for Rhodo-
torula glutinis, a red yeast that thrives in wet lumber, are signifi-
cantly higher in skin from individuals with SSc compared to
healthy controls.47,48 Given the role of innate immune activation
in SSc, it is possible that exposure to yeast may induce inflamma-
tion driven by microbial engagement of Toll-like receptors (TLRs).
In support of this potential mechanism, TLR2, which binds fungal
ligands and regulates fibrotic and inflammatory activation, is up-
regulated in SSc.49,50 Therefore, it is possible that R glutinis found
at Superfund sites associated with lumber processing plays a role
in the induction and/or progression of fibrotic signaling in SSc8).

In addition to regional clustering, high cohort 2 incidence was
detected in isolated zip codes irrespective of localization near
Superfund sites. For example, the incidences of cohort 2 diagno-
sis codes in WaKeeney, Kansas, and Hartington, Nebraska, were
6.55% and 6.18%, respectively. One potential explanation for this
observation is that genetically predisposed family members living
in close proximity to one another may have been exposed to the
same or similar environmental triggers, leading to one or more of
the diagnoses included in cohort 2. In this regard, epidemiologic
studies demonstrate that the risk of developing SSc and other
autoimmune conditions is increased in family members of patients
with SSc. Although familial relations account for two-thirds of the
phenotypic variance of disease, one-third remains unexplained.51

Therefore, environmental exposures may account, at least in part,
for the remaining risk, as has been noted in cancer.52 Future stud-
ies may focus on the identification of environmental and occupa-
tional exposures among geographic clusters of familial SSc to
evaluate associations between these factors and potential risk of
disease development.

Although high incidence clusters of cohorts 1 and 2 were
identified in and around Booneville, Mississippi, these were not
associated with Superfund sites, and obvious sources of environ-
mental contamination were not apparent. In light of this, future
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work may be directed at enrolling participants in a cohort study to
gather information on occupational exposures and lifestyle factors
that may contribute to these increased cohort 1 and 2 incidences.

The cohort 2 analysis in this study included individuals with
“personal history of other diseases of the musculoskeletal system
and connective tissues” to capture SSc beneficiaries with a his-
tory of SSc. Notably, individuals with a diagnosis of “personal
history of other diseases of the musculoskeletal system and con-
nective tissues” constitute the largest group in the analyzed
cohort. Early SSc symptoms and features overlap with other
autoimmune conditions, further confounding accurate diagnosis.
As a result, physicians may provide patients with broader diagno-
sis codes until their diseases differentiate.

Strengths of this study include the large sample size (n =
179,188), broad geographic distribution, comprehensive lists of
diagnosis codes, environmental contaminant information, and
zip code–level beneficiary residence. This is significantly different
from previous analyses, which evaluated smaller sample sizes or
are limited by sex or geospatial region.6,10,53,54 One limitation of
this study is that levels of synthetic chemicals were not directly
measured at geographic sites of increased disease incidence.
Nonetheless, these results may generate hypotheses about
potential disease triggers that may be assessed quantitatively. It
should be noted that this study was limited to the disease defini-
tions described in the ICD-9 and 10 codes available in the Medi-
care database. Such constraints may result in a failure to
adequately describe a beneficiary’s disease using such codes
and could inadvertently exclude SSc beneficiaries from our
cohorts. In addition, because this study was not restricted to a
single geographic region or by sex, it may fail to adequately cap-
ture differences in disease incidence associated with sex or race.
To limit potential confounders associated with age, the study
cohort was restricted to individuals over the age of 65. Although
there is a small fraction of beneficiaries under the age of 65 that
met diagnostic code criteria, this younger population is likely to
differ clinically and by sex.55,56 In this regard, men are often diag-
nosed with SSc at a young age, with more severe disease and
substantial organ involvement. A separate study of this younger
population may be warranted to elucidate the environmental trig-
gers responsible for increased disease severity.30,57 One further
limitation of this study is that the Medicare data to which we have
access do not provide information about the diagnosing physi-
cian, and therefore we cannot conduct additional analyses to dis-
cern if expert centers diagnosed beneficiaries differently than
clinics at other locations.

To our knowledge, this study is the first to investigate the dis-
tribution of SSc and SSc-related diagnosis codes across the
United States in a population of Medicare beneficiaries over
the age of 65 between the years 2014 and 2018. We examined
the geographic distribution of 179,188 beneficiaries with at least
one of the diagnosis codes, reported in Table 1, and discovered
that cohorts 1 and 2 exhibited a nonrandom, clustered

distribution pattern across the United States. Many of these clus-
ters showed a significant association with Superfund sites, areas
the US government has deemed hazardous to human and envi-
ronmental health due to contamination by pollutants. These
results provide the foundation for future investigation of the rela-
tionship between environmental pollutants and chronic inflamma-
tory and fibrotic illnesses.
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Association Between Metabolic Syndrome and Radiographic
Changes in Psoriatic Arthritis: A Cohort Study

Fadi Kharouf,1 Shangyi Gao,2 S. Ercan Tunc,1 Justine Y. Ye,2 Daniel Pereira,2 Dafna D. Gladman,1

and Vinod Chandran1

Objective. Metabolic syndrome (MetS) is a known comorbidity of psoriatic arthritis (PsA) and is associated with
PsA disease activity. We aimed to explore the association between MetS and radiographic features (peripheral and
axial) in PsA.

Methods. We included patients with PsA followed at our prospective observational cohort for the period between
1978 and 2024. We identified patients with MetS on longitudinal follow-up and used generalized estimating equations
(GEE) analysis to define the radiographic features independently associated with MetS, adjusting for age, sex, PsA dis-
ease duration, calendar decade, and use of targeted disease-modifying antirheumatic drugs.

Results. The study population consisted of 1,422 patients, out of which 400 (28.1%) had MetS at baseline (clinic
entry) and 836 (58.79%) had a record of MetS (per the harmonized definition) over a median follow-up duration of
10.59 (interquartile range 4.52–18.28) years. The mean (SD) age of our cohort at baseline was 44.43 (12.98) years, with
789 patients (55.5%) identifying as men. Mean (SD) bodymass index was 28.79 (6.36) kg/m2. In the GEE analysis, MetS
was not significantly associated with axial disease or radiographic damage to peripheral joints, assessed as the pres-
ence of syndesmophytes or sacroiliitis and the radiographic damaged joint count, respectively. On the other hand,
MetS was significantly associated with calcaneal spurs, diffuse idiopathic skeletal hyperostosis, and degenerative disc
disease.

Conclusion. MetS is associated with degenerative and metabolic changes in the spine and entheses but not with
radiographic damage in PsA.

INTRODUCTION

Psoriatic arthritis (PsA) is a complex inflammatory disease

with heterogeneous clinical features, which complicates psoriasis

in 24% of patients.1 Musculoskeletal manifestations of PsA

include peripheral arthritis, enthesitis, dactylitis, spondylitis, and

sacroiliitis.2 Obesity, type 2 diabetes mellitus (DM), hypertension,

metabolic syndrome (MetS), fatty liver, and an increased risk of

cardiovascular events are all associated comorbidities.3

Psoriatic disease activity, radiographic damage, and mortal-

ity rates are all interrelated. It is well accepted that inflamed joints

result in radiographic damage.4 We have previously shown that

patients with PsA are at an increased risk of death compared with

the general population, with evidence of previous disease activity

and radiographic damage being prognostic indicators.5,6 Given

the importance of structural changes and their association with

functional ability, quality of life, and survival, preventing radio-

graphic damage remains a crucial goal of PsA therapy.7

Although it has several definitions, MetS generally refers to

the co-occurrence of known cardiovascular risk factors, including

insulin resistance, obesity, atherogenic dyslipidemia, and hyper-

tension.8 These are closely related and share commonmediators,

pathways, and pathophysiologic mechanisms. MetS and its com-

ponents are significantly overrepresented in patients with PsA

compared with the general population9; 23.5% to 62.9% of

patients with PsA have MetS,10 which contributes to adverse car-

diovascular outcomes,11 besides being associated with a chronic

low-grade inflammatory state, disease activity, and less response
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to treatment.12–14 Because inflammation is a mediator of joint

damage in PsA,4 one may hypothesize that patients with MetS

accrue greater radiographic progression. However, only a few

studies have investigated this relationship, with inconclusive

results.15,16 This analysis aimed to explore the association

between MetS and radiographic changes (peripheral and axial)

in an observational PsA cohort.

PATIENTS AND METHODS

Setting. The University of Toronto PsA clinic has recruited
and prospectively followed patients with PsA since 1978. Patients
are enrolled if they have psoriasis and inflammatory arthritis. Over
99% fulfill the classification criteria for PsA.17 Patients are evalu-
ated at the time of recruitment into the clinic and every 6 to
12 months according to a standard protocol that includes a
detailed history, physical examination, and laboratory assess-
ment. Radiographs of peripheral joints and spine are obtained at
baseline (clinic entry) and every 2 years and are scored according
to the modified Steinbrocker method for peripheral joints18 and
the New York criteria for sacroiliac joints.19 The presence of syn-
desmophytes, atlantoaxial subluxation, degenerative disc disease
(DDD) (cervical and/or thoracolumbar), calcaneal spurs (Achilles
and/or plantar), and diffuse idiopathic skeletal hyperostosis
(DISH) is also recorded. Radiographs are scored by at least two
rheumatologists by consensus. All information is collected via a
web portal and stored in a database. We have previously shown
that the methods of clinical and radiographic evaluation in our
cohort are reliable, with no systematic bias with regard to disease
severity and follow-up.20

Data collection. From our program database, we retrieved
data (between 1978 and 2024) at the patients’ first evaluation in
the clinic and at 6 to 12 month intervals, including age, sex, eth-
nicity, age at the diagnosis of psoriasis and PsA, duration of
PsA, waist circumference, body mass index (BMI), comorbidities
(ever smoking, fibromyalgia, DM, hypertension, dyslipidemia,
and cardiovascular disease), and the presence of mechanical
and/or inflammatory back pain. Patients were classified as having
MetS at their last clinic visit if they satisfied the harmonized defini-
tion by Alberti et al.21 According to this definition, the condition is

diagnosed when any three of the five following risk factors are
present:

1. Elevated waist circumference with sex, population, and
country-specific criteria.

2. Elevated triglycerides, defined as ≥150 mg/dL or its
treatment.

3. Decreased high-density lipoprotein cholesterol, defined
as <40 mg/dL in men and <50 mg/dL in women or its
treatment.

4. Elevated blood pressure, defined as systolic blood pres-
sure ≥130 mm Hg or diastolic blood pressure ≥85 mm
Hg or its treatment.

5. Elevated fasting glucose, defined as blood glucose >100
mg/dL or its treatment.

We assessed musculoskeletal disease activity using the
swollen joint count, tender joint count, actively inflamed (swollen
or tender) joint count, presence of enthesitis (using the Spondylo-
arthritis Research Consortium of Canada enthesitis index22), dac-
tylitis, and the Disease Activity Index for PsA score.23 We
summarized skin disease severity using the Psoriasis Area and
Severity Index. We also retrieved other important disease-related
measures including the presence of nail disease. We included
the following radiographic features: sacroiliitis (bilateral grade
2 or unilateral ≥3), syndesmophytes, radiographic damaged joint
count (number of joints with erosions scored according to the
modified Steinbrocker score18), cervical and/or thoracolumbar
DDD, atlantoaxial subluxation, calcaneal spurs (Achilles and/or
plantar), and DISH. We defined the latter as the presence of flow-
ing calcifications and ossifications along the anterolateral aspect
of at least four contiguous vertebral bodies with or without associ-
ated localized pointed excrescences at the intervening vertebral
body-intervertebral disc junctions.24

Laboratory data included erythrocyte sedimentation rate,
C-reactive protein (CRP), and HLA-B*27 status. We included the
following patient-reported outcome (PRO) measures: the Health
Assessment Questionnaire, Medical Outcomes Study 36-Item
Short Form Health Survey (SF-36) physical component summary
score, SF-36 mental component summary score, a pain severity
scale, and a patient global assessment of disease scale. We also
retrieved information on current treatments with conventional syn-
thetic disease-modifying antirheumatic drugs (DMARDs) (metho-
trexate, sulfasalazine, and leflunomide) and targeted DMARDs,
including biologics (tumor necrosis factor inhibitors [TNFi] and
interleukin [IL]-12/23i, IL-17i, and IL-23i) and synthetic DMARDs
(apremilast, tofacitinib, and upadacitinib).

Statistical analysis. We described the baseline demo-
graphic and disease-related characteristics of patients with and
without MetS. Continuous variables are expressed as the mean
(SD) or median (interquartile range [IQR]), whereas categorical
variables are presented as frequency (%).

SIGNIFICANCE & INNOVATIONS
• Despite being associated with disease activity, met-

abolic syndrome is not associated with axial or
peripheral radiographic damage in psoriatic
arthritis.

• Metabolic syndrome is associated with degenera-
tive changes and diffuse idiopathic skeletal
hyperostosis.
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A directed acyclic graph (DAG) was constructed to identify
potential confounders and factors that may influence both the
exposure (radiographic changes) and outcome (MetS) (see

Supplementary Figure 1). Based on the DAG, the sufficient adjust-
ment set for estimating the total effect of radiographic features on
MetS included age, sex, PsA disease duration, calendar decade

Table 1. Baseline demographic and disease-related features of patients with PsA included in the study*

Variable All patients (n = 1,422)a Non-MetS (n = 586) MetS (n = 836)

Demographic features
Age, mean (SD), years 44.43 (12.98) 41.44 (13.10) 46.52 (12.49)
Age at diagnosis of psoriasis, mean (SD), years 28.71 (14.68) 26.67 (14.02) 30.14 (14.97)
Age at diagnosis of PsA, mean (SD), years 38.56 (13.70) 35.86 (13.68) 40.45 (13.40)
PsA disease duration, mean (SD), years 5.83 (7.82) 5.55 (7.88) 6.02 (7.77)
Sex, men, n (%) 789 (55.50) 303 (51.70) 486 (58.10)
White, n (%) 1,188 (83.90) 498 (85.40) 690 (82.80)
Waist circumference, mean (SD), cm 96.05 (15.63) 87.47 (15.06) 101.69 (13.26)
BMI, mean (SD), kg/m2 28.79 (6.36) 25.78 (5.16) 30.37 (6.36)

Comorbidities
Fibromyalgia, n (%) 121 (11.00) 34 (7.60) 87 (13.20)
Ever a smoker, n (%) 598 (43.80) 215 (39.80) 383 (46.40)
Diabetes mellitus, n (%) 96 (6.80) 4 (0.7) 92 (11.0)
Hypertension, n (%) 206 (14.50) 18 (3.1) 188 (22.5)
Dyslipidemia, n (%) 122 (8.60) 13 (2.2) 109 (13.1)
Cardiovascular disease, n (%) 241 (16.90) 33 (5.6) 208 (24.9)

Clinical features
Inflammatory back pain, n (%) 285 (20.10) 103 (17.6) 182 (21.8)
Mechanical back pain, n (%) 160 (11.30) 59 (10.1) 101 (12.1)
SJC, median (IQR) 2.00 (0.00–5.00) 1.00 (0.00–4.00) 2.00 (0.00–5.00)
TJC, median (IQR) 4.00 (1.00–9.00) 3.00 (1.00–8.00) 4.00 (1.00–10.25)
AJC, median (IQR) 5.00 (2.00–12.00) 4.00 (1.00–11.00) 6.00 (2.00–13.00)
Dactylitis, n (%) 360 (25.50) 151 (25.90) 209 (25.20)
Enthesitis, n (%) 298 (21.20) 114 (19.60) 184 (22.30)
Enthesitis SPARCC score, median (min, max) 0.00 (0.00, 16.00) 0.00 (0.00, 14.00) 0.00 (0.00, 16.00)
PASI, median (IQR) 1.50 (0.00–4.50) 1.00 (0.00–3.90) 1.80 (0.00–4.90)
Nail disease, n (%) 774 (54.40) 310 (52.90) 464 (55.50)

Radiographic features
Bilateral grade 2 or any ≥3 sacroiliitis, n (%) 286 (22.00) 115 (21.90) 171 (22.00)
Syndesmophytes, n (%) 157 (12.00) 56 (10.70) 101 (13.00)
Radiographic damaged joint count, median (IQR) 0.00 (0.00–4.00) 0.00 (0.00–3.00) 1.00 (0.00–4.00)
Atlantoaxial subluxation, n (%) 31 (2.40) 13 (2.50) 18 (2.30)
Plantar and/or Achilles calcaneal spurs, n (%) 588 (45.20) 172 (33.00) 416 (53.40)
DISH, n (%) 66 (5.30) 7 (1.50) 59 (7.60)
Cervical disc disease, n (%) 401 (32.30) 109 (23.30) 292 (37.80)
Thoracolumbar disc disease, n (%) 432 (34.80) 117 (25.00) 315 (40.80)

Laboratory features
HLA-B*27 positive, n (%) 181 (16.50) 80 (19.90) 101 (14.50)
ESR, mean (SD), mm/h 21.93 (20.12) 21.56 (21.43) 22.18 (19.23)
CRP, mean (SD), mg/L 12.98 (19.26) 12.37 (21.21) 13.30 (18.18)

Patient-reported outcomes
HAQ, median (IQR) 0.50 (0.12–1.12) 0.50 (0.00–1.00) 0.62 (0.12–1.25)
Global assessment of disease activity, median (IQR) 4.00 (2.00–6.00) 4.00 (2.00–6.00) 5.00 (2.00–7.00)
Pain severity, median (IQR) 4.00 (2.00–7.00) 3.00 (2.00–6.00) 5.00 (2.00–7.00)
SF-36 MCS, median (IQR) 47.56 (36.48–55.47) 48.38 (39.41–55.67) 46.46 (35.72–55.36)
SF-36 PCS, median (IQR) 35.92 (27.50–45.86) 37.43 (29.20–47.80) 34.89 (26.53–45.12)

Composite disease activity measure
DAPSA, median (min, max) 18.30 (10.15, 32.00) 16.00 (9.00, 28.28) 19.20 (11.00, 34.00)

Pharmacotherapy
Conventional synthetic DMARDs, n (%) 518 (36.40) 174 (29.70) 344 (41.10)
Targeted (biologic or synthetic) DMARDs, n (%) 156 (11.00) 60 (10.20) 96 (11.50)

* AJC, actively inflamed (tender/swollen) joint count; BMI, body mass index; CRP, C-reactive protein; DAPSA, Disease Activity Index
for Psoriatic Arthritis; DMARD, disease-modifying antirheumatic drug; DISH, diffuse idiopathic skeletal hyperostosis; ESR, erythro-
cyte sedimentation rate; HAQ, Health Assessment Questionnaire; IQR, interquartile range; max, maximum, MetS, metabolic syn-
drome; min, minimum; Non-MetS, does not meet criteria for metabolic syndrome; PASI, Psoriasis Area Severity Index; PsA,
psoriatic arthritis; SF-36 MCS, Medical Outcomes Study 36-Item Short Form Health Survey mental component summary score; SF-
36 PCS, Medical Outcomes Study 36-Item Short Form Health Survey physical component summary score; SJC, swollen joint count;
SPARCC, Spondyloarthritis Research Consortium of Canada; TJC, tender joint count.
a Four hundred patients (28.1%) had MetS at baseline.
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(1978–1988, 1989–1999, 2000–2010, and 2011–2024), and tar-
geted DMARD use.

Generalized estimating equations (GEE) were employed to
account for the longitudinal nature of the data. Univariate and
multivariate GEE models were developed to identify the radio-
graphic features associated with MetS in patients with PsA,
adjusting for age, sex, PsA disease duration, calendar decade,
and targeted DMARD use. Odds ratios (ORs) with 95% confi-
dence intervals (CIs) are reported. The adequacy, linearity,
and independence of the model were thoroughly assessed
and found to be valid. All analyses were performed using R ver-
sion 9.4 (SAS Institute).

Ethics. We obtained ethics review and approval from the
University Health Network Research Ethics Board (08-0630). We
collected informed consent from all patients at enrollment. The
data underlying this article will be shared upon reasonable request
to the corresponding author.

RESULTS

Patient characteristics. The study population consisted
of 1,422 patients, out of which 400 (28.1%) had MetS at baseline
and 836 (58.79%) had a record of MetS over a median (IQR)
follow-up duration of 10.59 (4.52–18.28) years. In patients who
developedMetS after clinic enrollment, the median time to the first
record of MetS was 6.85 (2.78–14.43) years. The mean (SD) age
of our cohort at baseline was 44.43 (12.98) years, with
789 patients (55.5%) identifying as men. Mean (SD) BMI was
28.79 (6.36) kg/m2. The median (IQR) radiographic damaged joint
count was 0.00 (0.00–4.00), and 286 (22.0%) patients had sacro-
iliitis per the New York criteria.19 One hundred fifty-six (11.0%)
received targeted (biologic or synthetic) DMARDs at the time of
clinic enrollment. Details of the demographic and disease charac-
teristics at study entry are provided in Table 1.

Factors associated with MetS.We used GEE analysis to
examine the radiographic features associated with MetS,
adjusted for age, sex, PsA disease duration, calendar decade,
and use of targeted DMARDs. The following variables were signif-
icantly associated with MetS in the univariate model (Table 2):
plantar and/or Achilles calcaneal spurs (OR 2.58, 95% CI 1.90–
3.51), DISH (OR 2.23, 95% CI 1.45–3.42), and DDD (OR 1.65,
95% CI 1.22–2.23). In the multivariate model, the following vari-
ables were significantly associated with MetS (Table 2): plantar
and/or Achilles calcaneal spurs (OR 2.32, 95% CI 1.69–3.18),
DISH (OR 2.00, 95% CI 1.28–3.13), and DDD (OR 1.51, 95% CI
1.11–2.04).There was no significant association with peripheral
damage, assessed as the radiographic damaged joint count
(OR 1.00, 95% CI 0.99–1.02), or axial damage, assessed as the
presence of sacroiliitis (OR 0.79, 95% CI 0.58–1.08) or syndes-
mophytes (OR 1.16, 95% CI 0.81–1.65).

DISCUSSION

In our large longitudinal study, we have found that around
59% of the patients met the criteria for MetS over a median (IQR)
follow-up duration of 10.59 (4.52–18.28) years. MetS was not
associated with radiographic damage in PsA but correlated with
degenerative and metabolic changes in the spine and entheses.

Only a few other analyses have investigated this relationship
to date.15,16 Xue et al16 analyzed blood samples of healthy volun-
teers and patients with psoriasis and PsA to investigate the rela-
tion among adipokines and osteoclast precursors, radiographic
damage scores, and disease activity indices. They concluded that
there is an abnormal expression of soluble mediators of osteo-
clastogenesis and adipokines in PsA. Only TNF, however, corre-
lated with radiographic damage scores. Haroon et al15 studied a
PsA cohort of 273 patients, 44% of whom had MetS. They dem-
onstrated a significant association between insulin resistance
and more severe PsA, which they defined as the presence of
one or more of the PsA-related radiographic damage features

Table 2. Results of the generalized estimating equations analysis for radiographic features associated with meta-
bolic syndrome, adjusted for age, sex, psoriatic arthritis duration, calendar decade, and use of targeted DMARDs*

Variable

Univariate model Multivariate model

OR 95% CI P value OR 95% CI P value

Syndesmophytes 1.27 0.91–1.77 0.17 1.16 0.81–1.65 0.43
Sacroiliitis 0.86 0.64–1.15 0.30 0.79 0.58–1.08 0.14
Radiographic damaged joint counta 1.01 0.99–1.03 0.22 1.00 0.99–1.02 0.65
Plantar and/or Achilles calcaneal spurs 2.58 1.90–3.51 <0.01 2.32 1.69–3.18 <0.01
DISH 2.23 1.45–3.42 <0.01 2.00 1.28–3.13 <0.01
Degenerative disc disease 1.65 1.22–2.23 <0.01 1.51 1.11–2.04 0.01
Atlantoaxial subluxation 1.21 0.61–2.38 0.58 1.12 0.55–2.25 0.76
HLA-B*27 positive 0.69 0.47–1.02 0.06 0.72 0.48–1.09 0.12
Conventional synthetic DMARDs 1.21 0.95–1.55 0.13 1.18 0.91–1.52 0.21

* Bold values indicate statistical significance. CI, confidence interval; DISH, diffuse idiopathic skeletal hyperostosis;
DMARD, disease-modifying antirheumatic drug; OR, odds ratio.
a One-unit increase.
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(peripheral joint erosions, osteolysis, or sacroiliitis) plus the use of
TNFi. When only radiographic damage was used as the outcome,
statistical significance was not maintained.15

Patients with obesity, an integral component but not synony-
mous with MetS, generally have higher PsA activity scores, worse
PROs, lower probability of sustained remission, more frequent
disease relapses, and less optimal responses to therapy (most
notably TNFi).9,25–28 This is explained, at least partly, by the low-
grade systemic inflammatory state in individuals with obesity,
commonly reflected by higher CRP concentrations.29 In fact, obe-
sity not only influences disease activity but may also be associ-
ated with different genetic profiles and disease patterns. We
have previously shown a link between obesity and late-onset pso-
riasis and PsA,30 a clinical subtype that is characterized by more
active disease and greater radiographic damage.31 On the other
hand, the frequency of HLA-B*27, a marker of axial involvement
(which in turn correlates with more severe peripheral disease32),
tends to be lower in patients with higher BMI.30 With all these
interactions, exploring the association between MetS and radio-
graphic damage in PsA is a reasonable research question.

Multivariate GEE analysis identified plantar and/or Achilles
calcaneal spurs, DISH, and DDD (cervical and thoracolumbar) as
radiographic features independently associated with MetS in
patients with PsA but not radiographic damage to peripheral
joints, sacroiliitis, or syndesmophytes. This is not unexpected
because these radiographic findings share with MetS the close
relation to aging, degenerative disease, and metabolic
changes.33–36 Although not characteristic radiographic disease
features of PsA, both DISH and DDD may occur in patients with
psoriatic disease.37,38 In a previous study, we demonstrated an
association between DISH and the presence of radiographic
damage to peripheral joints.38 Calcaneal spurs, although com-
monly secondary to degenerative disease, may also represent
enthesophytic manifestation of PsA.39 Thus, although MetS is
associated with higher PsA disease activity, it is not associated
with higher PsA-related radiographic damage to axial or periph-
eral joints.

It should be emphasized that factors associated with MetS,
such as higher BMI and lower physical activity, are modifiable40;
tight control and healthy lifestyle changes can result in favorable
health-related outcomes, especially in the cardiovascular domain.
In PsA, weight loss was shown to be associated with a higher rate
of minimal disease activity in patients with overweight or obesity
taking TNFi.41 Klingberg et al42 found that short-term weight loss
treatment with a very low energy diet correlated favorably with dis-
ease activity in joints, entheses, and skin in patients with PsA and
obesity.

Our study has several strengths, including the large number
of patients, the organized and well-documented nature of the
follow-up, and detailed clinical and radiographic data. We do
acknowledge some limitations, including the retrospective design
and that it was conducted at a single center.

In conclusion, MetS was not associated with more severe
peripheral or axial radiographic damage in our study. On the other
hand, it was found to be associated with metabolic and degener-
ative changes in the spine and entheses, most likely due to shared
underlying pathomechanisms. These imaging changes, although
not being inherent radiographic features of PsA, may have unto-
ward impacts on patient symptoms and quality of life. The rela-
tionship between MetS and PsA, and potential mitigating
strategies, merit further investigation.
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Prevalence and Clinical Characteristics of Vasculitis in the
Alaska Native and American Indian Peoples of Alaska

Ben A. Henderson, Vivek R. Mehta, Peter Holck, Tammy L. Choromanski, Amy Wilson, Flora Lee, and
Elizabeth D. Ferucci

Objective. Our objective was to determine the prevalence and clinical characteristics of vasculitis in Alaska Native
and American Indian (AN/AI) peoples of Alaska.

Methods. We queried the electronic health records of participating tribal health organizations within the Alaska
Tribal Health System (ATHS) to identify adults with diagnostic codes related to vasculitis. Medical record abstraction
was performed for all adults with potential vasculitis to confirm fulfillment of inclusion criteria, subtype, and clinical
characteristics. The denominator for prevalence was the 2019 ATHS user population ≥ 18 (except giant cell arteritis
[GCA], defined for persons ≥ 50).

Results. The age-adjusted prevalence per 1,000,000 AN/AI adults was 752 (95% confidence interval [CI] 581–959)
for all vasculitis, with systemic vasculitis being the most common at 518 (95% CI 379–695). The most prevalent types
of systemic vasculitis were antineutrophil cytoplasmic antibody–associated vasculitis (AAV) at 340 per million adults
(95% CI 230–488) and GCA at 28 per 100,000 ≥ 50 (95% CI 12–56). The most prevalent subtype of AAV was granulo-
matosis with polyangiitis (GPA) at 244 per million adults (95% CI 148–380). AAV was diagnosed at a mean age of
54.2 years (SD 17), often with high markers of inflammation and renal involvement. GCA was diagnosed at a mean
age of 69.6 years (SD 9.2).

Conclusion. The prevalence of AAV (especially GPA) in AN/AI peoples is high. GCA prevalence is lower than White
populations, but higher than many other populations. AN/AI peoples with AAV and GCA may present at younger ages
with more severe disease than other populations.

INTRODUCTION

Vasculitis describes a group of rare autoimmune

diseases that involve inflammation of blood vessel wall.1

Systemic vasculitis is frequently associated with high morbid-

ity and mortality.2 Epidemiologic studies of vasculitis have

been limited by disease rarity, changing classification

criteria,3 and varying study methodologies. Limited studies

have found significant differences in the prevalence and man-

ifestations of vasculitis between different geographic regions

and populations.3 Despite the differences in populations

found in the literature, most studies in the United States have

reported on regions with predominately White populations.

The prevalence and clinical manifestations of many subtypes

of systemic vasculitis are unreported in the Indigenous North

American peoples.

Some subtypes of systemic vasculitis have been studied

more than others, including giant cell arteritis (GCA) and antineu-

trophil cytoplasmic antibody (ANCA)–associated vasculitis (AAV).

GCA is a subtype of large-vessel vasculitis with a global estimated

prevalence of 51.74 per 100,000 people aged ≥ 50 years old,

with significant variation by region.4 The global annual incidence

of GCA is approximately 10 cases per 100,000 people aged ≥

50 years old, with highest incidence in populations of Scandina-

vian descent.4 A prior study of GCA in the Alaska Native peoples

reported an annual incidence from 1983 to 2003 of approximately

one per 100,000 people aged ≥ 50 years old.5 This study required

a positive temporal artery biopsy for inclusion, which may

increase specificity but decrease sensitivity for GCA classification

compared with studies using broader criteria, which have

reported higher incidence rates.4,6–9 AAV is a category of small-
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vessel vasculitis with prevalence in Olmsted County, Minnesota,

of 421 per 1,000,000 adults (aged ≥ 18 years) as of January

1, 2015,10 which is significantly higher than the global pooled

prevalence of AAV of 198 per 1,000,000 persons.11 Prior studies

have identified regional differences in the ratios of granulomatosis

with polyangiitis (GPA) and microscopic polyangiitis (MPA)

cases,3,11 increasing incidence at higher latitudes, and significant

differences among different populations living in nearby regions.12

More studies are needed to identify the etiology of these differ-

ences, particularly in populations underrepresented in the current

data.11 Other than GCA, the only epidemiologic study of vasculitis

in Alaska Native and American Indian (AN/AI) adults comes from a

1974 to 1978 report of the annual incidence of hepatitis B (HBV)–

associated vasculitis in the Alaska Native peoples living in South-

west Alaska. This study was performed when HBV was endemic

and reported an annual incidence of HBV-associated vasculitis

of 150 per million people, which was 75 times higher than the inci-

dence reported in Michigan and the highest in the world at

the time.13 A follow-up study in the same region after a mass

HBV immunization effort did not report any new cases of

HBV-associated vasculitis from 1989 until the end of the study

period in 2004.14

Although most vasculitis subtypes have either never been
studied in the Indigenous North American peoples or were stud-
ied before updated classification criteria, health disparities of
other rheumatic diseases have been well-documented in the
Indigenous North American peoples.15–21 The objective of this
study was to determine the prevalence of vasculitis in the AN/AI
peoples of Alaska. Secondary objectives were to report the prev-
alence of the individual types of vasculitis according to the 2012
Chapel Hill Consensus Conference nomenclature1 and to docu-
ment the associated clinical characteristics and treatment

patterns to allow for comparison with other populations and iden-
tification of potential health disparities in the population.

PATIENTS AND METHODS

Ethics approval and consent to participate. This
observational study was approved by the Alaska Area Instituti-
onal Review Board (AAIRB) as expedited research (AAIRB#
2019-03-021) with a waiver of informed consent. In addition to
AAIRB approval, tribal approval and privacy consults were
obtained from the Alaska Native Tribal Health Consortium
(ANTHC), the Southcentral Foundation Board of Directors, and
other participating regional tribal health organizations (THOs) prior
to starting the study. This manuscript was also reviewed and
approved by ANTHC, Southcentral Foundation, and other partic-
ipating THOs before journal submission.

Study population and clinical services. The Alaska
Tribal Health System (ATHS) is a network of regional THOs oper-
ating health and health-related programs under a self-governance
compact agreement with the US Indian Health Service (IHS) that
serves all of the state of Alaska. Within the ATHS, rheumatology
specialty services have been available for more than 35 years
through the Alaska Native Medical Center (ANMC)–the tertiary
care center for AN/AI peoples statewide. It has been standard
practice for providers in the ATHS to refer people with suspected
rheumatic diseases to ANMC or 1 of the 12 regional field clinics,
with telemedicine follow-up when appropriate. Most THOs within
the ATHS have adopted a shared Cerner platform as their elec-
tronic health record (EHR), allowing medical record access across
the ATHS. This study was developed using existing data within
the EHR collected for nonresearch purposes (ie, medical
services).

Case ascertainment. For participating THOs using the
shared Cerner EHR platform, we used queries of the EHR to iden-
tify adults with a potential diagnosis of vasculitis by using Interna-
tional Classification of Diseases, Ninth Revision (ICD-9) codes
related to vasculitis for visits occurring from January 1, 2012, to
September 30, 2015, and ICD-10 codes related to vasculitis for
visits occurring from October 1, 2015, to December 31, 2019.
This study was funded starting in 2019 and the end date of
December 31, 2019, was selected at that time in order to allow
the necessary time for institutional review board and tribal
approvals, data collection and compilation from multiple sources,
and data analysis. These queries excluded individuals who were
not AN/AI, defined as “non-Indian beneficiaries” by the IHS and
individuals who were not aged ≥ 18 years old on December
31, 2019. ICD-9 codes queried included 446.0 (polyarteritis
nodosa [PAN]), 446.2 (hypersensitivity angiitis), 446.4 (GPA),
446.5 (GCA), 446.7 (Takayasu arteritis), and 447.6 (arteritis, non-
specified). ICD-10 codes queried included D69.0 (allergic

SIGNIFICANCE & INNOVATIONS
• This study is the first to report on the prevalence

and manifestations of many types of vasculitis in
the Alaska Native and American Indian peoples.

• The prevalence of antineutrophil cytoplasmic
antibody–associated vasculitis (AAV) in the Alaska
Native and American Indian peoples of Alaska,
especially granulomatosis with polyangiitis, is high
compared with other studied populations. The
prevalence of giant cell arteritis (GCA) is lower than
the global pooled prevalence.

• Alaska Native and American Indian adults with AAV
and GCA may present with more severe clinical fea-
tures and at younger ages than other studied
populations.

• Although prior studies have found high rates of
hepatitis B (HBV)–associated vasculitis, prevalence
is now low, with no individuals with HBV-associated
vasculitis identified during the study period.
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purpura), M31.0 (hypersensitivity angiitis), M30.0 (PAN), M31.3
(GPA), M31.4 (Takayasu arteritis), M31.5 (GCA with polymyalgia
rheumatica), M31.6 (other GCA), M31.7 (MPA), M31.8 (other
specified necrotizing vasculopathies), and M31.9 (necrotizing
vasculopathy, unspecified). For collaborating THOs not using the
shared Cerner platform, we used the same methods for locally
performed EHR queries. All data from queries of the shared Cer-
ner platforms and regional THOs were combined into one data-
base using the REDCap platform22,23 hosted on a secure
ANTHC server for abstraction, review, and deidentification before
data analysis.

The denominator used for the 2019-point prevalence of all
categories and subtypes except GCA was the 2019 ATHS adult
user population (aged ≥ 18 years old) of participating THOs,
which is defined by the IHS as the number of AN/AI individuals
who received medical or dental care within the ATHS at least once
during the previous three fiscal years. The denominator used for
the 2019-point prevalence of GCA was the 2019 ATHS user pop-
ulation aged ≥ 50 years old to reflect reporting used in other stud-
ies3,4,9,24,25 and the classification criteria including6 or
requiring7,26 age ≥ 50 years for classification.

Medical record abstraction. Medical records for all
adults with a potential diagnosis of vasculitis were abstracted
using a standardized data abstraction form in REDCap. Data col-
lected included patient demographics, laboratory findings at diag-
nosis, histopathology, imaging, medications ever used for
treatment, and the clinical manifestations ever attributed to vascu-
litis until December 31, 2019. A research nurse abstractor trained
by the Principal Investigator (EDF) performed the initial abstrac-
tion. This training included an overview of vasculitis subtypes,1

clinical manifestations, classification criteria, and detailed
instructions and examples for each element in the standard
data abstraction form, following a provided data dictionary.
Clinical manifestations abstracted included those found in the
Birmingham Vasculitis Activity Score (BVAS), version 3.27 After
abstraction, two rheumatologists (VRM and EDF) reviewed all
abstracted records for quality assurance to confirm the presence
or absence of diagnosed vasculitis. An additional abstractor
(BAH) reviewed medical records of all adults with a validated diag-
nosis of vasculitis to ensure completeness of the abstracted
demographics, diagnostic testing, medications ever used for
treatment, and clinical characteristics.

Case definitions. The primary case definition for each type
of vasculitis was a confirmed diagnosis by a rheumatologist or a
confirmed diagnosis by a provider that met classification criteria
including documentation excluding potential vasculitis mimics.
Adults with a potential diagnosis of leukocytoclastic vasculitis
(LCV) limited to the skin not diagnosed by a rheumatologist were
included if there was a positive biopsy or a diagnosis from a

dermatologist with supportive clinical findings and exclusion of
alternative diagnoses.28

Statistical analysis. The 2019-point prevalence for vascu-
litis overall, systemic vasculitis overall, and each subtype of sys-
temic vasculitis was calculated by dividing the number of adults
with vasculitis meeting our case definition prevalent on December
31, 2019, by the 2019 adult ATHS user population of participating
THOs (or the user population aged ≥ 50 years for GCA). Preva-
lence was age-adjusted to the 2,000 projected US population.29

The 95% confidence intervals (95% CIs) were calculated using
the method of Clopper and Pearson30 for unadjusted prevalence
and the method of Fay and Kim31 for age-adjusted prevalence.
For vasculitis subtypes present in less than five individuals, the
unadjusted prevalence was censored and clinical characteristics
were not reported to protect confidentiality, per our agreement
with the institutional review board and reviewing THOs. Differ-
ences between characteristics of people with GPA or MPA were
assessed using two-tailed t-tests and Fisher’s exact tests for con-
tinuous and categorical variables, respectively. P values ≤ 0.05
were considered statistically significant. Missing values for labora-
tory or pathology results were excluded from the analyses and
noted in the tables when not available. Statistical analyses were
performed using R 4.2.3.32

RESULTS

The flow chart for the inclusion of adults with potential vascu-
litis is presented in Figure 1. The 2019 ATHS user population aged
≥ 18 years of participating THOs was 93,720. Of the 152 adults
with potential vasculitis diagnosis identified from the electronic
medical record using ICD-9 and ICD-10 codes, 74 were validated
to have vasculitis. All 74 adults with validated diagnosis of vascu-
litis were included in reporting clinical characteristics, whereas
only the 63 alive on December 31, 2019, were included in the
2019-point prevalence. Subtypes with less than five adults were
grouped to protect confidentiality. There were no individuals with
a diagnosis of PAN, HBV-associated vasculitis, or hepatitis
C–associated vasculitis identified during the study period.

The 2019-point prevalence of vasculitis in AN/AI adults by
major category and individual subtype is presented in Table 1.
The age-adjusted prevalence per 1,000,000 adults was
752 (95% CI 581–959) for all vasculitis, 518 (95% CI 379–695)
for primary systemic vasculitis, 189 (95% CI 112–303) for LCV
limited to the skin, and 44 (95% CI 14–112) for drug-associated
vasculitis. The age-adjusted prevalence of primary systemic vas-
culitis subtypes per 1,000,000 adults was 340 (95% CI 230–
488) for AAV, 11 (95% CI 0–62) for Takayasu arteritis, 49 (95%
CI 18–116) for Henoch-Schönlein purpura, 10 (95% CI 0–59) for
vasculitis associated with systemic disease, and 28 (95% CI 12–
56) per 100,000 aged ≥ 50 years for GCA. The age-adjusted
prevalence per 1,000,000 adults of each AAV subtype was
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244 (95% CI 148–380) for GPA, 86 (95% CI 37–172) for MPA,
and 11 (95% CI 0–62) for eosinophilic granulomatosis with poly-
angiitis (EGPA).

The demographics, treatment patterns, and laboratory find-
ings at diagnosis for people with AAV subtypes are summarized
in Table 2, excluding EGPA to protect confidentiality because
the sample size for this subtype was less than five. The mean
age of diagnosis was 52.2 years for GPA (SD 15.8) and 59.7 years

for MPA (SD 18.5). Approximately 57% of people with AAV
(excluding EGPA) were female sex, with no significant difference
between GPA and MPA. All people with AAV were treated with
systemic corticosteroids at some point in their disease course.
After corticosteroids, the most commonly prescribed treatments
were rituximab (72% of GPA and 40% of MPA) and cyclophos-
phamide (52% of GPA and 70% of MPA). Markers of inflammation
were high at the time of diagnosis for both GPA and MPA,

Figure 1. Flowchart for the inclusion of adults with vasculitis in the 2019 prevalence calculation. Adults with a potential diagnosis of vasculitis
were identified based on International Classification of Disease codes or recorded diagnoses. Medical records were abstracted and validated by
the authors to confirm fulfillment of the case definition. Subtypes with <5 adults were grouped to protect confidentiality. ANCA, antineutrophil cyto-
plasmic antibody.

Table 1. Unadjusted and age-adjusted 2019-point prevalence of vasculitis in Alaska Native and American Indian adults*

Category 2019 prevalent, n 2019 unadjusted (95% CI) 2019 age-adjusted (95% CI)

All vasculitis 63 672 (517–860) 752 (581–959)
Primary systemic vasculitis 43 459 (332–618) 518 (379–695)
All AAV 28 299 (199–432) 340 (230–488)
GPA 20 213 (130–330) 244 (148–380)
MPA 7 75 (30–154) 86 (37–172)
EGPA <5 — 11 (0–62)

Giant cell arteritisa 8 25 (11–49) 28 (12–56)
Takayasu arteritis <5 — 11 (0–62)
Henoch-Schönlein purpura 5 53 (17–125) 49 (18–116)
Vasculitis associated with systemic disease <5 — 10 (0–59)

LCV limited to the skin 16 171 (98–277) 189 (112–303)
Drug-associated vasculitis <5 — 44 (14–112)

* Per 1,000,000 adults aged ≥ 18 years old, unless otherwise specified. 95% CI, 95% confidence interval; AAV, ANCA-associated vasculitis; EGPA,
eosinophilic granulomatosis with polyangiitis; GPA, granulomatosis with polyangiitis; LCV, leukocytoclastic vasculitis; MPA, microscopic
polyangiitis.
a Per 100,000 adults aged ≥ 50 years old. The subtypes of primary systemic vasculitis were AAV, giant cell arteritis, Takayasu arteritis, Henoch-
Schönlein purpura, and vasculitis associated with systemic disease. For subtypes with <5 individuals, the number is reported as <5 and unad-
justed prevalence is not reported to protect confidentiality.
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including high mean erythrocyte sedimentation rate (ESR) (mm/hr)
(72.6 [SD 33.3] and 81.9 [SD 32.0], respectively) and high mean
C-reactive protein (CRP) (mg/dL) (6.81 [SD 6.57] and 11.79
[SD 8.54], respectively). Renal involvement was significant in both
GPA and MPA, including abnormal urinalysis (78% and 89%,
respectively), high mean serum creatinine (mg/dL) (3.0 [SD 3.6]
and 3.2 [SD 2.0], respectively), and a serum creatinine ≥ 1.41
mg/dL in 52% of people with GPA and 90% in people with MPA.
Although MPA showed higher ESR, CRP, and creatinine than
GPA, the differences were not statistically significant. The majority
of people with GPA were proteinase3 (PR3)-ANCA positive (72%)
and/or cytoplasmic-ANCA positive (56%), and the majority of
people with MPA were myeloperoxidase-ANCA positive (90%)
and/or perinuclear-ANCA positive (70%). Approximately 88% of
people with GPA and MPA underwent any biopsy, and 93% of
those who underwent a biopsy had positive results.

The prevalent clinical manifestations of people with GPA (n =
25) and MPA (n = 10) by BVAS categories are presented in
Table 3. The most common systems affected in GPA were ear,
nose, and throat (ENT) (80%), renal (80%), respiratory (72%),

and general (72%). The most common ENT manifestations in
GPA were bloody nasal discharge, crusting, or granuloma
(52%), paranasal sinus involvement (40%), conductive and/or
sensorineural hearing loss (32%), and subglottic stenosis (12%).
Although not included in the BVAS, 16% of people with GPA
had saddle nose deformity documented. The most common sys-
tems affected in MPA were renal (90%), respiratory (50%),
and general (50%). Nervous system manifestations for GPA
and MPA were less common (32% and 40%, respectively),
including cranial nerve palsies (14.3%), sensory neuropathy
(14.3%), and headache (14.3%). Less common manifestations
included mononeuritis multiplex and stroke.

The demographics, treatment patterns, clinical manifesta-
tions, and diagnostic findings of people with GCA (n = 9) are pre-
sented in Table 4. The mean age at diagnosis was 69.6 years
(SD 9.2) and 67% were female. All people with GCA were treated
with corticosteroids and 44% were also treated with tocilizumab.
The most common clinical manifestations were temporal head-
ache (100%), myalgia and/or arthralgia (100%), blurred vision
and/or sudden vision loss (44%), and jaw pain and/or claudication

Table 2. Demographics, treatment patterns, and laboratory findings at diagnosis of Alaska Native and American Indian adults with ANCA-asso-
ciated vasculitis*

Characteristic
GPA MPA P value

(n = 25) (n = 10) (two-tailed)

Age at diagnosis, mean (SD), y 52.2 (15.8) 59.7 (18.5) 0.235
Female sex 14 (56) 6 (60) 1.00
Corticosteroids ever 25 (100) 10 (100) 1.00
Rituximab ever 18 (72) 4 (40) 0.123
Cyclophosphamide ever 13 (52) 7 (70) 0.458
Methotrexate ever 8 (32) 2 (20) 0.686
Azathioprine ever 5 (20) 2 (20) 1.00
ESR (mm/hr), mean (SD)a 72.6 (33.3) 81.9 (32.0) 0.506
CRP (mg/dL), mean (SD)a 6.81 (6.57) 11.79 (8.54) 0.095
Creatinine (mg/dL), mean (SD) 3.0 (3.6) 3.2 (2.0) 0.870
Creatinine ≥ 1.41 mg/dL 13 (52) 9 (90) 0.055

Abnormal urinalysisa 18/23 (78) 8/9 (89) 0.648
Sediment 13/23 (57) 7/9 (78) 0.422
Proteinuria >1+ 14/23 (61) 8/9 (89) 0.210
RBCs ≥ 3/hpf 17/23 (74) 7/9 (78) 1.00

Leukocytosis (WBCs > 11,000/mm3) 11 (44) 5 (50) 1.00
ANCA positive 24 (96) 10 (100) 1.00
p-ANCA (IF) 3 (12) 7 (70) <0.01
MPO-ANCA (ELISA) 5 (20) 9 (90) <0.01
c-ANCA (IF) 14 (56) 0 (0) <0.01
PR3-ANCA (ELISA) 18 (72) 0 (0) <0.01

Patients biopsieda 21/24 (88) 8/9 (89) 1.00
Kidney 11/21 (52) 7/8 (88) 0.110
ENT or pulmonary 8/21 (38) 0/9 (0) 0.067
Other/undetermined organ 2/21 (10) 1/8 (13) 1.00

Biopsies consistent with vasculitis, when performed 19/21 (91) 8/8 (100) 1.00

* Values are the number (%) unless indicated otherwise. Significant differences (P < 0.05) are bolded. ANCA, antineutrophil cytoplasmic anti-
body; c-ANCA, cytoplasmic-ANCA; CRP, C-reactive protein; ELISA, enzyme-linked immunosorbent assay; ENT, ear, nose, and throat; ESR, eryth-
rocyte sedimentation rate; GPA, granulomatosis with polyangiitis; hpf, high-powered field; IF, immunofluorescence; MPA, microscopic
polyangiitis; MPO-ANCA, myeloperoxidase-ANCA; p-ANCA, perinuclear-ANCA; PR3-ANCA, proteinase-3-ANCA; RBC, red blood cell; WBC, white
blood cell.
a Results not available in electronic health records were excluded from the data, including findings for five ESRs, one CRP, two urinalyses, and
one biopsy for GPA; and findings for two ESRs, two CRPs, one urinalysis, and one biopsy for MPA.
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(44%). Approximately 89% had temporal artery biopsies per-
formed, compared with only 22% who had vascular imaging
performed. Biopsies and imaging were each positive in 50% of
people who had them performed. The mean ESR was high at
diagnosis at 77.3 mm/hr (SD 36.4). CRP was not performed as
often as ESR (67% vs 89%, respectively), but the mean was also
high at 2.89 mg/dL (SD 3.11).

DISCUSSION

The 2019 age-adjusted prevalence of all forms of vasculitis in
Alaska Native and American Indian adults was 752 per 1,000,000
(95% CI 581–959). Primary systemic vasculitis was the most
common category (consisting mostly of AAV and GCA), followed
by LCV limited to the skin. The prevalence of HBV-associated
vasculitis and PAN in the AN/AI peoples is very low, with no indi-
viduals with these diagnoses identified during the study period.
AN/AI peoples with GPA and MPA were often diagnosed at

relatively young ages, had manifestations of significant disease
activity (high mean ESR, CRP, and creatinine), and had significant
renal involvement (80% and 90% had BVAS renal manifestations).
Similarly, AN/AI peoples with GCA were often diagnosed at rela-
tively young ages, had signs of significant disease activity (high
mean ESR and CRP), and had significant clinical manifestations
(100% had headache, 44% had jaw pain/claudication, and 44%
had blurred or loss of vision). Only 50% of people with GCA who
had a temporal artery biopsy performed had positive results.

The age-adjusted prevalence of AAV per 1,000,000 AN/AI
adults of 340 (95% CI 230–488) is significantly higher than the
global pooled prevalence of 198 (95% CI 187–210),11 although
this global estimate included a few studies that defined adults
as aged ≥ 16 years. The age-adjusted prevalence of AAV in
AN/AI adults is the second highest in the world after the age-
and sex-adjusted prevalence in Olmsted County10 of 421 (95%
CI 296–546), although the difference is not statistically signifi-
cant. We report the highest estimated prevalence of GPA in the
world in AN/AI adults at 244 (95% CI 148–380), although the dif-
ference from the prevalence in Olmsted County of 218 (95% CI
129–308) is not statistically significant. In addition, AN/AI peo-
ples with AAV may present at younger ages and with more
severe clinical features than other studied populations. Com-
pared with the mean values at diagnosis reported in Olmsted
County,10 AN/AI peoples with GPA were 3.9 years younger,
had an ESR 2.3 times higher, a CRP 1.9 times higher, and a
serum creatinine 1.8 times higher. Similarly, AN/AI peoples with
MPA were 8.0 years younger and had an ESR 1.4 times higher,
a CRP 2.4 times higher, and a serum creatinine 1.3 times higher
than in Olmsted County.10 Given the small sample sizes in both
studies, it is important to note that differences may be due to
chance.

The age-adjusted prevalence estimate of GCA in the AN/AI
peoples was 28 (95% CI 12–56) per 100,000 aged ≥ 50 years
and was lower than the global pooled prevalence of 51.74 (95%
CI 42.04–61.43),4 although the difference is not statistically signif-
icant. Of note, approximately 45% of the weight of this global esti-
mate comes from studies of majority White populations of

Table 3. Clinical characteristics of adults with ANCA-associated vasculitis *

System involvement, at least one symptom GPA (n = 25) MPA (n = 10) P value (two-tailed)

General 18 (72) 5 (50) 0.258
Cutaneous 3 (12) 1 (10) 1.00
Mucous membranes/eyes 8 (32) 1 (10) 0.235
Ear, nose, and throat 20 (80) 4 (40) 0.041
Respiratory 18 (72) 5 (50) 0.258
Cardiovascular 1 (4) 1 (10) 0.496
Abdominal 0 (0) 0 (0) 1.00
Renal 20 (80) 9 (90) 0.649
Nervous system 8 (32) 4 (40) 0.706

* Values are the number (%) of patients with at least onemanifestation ever attributed to vasculitis within each cat-
egory defined by Birmingham Vasculitis Activity Score. Specific symptoms within categories are not presented to
protect confidentiality because of small sample sizes (n < 5). Significant differences (P < 0.05) are bolded. ANCA, anti-
neutrophil cytoplasmic antibody; GPA, granulomatosis with polyangiitis; MPA, microscopic polyangiitis.

Table 4. Clinical characteristics of Alaska Native and American
Indian peoples with GCA*

Characteristic Findings (n = 9)

Age at diagnosis, mean (SD), y 69.6 (9.2)
Female sex 6 (67)
Corticosteroids only 5 (56)
Tocilizumab only 0 (0)
Prednisone and tocilizumab 4 (44)
Temporal headache 9 (100)
Myalgia and/or arthralgia 9 (100)
Blurred vision and/or sudden vision loss 4 (44)
Jaw pain and/or claudication 4 (44)
Tender, palpable, or swollen temporal artery 2 (22)
Temporal artery biopsied 8 (89)
Biopsy positive, when performed 4/8 (50)
ESR (mm/hr), mean (SD)a 77.3 (36.4)
CRP (mg/dL), mean (SD)a 2.89 (3.11)
Leukocyte count (1,000/mm3), mean (SD)a 7.67 (2.42)

* Values are the number (%) unless otherwise specified. CRP,
C-reactive protein; ESR, erythrocyte sedimentation rate; GCA, giant
cell arteritis.
a Data were not available for all patient procedures including one
ESR, three CRPs, and one leukocyte count.
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European and/or Scandinavian descent, which have been shown
to have the highest prevalence in the world. Although prevalence
in our study is lower than in the majority of White populations, it
is higher than studies of different racial and ethnic populations
included in the global estimate, including 7 (95% CI 5.71–8.29)
in Tunisia,24 1.47 (95% CI 1.27–1.67) in Japan,4 and 12.2 (95%
CI 7.95–16.45) in Spain.33 Although prior studies of GCA in AN/
AI peoples in Alaska reported very low incidence,4 our study
seems to indicate that it is more common than previously
reported. This may be partially attributed to the use of more sensi-
tive updated criteria that do not require a positive temporal artery
biopsy for diagnosis.8 For our study specifically, only 44% of the
adults confirmed to have GCA had positive biopsies that would
have met the inclusion criteria of the 1983 to 2003 study.5 AN/AI
peoples with GCA were on average 6.7 years younger at diagno-
sis than people diagnosed in Olmsted County.34 AN/AI
peoples with GCA appeared to present with more severe clinical
characteristics than in Olmsted County,34 including headache
(100% vs 73%), blurred vision (33% vs 18%), and transient vision
loss (11% vs 5%), with other findings being comparable. Notably,
we identified few cases (n = 9) and as such, these differences in
clinical characteristics may be due to chance.

The reasons for disparities in the development and severity of
vasculitis in the AN/AI peoples compared with other populations
are likely multifaceted. An environmental and genetic component
may explain some of our findings including high prevalence of
AAV, low prevalence of GCA, a higher ratio of GPA to MPA prev-
alence (�3:1) compared with Olmsted County (�1.2:1), and
younger ages of diagnosis for AAV and GCA. The younger ages
of diagnosis seen in this study may be partially explained by the
young age-distribution of the AN/AI population35 compared with
the overall US population. Growing evidence has implicated social
determinants of health more in health disparities than genetic
factors,36 and future research into disparities in severity of disease
should consider these factors. Although delays in diagnosis are
possible given Alaska’s vast geography, they are unlikely to fully
explain these disparities given the increased prevalence and the
availability of rheumatology coverage within the ATHS.

This study has some limitations. First, data collection was
limited to what was documented in the EHR. In any study using
existing data from medical records, there is a risk of incomplete
data capture and underestimation of the prevalence or the fre-
quency of specific clinical characteristics. This would be more
likely for people diagnosed before the adoption of the shared
EHR platform beginning in 2011. Secondly, because of the small
sample sizes, the precision of our estimates and ability to estab-
lish significant differences is limited. This limitation is inherent in
studies of rare diseases and in small populations, especially Indig-
enous North American populations, and should not preclude
studies of these diseases or populations. Third, only AN/AI peo-
ples who were seen within the ATHS from January 1, 2012, to
December 31, 2019, were included in this study. If any AN/AI

peoples did not receive any ATHS-provided medical services
during the study period (ie, received care entirely outside of the
ATHS), they would not be identified as having vasculitis. This risk
was mitigated by restricting the denominator to individuals
receiving medical care through the ATHS (referred to as “user
population”). The ATHS is the sole provider of IHS services in a
state geographically separated from the continental
United States, and recent data from the Alaska Area IHS and
State of Alaska show that approximately 94% of all AN/AI indi-
viduals in Alaska are included in the “user population.”35,37

Lastly, this study reports on the aggregate data from AN/AI peo-
ples in Alaska and may not be generalizable to all Indigenous
populations.

To our knowledge, this study is the first to report the preva-
lence of many subtypes of vasculitis in a population of Indigenous
North American peoples and one of the first studies in any popu-
lation to report the prevalence of vasculitis as a whole, by major
categories, and individual subtypes. In addition, this is the first
study to document the clinical manifestations, laboratory data,
treatment patterns, and diagnostic findings of AN/AI peoples
with GCA and AAV to allow for comparison with other popula-
tions studied using similar methodologies. Our data suggest
that the prevalence of AAV in the AN/AI peoples of Alaska is
higher than most populations and similar to Olmsted County,
which previously reported the highest prevalence in the world.
GCA appears to be more common in the AN/AI peoples than
previously thought, with higher prevalence than many racial
and ethnic populations, but lower prevalence than White popu-
lations. The AN/AI peoples may present at younger ages and
with more severe clinical features in AAV and GCA, which is con-
sistent with disparities found in other rheumatic diseases,18–20

but sample sizes are small. While this study will help clinicians
within the ATHS to practice more informed care of AN/AI peo-
ples with vasculitis, more research is needed to identify and
address reasons for health disparities, risk and protective fac-
tors for developing vasculitis, and clinically relevant differences
in clinical manifestations. The findings of this study suggest that
studies of vasculitis in other Indigenous populations are
warranted.
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Patient Perceptions of Medication Therapy for Prevention
of Posttraumatic Osteoarthritis Following Anterior Cruciate
Ligament Injury: A Qualitative Content Analysis

Lily M. Waddell,1 Donald P. Mitchener,1 Kelly C. Frier,1 Morgan H. Jones,2 Elena Losina,2

Nick Bansback,3 Liana Fraenkel,4 Jason S. Kim,5 Jeffrey N. Katz,2 Faith Selzer,2 and Adam Easterbrook3

Objective. Posttraumatic osteoarthritis (PTOA) accounts for nearly 12% of osteoarthritis incidences and often
occurs after anterior cruciate ligament (ACL) tear. Ensuring the uptake of preventive treatments for PTOA requires that
investigators and clinicians understand factors influencing patients to seek preventive therapies. This qualitative,
descriptive study aimed to assess individuals’willingness to adopt a medication therapy for PTOA prevention following
ACL injury.

Methods. We enrolled participants who had an ACL tear within two years of enrollment. Study individuals partici-
pated in a semistructured interview or focus group. We reviewed audio transcriptions for accuracy, and then organized
the data inductively, beginning with open coding of audio transcriptions using NVivo 12. Finally, using a qualitative con-
tent analysis approach, we identified, revised, and constructed themes and subthemes.

Results. Twenty-five individuals (mean age 25 years, 60% women) participated. Participants were an average of
10 months after injury (mean 310 days, 95% confidence interval [CI] 249–371) and reported a mean Knee Injury and
Osteoarthritis Outcome Score pain score of 80.3 (95% CI 74.5–86.2). We identified three main themes related to gen-
eral treatment for PTOA (eg, unwanted side effects), medication treatment for PTOA (eg, concern about pill size and
dose frequency), and clinical trial attributes (eg, time commitment).

Conclusion. Although participants expressed great interest in trying medication therapy for PTOA prevention,
there was variability in which components of treatment mattered to them. Our results stress the importance of using
qualitative approaches such as this one to inform the design of trials and treatments that real-world patients will pursue
with enthusiasm.

INTRODUCTION

Osteoarthritis (OA) is a common, disabling condition that

affects more than 12% of adults in the United States.1 Posttrau-

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

occurs disproportionately in younger individuals.2–4 PTOA occurs

as a result of trauma, such as anterior cruciate ligament (ACL) rup-

ture and subsequent surgery. Patients who experience traumatic

knee injury have a three- to four-fold higher risk of developing

OA compared to their uninjured peers.5 Sustaining ACL injury

early in adulthood is associated with increased utilization of total

knee replacement, especially if the injury is accompanied by

meniscal tear.4 Approximately 50% of persons who undergo

ACL reconstruction (ACLR) develop PTOA within 10 to 15 years

of surgery.6–8 Given its onset in early to middle adulthood, PTOA

often compromises productivity and quality of life.
The earlier age at onset of PTOA compared to idiopathic OA

emphasizes the need to develop treatments that prevent or delay

its development following injury. Interventions that reduce the risk

of PTOA could include oral and/or intraarticular medications,

rehabilitation strategies, and exercise programs.9 Metformin, a

common drug used to treat type II diabetes, has been identified
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as a potential medication therapy to prevent early PTOA. This pro-

tection against PTOA may be attributed to its anti-inflammatory

effects and role in chondrocyte metabolism, homeostasis, and

autophagy.10–18 Previous studies in animal models indicate that

metformin effectively mitigates trauma-induced OA symptoms,

including synovitis and cartilage degradation.10,11,13,15,19–21 Clini-

cal studies have shown decreased pain and inflammation in indi-

viduals with knee OA who were treated with metformin.22–24

This qualitative study sought to inform the development of a mul-

ticenter randomized controlled trial evaluating the efficacy of met-

formin in delaying the onset of PTOA in individuals undergoing

ACLR (the Preventing Injured Knees from Osteoarthritis: Severity

Outcomes Trial).
Before designing trials of interventions to prevent or delay

PTOA in persons who have sustained knee injury, researchers
should assess whether individuals who would be eligible for the
trial are willing to engage with and adhere to the intervention.
Assessing the potential uptake of the intervention will inform the
success of trial enrollment and adherence to trial protocols. Previ-
ous studies of participant preferences for the treatment of OA
have focused on older populations. For example, Fraenkel et al
administered a conjoint analysis survey to 304 participants
(median age 57 years, recruited regardless of OA diagnosis status
or level of knee pain) to estimate preferences for treatment based
on risks and benefits, route of administration, and cost.25 They
determined that 59% of participants might be willing to accept a
moderate degree of risk to prevent worsening of OA.25 However,
studies targeting PTOA prevention would involve younger per-
sons who do not have OA, for whom the trade-offs between risk
and treatment efficacy are not well understood.

A growing body of qualitative research examines the biopsy-
chosocial impacts of ACL injury, including the factors influencing
recovery. However, previous qualitative research on ACL injury
has generally focused on return to sport and the potential for rein-
jury. There has been limited research on patient perceptions of

longer-term risk of PTOA following ACL injury, and attendant
compromise in quality of life. One qualitative study assessed per-
ceptions around physical activity and PTOA in Canadian young
adults with an intra-articular knee injury sustained 3 to 10 years
before.26 It found that many individuals accepted future PTOA
as inevitable and felt they lacked control over preventing it.26 Our
study builds on these previous findings by investigating patient
perceptions of PTOA risk and their willingness to adopt preventive
treatments, including the willingness to participate in a hypotheti-
cal clinical trial of medication therapy to prevent PTOA.

PATIENTS AND METHODS

Participant recruitment. This study was approved by
both the Mass General Brigham (MGB) institutional review board
(IRB) and the University of British Columbia’s (UBC) behavioral
research ethics board (MGB IRB no. 2022P003225; UBC BREB
no. H22-03720). Participants were recruited via purposive sam-
pling from orthopedic practices at MGB, an academic medical
center and tertiary referral center. Individuals were aged 18 to
35 years, English-speaking, and had an ACL tear documented
on magnetic resonance imaging (MRI) within two years of enroll-
ment. We excluded individuals with a history of ACL injury on
either knee before two years before enrollment (to avoid recruit-
ment of patients who may already have signs or symptoms of
PTOA) or moderate to severe radiographic OA (Kellgren-Law-
rence grade27 3 or 4) and individuals who were unable to provide
informed consent.

Data collection. Participants completed either a semi-
structured individual interview or small focus group (up to three
participants) based on their preference for group versus individual
interviewing, as well as scheduling availability. All interviews and
focus groups were conducted virtually, using Zoom (Zoom Video
Communications, Inc). The MGB IRB considered logging onto
the Zoom meeting as implied consent to participate in this
minimal-risk study. To increase comfort and safety, all focus
groups except for one were composed of people with the same
self-reported gender identity. Interviews lasted approximately
45 minutes, and focus groups ranged between 60 and
90 minutes. Interviews were moderated jointly by an experienced
qualitative researcher and sociologist (AE), and one research
assistant (LMW or KCF). We conducted one pilot interview with
a 30-year-old White male relative of a study coinvestigator (with
a history of ACL tear eight months before the pilot interview but
no other knowledge of the research topic) to refine the flow and
ensure the comprehensibility of the interview guide. This pilot
interview was not included in the analysis. We conducted inter-
views and focus groups between March and July 2023 and
stopped when saturation was met (ie, when additional interviews
and focus groups stopped yielding new ideas or experiences).

SIGNIFICANCE & INNOVATIONS
• We help address the relative paucity of research

exploring patient perceptions of their long-term
future following anterior cruciate ligament injury,
surgery, and recovery, including the elevated risk
of p22–24osttraumatic osteoarthritis (PTOA).

• Compared to previous studies, we focus on younger
individuals given that preventive measures should
occur earlier and there is a gap in our understand-
ing of the trade-offs between risk and treatment
efficacy for younger people.

• To our knowledge, the present study is the first to
examine patient preferences for interventions to
prevent PTOA, with the goal of informing future clin-
ical trials and clinical care for patients at risk of
developing PTOA.
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The semistructured interview guide is provided as supplementary
material.

Data elements. All participants completed a brief ques-
tionnaire before or after their interview. Questions asked about
participants’ date of injury and ACLR, current level of pain and
physical activity, health care utilization (use of medications, physi-
cal therapy, and regular visits with a primary care provider), and
anthropomorphic and sociodemographic factors (height, weight,
age, biologic sex, gender identity, race, ethnicity, and educational
attainment). With the exception of height, weight, and age, partic-
ipants selected their responses to these questions from a fixed
set of categories.

Data analysis. We used an inductive qualitative content
analysis approach guided by the process of analysis described
by Hsieh and Shannon28 and outlined by Elo and Kyngäs.29 This
process divides the analysis into three distinct phases: prepara-
tion, organization, and reporting. In the preparation phase,
research assistants (LMW, DPM, and KCF) downloaded audio
transcriptions of the interviews and focus groups from Zoom
and reviewed transcriptions for accuracy. We then organized the
transcriptions using an inductive approach, beginning with open
coding using NVivo 12 (QSR International).29 After identifying

initial codes, we identified, revised, and ultimately constructed
broad themes and more specific subthemes. The development
of themes incorporated a priori questions and topics addressed
in the interview guide, as well as novel ideas and patterns intro-
duced by the interview participants. Finally, in the reporting phase,
we reviewed the codes again for content and classified them into
binary, categorical, or ordinal groups depending on the sub-
theme. We assigned perception of risk to participants based on
their coded responses to questions regarding their level of con-
cern about developing PTOA (Table 1). We followed the 32-item
Consolidated criteria for reporting qualitative research checklist
in reporting our research, and the completed checklist can be
found30 in Supplementary Table 1.

RESULTS

Figure 1 presents participant flow throughout the study. In
total, 195 individuals were prescreened, 130 were identified as eli-
gible, and ultimately 25 individuals participated (mean age
25 years, 15 [60%] female) across four focus groups and 15 indi-
vidual interviews. The number of participants who chose focus
groups versus individual interviews was similar across sexes and
age groups. On average, focus groups and interviews occurred
10 months after individuals’ ACL injury (mean 310 days, 95%

Table 1. Perception of risk assignments and related codes*

Participant Code
Assigned

perception of risk

5 I think my risk of developing knee OA in the next 10 years is low or no more than average for my age group. Low
9 For my surgery, I went with the option that would reduce my risk of OA later in life. Low
13 I’m hopeful that my OA risk is lower because (1) I already feel better than I had been and (2) they didn’t have to

do a graft for my surgery, which should lessen the risk of complications.
Low

108 Because I work in the mental health field and I’ve been an athlete for most of my life, I’m not worried about my
higher risk for developing OA.

Low

142 While I don’t have the exact percentage, I think my risk for developing OA in the next 10 years is low. Low
21 My surgeon told me I might develop OA, and I’ve been thinking about it since. Medium
27 My injury makes me aware that OA is a real possibility, and I’m grateful I can prepare for it now. Medium
28 I think my risk of developing knee OA in my lifetime is average. Medium
70 I think my risk of developing knee OA in my lifetime is average. Medium
113 With aging, I expect to have some degenerative changes, but with an active lifestyle, I think I can lower my risk. Medium
140 Part of me feels that I won’t get OA, but the other part of me feels I will. Medium
166 I don’t think I really have control over my risk for OA, so I want to keep doing what I’ve been doing. Medium
168 I’ve been doing 12-hour shifts as an EMT since surgery and I haven’t noticed much pain, so I don’t think my risk

is as bad as I initially thought.
Medium

171 I feel more at ease knowing that my calculated OA risk is 14% rather than the 60% I had initially predicted. Medium
177 I don’t know. I’m just trying to think of my parents and grandparents, maybe fifties? (In response to the

following question: When do you think you’ll start developing symptoms of OA?)
Medium

8 I think that during a person’s lifetime, the average risk for OA is 35% and mine is 70%, because of my injury. High
30 I know that I am at higher risk for OA than the average person, but I’m not entirely sure what my risk is. High
34 I’m expecting to develop OA in the next 15 years. High
54 My injury, recovery, and knowing that I’m at higher risk for OA—it all sucks. High
74 I’ve come to terms with my higher-than-average risk of OA. High
87 After learning about my increased OA risk, it would probably help if I lost weight. High
102 I’m always thinking about my risk of OA because I know ACL tears can cause it. High
110 I think my risk for OA is higher than average because I can already feel some pain after exercising. High
149 I think my risk of developing OA in my injured knee in the next 10 years is high. High
174 I’m fairly sure I’ll be getting OA in the next 10–15 years. High

* ACL, anterior cruciate ligament; EMT, emergency medical technician; OA, osteoarthritis.
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confidence interval [CI] 249–371), at which point participants
reported a mean Knee Injury and Osteoarthritis Outcome Score
pain score of 80.3 (95% CI 74.5–86.2, from a scale of 0–100;
100 is best). Table 2 presents a summary of participant
demographics.

We identified three main themes from the interviews and
focus groups: general treatment to prevent PTOA, clinical trial
attributes, and medication (pill) treatment for PTOA. Within these
broad themes, we identified 16 subthemes reflecting discrete
characteristics of a treatment or trial that participants felt would
influence their willingness to try the treatment or take part in the
clinical trial. For each subtheme, we categorized participant
codes into binary (more likely to participate vs less likely to partic-
ipate), ordinal (small, medium, large), or categorical (headache vs
nausea vs mood swings) response options. Illustrative quotes for

each theme and corresponding subthemes are provided in
Tables 3, 4, and 5. Supplementary Table 2 presents an explor-
atory tabulation of these themes, subthemes, and response
options, stratified by age, gender identity, and perception of risk,
to attempt to identify whether these factors may mediate patient
choices about treatments and trials.

Theme 1: general treatment to prevent PTOA.
Participants discussed the benefits and detriments of pursuing
general treatments that might prevent PTOA, assuming that pre-
ventive treatments currently existed. Within the benefits sub-
theme, participants discussed the amount of reduction in the
risk of developing PTOA they would expect in order to try a treat-
ment. For detriments to engaging in a treatment, participants
mentioned financial burden and perceived risk of side effects.

Figure 1. Participant flow diagram. ACL, anterior cruciate ligament; KL, Kellgren-Lawrence; MRI, magnetic resonance imaging; OA, osteoarthritis.
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Table 3 presents illustrative quotes for each subtheme and
response option under theme 1.

Perceived benefit of a preventive treatment for PTOA.
Eighteen of 25 participants (72%) discussed the level of benefit
they would expect in order to choose to receive a treatment. We
sorted these into expecting either small, medium, or large benefit.

Six participants (33%) expressed that they would be willing to
accept a “small” benefit. These participants described a desire
to secure themselves any amount of pain- and impairment-free
movement they could. Eight participants (44%) discussed
expecting a “medium” benefit. These participants typically dis-
cussed wanting to return to a level of risk comparable to their non-
injured peers. Four participants (22%) expressed wanting a
“large” benefit. For these individuals, they desired an almost
absolute elimination of PTOA risk, expressing that they would be
unwilling to settle for anything less than treatment that almost
guaranteed PTOA prevention. Of the participants who discussed
treatment benefits, 83% of individuals aged 18 to 29 years
required a medium or large benefit to consider adopting a preven-
tive treatment, compared to only 33% of those aged 30 years or
older.

Out-of-pocket treatment cost. Out-of-pocket costs were
one of the most important factors influencing whether to try a
treatment. The treatments presented were hypothetical and treat-
ment efficacy was not quantified, such that participants often
struggled to name a specific dollar amount. Only 8 of 25 partici-
pants (32%) were able to pinpoint a price range for preventive
PTOA treatment. Of those who did, they were grouped into those
willing to pay less than $50 per month for treatment (two

Table 2. Demographic characteristics of interview and focus group
participants*

Variable Value

Age at time of interview, mean (SD) 25.5 (4.1)
Gender identity, n (%)
Woman 15 (60)
Man 10 (40)

Race, n (%)
White 18 (72)
Asian American 2 (8)
Multiracial 2 (8)
Prefer not to state 2 (8)
Black or African American 1 (4)

Ethnicity, n (%)
Not Hispanic or Latino 21 (84)
Hispanic or Latino 4 (16)

Days since injury, mean (SD) 310 (141)
KOOS pain, mean (SD) (0–100, 100 = best) 80.3 (14.1)

* KOOS, Knee Injury and Osteoarthritis Outcome Score.

Table 3. Illustrative quotes under theme one: general treatment to prevent posttraumatic osteoarthritis*

Subtheme and response option Illustrative quote

Benefits
Small benefit Even if it was just a year [delay], I’d be like, ‘Okay, that’s a whole other year that I can do

things I love after being injured.’ It’s like, ‘Oh, I would kill for a year to play soccer.’
(Participant 149)

Medium benefit I would want to see a reduction to something that’s pretty close to what your average
person experiences. (Participant 30)

Large benefit Yeah. Personally, I would say far, far below 25%. (Participant 34)
LMW: Okay, you want to be at 0%?
Yeah, yeah, definitely. (Participant 34)

Cost
<$50 per month If it was something I had to take monthly, I would probably be annoyed if it was anything

more than 30 to 40 dollars. (Participant 171)
$50–150 per month I would pay up to $50 to $80 a month for it. (Participant 140)
>$150 per month It’s so hard to say, but I would spend probably 500 bucks a month if you could tell me I

would not have knee arthritis…That would be worth it to me to sacrifice in other aspects
of life. (Participant 27)

Side effects or perceived risks
GI (nausea, diarrhea, constipation) The big one that I don’t particularly enjoy is constipation. (Participant 142)
Increased pain or stiffness I wouldn’t wanna give up any mobility in the knee so maybe if it causes stiffness or

something. (Participant 113)
Headache When I have a headache, I just don’t feel like doing anything and having a few weeks from

not doing anything would be really bad. So, yeah. (Participant 8)
Mental status, mood, energy, or sleep I mean, I don’t know if it was affecting my appetite…or just mental state, or like, if I felt

lethargic, maybe, or just changes, in my normal bodily function or feeling, I guess that
would be kind of concerning to me. (Participant 13)

Metabolism, cancer, other organ systems I guess any systemic symptom I wouldn’t be okay with. (Participant 28)
Sexual dysfunction If you told me, ‘Hey, there’s a chance you’re going to have to, you know, start taking Viagra

going forward,’ I’d probably [shy] away from this arthritis pill just because I don’t want to
have [that happen]. (Participant 74)

Hair loss Honestly if you even said hair loss and like I was gonna go bald taking it…That’s aesthetic but
something like that would potentially drive me away. (Participant 54)

* GI, gastrointestinal.
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participants, 25%), $50 to $150 per month (two participants,
25%), or more than $150 per month (four participants, 50%) for
treatment. However, especially for those in the more than $150
per month group, willingness to pay more for treatment was con-
ditional on the treatment offering great risk reduction.

Potential side effects of treatment. Eleven of 25 participants
(44%) named specific side effects that they were concerned
about. Participants could name more than one side effect they
were concerned about, resulting in 17 unique responses. We
grouped these responses into gastrointestinal symptoms (four
participants, 24%); increased pain or stiffness (three participants,
18%); headache (one participant, 6%); mental status, mood,
energy, or sleep alterations (three participants, 18%); metabolic
or organ dysfunction (including cancer) (three participants, 18%);

sexual dysfunction (two participants, 12%); and hair loss (one par-
ticipant, 6%). There was variability in the side effects that partici-
pants would, and would not, accept in a treatment. For instance,
one participant indicated that they have no problem with head-
aches, whereas another felt that headaches were a side effect
they could not tolerate. Personal and family medical history were
related to which side effects participants were willing to tolerate.
For example, one participant with Charcot-Marie-Tooth disease
described being unfazed by muscle cramps because of her
diagnosis.

Theme 2: attributes of a clinical trial to prevent
PTOA. When presented with participation in a hypothetical clini-
cal trial, participants discussed potential advantages or barriers

Table 4. Illustrative quotes under theme two: attributes of a clinical trial to prevent posttraumatic osteoarthritis*

Subtheme and response option Illustrative quote

Compensation
Monetary I think covering travel, and I mean as long as the pill and MRI and all that is free, I would say,

maybe $100 per visit. (Participant 34)
Nonmonetary [Referring to desire for study to offer support groups] Yeah, I think…an opportunity to share

with others how things are going…to combat the loneliness of being a part of something
new that no one else is going through. (Participant 108)

Placebo group
Does not affect willingness to participate If I do get the placebo, I’m getting money for just taking a bunch of sugar pills. So that seems

reasonable. (Participant 9)
Does affect willingness to participate I’d almost feel silly going in [for study visits]. I don’t know…In my head, I’d kind of be…like, ‘I

did all that for nothing.’ (Participant 149)
Adherence monitoring
Phone app I think I’d prefer the app, where you can go into it and click it. I have that right nowwithmy PT

stuff. It just vibrated that I have to do my workouts for the day! (Participant 8)
Bluetooth bottle cap Definitely the bottle because that way, I don’t have to be [on] my phone all the time.

(Participant 87)
Views on MRI
No negative effect on willingness to participate Honestly, I kind of want to get anMRI. I’m curious how [my knee is] doing. So that sounds like

an added compensation benefit, if anything. (Participant 27)
Distance
Less than 30 mi/hr I think once…my commute starts pushing greater than like a 30 minute drive. I think that’s

where it might become an inconvenience. (Participant 74)
More than 30 mi/hr If it was just to the study…probably an hour, maybe an hour and a half. (Participant 102)

Method of recruitment
In person Most certainly it would definitely be more convincing if I was talking to my doctor. If

someone called me out of the blue I would probably hang up immediately.
(Participant 142)

Over the phone I’d probably also want a phone call. (Participant 74)
No preference [Re: would it affect your decision to participate if the study was presented to you in person,

or if someone called you?] I think either would be fine. (Participant 28)
Person recruiting
Member of the health care team Not to sound snobby, but especially in the landscape of America today. In hierarchical order,

my surgeon, my physical therapist, and then probably the person who I consider biased
in the research study. (Participant 27)

Not a member of the health care team I actually think I may prefer a research assistant, because I feel like they take more time to
explain things. (Participant 54)

No preference [In response to question asking if they have a preference for care teammember vs research
team member] Not really. As long as it doesn’t set off the fraud bells in my head.
(Participant 9)

Study communications
Study website Like a specific web page that we can access with everything there. (Participant 70)
Email I think I’d probably read the emails more often than the website, just because it’d be in my

inbox and I read my emails in the morning while I’m having a coffee. (Participant 8)

* MRI, magnetic resonance imaging; PT, physical therapy.
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to entry into a trial (compensation, MRI, distance to trial sites,
method of recruitment, and person responsible for recruitment),
as well as logistical considerations during the trial (presence of a
placebo control group, adherencemonitoring, and study commu-
nication preferences) (Table 4).

Desired compensation for participation in a clinical trial.
Twenty-one participants (84%) discussed compensation in rela-
tion to participation in a clinical trial. However, especially for partic-
ipants who had not participated or worked in clinical research
before, it was often difficult to pinpoint a reasonable amount of
financial compensation for trial participation. For this reason, only
8 of 21 participants (38%) who discussed compensation were
able to identify a numeric amount of desired financial compensa-
tion (ranging from “at least minimum wage” to $50 per hour).
Although exact dollar amounts varied, participants demonstrated
a wish for compensation to be “fair” and convey a level of respect
for the valuable commitment research participants make to help-
ing move science forward, as well as counter the perceived risks
and effort that participation would entail. Other than monetary
compensation, 13 participants (62%) introduced discussed other
forms of compensation. For example, several participants inde-
pendently described wanting a trial to incorporate opportunities
to meet with other people recovering from ACL injury, in an open
forum or support group format. Similar to monetary compensa-
tion, participants felt that these kinds of nonmonetary
compensation helped to make study participants feel like valued
members of the community and important contributors to
science.

Presence of a placebo control group. Sixteen participants
(64%) discussed their perceptions of potentially receiving a

placebo instead of the active treatment. Of these, 11 participants
(69%) accepted a placebo as a critical part of the clinical research
process and felt that the other benefits of participating in the study
(eg, financial compensation, free MRIs, etc) made up for poten-
tially not receiving the active treatment. Five participants (31%) felt
strongly that the presence of a placebo group soured the
research experience, evoking feelings of frustration, embarrass-
ment at having to come in for continued study visits despite taking
a placebo, and futility.

Adherence monitoring for a clinical trial protocol.

Participants were asked to discuss three options for medica-
tion adherence monitoring: pen and paper diary, reminder
app, and pill bottle monitor that tracks how often the bottle is
opened. Seventeen participants (68%) discussed adherence
monitoring. No participants discussed preferring the traditional
drug diary.

“No! Oh, no, like I’m a graphic designer. I do a lot of things on

[the] computer. I only write on paper whenever it’s

[my] grocery list or my to-do list.” (Selina, a 30-year-old woman;

first names, when used, are pseudonyms to protect participant

confidentiality)

Instead, participants desired a tech-friendly approach to
medication adherence monitoring, with nine participants (53%)
indicating they would prefer using a phone app to track adher-
ence, and another eight participants (47%) opting for an elec-
tronic adherence monitoring device, such as Medication Event
Monitoring System caps, which take the burden of tracking
adherence out of the hands of the participant.31

Table 5. Illustrative quotes under theme three: medication therapy to prevent posttraumatic osteoarthritis

Subtheme and response option Illustrative quote

Amount (number of pills)
Number of pills matters I think less is more…I take a daily pill right now, and I struggle to even remember the one so

three? [It’s] kind of a lot versus one is more manageable. (Participant 113)
Number of pills does not matter Oh, three in one moment. Yeah, yeah, I can do that…I would just take it with my other

medication in the morning. That’s it. (Participant 87)
Duration
Less than 6 mo Let’s say, if I’m feeling really, really cooperative, and I’m just so excited about it, I would say…

probably three to four months. (Participant 108)
6–12 mo Maybe six months…a year might be pushing it. But…I wouldn’t want to be taking something for

life, like as a “maybe protective” effect. (Participant 113)
>12 mo or indefinitely I think we’d be probably talking at least years because I don’t know that months would be worth

it…In terms of how many years, ideally like five. (Participant 113)
Size
Prefer smaller I knowmy roommate used to have to take a giant pill, and she hated it—it was the worst part of

her day. (Participant 149)
No preference I mean, when I was younger I would have a hard time swallowing pills…But I think now size

wouldn’t matter that much. (Participant 102)
Dose frequency
Prefer once a day I feel like if it’s once daily or a couple of times a week, that’ll be okay. But if it’s something I have to

do multiple times a day, and have to keep reminding myself to do it, it might be less nice.
(Participant 5)

Safety profile of drug
Prefer well-established safety and efficacy But yeah, efficacy would play a huge role. Because if there wasn’t really any evidence, I think I

would be a little wary of it. (Participant 113)
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MRI as a trial component. Fourteen participants (52%) dis-
cussed their comfort with completing an MRI scan as part of the
study. None of these 14 participants stated that MRI would make
them less likely to participate. In fact, several participants were
enthusiastic about the prospect of undergoing an MRI scan, par-
ticularly when the cost is covered by the research study and a
physician is available to discuss the results.

Distance to clinical trial site. Participants discussed distance
and time to the study site as factors that might influence participa-
tion. Of the 11 participants (44%) who spoke about distance as a
factor, five participants (45%) stated they would not be willing to
travel more than an hour to the study site (approximately 30 miles
with traffic). Six participants (55%) stated they would be willing to
travel more than one hour or 30 miles, with one participant even
offering to fly up to Boston from Georgia for study visits.

Method of recruitment into the trial. Eight participants (32%)
discussed their preferred way to be introduced to the study. Five
participants (63%) preferred being approached about the study
during a scheduled in-person visit as opposed to over the phone.
One participant (13%) preferred being contacted about the study
over the phone. The two remaining participants (25%) had no
preference between in-person and phone recruitment.

Person who initiates recruitment into the trial. Nineteen par-
ticipants (76%) discussed how they may or may not be influenced
to participate based on who initiated recruitment. Eleven partici-
pants (58%) discussed preferring to be introduced to potential
research studies by their surgeon, physical therapist, or another
member of their clinical care team. Seven participants (37%) had
no preference between members of their existing care team and
nonmembers (eg, a research assistant). Only one participant
(5%) preferred to be presented with research studies by a
research team member as opposed to one of their existing pro-
viders. Despite differences in opinion between participants about
their preference for the trial recruiter, participants universally
described a desire to be presented with information about the trial
by someone they deem trustworthy and unbiased, whether that
person is a member of their existing care team or not.

Study communication preferences. Six of 25 participants
(24%) explicitly described their preference for mode of communi-
cation with the study team. Five interviewees (71%) preferred
electronic modes of communication, such as a study website or
emails, as opposed to traditional hard copy mail updates. Two
participants (29%) described combining emails and a website to
send timely reminders to participants (email) while also ensuring
that they have up-to-date information always at their fingertips
(website).

Theme 3: medication therapy to prevent PTOA.
Number of pills per dose. Participants discussed the influence of
features of the pill itself (number and size) as well as of medication
treatment in general (dose frequency, duration of treatment, and
safety profile) that influence their decision-making around

treatment (Table 5). Twelve participants (48%) described the influ-
ence of pill quantity (taken at one time) on treatment desirability
(as either a negative influence or not a consideration). For 9 of
12 respondents (75%), quantity was not a consideration. How-
ever, three participants (25%) expressed that having to take mul-
tiple pills, even at one time, created confusion and potential for
incorrect dosing.

Size of pill. Often, medication doses can be given as one
larger pill or several smaller ones. Seventeen of 25 participants
(68%) discussed the size of the medication. Six participants
(35%) discussed preferring smaller pills, even if it required taking
more than one in a sitting. Eleven participants (65%) felt that pill
size was not an important consideration. Several participants
pointed to age as a potential influence on being able to tolerate
larger pills but identified opposite age groups as being less likely
to tolerate larger pills.

“When I was younger, I would have a hard time swallowing pills,

so maybe if I was a younger participant, that would be difficult.”
(Maddie, a 20-year-old woman)

“I’ve noticed that it’s a big thing for older generations. Like my

grandpa, he’d be like, ‘No, I don’t want to take those pills,’ or
‘I have to take too many’ or stuff like that.” (Jose, a 24-year-

old man)

Dose frequency. Of the seven participants (28% of the total
sample size) who described dose frequency as a treatment con-
sideration, all felt that a once-daily medication is optimal. Partici-
pants expressed that dosing either more or less frequently than
once daily conflicted with a lot of their other established routines,
creating room for missed or incorrectly timed doses.

Duration of treatment and safety profile of medication.
Nineteen of 25 participants (76%) discussed duration of treat-
ment. Two of 19 respondents (11%) expressed being only willing
to take a trial medication for a short-term period (<6 months). Six
of 19 individuals (32%) felt that taking medication for six months
to a year was acceptable. However, some individuals (11 of
19, 58%) expressed willingness to remain on treatment for longer
than a year, and in some cases indefinitely (provided that cost was
not prohibitive and side effects were nonserious). For all nine indi-
viduals (36%) who expressed medication-based safety concerns,
experimental medications with relatively little supporting evidence
were less appealing than medications with well-established safety
profiles and a wealth of evidence to support the efficacy.

DISCUSSION

We identified three main themes based on participants’ per-
ceptions of preventive treatment and participation in a clinical trial:
general preventive treatment for PTOA, attributes of a clinical trial
to prevent PTOA, and medication therapy to prevent PTOA. Most
participants expressed concern about their elevated risk for
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developing PTOA but differed in their willingness to engage in
potential preventive treatment. Generally, the higher a partici-
pant’s perception of PTOA risk, the more agreeable they were
about accepting some negative treatment components. Namely,
they were more likely to accept smaller treatment benefit, were
willing to stay on treatment for longer, and were willing to travel
further to study appointments than participants with lower per-
ceptions of risk. These findings make sense given that the more
worried a participant is about developing PTOA, the greater
lengths they are willing to go to prevent it.

We explored the intersection of age and gender identity with
participants’ experiences. With respect to age, participants who
were 30 years or older were more willing to discuss trying treat-
ments that had lower efficacy. It may be that as individuals age,
they are more aware of the impact that injury and disease will have
on their ability to engage in different activities, and thus they are
more willing to settle for lower treatment efficacy. These partici-
pants also more frequently indicated that large pill size was a
potential deterrent compared to those we interviewed who were
18 to 29 years old.

Participants’ gender identities were often associated with
feelings about and demonstration of internalized societal beliefs
regarding what it means to be a man or woman. In turn, this influ-
enced how they perceived treatment and their potential risk of
developing PTOA.32–36 For example, participants who identified
as men seemed more concerned about how treatments influ-
enced aspects related to “being manly,” such as discussing fears
of side effects to do with sexual dysfunction or hair loss, while also
expressing feelings that they were doing something honorable by
participating in clinical research (eg, one participant described
feeling like he would be helping society if he were to be assigned
to the placebo group).35 In contrast, participants who identified
as women were more likely to openly discuss a desire for emo-
tional support through nonmonetary forms of compensation,
such as support groups, and were more concerned about feeling
silly or foolish if they found out they had been assigned to the pla-
cebo group. This perhaps reflects internalized anxiety among
female participants about not being taken seriously in the Ameri-
can health care system.32

The results of the present study corroborate several previous
qualitative studies that explored concerns among persons recov-
ering from ACL injury about the development of PTOA. Piussi et
al37,38 identified “uncertainty about the future and osteoarthritis”
and specifically found that participants, including those with satis-
factory current knee function, expressed apprehension about
future impairments due to OA in persons who both
underwent or did not undergo ACLR. Similarly, Karlström et al39

identified a category entitled “disrupted me” and noted that it
included “obstructive thoughts about the future, including anxiety
about further surgeries and need of knee replacement due to
osteoarthritis.” Additionally, Truong et al40,41conducted qualita-
tive studies with Canadian young and middle adult participants

enrolled in a randomized controlled trial evaluating a physical
therapist–guided education and exercise therapy intervention.
They identified a category called “regaining control of knee
health” and found that intervention’s education, goal setting, and
social support helped change participants’ previously negative
beliefs about their knee health and promoted optimism in facing
future knee changes.40,41

This study’s findings regarding the impact of potential side
effects on the willingness to use medication therapy for OA align
with other qualitative studies among adults outside the
United States. Selten et al42 found that some middle- to older-
aged adults with hip and/or knee OA in the Netherlands were hes-
itant to use pharmacologic treatments due to concerns about
potential side effects, the risk of developing tolerance or depen-
dence on medication, and the possibility of interfering with the
body’s natural signals that help prevent joint overuse. Similarly,
Kamsan et al43 reported that older adults with knee OA in
Malaysia were often reluctant to use prescription medications to
manage their symptoms, citing worries about long-term effects
and negative previous experiences with medication side effects.
However, many were open to considering traditional remedies,
particularly those recommended by family or peers. Additionally,
Townsend et al44 found that many Canadian adults with rheuma-
toid arthritis depended on over-the-counter medications to allevi-
ate their symptoms but were reluctant to use or preferred to limit
their use of prescription medication due to side effects.

This study is strengthened by involving a multidisciplinary
team with expertise in both orthopedics or arthritis research and
qualitative analysis. Additionally, the sample size of this study
(n = 25) allowed us to reach data saturation as determined by
the authors and is in line with guidance for qualitative
researchers.45 However, we acknowledge that our quantitative
results are limited because of the small sample and because per-
centages are derived from counts of comments in recorded con-
versations, rather than responses to explicit questions. Because
of this, our conclusions should be interpreted cautiously. The
present study is also limited by the lack of diversity within our
study sample. The majority of the participants (72%) were White,
which, although reflective of the overall patient population in the
hospital system from which these participants were recruited,
limits the generalizability of this study’s findings.46 Another limita-
tion, and perhaps a call to change clinical practice, was a lack of
standardized information on the risk of PTOA development after
ACLR. Despite a wealth of research in the last decade on the ele-
vated risk for PTOA after ACL tear, a surprising number of the
interview participants indicated that this study interview was their
first exposure to any kind of information about PTOA, whereas
others had been thoroughly informed of the risks by their health
care team, personal connections, or through independent
research. These differences in exposure to trusted information
about PTOA development meant that interviewed participants
were not always on a level playing field. It remains unclear how
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exactly receiving information about PTOA influences patient
decision-making, but a number of participants expressed resent-
ment or disappointment at not having been fully informed of their
risks before participating in this interview study.

Altogether, participants expressed great interest in
preventive treatments for PTOA. Further research in this area
should focus not only on treatment development but on
implementation—using qualitative analyses such as this one to
inform the design of trials and treatments that real-world patients
will pursue with enthusiasm. Future qualitative research should
also expand on this work by further exploring the potential interac-
tions between participant factors such as age, gender, race, eth-
nicity, and socioeconomic status and the willingness to adopt
preventive strategies for PTOA.

Additionally, the results of this study stress the importance of
clinicians adopting an individualized approach to recovery, reha-
bilitation, and subsequent care for patients following ACLR,
including potential monitoring for and counseling about PTOA.
Participants differed dramatically in the treatment or trial charac-
teristics that have the greatest influence on their decision-making,
and our results show that these differences may be partly rooted
in differences in age, gender, and perception of risk. Providers
should keep this in mind when discussing treatment choices with
patients, understanding that there will never be a one-size-fits-all
option that works for every patient.
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Comparing Community-Level Social Determinants of Health
With Patient Race in Total Hip Arthroplasty Outcomes

Bella Mehta,1 Yi Yiyuan,2 Diyu Pearce-Fisher,3 Kaylee Ho,2 Susan M. Goodman,1 Michael L. Parks,1

Fei Wang,2 Mark A. Fontana,1 Said Ibrahim,4 Peter Cram,5 and Rich Caruana6

Objective. Social determinants of health (SDOH), including race, have a key role in total hip arthroplasty (THA)
disparities. We compared the collective influence of community-level SDOH to the influence of individual factors such
as race, on THA outcomes.

Methods. This retrospective cohort study of the Pennsylvania Health Care Cost Containment Council Database
(2012–2018) included 105,336 patients undergoing unilateral primary elective THA. We extracted “community” factors
from the US census by geocoding patient zip codes, including walkability index, household income, foreign-born indi-
viduals, English proficiency, computer and internet access, unpaid family workers, those lacking health insurances,
and education. We trained an explainable boosting machine, a modern form of generalized additive models, to predict
90-day readmission, 90-day mortality, one-year revision, and length of stay (LOS). Mean absolute scores were aggre-
gated to measure variable importance (ie, variables that contributed most to the prediction).

Results. The rates of readmission, revision, and mortality were 8%, 1.5%, and 0.3%, respectively, with a median
LOS of two days. Predictive performance measured by area under the receiver operating characteristic curve was
0.76 for mortality, 0.66 for readmission, and 0.57 for one-year revision. For LOS, the root mean squared error was
0.41 (R2 = 0.2). The top three predictors of mortality were community, discharge location, and age; for readmission,
they were discharge location, age, and comorbidities; for revision, they were community, discharge location, and
comorbidities; and for LOS, they were discharge location, community, and comorbidities.

Conclusion. Community-level SDOH were significantly more important than individual race in contributing to the
prediction of THA outcomes, especially for 90-day mortality.

INTRODUCTION

Elective total hip arthroplasty (THA) is a prototypical “prefer-
ence-sensitive” procedure. THA utilization rates have grown rap-

idly worldwide and are expected to reach 572,000 annually in

the United States by the year 2030.1–3 Although use of THA has

increased and outcomes have improved over the past decade,

these benefits are not shared equally throughout the population.

The disparity is largely mediated by social determinants of health

(SDOH).4–8 SDOH, such as race and ethnicity, have been exten-

sively researched in THA use and outcomes. Multiple studies

have shown that African American race is associated with

decreased use and worse outcomes after THA compared to

White race.9–11 However, there is also evidence that in addition

to race and ethnicity, community-level factors play an important

role in a wide range of health care outcomes.12–15 Although there

are some studies on community-level SDOH describing worse

outcomes in THA among patients from low socioeconomic status

(SES) communities, many other community-level SDOH are not

comprehensively studied in THA outcomes.16–19

Additionally, given the complex interplay of SDOH, it is diffi-

cult to study how both individual features and groups of features
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may all contribute to THA outcomes using traditional methods of

statistics. Complex machine learning models can do so but

sometimes at the expense of interpretability. Explainable boosting

machine (EBM), a form of generalized additive models (GAMs),

allows for more complex modeling of these intricate relationships

but is easier to interpret than other machine learning models. We

sought to compare the collective influence of community-level

SDOH with the influence of individual factors, such as race, on

THA outcomes using EBM models.

PATIENTS AND METHODS

Study cohort. We performed a retrospective analysis on
the Pennsylvania Health Care Cost Containment Council (PHC4)
database (2012–2018). The PHC4 data set includes demo-
graphics from all patients discharged from 170 nongovernmental
acute care hospitals in the state of Pennsylvania known as Penn-
sylvania Assigned Facilities, excluding Veterans Administration
and military hospitals. The state-run agency collects more than
4.5 million records each year, including deidentified patient demo-
graphic information, diagnostic and procedural codes, hospital
information, and financial data.

We used the PHC4 data set to identify 140,092 patients who
underwent elective primary THA using the International Classifica-
tion of Diseases, Ninth Revision, Clinical Modification (ICD-9-CM)
procedure code 81.51 for primary THA from 2012 to September
2015 and the ICD-10 procedure codes 0SR90xx or 0SRB0xx
thereafter. These are validated codes from the American Joint
Replacement Registry, with a sensitivity of 99%, a specificity of
91%, and a positive predictive value of 91%.20,21 The study cohort
and methodology have previously been described in detail.22

We excluded a total of 34,756 patients, including those
whose diagnostic codes suggested inflammatory arthritis
(rheumatoid arthritis, systemic lupus erythematosus, psoriatic
arthritis, spondyloarthropathy), pathologic fracture, avascular
necrosis, and metastatic and bone cancer. Other exclusion cri-
teria included the following: nonelective admissions or interhospi-
tal transfers before THA, two or more past THAs (likely
administrative data set error), bilateral THA during the index hos-
pitalization, and revision during the index hospitalization. We
excluded patients residing outside Pennsylvania as well as those
missing key variables such as age, sex, residential zip or postal
code, and community-level income.

We extracted information on important covariates, including
patient- and facility-level variables, from the PHC4 data set. This
included race, but complete data on ethnicity were not available.
Medical comorbidities were identified using the Quan adaptation
of the Elixhauser comorbidity index, as previously described.23

The research project was determined by the Weill Cornell Medi-
cine Institutional Review Board to meet exemption requirements
at the Hospital for Special Surgery because it includes only
research involving the collection or study of existing data, docu-
ments, records, pathologic specimens, or diagnostic specimens,
which are publicly available and/or recorded by the investigator in
such a manner that patients cannot be identified directly or
through identifiers linked to the patients.

Extraction of community factors and individual-
level factors. We geocoded the five-digit zip codes for each
patient. For factors that were known to be relevant to or to corre-
late with THA outcomes, we extracted the corresponding census
tract variables from the American Community Survey. These
included the following: (1) The percentage of householders living
alone in each zip code were used to represent social support,
which is known to be important to THA recovery.24–26 (2) The per-
centage of foreign-born individuals and (3) the percentage of
speaking languages other than English were used to represent
the immigrant population and acculturation, which were shown
in prior studies to be important in joint replacement and other sur-
gical outcomes.27–29 (4) The percentage with computer access
and (5) the percentage with internet access represented
access to information as well as digital and health literacy.30–33

(6) The median household income, (7) the percentage of unpaid
family workers, (8) the percentage without health insurance and
not in the labor force, and (9) education (percentage above high
school level and percentage above college level) were identified
to represent SES and SDOH and are known to have associations
with THA outcomes.5–7,16,34–36 Lastly, we included (10) the
National Walkability Index because walkability has a considerable
effect on osteoarthritis and postarthroplasty outcomes.37–39 The
US Environmental Protection Agency National Walkability Index
tool was used to approximate regional walking ease.40–42 It is
ranked between 1 and 20, with 1 being the least probability

SIGNIFICANCE & INNOVATIONS
• This study illustrates that prevalent community fac-

tors (eg, walkability index, household income,
foreign-born individuals, English proficiency, com-
puter and internet access, unpaid family workers,
those lacking health insurance, and education, etc)
are more important than race in contributing to
prediction of all patient total hip arthroplasty (THA)
outcomes.

• Our study enacts the use of explainable boosting
machines, which are a modern form of generalized
additive models to measure groups of features
together by aggregating the importance of attri-
butes and can account for interactions in
community-level variables.

• Given the importance of community variables in
predicting patient THA outcomes, this study under-
scores the urgency in addressing community-level
variables when enacting policy changes, resource
allocation, and social program implementation.
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toward walking and 20 being the most.43 All of these variables are
subsequently combined as “community” factors as detailed in the
Statistical analysis section. We included the following individual-
level factors: demographics (age, sex, and race, categorized as
Black, White, and “other” which included all races except Black
and White), discharge location (home vs nonhome), and patient’s
comorbidity burden as measured by the Elixhauser comorbidity
index.

Statistical analysis. Patient- and community-level demo-
graphics were described for 105,336 patients undergoing THA
using the values no. (%) for categorical variables and median
(interquartile range [IQR]) for continuous variables. Differences in
patient- and community-level demographics were compared
using the chi-square test for categorical variables or the Wilcoxon
rank sum test for continuous variables based on 90-day readmis-
sion, 90-day mortality, and one-year revision status (yes com-
pared to no) (Supplementary Table S1). Length of stay (LOS)
was transformed by the equation to normalize distribution: log
(LOS + 0.5). We developed EBM models for each of the out-
comes, including demographics (age, sex, race) and discharge
location, community-level predictors, and patient’s comorbidity
burden as measured by the Elixhauser score.

We used a modern form of GAMs called EBMs so that we
could measure groups of features together by aggregating the
importance of attributes.44 GAMs are similar to highly interpret-
able models, but they have prediction accuracy comparable to
tree-based machine learning models, such as random forests.45

Many community factors are correlated, and the round-robin
approach of the EBM model, along with a low learning rate, helps
distribute predictive power among these features. This minimizes
collinearity effects and prevents multiple counting of evidence,
ensuring that the explanatory power of feature groups is accu-
rately reflected in their weights and importance to predictions.46

Because EBMs are additive models, it is easy to measure the
contribution of each feature or group of features to each
prediction.47–49 We used EBMs because they have high accuracy
with no loss of fidelity or approximations involved, are fully inter-
pretable, and allow the importance of features to be measured
both individually and aggregated as groups.45,50,51

On 70% of data stratified by each outcome, we trained an
EBMmodel to predict risk for 90-day readmission, 90-day mortal-
ity, LOS, and one-year revision, controlling for demographics,
comorbidities, and community-level variables.47,52 The area
under the receiver operating characteristic curve (AUROC) on test
data (30% of the sample) was reported for EBM models predict-
ing 90-day readmission, 90-day mortality, and one-year revision
for classification; root mean squared error (RMSE) was reported
for the regression model predicting LOS. Results for 90-day read-
mission, 90-day mortality, and one-year revision were validated
with five-fold cross-validation stratified by outcome. Results for
LOS were validated with five-fold cross-validation.

Feature importance was measured using mean absolute
scores of the trained model and used to predict the full data set.
This was done by computing the average contribution the feature
makes to predicted risk averaged over the patient population.
Each feature in the group was passed through the learned shape
function from the EBM model. We then used the density function
from each feature to generate an absolute value score by row or
log odds if it was a classification problem; we then averaged the
score to get the feature importance mean absolute score. For
the community factors variable, feature importance by group
was measured using mean absolute score of the model. Each
feature in the group was passed through the learned shape func-
tion from the EBM model. We describe the combined weighted-
average importance scores as community factors. In a secondary
analysis, we used mean imputation to compute missing values for
community factors and reran all the models. All analyses were
done in python jupyternotebook.53

RESULTS

Cohort characteristics. Of the 105,336 patients under-
going THA in the PHC4 who met our inclusion criteria, 8,422
(8%) had readmission within 90 days, 309 (0.3%) died within
90 days after discharge, and 1,617 (1.5%) had revision
within one year. The median LOS was 2 days (IQR 1–3). The
median age at admission was 65 (IQR 58–73) years, and 46.0%
were male. Although 90.3% were White, 6.6% were African
American, and 3.0% were other races. Additionally, 78.1% were
discharged home or home with health care, and 21.1% were dis-
charged to post–acute care facilities (Table 1).

Patient characteristics for each outcome. Patients
who were readmitted within 90 days (n = 8,422) were more likely
to be older (median 69.0, IQR 60.0–77.0), female (55.2%), and
African American (8.2%) and have a nonhome discharge destina-
tion (41.2%) (Supplementary Table S1). Readmitted patients were
more likely to live in zip codes with a higher percentage of house-
holders living alone, a lower median household income, and a
higher percentage of people outside the labor force with no health
insurance (Supplementary Table S2). Surprisingly, readmitted
patients were more likely to live in zip codes with a higher National
Walkability Index, which may reflect urban populations.

Patients who experienced 90-day mortality (n = 309) were
more likely to be older (median 77.0, IQR 67.0–84.0) and have non-
home discharge after THA (52.8%) (Supplementary Table S2).
Interestingly, they were more likely to live in zip codes with a lower
percentage of residents who speak a language other than English
and a lower median household income.

Finally, patients requiring revision within one year (n = 1,617)
were more likely to be female (57.6%) and have a nonhome dis-
charge (28.6%). They were more likely to live in zip codes with a
higher percentage of householders living alone, a lower median
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household income, and a higher percentage of people outside the
labor force with no health insurance.

Predictive performance and variable importance.
Our 90-day readmission classification model had an AUROC of
0.66 on the test sample. Community factors were more important
than race in predicting 90-day readmission, and the five-fold
cross-validated mean absolute score in log odds units for com-
munity factors (0.10 [SD 0.005]) was considerably higher than
that of race (0.015 [SD 0.002]). The top three most important fac-
tors predicting 90-day readmission were discharge location, age,
and Elixhauser comorbidity index (mean absolute scores 0.24,
0.15, and 0.13, respectively) (Figure 1A).

Our 90-day mortality prediction model had an AUROC of
0.76. Community factors were more important than race in

predicting 90-day mortality, and the cross-validated mean abso-
lute score for community factors (0.28 [SD 0.01]) was consider-
ably higher than that of race, which was the least important
factor in the model (0.02 [SD 0.005]). The top three most impor-
tant factors predicting 90-day mortality were community factors,
discharge location, and age (mean absolute scores 0.31, 0.24,
and 0.19, respectively) (Figure 1B).

Our one-year revision prediction model had an AUROC of
0.58. The top three most important factors predicting revision
were community factors, discharge location, and Elixhauser
comorbidity index (mean absolute score 0.03, 0.01, and 0.005,
respectively) (Figure 1C). Race was again the least important fac-
tor in the model (mean absolute score 0.002 [SD 0.0002]).

Our LOS prediction model had a RMSE of 0.41, with a coef-
ficient of determination R2 of 0.2. The top three most important
factors predicting LOS were discharge location, community fac-
tors, and Elixhauser comorbidity index (mean absolute scores
0.12, 0.056, and 0.030, respectively) (Figure 1D). Race was the
least important factor in the model (mean absolute score 0.009
[SD 0.0002]). The predictive performance of all models did not
change significantly when we imputed missing values for commu-
nity factors.

DISCUSSION

In this study of 105,336 patients who underwent elective
THA in the state of Pennsylvania in 2012 to 2018, importance of
community factors—including household income, neighborhood
walkability, living alone, and percentage uninsured—was greater
than that of individual race in predicting post-THA 90-day read-
mission, 90-day mortality, LOS, and one-year revision, even when
accounting for patient age, sex, and comorbidities. Community
factors were more important than race, age, sex, and comorbidi-
ties in predicting 90-day mortality and one-year revision. In our
models for 90-day readmission and LOS, the aggregate variable
importance score for community factors was considerably more
than that of race.

In our statistical analysis comparing cohort characteristics by
THA outcome, we found results similar to previous studies. We
confirmed that African American race was associated with
increased readmission.6,8,34,36,54 Our results also affirmed previ-
ous studies that found that nonhome discharge destination was
associated with increased readmission rates, mortality rates, and
LOS.34,54,55 Our claim that nonrace SDOH may be more impor-
tant in predicting THA outcomes than race is also suggested by
other studies. Others showed that socioeconomic disadvantage
may mediate the association of race with LOS by 37%, and when
controlling for this disadvantaged status, the association of race
with 90-day readmission was no longer significant. Still others
showed that socioeconomic disadvantaged status but not race
was significantly associated with LOS and 90-day complications

Table 1. Characteristics of cohort*

Variables N = 105,336

Age, median (IQR), y 65.0 (58.0–73.0)
Sex, n (%)
Female 56,977 (54.1)

Race, n (%)
White 95,158 (90.4)
African American 6,954 (6.61)
Other 3,142 (2.99)
Missing 82 (0.08)

Discharge location, n (%)
Discharged home/HH 82,262 (78.1)
Post–acute care 22,200 (21.1)
Other 651 (0.62)
Transfer to other acute care hospital 193 (0.18)
Died in hospital 26 (0.02)
Missing 4

Elixhauser comorbidity index, n (%)
0 17,666 (16.8)
1–4 81,795 (77.7)
≥5 5,875 (5.58)

Community-level variables, median (IQR)
Householder living alone, % 28.1 (24.0–32.8)
Foreign born, % 4.30 (1.71–8.37)
Missing, no. 9,837

Speaking language other
than English, %

6.99 (3.64–12.0)

With computer access, % 85.4 (81.6–89.0)
Missing, no. 9,815

With internet access, % 77.4 (72.4–83.2)
Missing, no. 9,815

Median household income, US$ 57,336 (48,078–71,783)
With unpaid family workers, % 0.12 (0.05–0.22)
Missing, no. 20,040

Not in labor force without
insurance, %

8.71 (5.93–11.6)

Missing, no. 83
Above high school, % 91.3 (88.2–93.9)
Missing, no. 9,815

Above college, % 26.2 (19.6–38.1)
Missing, no. 9,815

National Walkability Index 8.76 (7.28–11.8)

* Categorical variables are reported as n (%), and continuous vari-
ables are reported as median (IQR). HH, home with health care;
IQR, interquartile range.
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in multivariable models.56,57 These help us affirm that the our
model shows similar results in measures previously studied.

Studies have shown that at the patient level, increased social
support is associated with better post-THA patient-reported out-
come, lower revision rates, and shorter LOS.24–26 Others have
shown that lower income or SES and Medicaid or uninsured sta-
tus at the patient level are associated with increased post-THA
readmission and LOS.5–7,35,36 Our results suggest that social
support, access to care, and income are important at the com-
munity level as well.

Although racial disparities on THA use and outcomes are well
established—likely also reflecting that race is associated with
many other SDOH, such as SES, education, and access to
care—it is hard to understand the complexity of how SDOH col-
lectively influence THA outcomes. Along the same lines, prior

work has demonstrated that policies increasing access to care
potentially lessen racial disparities in THA outcomes and
use.55,58–60 However, further county-level differences in THA out-
comes still exist even after accounting for most patient-level char-
acteristics, such as age, sex, body mass index (BMI), Elixhauser
comorbidity index, marital status, educational level, and dispos-
able income.19 Our study expands on this knowledge and dem-
onstrates that community factors were more important than
individual race in predicting THA outcomes. Thus, our results indi-
cate that more so than race, unaddressed community factors are
often unnoticed and may deserve greater attention to understand
and improve THA outcomes.

Our retrospective study has several limitations. First, the
PHC4 database lacks granular information about important
patient-level variables, such as BMI, ethnicity, and surgical facility.

Figure 1. (A) Variable importance scores predicting 90-day readmission based on an EBM (AUROC = 0.6579), (B) 90-day mortality based on an
EBM (AUROC = 0.7643), (C) revision based on an EBM (AUROC = 0.5775), and (D) length of stay based on regression (RMSE = 0.41 and R2 =
0.20). “Community” is the aggregate importance score for the variables percentage of householders living alone, percentage who are foreign born,
percentage who speak a language other than English, percentage with computer access, percentage with internet access, National Walkability
Index, percentage not in the labor force without insurance, percentage above a high school level, percentage above a college level, percentage
with unpaid family workers, and median household income, which were extracted from the American Community Survey or calculated using the
National Walkability Index software based on individual patient zip code. AUROC, area under receiver operator characteristic curve; EBM, explain-
able boosting machine; RMSE, root mean squared error.
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However, we did have comorbidities included in the models.
Although we did not have access to patient-level wealth or
income, there is a lot of research showing that neighborhood
SES may be a reasonable proxy. Our data set also lacks data on
care continuity and patient-reported outcomes, which may help
shed insight in our future work. Additionally, our patient popula-
tion is limited to primary elective THA in Pennsylvania, so our
results may not be generalizable to other regions of the country,
but we do have a sizable sample in this study. Although our results
do not account for clustering correlation by zip code, we built clas-
sifiers using EBMs to improve prediction performance using zip
code–level SDOH along with other clinical predictors.61,62 Next,
our models have a limited predictive value, with our EBMs for mor-
tality, readmission, and revision having AUROCs of 0.76, 0.66, and
0.58, respectively, and our LOS regression model having an RMSE
of 0.41. However, this caliber of performance of our EBMs is com-
parable to other similar claims-based outcome analyses using var-
ious other machine learning techniques as well as logistic
regression.63–67 Even with limited AUROC, GAM is still thought to
be potentially useful in developing heuristics for population-level
policy.68 Finally, EBMmodels are limited by the possibility of overfit-
ting, especially if a vast number of terms are considered. To
address this limitation and minimize the possibility of overfitting,
we did not use interactions in the final models because they were
complex and did not improve performance.

Despite these limitations, our study strengths include a large
sample size of 105,336 patients, for whom we had access to
detailed patient-level data on age, race, sex, and comorbidity
index, as well as a wide variety of census tract community-level
variables. Additionally, we use EBMs, which offer higher interpret-
ability, higher accuracy, and lower likelihood of overfitting than
other machine learning methods. Feature importance using the
EBMs does account for collinearity among variables and can
accurately assess the importance of individual variables and
groups of variables in the model while accounting for magnitude
and direction of the effect sizes. Further, unlike other methods,
such as Shapley Additive Explanations (SHAP), the interpretability
is exact (ie, there is no loss of fidelity or approximations involved).

A key strength of our study lies in its ability to move beyond
the traditional focus of race as a dominant SDOH and highlights
the other SDOH offering a more comprehensive perspective of
factors influencing outcomes in THA. Although race undoubtedly
plays a crucial role, an exclusive focus on this single patient-level
SDOH can overlook other significant contributors to outcomes,
recognizing that these are shaped by multiple interrelated factors
beyond race. By aggregating several community-level SDOH
(eg, percentage of householders living alone, percentage of
foreign-born individuals, etc), the study highlights that other con-
textual factors also exert significant influence on health. These
factors often reflect the broader social and environmental condi-
tions in which patients live, conditions that can compound or mit-
igate the effects of individual characteristics such as race.

In summary, in this large-scale study of 105,336 patients
undergoing primary THA across 170 Pennsylvania hospitals, we
used novel machine learning models to show that community fac-
tors such as household income, neighborhood walkability, living
alone, and percentage uninsured were more important than indi-
vidual race in predicting 90-day readmission, 90-day mortality,
one-year revision, and LOS after THA. Despite the emphasis on
race in THA disparities research, our results indicate that addi-
tional focus is needed on the community factors that are associ-
ated with poor THA outcomes. These should be included in
conversations between physicians and patients while planning
treatment and discharge. For example, surgical planning would
include a multidisciplinary team involving the surgeon, primary
care physicians, physical therapists, occupational therapists,
and social work. Additionally, the patient’s zip code alone can give
the team information that can gauge the overall community-level
SDOH, access to health care and internet, and community social
support. For patients in zip codes screened with community fac-
tors associated with poorer outcomes, the surgeon could center
discharge planning discussions to ensure occupational therapy
equipment and physical therapy arrangements for better home
health services. Social work could provide additional resources
such as free or low-cost internet, transportation, or other insur-
ance options to these patients that might not be necessary for
those patients from zip codes with community factors associated
with better outcomes. These are future implementation studies
that need to be done.

Community factors are aspects of systemic inequalities that
are difficult to address, but our study suggests that they may
need to be considered when enacting policies and resource allo-
cation. Future research is necessary to determine if it is possible
to mitigate some of these community-level inequalities.
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B R I E F R E P O R T

Association of Pain During Exercise With Exercise-Induced
Hypoalgesia in People With Knee Osteoarthritis

Soyoung Lee,1 Tuhina Neogi,1 Benjamin M. Senderling,1 S. Reza Jafarzadeh,1 Mary Gheller,1

Pirinka G. Tuttle,2 Charmaine Demanuele,2 Lars Viktrup,3 Paul Wacnik,2 and Deepak Kumar1

Objective. A paradoxical relationship between pain during exercise and the hypoalgesic effect of exercise has not
been studied well in the knee osteoarthritis (OA) population. We sought to investigate the relation of pain evoked during
exercise to exercise-induced hypoalgesia (EIH) and to determine if the efficiency of conditioned pain modulation
(CPM), a proxy of the descending pain inhibitory system, mediates this relationship in people with knee OA.

Methods. We used baseline data from two clinical trials for people with symptomatic knee OA (n = 68). The maxi-
mum pain rating (0–10) during a series of knee exercises was defined as the outcome. EIH was assessed as an increase
(ie, improvement) in the pressure pain threshold (PPT) after a bout of exercises. Efficient CPM was defined as an
increase (ie, improvement) in PPT after a painful conditioning stimulus (forearm ischemia). We performed a causal
mediation analysis to examine the association between pain during exercise and EIH as well as the mediating role of
CPM efficiency on the relation of pain during exercise with EIH.

Results. People with knee OAwho had at least a one-unit increase in pain with exercise were 43%more likely (odds
ratio [OR] 1.43, 95% confidence interval [CI] 1.05–1.94) to experience subsequent EIH than those without pain
increase. The efficiency of CPM did not mediate the relationship between pain during exercise and EIH (OR 1.00,
95% CI 0.96–1.04).

Conclusion. Our finding suggests that some amount of discomfort or pain during exercise may have beneficial
analgesic effects; however, this is not likely via activation of the descending pain inhibitory system.

INTRODUCTION

Knee osteoarthritis (OA) is a leading cause of chronic pain
and disability in middle-aged and older adults worldwide.1

Although exercise is recommended as the first-line intervention
for managing pain in people with knee OA,2 fear of exercise-

induced pain flares can interfere with exercise engagement and
adherence.3 In healthy individuals, painful exercise has been
reported to induce a larger improvement in pain or pain sensitivity

immediately after the bout of exercise, known as exercise-
induced hypoalgesia (EIH).4 In people with chronic pain, including

those with knee OA, the EIH response can often be absent, with

individuals experiencing no change or an increase in pain after a
bout of exercise.5 Stronger EIH may be related to greater
improvements in pain and function after an exercise intervention
in people with knee OA.6 Whether pain evoked during exercise
is related to EIH response in people with knee OA is unknown.
Understanding the relevance of pain during exercise can help cli-
nicians educate patients about this common clinical complaint
and may facilitate improved exercise adherence.

With painful exercise, descending neural pathways can be
activated and could inhibit nociceptive signaling via the “pain
inhibits pain” paradigm.7 This phenomenon is one potential
mechanism underlying EIH; others are speculated to involve the
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endocannabinoid, serotonergic, opioid, immune, and autonomic

systems.5 Conditioned pain modulation (CPM) is an indirect mea-

sure commonly used for estimating the efficiency of the descend-

ing inhibitory system. Whereas some studies have reported an

association between CPM and EIH response,4,7 others have

not.8 Whether the efficiency of CPM mediates the relation

between pain evoked during exercise and EIH in people with knee

OA merits further study. Our objectives were (1) to examine the

relation of pain evoked during exercise to the presence of EIH in

people with knee OA and (2) to determine if the efficiency of

CPM mediates the relationship between pain during exercise

and EIH in people with knee OA.

PATIENTS AND METHODS

Participants. This study reports secondary analyses from
baseline data from two clinical trials (ClinicalTrials.gov identifiers:
NCT03064139 and NCT04243096). Participants for both trials
were recruited from the general community using advertisements
that included flyers posted in the community, online and social
media advertising, and print advertising in local newspapers and
newsletters relevant to the target population. Key inclusion criteria

were age over 50 years, body mass index (BMI) ≤40, a confirmed
clinical diagnosis of knee OA based on American College of Rheu-
matology criteria,9 and ability to walk unassisted for 20 minutes.
Key exclusion criteria were contraindications to exercise, partial
or total joint replacements in any lower extremity joint, knee
osteotomy, glucocorticoid or hyaluronic acid injections in either
knee within the past three months, and other health conditions
that could impact motor function. More information on the inclu-
sion and exclusion criteria of each clinical trial is provided in Sup-
plementary Table 1. All study procedures received approval from
the Boston University Institutional Review Board, and participants
provided informed consent before any study procedures. For
each participant, an “index knee” was identified as the knee that
had been diagnosed with knee OA by a physician, or if both knees
were diagnosed with OA, the knee experiencing more pain was
chosen. In cases in which pain scores were equal, the index knee
was selected randomly.

Experimental protocol. The experimental protocol and
the order of the assessments are shown in Figure 1. Additionally,
participants completed the Knee Injury and Osteoarthritis Out-
come Score (KOOS) during the visit.

Pain during exercise (exposure). All participants completed a
single exercise bout only for the index knee on an isokinetic dyna-
mometer (System3, Biodex). Exercises included three maximum
voluntary isometric trials each of ankle plantar flexion, knee exten-
sion, and knee flexion and two isokinetic flexion–extension trials at
60�/s and 120�/s each with five repetitions (Figure 1). We col-
lected pain scores for the index knee on a 0 to 10 numeric rating
scale (NRS) after each trial. The exposure was the maximum pain
rating across all exercise trials in the exercise bout. We used max-
imal pain during the exercise because prior studies suggested
that this measure has greater clinical validity than a measure of
change in pain from before the exercise to maximal pain during
the exercise in people with chronic musculoskeletal pain.10

SIGNIFICANCE & INNOVATIONS
• Mild to moderate pain during a bout of knee-

strengthening exercise was associated with greater
likelihood of experiencing subsequent exercise-
induced hypoalgesia (EIH) in people with knee oste-
oarthritis (OA).

• Efficiency of conditioned pain modulation did not
mediate the association between pain increase dur-
ing exercise and EIH.

• Some pain with exercise may be beneficial for peo-
ple with knee OA.

Figure 1. Experimental protocol of conditioned pain modulation and exercise-induced hypoalgesia. During the exercise session, there were mul-
tiple trials of each exercise task (five tasks in total). Pain score for the index knee was collected on a 0 to 10 numeric rating scale at every trial. PPT,
pressure pain threshold.

PAIN DURING EXERCISE AND EXERCISE-INDUCED HYPOALGESIA 901

http://ClinicalTrials.gov


EIH (outcome). We assessed EIH as the change in the pres-
sure pain threshold (PPT) from before to immediately after the
exercise bout. We assessed PPT using a handheld algometer
(Force One; WAGNER) applied at a constant rate (0.5 kgf/s) at
the center of the patella of the index knee while patients were in
the supine position with a bolster placed under the knee7

(Figure 1). PPT measurements were collected by three investiga-
tors who were certified on previously published protocols in which
we have reported intraclass coefficients11 between 0.85 and
0.90. The pressure at which the participant first felt the pressure
change to slight pain was recorded as the PPT (in kgf). Three trials
of PPTs were obtained before and after exercise in the same posi-
tion. We used the average of the last two trials for the analysis. An
EIH response was defined to be present if the ratio of the postex-
ercise PPT to pre-exercise PPT was >1 (ie, improvement in PPT
after exercise).7

CPM (mediator). CPM is known to assess the effectiveness
of the descending pain modulation pathway, employing a pain
inhibits pain paradigm.4,7,12 CPM was assessed before the
EIH session (Figure 1). We used PPT at the patella of the index
knee as the test stimulus (averaging results from the last two tri-
als) both before and after inducing forearm ischemia pain as the
conditioning stimulus. We inflated a blood pressure cuff on the
right upper arm to 10 mm Hg above systolic pressure and
instructed participants to perform hand-gripping exercises
using a sponge ball until they reported forearm pain rated as
4 of 10 or until two minutes elapsed if the pain did not reach
4 of 10. Subsequently, we re-evaluated PPT at the patella of
the study knee (averaging results from the last two trials) before
releasing the cuff pressure. We defined efficient CPM as a post-
conditioning PPT/preconditioning PPT ratio >1.

Statistical analyses. We implemented a causal mediation
analysis via natural-effects modeling to investigate the association
between pain during exercise and the EIH response (present or
absent) (ie, total effects), as well as the mediating role of CPM (effi-
cient vs inefficient) (ie, indirect effects) on the relationship between
pain during exercise and EIH response, while adjusting for age,
sex, and BMI (Figure 2). Age, sex, and BMI were included as con-
founders because they are known to be associated with the pain

threshold, which in turn is linked to both the exposure and the out-
come in this analysis.13,14 The linearity assumption was evaluated
by examining the relationship between continuous confounders
and the log-odds of the EIH response. We estimated the parame-
ters of natural-effects models corresponding to direct, indirect,
and total effects using the Vansteelandt et al imputation-based
method.15 Analyses were performed using R (version 4.2.2)
(Supplementary File 1). Data from all available participants were
used, and no a priori sample size estimations were performed.

RESULTS

Of the 104 participants enrolled in the two studies, data
were available from 68 participants for this analysis (Table 1).
Participants were mainly women, with ages ranging from 51 to
79 years, and many were overweight. On average, the KOOS
scores during the study visit indicated moderate to severe pain
and limitations of physical function. Overall, participants experi-
enced mild to moderate pain during exercise (mean 3.4 of

Figure 2. Directed acyclic graph indicating indirect and direct effects of the mediation analysis model. CPM, conditioned pain modulation.

Table 1. Participant characteristics*

Total (n = 68)a

Age, mean (SD), y 65.0 (7.0)
Female, n (%) 47 (69.1)
BMI, mean (SD) 29.0 (4.6)
BMI, n (%)
<25 14 (21)
≥25 and ≤30 26 (38)
>30 28 (41)

KOOS pain score (0-100), mean (SD) 61.9 (12.8)
KOOS ADL (0-100), mean (SD) 72.3 (16.2)
Pain during exercise (0-10), mean (SD) 3.4 (2.3)
Pain during exercise, n (%)
<1 6 (9)
≥1 and ≤3 35 (51)
>3 27 (40)

EIH present, n/N (%) 36/68 (52.9)
Had efficient CPM, n/N (%) 40/68 (58.8)

* ADL, activity of daily living; BMI, body mass index; CPM, condi-
tioned pain modulation; EIH, exercise-induced hypoalgesia; KOOS,
Knee Injury and Osteoarthritis Outcome Score.
a Of the 104 participants enrolled in the two studies, 16 were
excluded for missing the EIH assessment, 14 were excluded for
missing the CPM assessment, and 6 were excluded for missing both
the EIH and CPM assessments.
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10 [95% confidence interval (CI) 2.9–3.9]). On a 0 to 10 pain rating
scale, 9% reported pain levels lower than 1, 51% reported pain
levels between 1 and 3, and the remaining 40% reported
pain levels greater than 3. Among 68 participants, 53% exhibited
an EIH response and 59% exhibited an efficient CPM response
(Table 1). In the subsample of people who reported knee pain ≥5
with the exercise (n = 20), 70% experienced EIH.

In our causal mediation analysis, for each one-unit increase in
pain during exercise, the odds of experiencing EIH in persons with
knee OA increased by 43% (odds ratio [OR] 1.43, CI 1.05–1.94).
This effect, adjusted for age, sex, and BMI, was primarily driven by
the natural direct effect (OR 1.43, 95% CI 1.05–1.95), representing
the effect of exercise pain on EIH not mediated by CPM efficiency.
The natural indirect effect through CPM efficiency was negligible
(OR 1.00, 95% CI 0.96–1.04), indicating that CPM efficiency did
not mediate the effect of exercise-induced pain on EIH response.

DISCUSSION

We observed that mild to moderate pain during knee exer-
cise was associated with greater odds of having EIH response in
people with knee OA. However, CPM efficiency did not appear
to mediate this relationship. Our results suggest that mild to mod-
erate pain with exercise may have beneficial analgesic effects
immediately following the exercise. It has been suggested that
mechanisms other than descending pain inhibition that involve
endocannabinoid, serotonergic, opioid, immune, and autonomic
systems and/or distraction due to pain may underlie the relation-
ship between pain increase with exercise and the presence
of EIH.12

All major guidelines recommend exercise as a core interven-
tion for managing pain in people with knee OA.2 However, pain
evoked by exercise remains an important barrier to exercise
adherence because patients with knee OA often believe that
activities that cause pain must be harmful.3 Clinicians currently
do not have any evidence-based recommendations to educate
patients about dealing with pain evoked by exercise. Our findings
suggest that mild to moderate pain (3–4 on a 0–10 scale) during
exercise may increase the likelihood of experiencing analgesic
effects immediately after exercise. Prior studies on this topic have
been few and have had conflicting findings. In healthy women, the
EIH response was greater after exercise when pain was induced
using blood flow restriction versus pain-free exercise.12 In con-
trast, another study reported that muscle pain ratings during exer-
cise after experimentally induced pain via injection with saline
were not related to subsequent EIH response in healthy adults.16

In people with chronic pain due to shoulder myalgia or knee OA,
prior studies suggested greater EIH response when exercising
nonpainful muscles rather than painful muscles.17,18 However,
our study differs from these prior studies in people with chronic
pain in one key aspect. The prior studies compared exercising
painful muscles (ie, shoulder muscles in people with shoulder

myalgia and knee muscles in people with knee OA) to exercising
nonpainful muscles (ie, leg muscles in people with shoulder myal-
gia and upper extremity muscles in people with knee OA).17,18

However, in our study, all participants completed the same set
of knee exercises, and we examined the association of pain dur-
ing this exercise with EIH. It is possible that there was variability
in the EIH response after exercising painful muscles in the cohorts
of prior studies, but this was not reported. In a recent study, the
authors examined EIH after knee exercise with varying levels of
blood flow restriction in people with end-stage knee OA and
reported an increase in pain with blood flow restriction and an
increase in PPT, somewhat consistent with our study.19 Our
study provides important new information about variability in EIH
response as being related to pain during knee exercises that are
commonly prescribed to people with knee OA. It is important to
note that the magnitude of the pain increase during exercise in
our cohort was limited. It is plausible that larger increases in pain
may lead to different outcomes. For instance, in people with low
back pain, those who experienced a pain increase of <2 of 10 dur-
ing walking had EIH, whereas those who experienced a larger
pain increase of ≥2 of 10 did not.20 However, in our small sample
(n = 20) of people with knee pain ≥5 during the exercise, 70%
showed an EIH response, suggesting that the moderating effect
of pain intensity may require further study.

Our findings may have implications for responses to exercise
interventions in people with knee OA. In a study of an eight-week
neuromuscular exercise intervention for people with knee OA,
pain was accepted during exercise, with pain (as measured by a
0–10 NRS) between 0 and 2 being considered safe, pain between
3 and 5 being considered acceptable, and pain >5 being consid-
ered high risk.21 The results showed that this approach resulted in
a reduction in exercise-evoked pain flares (ie, change in pain from
before to after exercise) over the course of the intervention. Inter-
estingly, the participants who were deemed noncompliant (ie,
attended <75% of the sessions) had a larger exercise-evoked
pain flare (0.79 NRS) versus the compliant group (0.43 NRS).
The authors speculated that this difference may have influenced
compliance. A systematic review reported that significant benefits
were seen in the short term with protocols that included painful
exercises versus protocols that included pain-free exercises in
people with chronic musculoskeletal pain conditions, with no
clear difference over the medium term and long term.22 Our find-
ings provide further evidence that may help clinicians educate
patients about the potential safety of mild to moderate pain with
exercise and boost compliance.

CPM efficiency may not mediate the relation between pain
evoked by exercise and EIH response. CPM is interpreted as a
proxy for the descending pain inhibitory pathway, involving endog-
enous opioids and serotonin—substances well-known for their
release after exercise as well.4,7 Consequently, the activation of
opioidergic descending inhibitory pathways has been speculated
as a shared mechanism of CPM and EIH.7 This can be supported
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by several previous studies showing a significant association
between the efficiency of CPM and EIH, which have shown that
CPM explains 23% of EIH responses after adjusting for demo-
graphic confounders.4 However, to our knowledge, our study is
the first to investigate whether CPM mediates the association
between pain during exercise and EIH. Our finding that CPM did
not mediate the relation of pain during exercise with EIH could be
due to several reasons. First, the pain increase (95% CI 2.9–3.9)
during exercise in our study may be insufficient to activate the des-
cending inhibitory system, considering the pain level we set for the
conditioning stimulus was ≥4 during the CPM. It is also possible
that the descending inhibitory system was already fully engaged
owing to ongoing chronic pain in these individuals and there was
no remaining reserve for further activation. Second, we regarded
pain evoked at the affected knee joint during exercise as a condi-
tioning stimulus for the EIH response, whereas we used forearm
pain due to cuff-induced ischemia at a nonpainful location as a
conditioning stimulus for the CPM. Lastly, the overall age-related,
as well as the OA-derived, attenuation in the efficiency of the des-
cending pain inhibitory system can be one factor leading to a non-
significant mediation effect.23 Our findings are aligned with those in
the study by Ellingson et al, in which EIH was observed after both
painful and pain-free exercises, leading the authors to conclude
that CPM is likely not the primary mechanism of EIH.12 However,
given that our analysis was limited to a single session of exercise,
the potential mediating role of CPM over a longer exercise inter-
vention may be examined in future studies.

Some limitations in this study should be acknowledged. We
only examined EIH after exercise involving the painful knee. It is
plausible that the findings may differ with exercises involving other
joints or other types of exercise (eg, aerobic exercise, upper
extremity exercise). Also, when determining the EIH response,
we did not account for the SE of PPT measurement, which could
have resulted in categorizing two individuals with only small differ-
ences in PPT into different groups. Similarly, we did not consider
different thresholds of increase in PPT to define EIH or CPM,
which may alter participant classification. We cannot rule out
interactions due to centrally acting medications, such as seroto-
nin and norepinephrine reuptake inhibitors, and/or central effects
due to cancer, which was only excluded in one of the cohorts.
Finally, we only examined the relation of pain with exercise and
an immediate EIH response after a single bout of exercise.
Whether pain with exercise is related to better outcomes after a
long-term exercise intervention needs further study.

In conclusion, approximately half of the participants with
knee OA did not experience an EIH response after a single knee
exercise session. Mild to moderate increases in pain during
knee exercise were associated with a greater likelihood of EIH in
people with knee OA. CPM efficiency did not mediate the associ-
ation of pain increase during exercise with EIH. Clinicians may
educate patients that some pain with exercise is likely safe and
may help with treatment benefits.
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Sequence Analysis to Phenotype Health Care Patterns
in Adults With Musculoskeletal Conditions Using Primary
Care Electronic Health Records

Smitha Mathew,1 George Peat,1,2 Emma Parry,1 Ross Wilkie,1 Kelvin P. Jordan,1 Jonathan C. Hill,1

and Dahai Yu1

Objective. The aim of this study was to apply sequence analysis (SA) to phenotype health care patterns of adult
patients with musculoskeletal (MSK) conditions using primary care electronic health records and to investigate the
association between these health care patterns and patients’ self-reported outcomes after consultation.

Methods. Data from the Multilevel Integrated Data for musculoskeletal health intelligence and Actions program
conducted in North Staffordshire and Stoke-on-Trent, United Kingdom, was used. The study included patients aged
≥18 years who consulted primary care for MSK conditions between September 2021 and July 2022. SA was employed
to categorize patients with similar health care patterns in primary care in the five years before their index consultation in
respect to consultations, analgesic prescriptions, imaging, physiotherapy, and secondary care referrals. Associations
of sociodemographic characteristics and self-reported outcome with clusters were determined.

Results. In total, 1,875 patients consulting primary care for MSK conditions were available for analysis. SA identi-
fied five clusters of previous health care patterns among patients with MSK conditions, including “increasing consulta-
tion and analgesia” (5.60%), “low consultation and health care use” (57.39%), “high consultation and health care use”
(8.32%), “low consultation but high analgesia” (13.01%), and “low consultation but moderate health care use”
(15.68%). Patients in the “high consultation and health care use” group were predominantly female, were older, had
obesity, had more comorbidities, and lived in the most deprived areas compared to those in the “low consultation
and health care use” group. Additionally, self-reported outcomes varied significantly among clusters, with patients in
the “high consultation and health care use” group reporting worse self-reported outcomes.

Conclusion. This analysis identified five distinct clusters of health care patterns for patients with MSK conditions in
primary care and observed substantial variations in patients’ self-reported outcomes and sociodemographic profiles
across these different groups of patients.

INTRODUCTION

Musculoskeletal (MSK) conditions are a major cause of pain

and disability worldwide. In the United Kingdom,more than 20mil-

lion people live with an MSK condition.1 MSK conditions are pri-

marily assessed and managed in primary care. It accounts for

12% to 14% of primary care consultations in adults, and a sub-

stantial portion of health care expenditure is allocated to

managing these conditions.2 A range of different interventions

are recommended for the management of MSK conditions,

including providing advice on self-management and exercise,

referring patients for nonpharmacologic treatments such as
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physiotherapy, and prescribing analgesics to alleviate pain and
symptoms.3

Pain associated with MSK conditions leads to high health
care use, and patients seeking health care may find themselves
consulting a diverse range of health care professionals and receiv-
ing a mix of analgesic prescriptions, imaging, physiotherapy, and
secondary care referrals.4,5 Understanding patterns within these
interactions can provide insights into how different patient sub-
groups use health care services. By analyzing these patterns,
health care providers can identify the specific needs of patient
subgroups. It enables health care planners to allocate resources
more strategically, ensuring that they are directed to where they
are most needed. Moreover, a comprehensive understanding of
care patterns helps identify service gaps and areas for improve-
ment. This knowledge allows for the optimization of health care
delivery by addressing disparities in service utilization. Overall, it
supports identifying specific health care needs, informs strategic
resource allocation, and contributes to improving health care
delivery and patient outcomes.6,7

Patients’ self-reported outcome measures are valuable for
evaluating perceptions of health, symptoms, and the effective-
ness of MSKmanagement.8 These measures capture information
primarily focusing on pain levels, activity limitations, and overall
quality of life rather than clinical measures.9 Several studies have
highlighted an association between chronic pain and increased
health care utilization.10–12 Additionally, a correlation has been
observed between low health-related quality of life and high health
care utilization.12 Evidence from a primary care prospective
observational cohort study further indicates that subgroups of
individuals with different levels of risk for poor MSK pain outcomes
exhibit different levels of health care utilization.13 Relating health
care utilization patterns to patients’ self-reported outcomes might

direct attention toward potentially poorly targeted or ineffective
patterns of care.

In recent years, sequence analysis (SA) has emerged as a
promising analytical approach in health care research due to its
ability to uncover valuable insights and patterns from real-world
data.14 SA is used to analyze ordered sets of data, often referred
to as sequences. This method is commonly used in social science
to identify patterns in life course trajectories and to study transitions
into adulthood15,16 or career patterns17 by examining longitudinal
data representing events experienced by individuals over time. In
health care, SA allows researchers to analyze sequences of medi-
cal events, such as diagnoses, treatments, and procedures, to
understand disease progression and care pathways.6,18,19 SA
enables the exploration of health care utilization patterns, including
patient journeys through the health care system, patterns of service
utilization, and transitions between different levels of care.20–22

A conventional SA involves three steps: defining events as
sequences of successive categorical states, calculating dissimi-
larities between pairs of sequences, and building a typology of
the sequences.23 The states in the sequence should be clinically
meaningful and relevant to the research objectives. Dissimilarity
is a quantitative measure indicating the degree to which two indi-
viduals followed distinct sequences. There are different dissimilar-
ity measures based on alignment and nonalignment techniques.
The choice of dissimilarity measure may affect the results of SA;
therefore, researchers select an appropriate measure aligned with
their research objective.24 Finally, a cluster analysis is performed
to classify individuals with similar sequences.

In this study, we focus on the identification of different health
care patterns among adult patients with MSK conditions in pri-
mary care more than five years before their index consultation,
as well as examining the effect of these patterns on patients’
self-reported outcomes. By examining historic care patterns, we
can comprehensively understand the various treatment strategies
patients have experienced, which might influence their current
health status and outcome.

Therefore, the primary objective of this study was to apply
SA to phenotype health care patterns of patients with MSK condi-
tions from routinely collected primary care electronic health
records (EHRs). The secondary objective was to investigate the
association between the identified health care patterns and
patients’ self-reported outcomes after consultation.

MATERIALS AND METHODS

Data source and population. The Multilevel Integrated
Data for musculoskeletal health intelligence and Actions (MIDAS)
program, funded by the Nuffield Foundation and Versus Arthritis,
aims to develop a comprehensive, place-based system for
MSK health data in North Staffordshire and Stoke-on-Trent,
United Kingdom. MIDAS-GP is one observational cohort study
within the overall MIDAS project, and is designed to collect, link,

SIGNIFICANCE & INNOVATIONS
• Our study identified five distinct patterns of health

care utilization in primary care among adult
patients with musculoskeletal conditions using
sequence analysis.

• We observed inequalities in health care utilization
patterns based on patients’ characteristics and sig-
nificant variations in patients’ self-reported out-
comes across different clusters of health care
utilization patterns. Specifically, patients from
socioeconomically deprived areas who were pre-
dominantly older and female and who had obesity
and multiple comorbidities showed higher consul-
tation rates, higher health care use, and poorer
short-term outcome.

• These findings highlighted the importance of
addressing disparities in health care access and
the need for targeted interventions for patients at
risk of poorer health outcomes.

HEALTH CARE PATTERNS OF MSK CONDITIONS IN PRIMARY CARE 907



and explore data from patient-report, electronic health records, and
other sources for adults presenting with common, painful MSK con-
ditions presenting in general practiced (GP). The study focuses on
integrating data from various clinical settings to enhance MSK care
pathways. The prespecified MIDAS-GP study protocol is available
at Open Science Framework (https://osf.io/e542w/). The study
received ethical approval from Yorkshire & The Humber-LeedsWest
Research Ethics Committee (Reference: 21/YH/0178).

The eligible participants for this study included patients aged
18 years and older, registered with 30 participating general prac-
tices and who consulted any primary care health care profes-
sional within the practice for a painful, noninflammatory MSK
condition. Recruitment was conducted from September 2021 to
July 2022, staggered across different practices, with recruitment
periods lasting from three to six months. Relevant MSK pain-
related consultations were identified using a pre-specified Sys-
tematized Nomenclature of Medicine Clinical Terms (SNOMED
CT) code list (Supplementary Table S1). Eligible participants were
invited to complete a baseline questionnaire on MSK health and
care and were asked for their consent to link the questionnaire
to EHRs. The consenting participants were further asked to com-
plete the follow-up questionnaires at three and six months.

The information on patient’s demographic, socioeconomic,
comorbidities, and MSK management strategies were derived
from the primary care EHR in the five years before index MSK
consultation. The list of comorbidities used was produced after
cross-mapping morbidities in National Institute for Health and
Care Excellence (NICE) multimorbidity indicator for general prac-
tice,25 Charlson,26 and Elixhauser27 comorbidity indices, and
potentially relevant case-mix adjustment methods.28 Comorbidity
code lists are available at Open Science Framework (https://osf.io/
e542w/). The MSKmanagement information included MSK-related
primary care consultations, relevant prescriptions for medications,
referrals for imaging (eg, radiographs, magnetic resonance imag-
ing, or CT scans), referrals for physiotherapy, and referrals for sec-
ondary care (MSK triage, rheumatology, trauma, and orthopedic
departments). Patients’ neighborhood deprivation was also con-
sidered. We used the English index of multiple deprivation (IMD)
2019 rank as a composite measure of neighborhood deprivation,
which covers seven domains of material deprivation including
income, employment, education and skills training, health depriva-
tion and disability, barriers to housing and services, crime, and living
environment.29 The IMD classifies the areas into five quintiles based
on relative disadvantage, with quintile 1 being the most deprived
and quintile 5 being the least deprived. Additionally, patients’ MSK
Health Questionnaire (HQ) scores at baseline, three months, and
six months after index consultation were considered. The MSK-
HQ is a 14-item questionnaire that captures key outcomes that
patients with MSK conditions have prioritized as important for use
across clinical pathways.30 Scores range from 0 to 56, with higher
scores indicating better MSK health over the past two weeks.30

The data of this study are available upon request.

Statistical analysis. To explore the patterns of utilization of
key MSK management strategies in primary care, we employed a
multichannel SA involving five domains: MSK-related consulta-
tions, analgesic prescriptions, imaging referrals, physiotherapy
referrals, and secondary care referrals. The primary step in SA
was defining the states within the sequence, the observation
period, and the time unit. The health care patterns of patients with
MSK conditions were observed for five years before their index
consultation. The MSK management information was retrieved
as annual count data. So, we defined three categorical states for
consultations and analgesic prescriptions: “none,” “low,” and
“high,” representing zero, one to three, and four or more
instances, respectively, and two categorical states for imaging,
physiotherapy, and secondary care referrals: “no” and “yes”
occurrence during the year (detailed in the Supplementary Mate-
rial S1). If the care event is not recorded in the system, it is consid-
ered to have not occurred. We defined care sequences for each
domain for each patient, with each sequence consisting of five
states (one for each year).

Table 1. Patients’ baseline characteristics*

Variables Patients (N = 1,875)

Sex, n (%)
Female 1,233 (65.76)
Male 642 (34.24)

Age, mean (SD) 57.74 (15.50)
Age group, n (%)
18–34 y 157 (8.37)
35–44 y 234 (12.48)
45–54 y 362 (19.31)
55–64 y 430 (22.93)
65–74 y 407 (21.71)
75–84 y 241 (12.85)
85+ y 44 (2.35)

BMI, mean (SD) 29.18 (6.91)
BMI, n (%)
Underweight (<18.5) 26 (1.39)
Normal (18.5–24.9) 399 (21.28)
Overweight (25–29.9) 562 (29.97)
Obese (≥30) 608 (32.43)
Missing 280 (14.93)

Comorbidity count, n (%)
0 829 (44.21)
1 577 (30.77)
2 329 (17.55)
3+ 140 (7.47)

Index of multiple deprivation, n (%)
Quintile 1 (most deprived) 530 (28.27)
Quintile 2 383 (20.43)
Quintile 3 398 (21.23)
Quintile 4 320 (17.07)
Quintile 5 (least deprived) 244 (13.01)

Race and ethnicity, n (%)
White 1,788 (95.36)
Asian 31 (1.65)
Mixed 11 (0.59)
Black 28 (1.49)
Other 17 (0.91)

* BMI, body mass index.
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For the analysis of sequences, we chose optimal matching
(OM) edit distance, the most often used approach to measure the
dissimilarity between pairs of sequences.14 OM measures the dis-
similarity between two sequences by determining the minimum
cost required to transform one sequence into another by edit oper-
ations such as insertion, deletion, or substitution of states. We
opted for a data-driven cost for insertion/deletion, and substitutions
based on the frequency of the states in the sequences, referred to
as INDELSLOG. In this approach, insertion/deletion costs were cal-
culated initially as the logarithm of the inverse of the relative fre-
quency of the states, as log(2/[1 + f]), in which “f” is the relative
frequency of the states. Then, the substitution costs between the
two states are computed by summing their insertion/deletion
costs.31 The rationale behind this approach is that inserting or
deleting rare states is more costly than inserting or deleting frequent
states, and substituting rarely observed states costs more than
substituting common states.31 The multidomain dissimilarity matrix

was computed by adding the domain-specific dissimilarity
matrixes. Based on the computed dissimilarity matrix, we per-
formed an agglomerative hierarchical cluster analysis with Ward’s
linkage to classify patients with similar care patterns. The optimum
number of clusters was determined based on the dendrogram,
inertia jump curve, cluster quality indices, and clinical relevance
and interpretability (explanation of the selection criteria is given in
the Supplementary Material S2). To visualize the care patterns, we
used sequence index plots and state distribution plots provided
by the SA. State distribution plot shows the distribution of states
for each time unit, whereas each line in the sequence index plot
represents an individual sequence.24

We compared patients’ demographic and health character-
istics among the derived clusters using the chi-square test, t-test,
and analysis of variance. A multinomial logistic regression model
was used to assess the association between patients’ profiles
and cluster membership. A linear mixed model was used to test

Figure 1. State distribution plot of care sequence typology by domain (consultations, prescriptions, imaging, physiotherapy, and secondary care
referrals).
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the difference in patient-reported MSK-HQ scores between clus-
ters. The model included the fixed, categorical effects of cluster,
time, cluster-by-time interaction, sex, comorbidities, and IMD,
alongside continuous, fixed covariates for age and body mass
index (BMI). To account for within-participant variability, an
unstructured covariance structure was applied to model the
within-participant errors. The missing data in BMI (n = 280) were
imputed by multiple imputation using chained equations.32 Sensi-
tivity analyses were conducted to ensure the reproducibility of the
results. For this, patients with MSK conditions were subgrouped
into those with osteoarthritis (OA) and those with low back pain
(LBP), and the SA was repeated within these subgroups. The
SA was conducted using the TraMineR and WeightedCluster
packages in R, and all other analyses were performed using Stata
version 18 (StataCorp).

RESULTS

Participants. A total of 2,008 patients (14.9%) responded
at baseline, of whom 1,875 patients consented and were suc-
cessfully linked to their EHRs and hence form the primary popula-
tion for analysis (detailed in Supplementary Figure S1). Among

these patients, the mean ± SD age was 57.74 ± 15.50 years,
and the mean ± SD BMI was 29.18 ± 6.91. Female participants
accounted for 65.76% of the patients, 32.43% were classified
as obese, and 28.27% were from the most deprived areas
(Table 1). Patients’ care sequences of each domain were pre-
sented in sequence index plots (Supplementary Figure S2).

SA. By the multichannel SA of the domains—MSK consulta-
tions, analgesic prescriptions, imaging referrals, physiotherapy
referrals, and secondary care referrals—patients with similar care
sequenceswere classified into five distinct clusters (Figure 1) based
on the dendrogram, inertia jump curve, and cluster quality indices
(Supplementary Table S2 and Supplementary Figures S3 and S4).
The characteristics of the identified clusters are as follows:

• Cluster 1 (n = 105, 5.60%) patients were characterized by
a marked increase in high-level (ie, four or more) consulta-
tions and analgesic prescriptions over the five years,
accompanied by moderate imaging and physiotherapy,
and minimum secondary care referrals. This cluster can
be labeled as “increasing consultation and analgesia.”

• Cluster 2 (n = 1,076, 57.39%) consisted of patients with
low-level (one to three) consultations and analgesic

Table 2. Multinomial logistic regression model for association between patients’ characteristics and different clusters*

Patient characteristic

Clusters of similar care sequences

Increasing consultation
and analgesia, OR (95% CI)

High consultation and
health care use,
OR (95% CI)

Low consultation but high
analgesia, OR (95% CI)

Low consultation but
moderate health care
use, OR (95% CI)b

Sex
Male 1 1 1 1
Female 1.51 (0.97–2.35) 2.55 (1.69–3.88)a 1.79 (1.30–2.46)a 1.87 (1.40–2.51)a

Age group
18–34 y 1 1 1 1
35–44 y 0.62 (0.23–1.69) 1.24 (0.43–3.57) 2.98 (0.96–9.21) 1.41 (0.75–2.62)
45–54 y 1.71 (0.76–3.84) 2.82 (1.10–7.21)a 5.73 (1.97–16.66)a 1.80 (0.99–3.24)
55–64 y 1.16 (0.50–2.69) 3.50 (1.39–8.82)a 7.04 (2.45–20.21)a 1.87 (1.04–3.33)a

65–74 y 1.96 (0.85–4.52) 5.31 (2.09–13.49)a 11.66 (4.06–33.53)a 2.79 (1.55–5.01)a

75–84 y 2.73 (1.10–6.77)a 9.05 (3.41–24.03)a 18.99 (6.46–55.84)a 3.20 (1.68–6.11)a

85+ y 1.69 (0.32–8.89) 8.42 (2.23–31.80)a 12.51 (3.26–47.94)a 4.31 (1.65–11.26)a

BMI
Underweight/normal (<25) 1 1 1 1
Overweight (25–29.9) 0.98 (0.52–1.84) 1.04 (0.59–1.84) 1.18 (0.77–1.80) 1.22 (0.84–1.76)
Obese (≥30) 2.03 (1.15–3.59)a 2.54 (1.52–4.25)a 1.79 (1.18–2.71)a 1.80 (1.25–2.59)a

Comorbidity count
0 1 1 1 1
1 1.74 (1.07–2.83)a 1.58 (0.97–2.56) 2.19 (1.51–3.18)a 1.34 (0.99–1.82)
2 1.93 (1.07–3.47)a 4.38 (2.72–7.05)a 3.90 (2.60–5.85)a 1.28 (0.86–1.91)
3+ 3.49 (1.65–7.38)a 6.65 (3.60–12.28)a 5.55 (3.21–9.61)a 2.07 (1.19–3.61)a

Index of multiple deprivation
Quintile 1 (most deprived) 1.42 (0.71–2.82) 2.65 (1.34–5.23)a 2.09 (1.21–3.62)a 1.22 (0.78–1.90)
Quintile 2 1.24 (0.61–2.52) 2.33 (1.16–4.65)a 1.84 (1.05–3.22)a 1.11 (0.70–1.76)
Quintile 3 0.70 (0.33–1.49) 0.78 (0.36–1.66) 1.30 (0.75–2.26) 0.85 (0.55–1.35)
Quintile 4 0.86 (0.40–1.83) 1.46 (0.70–3.02) 1.34 (0.76–2.38) 0.86 (0.53–1.39)
Quintile 5 (least deprived) 1 1 1 1

* BMI, body mass index; CI, confidence interval; OR, odds ratio.
a These are significant results.
b The reference cluster is low consultation and healthcare use.
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prescriptions mainly in the index year, and minimal imag-
ing, physiotherapy, and secondary care referrals. This
cluster can be labeled as “low consultation and health
care use.”

• Cluster 3 (n = 156, 8.32%) was made up of patients with
consistently higher levels of consultation, analgesic pre-
scriptions, imaging, physiotherapy, and secondary care
referrals. This cluster can be labeled as “high consultation
and health care use.”

• Cluster 4 (n = 244, 13.01%) included patients with low-
level (one to three) consultations, low imaging, physiother-
apy, and secondary care referrals, but having higher levels
(four or more) of analgesic prescriptions over the five
years. This cluster can be labeled as “low consultation
but high analgesia.”

• Cluster 5 (n = 294, 15.68%) consisted of patients with
low-levels (one to three) of consultations, analgesic pre-
scriptions, and secondary care referrals, but moderate
levels of imaging and physiotherapy referrals. This clus-
ter can be labeled as “low consultation but moderate
health care use.”

Potential predictors of clustermembership. Patients’
characteristics by clusters of similar care patterns were pre-
sented in Supplementary Table S3. Table 2 shows the findings
of the multinomial logistic regression model computed to

examine potential predictors of the identified clusters. Odds
ratios were calculated to indicate the likelihood of being in a
particular cluster compared to the reference cluster. The refer-
ence cluster used in the analysis was “low consultation and
health care use.” Female patients were significantly more likely
to be in “high consultation and health care use,” “low consulta-
tion but high analgesia,” and “low consultation but moderate
health care use” clusters, as compared to being in the “low
consultation and health care use” cluster. Additionally, older
age, obesity, a higher comorbidity index, and socioeconomic
deprivation (most deprived) were identified as significant pre-
dictors for membership in the “increasing consultation and
analgesia,” “high consultation and health care use,” “low con-
sultation but high analgesia,” and “low consultation but mod-
erate health care use” clusters.

The effect of health care patterns and patients’
MSK-HQ scores. Table 3 presents the adjusted estimates for
the association between health care patterns and MSK-HQ
score. Figure 2 illustrates the predicted mean MSK-HQ score val-
ues among different clusters at index consultation (baseline), and
at three months and six months following the index consultation.
The mean patient-reported MSK-HQ score was significantly
lower (worse MSK health) in the “increasing consultation and
analgesia,” “high consultation and health care use,” “low consul-
tation but high analgesia,” and “low consultation but moderate

Table 3. Longitudinal linear mixed model to assess association between clusters of similar care sequence and
MSK-HQ score*

MSK‐HQ Score

Fixed effects, coefficient (95% CI)
Intercept 26.19 (23.04 to 29.33)a

Cluster of similar care sequences, coefficient (95% CI)
Increasing consultation and analgesia −5.90 (−7.90 to −3.89)a

High consultation and healthcare use −7.26 (−9.01 to −5.51)a

Low consultation but high analgesia −5.79 (−7.24 to −4.35)a

Low consultation but moderate healthcare use −2.73 (−4.03 to −1.43)a

Time, coefficient (95% CI)
3 mo 5.41 (4.78 to 6.04)a

6 mo 6.42 (5.69 to 7.16)a

Interaction terms cluster of similar care sequence x time, coefficient (95% CI)
Increasing consultation and analgesia x 3 mo −2.05 (−4.12 to 0.02)
Increasing consultation and analgesia x 6 mo −2.82 (−3.30 to −0.57)a

High consultation and healthcare use x 3 mo −5.18 (−6.92 to −3.43)a

High consultation and healthcare use x 6 mo −4.57 (−6.55 to −2.58)a

Low consultation but high analgesia x 3 mo −2.88 (−4.28 to −1.49)a

Low consultation but high analgesia x 6 mo −2.98 (−4.61 to −1.35)a

Low consultation but moderate healthcare use x 3 mo −1.93 (−3.30 to −0.57)a

Low consultation but moderate healthcare us x 6 mo −1.10 (−2.65 to 0.45)
Random effects, SD
Intercept 7.39
Time 2.76

* The reference cluster is low consultation and health care use. Model was controlled for sex, age, bodymass index,
comorbidity count, and index of multiple deprivation. CI, confidence interval; MSK-HQ, Musculoskeletal Health
Questionnaire.
a These are significant results.
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health care use” clusters compared to the “low consultation and
health care use” cluster at baseline, three months, and six
months; the estimated differences in mean score are presented
in Table 4. Additionally, the MSK-HQ score over time, as indicated
by the interaction terms of clusters with similar care sequences
and time, showed significantly less improvement at month 3 in
the “high consultation and health care use” (coefficient −5.18
[95% confidence interval (CI) −6.92 to −3.43]), “low consultation
but high analgesia” (coefficient −2.88 [95% CI −4.28 to −1.49]),
and “low consultation but moderate health care use” (coefficient
−1.93 [95% CI −3.30 to −0.57]) clusters compared to the
improvement in the “low consultation and health care use” clus-
ter. Similarly, less improvement was observed at month 6 in the
“increasing consultation and analgesia” (coefficient −2.82 [95%
CI −5.27 to −0.37]), “high consultation and health care use” (coef-
ficient −4.57 [95% CI −6.55 to −2.58]), and “low consultation but
high analgesia” (coefficient −2.98 [95% CI −4.61 to −1.35]) clus-
ters (Table 3).

Sensitivity analysis. To test the reproducibility of the
results, two additional SAs were performed by subgrouping
the patients with conditions into those with OA and those with
LBP. Agglomerative hierarchical cluster analysis with OM and
INDELSLOG cost produced five clusters for patients with OA
(Supplementary Figure S5), which were similar to the results
obtained for patients with MSK conditions. Similarly, the analysis
of patients with LBP also resulted in five clusters (Supplementary
Figure S6). Another sensitivity analysis with similar SA methods
was conducted excluding patients who have less than five years
of continuous retrospective record, and it yielded similar clusters
of the main analysis (Supplementary Figure S7).

DISCUSSION

Our study examined health care patterns among 1,875 adult
patients who sought consultation for MSK conditions in primary
care settings and investigated the relationship between these

Table 4. Difference in MSK-HQ score from low consultation and health care use at baseline, three months, and six months*

MSK-HQ score

Baseline, difference (95% CI) 3 mo, difference (95% CI) 6 mo, difference (95% CI)

Increasing consultation and analgesia −5.90 (−7.91 to −3.89)a −7.95 (−10.40 to −5.49)a −8.72 (−11.61 to −5.83)a

Low consultation and health care use 0 0 0
High consultation and health care use −7.26 (−9.01 to −5.51)a −12.43 (−14.56 to −10.31)a −11.82 (−14.24 to −9.40)a

Low consultation but high analgesia −5.79 (−7.24 to −4.35)a −8.68 (−10.39 to −6.97)a −8.78 (−10.76 to 6.79)a

Low consultation but moderate health care use −2.73 (−4.03 to −1.43)a −4.66 (−6.28 to −3.04)a −3.82 (−5.67 to −1.98)a

* Model was controlled for sex, age, body mass index, comorbidity count, and index of multiple deprivation. CI, confidence interval; MSK-HQ,
Musculoskeletal Health Questionnaire.
a These are significant results.

Figure 2. Predicted values of MSK-HQ score among the distinct clusters. Predicted values were controlled for sex, age, body mass index,
comorbidity count, and index of multiple deprivation. MSK-HQ, Musculoskeletal Health Questionnaire.
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health care patterns and the patients’ self-reported MSK-HQ out-
comes. Using SA, we identified five distinct clusters that differed in
terms of MSK-related pain consultations, analgesic prescriptions,
imaging, physiotherapy, and secondary care referrals. The data
tell us that the low consultation and health care use group has
the best MSK health. Factors associated with being in the other
clusters and poorer health are sex, age, BMI, comorbidities, and
neighborhood deprivation.

To our knowledge, this is the first study to use SA methodol-
ogy to uncover health care patterns of MSK conditions in primary
care using routinely collected EHR data. A Canadian study by
Nguena Nguefack et al6 used SA to identify five two-year care tra-
jectories among patients living with arthritic conditions. However,
their focus was on patterns of health care visits across different
health care services (eg, emergency department visits, hospitali-
zations, and pain clinics) without considering multiple treatment
strategies. This may be due to variations in the health care sys-
tems, which may influence the applicability of different primary
care approaches. Similarly, the study by Mose et al5 employed
latent class growth analysis to identify five 10-year patterns of
MSK health care utilization among adult Danes who reported
chronic MSK pain. Although they modeled the number of health
care contacts, they did not analyze the sequence of services
used. Our findings have similarities with trajectories from studies
analyzing single components of health care. However, in contrast,
our study examined jointly all the main components of MSK man-
agement in primary care settings. Additionally, Meisingset et al33

identified five distinct MSK phenotypes using latent class analysis,
but their focus was on key prognostic factors over the biopsycho-
social domains across common MSK pain. Although these phe-
notypes may support the development of targeted interventions,
our study, which integrates different care strategies for MSK pain
in primary care, offers practical insights that may enhance clinical
practice and inform decision-making in primary care settings.

This study demonstrated that patients in the “high consulta-
tion and health care use” group experienced the worst outcome
in terms of MSK-HQ score. This finding aligns with the results of
the study by Nguena Nguefack et al,6 which indicated that
belonging to a high health care utilization group was associated
with a higher likelihood of perceiving a poor or fair quality of life.6

This high-utilization group in our study represented 8.32% of con-
sulters with MSK pain and predominantly consisted of female par-
ticipants, older patients, individuals with obesity, and those
coming from the most deprived areas. Additionally, this group
had the highest proportion of patients with a comorbidity count
of three or above, suggesting a significant burden of
comorbidities.6

In contrast, patients in the “low consultation and health care
use” group exhibited the best MSK health (highest MSK-HQ
score). This was the largest group, comprising 57.39% of con-
sulters with MSK pain, and included a higher proportion of male
participants and younger patients, fewer individuals with obesity,

and a greater proportion of patients with no comorbidities. Nota-
bly, 389 patients (36.15%) in this group had consultations only in
year 1, suggesting they might be incident consulters. Further-
more, individuals from the least deprived areas typically use health
care services less frequently than those from the most deprived
areas, a finding consistent with other studies reporting socioeco-
nomic differences in the prevalence and management of chronic
pain.34 These results indicate that more sophisticated SA never-
theless confirms the general observation made in previous stud-
ies of a subset of patients with high levels of pain and disability
and high health care use, in which issues of quality and effective-
ness of care may be more important than simple lack of access
to primary care.

By evaluating data from the five years before the index con-
sultation, we gained insights into the longitudinal treatment strate-
gies experienced by patients. This helps health care providers
learn from previous cases, refining treatment guidelines and care
strategies based on actual outcomes. Furthermore, our approach
helps identify patient groups that require more intensive and tai-
lored care, allowing for a more effective allocation of resources
to where they are neededmost. Our findings reveal that nearly half
of the patients consulting for MSK conditions have a long history
of health care interactions, which is associated with poorer
short-term outcome. These patients typically come from socio-
economically deprived areas, are predominantly older and female,
and have obesity and multiple comorbidities. Our assessment of
patients’ profiles and outcome variations among health care utili-
zation patterns can be used to improve care pathways and high-
lights areas in which policy interventions could substantially
enhance health equity.

The strength of this study lies in its innovative multidimen-
sional approach to SA, enabling a comprehensive exploration of
the most shared health care utilization patterns for MSK condi-
tions in primary care, considering patterns of consultations, anal-
gesic prescriptions, imaging, physiotherapy, and secondary care
referrals. There are potential limitations in this study. The inclusion
of only those patients who consented to participate might have
introduced a selection bias, as evidenced by the poor response
rate. Additionally, the IMD data suggest that the sample was less
deprived compared to the general population. Consequently, the
patterns of health care identified here, and their relative frequency,
may not reflect those in the target population of all adult con-
sulters with MSK pain. In particular, the frequency of low consulta-
tion and health care use may be overestimated in our sample,
given indirect evidence of lower study participation among more
deprived patients. Moreover, our analysis was based on continu-
ous retrospective records of five years before the index consulta-
tion. The registration period of the patients was not available in the
data, so we were not sure whether the patients with missing
health care events had no recorded events or were not regis-
tered during that period. We checked whether the patients had
five years of continuous records by computing the difference
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between the index date and the date of the first recorded event.
We found 738 patients had less than five years of continuous
retrospective record. Excluding these patients does reduce the
sample size. Therefore, we conducted a sensitivity analysis
excluding these patients, and the full results are provided in the
supplementary file (Supplementary Figures S8–S11 and Supple-
mentary Tables S4–S9).

Optimizing primary care and linkage to effective approaches is
crucial for reducing the effect of MSK conditions. Understanding
the patterns of patients’ journeys through various health care ser-
vices contributes to the achievement of this goal. SA could serve as
a feasible method for identifying patient interactions with the health
care system by delineating sequences of care events and identifying
distinct health care utilization patterns. This study offers initial insights
into patterns of health care by consulters with MSK pain to primary
care, which have been directed by clinicians. Further investigations
are warranted to gain a deeper understanding of care patterns for
MSK conditions in primary and secondary care settings and focus
on specific MSK subpopulations such as OA and LBP.

In conclusion, this study identified five distinct health care pat-
terns among adult patients with MSK conditions using SA. Patients’
self-reported outcomes and sociodemographic profiles varied
across the five clusters. Patients with high health care utilization
reported poorer outcomes, whereas those with lower utilization had
better outcomes. These findings underscore the association among
socioeconomic status, extensive health care utilization, and poorer
health outcome, emphasizing the need for targeted policy interven-
tions to improve health equity and quality of care.

ACKNOWLEDGMENTS

This study is based on data from MIDAS-GP study. We are
extremely grateful for the involvement and contributions of our Patient
Advisory Group to this study. We thank James Bailey for his assistance
in retrieving data from EHRs. We wish to acknowledge the contributions
of Simon Wathall, Gerri Mulcahy, and members of the National Institute
for Health and Care Research Clinical Research Network: West Mid-
lands. Practice managers and staff at participating practices; staff at
MJog by Livi; and Sarah Lawton, Steff Garvin, Clare Thompson, Jo
Smith, Sarah Lewis, Rachael Heath, Jacqui Carter, and the administra-
tion support staff in Keele Clinical Trials Unit contributed to the design
and implementation of practice-based patient recruitment methods for
MIDAS-GP. For the purpose of open access, the author has applied a
Creative Commons Attribution (CC BY) license to any author accepted
manuscript version of this article, arising from this submission.

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 Yu 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 statements

regarding compliance with institutional review board/Declaration of Hel-
sinki requirements.

REFERENCES

1. Versus Arthritis. The State of Musculoskeletal Health 2024. 2024.
Accessed August 2, 2024. https://www.versusarthritis.org/media/
25649/versus-arthritis-state-msk-musculoskeletal-health-2023.pdf

2. Yu D, Missen M, Jordan KP, et al. Trends in the annual consultation
incidence and prevalence of low back pain and osteoarthritis in
England from 2000 to 2019: comparative estimates from two clinical
practice databases. Clin Epidemiol 2022;14:179–189.

3. Welsh VK, Mason KJ, Bailey J, et al. Trends in consultations and pre-
scribing for rheumatic and musculoskeletal diseases: an electronic
primary care records study. Br J Gen Pract 2023;73(736):e858–e866.

4. Babatunde OO, Bishop A, Cottrell E, et al. A systematic review and
evidence synthesis of non-medical triage, self-referral and direct
access services for patients with musculoskeletal pain. PLoS One
2020;15(7):e0235364.

5. Mose S, Kent P, Smith A, et al. Trajectories of musculoskeletal health-
care utilization of people with chronic musculoskeletal pain – a
population-based cohort study. Clin Epidemiol 2021;13:825–843.

6. Nguena Nguefack HL, Pagé MG, Choinière M, et al. Distinct care tra-
jectories among persons living with arthritic conditions: a two-year
state sequence analysis. Front Pain Res (Lausanne) 2022;3:1014793.

7. Flothow A, Novelli A, Sundmacher L. Analytical methods for identifying
sequences of utilization in health data: a scoping review. BMC Med
Res Methodol 2023;23(1):212.

8. Husselbee R, Price J. Implementing and evaluating patient reported
outcome measures (MSK-HQ) using electronic patient records in
musculoskeletal practice: analysis of over 11,000 records. Physio-
therapy 2022;114:e94–e95.

9. Hill JC, Thomas E, Hill S, et al. Development and validation of the
Keele musculoskeletal patient reported outcome measure
(MSK-PROM). PLoS One 2015;10(4):e0124557.

10. Kinge JM, Knudsen AK, Skirbekk V, et al. Musculoskeletal disorders
in Norway: prevalence of chronicity and use of primary and specialist
health care services. BMC Musculoskelet Disord 2015;16(1):75.

11. Häuser W, Wolfe F, Henningsen P, et al. Untying chronic pain: preva-
lence and societal burden of chronic pain stages in the general popu-
lation - a cross-sectional survey. BMC Public Health 2014;14(1):352.

12. Emilson C, Åsenlöf P, Demmelmaier I, et al. Association between
health care utilization and musculoskeletal pain. A 21-year follow-up
of a population cohort. Scand J Pain 2020;20(3):533–543.

13. Oppong R, Lewis M, Campbell P, et al. Comparison of health-care uti-
lization, costs and health-related quality of life across the subgroups
defined by the Keele STarT MSK Tool. Rheumatology (Oxford) 2023;
62(6):2076–2082.

14. Mathew S, Peat G, Parry E, et al. Applying sequence analysis to
uncover ‘real-world’ clinical pathways from routinely collected data:
a systematic review. J Clin Epidemiol 2024;166:111226.

15. Schwanitz K. The transition to adulthood and pathways out of the
parental home: a cross-national analysis. Adv Life Course Res 2017;
32:21–34.

16. Lorentzen T, Bäckman O, Ilmakunnas I, et al. Pathways to adulthood:
sequences in the school-to-work transition in Finland, Norway and
Sweden. Soc Indic Res 2019;141(3):1285–1305.

17. Zhou Y. Work trajectories and status attainment process: a study
using sequence analysis. J Chin Sociol 2023;10(1):1.

18. Brodeur S, Vanasse A, Courteau J, et al. Antipsychotic utilization tra-
jectories three years after initiating or reinitiating treatment of schizo-
phrenia: a state sequence analysis approach. Acta Psychiatr Scand
2022;145(5):469–480.

MATHEW ET AL914

https://www.versusarthritis.org/media/25649/versus-arthritis-state-msk-musculoskeletal-health-2023.pdf
https://www.versusarthritis.org/media/25649/versus-arthritis-state-msk-musculoskeletal-health-2023.pdf


19. Vanasse A, Courteau J, Courteau M, et al. Multidimensional analysis
of adult patients’ care trajectories before a first diagnosis of schizo-
phrenia. Schizophrenia (Heidelb) 2022;8(1):52.

20. Vanasse A, Courteau J, CourteauM, et al. Healthcare utilization after a
first hospitalization for COPD: a new approach of State Sequence
Analysis based on the “6W” multidimensional model of care trajecto-
ries. BMC Health Serv Res 2020;20(1):177.

21. Henri S, Herrera R, Vanasse A, et al. Trajectories of care in
patients with chronic obstructive pulmonary disease: a
sequence analysis. Can J Respir Crit Care Sleep Med 2022;6(4):
237–247.

22. Le Meur N, Vigneau C, Lefort M, et al. Categorical state sequence
analysis and regression tree to identify determinants of care trajectory
in chronic disease: example of end-stage renal disease. Stat Methods
Med Res 2019;28(6):1731–1740.

23. Abbott A, Tsay A. Sequence analysis and optimal matching methods
in sociology. Sociol Methods Res 2000;29(1):3–33.

24. Liao TF, Bolano D, Brzinsky-Fay C, et al. Sequence analysis: its past,
present, and future. Soc Sci Res 2022;107:102772.

25. National Institute for Health and Care Excellence. Multiple long-term
conditions: multimorbidity register. July 31, 2019. Accessed
December 11, 2024. https://www.nice.org.uk/indicators/ind205-
multiple-long-term-conditions-multimorbidity-register

26. Charlson ME, Pompei P, Ales KL, et al. A new method of classifying
prognostic comorbidity in longitudinal studies: development and vali-
dation. J Chronic Dis 1987;40(5):373–383.

27. Elixhauser A, Steiner C, Harris DR, et al. Comorbidity measures for
use with administrative data. Med Care 1998;36(1):8–27.

28. Wray NP, Hollingsworth JC, Peterson NJ, et al. Case-mix adjustment
using administrative databases: a paradigm to guide future research.
Med Care Res Rev 1997;54(3):326–356.

29. Ministry of Housing, Communities & Local Government. The English
Indices of Deprivation 2019 (IoD2019). September 26, 2019. Accessed
July 12, 2024. https://assets.publishing.service.gov.uk/media/
5d8e26f6ed915d5570c6cc55/IoD2019_Statistical_Release.pdf

30. Hill JC, Kang S, Benedetto E, et al. Development and initial cohort val-
idation of the arthritis research UK Musculoskeletal Health Question-
naire (MSK-HQ) for use across musculoskeletal care pathways. BMJ
Open 2016;6(8):e012331.

31. Ritschard G, Liao TF, Struffolino E. Strategies for multidomain
sequence analysis in social research. Sociol Methodol. 2023;53(2):
288–322.

32. Azur MJ, Stuart EA, Frangakis C, et al. Multiple imputation by chained
equations: what is it and how does it work? Int J Methods Psychiatr
Res 2011;20(1):40–49.

33. Meisingset I, Vasseljen O, Vøllestad NK, et al. Novel approach towards
musculoskeletal phenotypes. Eur J Pain 2020;24(5):921–932.

34. Lynch M, Peat G, Jordan K, et al. Where does it hurt? Small area esti-
mates and inequality in the prevalence of chronic pain. Eur J Pain
2023;27(10):1177–1186.

HEALTH CARE PATTERNS OF MSK CONDITIONS IN PRIMARY CARE 915

https://www.nice.org.uk/indicators/ind205-multiple-long-term-conditions-multimorbidity-register
https://www.nice.org.uk/indicators/ind205-multiple-long-term-conditions-multimorbidity-register
https://assets.publishing.service.gov.uk/media/5d8e26f6ed915d5570c6cc55/IoD2019_Statistical_Release.pdf
https://assets.publishing.service.gov.uk/media/5d8e26f6ed915d5570c6cc55/IoD2019_Statistical_Release.pdf


Pregnancy Outcomes of Targeted Synthetic
Disease-Modifying Antirheumatic Drugs Among
Patients With Autoimmune Diseases: A Scoping Review

Vienna Cheng,1 Neda Amiri,2 Vicki Cheng,3 Ursula Ellis,4 Jacquelyn J. Cragg,5 Mark Harrison,6

Laurie Proulx,7 and Mary A. De Vera6

Objective. Targeted synthetic disease-modifying antirheumatic drugs (tsDMARDs) have expanded the manage-
ment of autoimmune diseases, including rheumatic diseases. As the use of these drugs grows, it is important to under-
stand their effects on pregnancy. We conducted a scoping review to synthesize the current evidence on the impacts of
tsDMARDs on pregnancy outcomes.

Methods. We searched the Embase, MEDLINE, and CENTRAL databases in November 2023. We included studies
that examined tsDMARD exposure for chronic autoimmune disease(s), particularly in mothers during pregnancy,
fathers before conception, and/or fetuses/neonates in utero. We extracted data on sample size, study design,
tsDMARD exposure (dose and duration), and reproductive health outcomes.

Results. Of 6,712 studies screened, eight were included, namely nine case reports, one case series, four cross-
sectional studies, and one cohort study among patients with ulcerative colitis, rheumatoid arthritis, and psoriasis.
Sample sizes ranged from 1 to 116 pregnancies or offspring, with six studies on tofacitinib, one on baricitinib, one on
upadacitinib, and no studies on apremilast. Overall, 19 fetal/neonatal outcomes, six fetal/neonatal-maternal outcomes,
and three maternal outcomes were extracted. The most frequently reported fetal/neonatal outcomes were congenital
anomaly (n = 4), preterm birth (n = 4), and the fetal/neonatal-maternal outcome of spontaneous abortion (n = 4). Only
one study reported on the maternal outcome of delivery via Cesarean section.

Conclusion. Our scoping review of evidence to date on the perinatal use of tsDMARDs reveal small sample sizes
and a limited number of studies, all largely descriptive in nature. Findings highlight evidence gaps that preclude pro-
viders and patients from making informed decisions when considering the perinatal use of tsDMARDs.

INTRODUCTION

Chronic autoimmune diseases, such as rheumatic disease

and inflammatory bowel disease, are associated with signifi-

cant morbidity.1,2 Within these, rheumatoid arthritis and spon-

dyloarthritis affect 0.5% to 1%1 and 0.5% to 2%3 of the global

population, respectively. These conditions often strike during

the childbearing years, with rheumatoid arthritis disproportion-

ately impacting more women than men.2,4,5 Uncontrolled auto-

immune disease during pregnancy is not only associated with

reduced fertility6,7 but also adverse maternal outcomes (eg,

pre-eclampsia8 and gestational diabetes9,10) and neonatal out-

comes (eg, preterm birth11–13 and congenital anomalies12,14).

Treatment with disease-modifying antirheumatic drugs
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(DMARDs) is often necessary throughout the perinatal period

to maintain low disease activity and minimize maternal-fetal

risk.15

Despite the proven efficacy of conventional synthetic
DMARDs for decades, many patients with moderate to severe
rheumatic disease remain suboptimally controlled unless treated
with a biologic or targeted synthetic (ts)DMARD.15,16 Specifically,
owing to their unique oral formulation and efficacy in targeting
specific intracellular signaling pathways of the immune
system,17–19 the advent of tsDMARDs in the recent decade has
significantly expanded the treatment options of autoimmune
diseases.20–23 There are four tsDMARDs approved by the US
Food and Drug Administration for various rheumatic and inflam-
matory bowel diseases: tofacitinib, baricitinib, upadacitinib, and
apremilast24,25 (Supplementary Table 1). The Janus kinase
(JAK) inhibitors (tofacitinib, baricitinib, and upadacitinib) are
indicated for rheumatoid arthritis, ankylosing spondylitis,
ulcerative colitis, and psoriatic arthritis.26 Apremilast is a
phosphodiesterase-4 inhibitor indicated for adult psoriatic arthri-
tis and plaque psoriasis.27 Although evidence has emerged on
the perinatal impacts of conventional synthetic DMARDs and
biologic originator DMARDs over the past decade,28,29 data on
newer therapies, particularly tsDMARDs, are scarce.

In 2016, the European Alliance of Associations for Rheuma-
tology (EULAR) defined points to consider for the use of antirheu-
matic drugs before and during pregnancy.30 Regarding
tsDMARDs, EULAR indicates that tofacitinib should be discontin-
ued 2months before conception because of insufficient data con-
cerning safety during pregnancy. There were no points for
baricitinib, upadacitinib, or apremilast until the 2024 EULAR
update—to which insufficient data was also stated.31 The Ameri-
can College of Rheumatology (ACR) published guidelines in
2020 indicating they were unable to assess the pregnancy com-
patibility of tofacitinib, baricitinib, and apremilast due to insufficient
data.32 ACR also states that no recommendations can be made
for men planning to father a child while taking tofacitinib, bariciti-
nib, and apremilast due to insufficient data.32 Indeed, preclinical
animal studies have demonstrated teratogenicity, and given their
small molecular size (unlike monoclonal antibodies), which allows
transplacental passage,17,22,23,33–35 there are rising calls for
research evaluating tsDMARD use during human pregnancy and
associated pregnancy outcomes. The lack of data may negatively
impact patients and babies, as treatment plans are often modified
before conception to medications compatible with pregnancy.
With this, it is important to synthesize the research to date to iden-
tify knowledge gaps and inform much-needed subsequent
research. Therefore, we conducted a scoping review as this is
an appropriate approach to achieve our objective of mapping
and synthesizing the current evidence on the reproductive
health impact of tsDMARDs on fetal/neonatal, maternal, and
paternal outcomes in individuals living with chronic autoimmune
diseases (eg, rheumatoid arthritis, psoriasis, or inflammatory
bowel disease).

METHODS

Search strategy. We conducted a scoping review follow-
ing the Arksey and O’Malley framework: (1) developed the
research question, (2) identified relevant studies (search electronic
databases, check reference lists of relevant studies and system-
atic reviews, hand search, and citation mining), (3) included stud-
ies matching our inclusion criteria, (4) extracted and charted key
data points, and (5) organized, mapped, and reported our
results.36 We also followed the Preferred Reporting Items for Sys-
tematic reviews and Meta-Analyses extension for Scoping
Reviews reporting checklist.37,38 Our rationale for choosing to
conduct a scoping review is to map the evidence, identify gaps
in literature, and gain a broad understanding of evidence on the
reproductive health impact of tsDMARDs.

We developed our search strategy with a research librarian
(UE) who applied it to Embase (Ovid), Cochrane CENTRAL
(Ovid), and MEDLINE (Ovid) from inception until November
30, 2023 (Supplementary Table 2). Because multiple DMARDs
are likely to be examined within the same study, our search strat-
egy remained broad to encompass all DMARDs to ensure we

SIGNIFICANCE & INNOVATIONS
• To our knowledge, this is the first synthesis and

characterization of current evidence on targeted
synthetic disease-modifying antirheumatic drugs
(tsDMARDs) and pregnancy outcomes. Overall, we
identified a limited number of studies on each
tsDMARD, with a total of eight included publications
(tofacitinib, n = 6; baricitinib, n = 1; and upadacitinib,
n = 1). Notably, no studies on apremilast were
found, and two included publications were abstracts.
This speaks to the limited published information on
these emerging drugs to date.

• Included studies were largely descriptive in nature,
highlighting a notable lack of analytical evidence
on the effects of tsDMARDs on human pregnancy
(two case reports, one case series, and four cross-
sectional studies, as opposed to one cohort study).

• Overall, we found inconsistent reporting of sample
size units, exposure definitions, and pregnancy out-
comes. Although most reported outcomes were
related to the fetus/neonate, only two studies
reported on maternal outcomes (eg, gestational
diabetes), and no studies reported on paternal out-
comes (eg, fertility or disease activity).

• Our study highlights the need for more analytical
research on tsDMARD exposure and pregnancy
outcomes. Findings from this synthesis have impli-
cations for informing our understanding of the
existing perinatal research to date on tsDMARDs
and highlighting gaps to be addressed in future
research.
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captured all possible publications with tsDMARD exposure. The
search was limited to publications in English, French, German,
and Korean due to the time and resource limitations of the team.
Covidence software was used to deduplicate search results.39

Study screening and inclusion criteria. The search
strategy was designed based on our inclusion criteria, which were
categorized into the Population-Concept-Context outline
described by the Joanna Briggs Institute for scoping reviews.40

The inclusion criteria included original, peer-reviewed observa-
tional studies (Context) that examined exposure to tsDMARDs
(Supplementary Table 1) (Concept) in (1) mothers during preg-
nancy, (2) fathers before conception, and/or (3) fetuses/neonates
in utero among parents with chronic autoimmune disease(s) (eg,
rheumatoid arthritis, psoriasis, inflammatory bowel disease) (Pop-
ulation). Reviews, treatment guidelines, commentaries, and opin-
ion pieces were excluded. If newer publication(s) for the same
study were identified, the earlier publication(s) were excluded
unless they presented information that was not reported in the
most recent publication. All studies identified were screened for
eligibility initially by title and abstract, then by full-text review to
determine final inclusion (Vienna Cheng, Vicki Cheng, and MADV).
Any uncertainties were resolved through discussion to achieve
consensus (Vienna Cheng, Vicki Cheng, and MADV).

Data extraction and patient and public involvement.
We extracted available data on publication year, country, study
sample autoimmune condition(s) (eg, rheumatoid arthritis, psoria-
sis, inflammatory bowel disease), tsDMARD exposure, sample
size, study design (eg, case reports, cohort studies, cross-sec-
tional studies), publication type (eg, abstract or full manuscript),
and data source (eg, medical records, administrative data, preg-
nancy registry, manufacturer safety database). Of interest, we
extracted information on tsDMARD exposure in terms of medici-
nal ingredient, timing (ie, timing of last dose in gestational weeks),
duration (ie, total length of exposure during pregnancy), and
maternal and/or paternal exposure. Finally, outcomes were
extracted and characterized according to the person(s) experi-
encing the outcome (fetus/neonate, mother, or father) and the
timing of the outcomes (before pregnancy, during pregnancy,
intrauterine, at delivery, or after delivery). All data were entered
into a data extraction form developed on Microsoft Excel. Our
patient research partner (LP), who has lived experience with rheu-
matoid arthritis and multiple pregnancies, contributed patient per-
spectives that highlighted the priorities and experiences of
patients during the review of the manuscript, discussion and inter-
pretation of results, and suggestions for future research.

RESULTS

Search results. Of 6,712 studies screened, 8 studies
(reported in 6 full manuscripts and 2 abstracts) were eligible for

inclusion (Figure 1). Characteristics of the included studies are
summarized in Table 1. One case report reported on baricitinib,
and six studies, including one case report, one case series, three
cross-sectional studies, and one cohort study, reported on tofaci-
tinib. One cross-sectional study reported on upadacitinib, and no
studies reported on apremilast. Overall, the cross-sectional stud-
ies reported a total of 456 pregnancies from both maternal and
paternal tsDMARD exposures. The cohort study published as an
abstract reported on four offspring of mothers exposed to
tsDMARDs during pregnancy.

Reproductive health outcomes reporting framework.
Altogether, we extracted 28 reproductive health outcomes
reported in the included studies. Informed by our prior work on
synthesizing reproductive health outcomes,41 we organized out-
comes reported in the included studies according to who experi-
enced the outcome (fetus/neonate, fetus/neonate and mother,
mother, or father), when the outcome was assessed or occurred
(before pregnancy, during pregnancy, intrauterine phase, at deliv-
ery, and after delivery), and what the specific outcome was. This
resulted in a reproductive health outcomes reporting framework
as follows: (1) fetal/neonatal outcomes assessed intrauterine or
after delivery, (2) fetal/neonatal-maternal outcomes occurring dur-
ing pregnancy or at delivery, (3) maternal outcomes occurring
before or during pregnancy, and (4) paternal outcomes occurring
before pregnancy (eg, fertility42, disease activity43). Figure 2
depicts this framework, which includes an additional feature of
flexibility with gray boxes indicating outcomes not reported in
our included studies, but could be incorporated in future perinatal
studies. These gray boxes serve as placeholders to encourage
and guide future expansions to the framework as additional
research becomes available. Colors in the figure were used to dis-
tinguish different elements of the framework, guided by the princi-
ples of accessible visual design.

Synthesis of included studies. Case reports and case
series. Two case reports described maternal exposure during
pregnancy to baricitinib and tofacitinib, respectively. One case
series reported on six cases of maternal exposure to tofacitinib
(Tables 2 and 3).

Costanzo et al reported on a 43-year-old woman in Italy with
rheumatoid arthritis who took baricitinib from conception until
17 weeks’ gestation, with normal fetal growth and no abnormali-
ties detected. A live baby at normal weight (3,200 g) and length
(50 cm) was delivered at 38 weeks’ gestation with no perinatal
infections.44 The authors did not report on the presence of con-
genital anomaly. The mother was observed to be in clinical remis-
sion during pregnancy.

Fern�andez-S�anchez et al reported on a 40-year-old woman
in Spain with psoriatic arthritis who took tofacitinib from concep-
tion until discontinuation at 6 weeks’ gestation, with normal fetal
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Figure 1. Preferred Reporting Items for Systematic reviews and Meta-Analyses flow diagram. Color figure can be viewed in the online issue,
which is available at http://onlinelibrary.wiley.com/doi/10.1002/acr.25502/abstract.
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Fetal/ eonatal

Intrauterine

Fetal death1

Fetal defects
ormal fetal growth

Intrauterine growth
restriction

Congenital anomaly2

Healthy newborn
Hypoxia
Jaundice

Large-for-gestational age
Live birth

Low birthweight3

eonatal death4

eonatal resuscitation

Preterm birth5

Respiratory distress
Serious infection

Small-for-gestational age
Stillbirth

ICU admission
Oxygen received

During pregnancy

Ectopic pregnancy
Elective termination
Medical termination

Spontaneous abortion
Antepartum hemorrhage

Oligohydramnios

Placental previa

Caesarean section
Premature ruptured

membranes
Successful delivery

Vaginal birth

At delivery
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Gestational diabetes
In clinical remission

Gestational hypertension
Preeclampsia

Paternal Before pregnancy

Who When

Reproductive Health
Outcomes

Outcome

Emergency contraception
use

Abnormality of pelvic
organs

Premature ovarian failure

Before pregnancy

Maternal

Fetal/ eonatal-
Maternal

After delivery
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Figure 2. Reproductive health outcomes reporting framework.1 Death past 20 weeks’ gestation.2 Includes major and minor malformations and
congenital disorders.3 Birth weight <2,500 g (5.5 lbs).4 Death among live births within the first 28 days of life.5 Live birth ≤37 weeks’ gestation.
NICU, neonatal intensive care unit.
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growth and no fetal defects detected. A live preterm baby
(2,515 g weight and 48 cm length) was delivered at 36 weeks’
gestation via an emergent Cesarean section owing to a preterm
membrane rupture, with no signs of congenital malformations or
dysfunctions.45 The study did not report whether further neonatal
outcomes were observed, such as infection. The mother was
observed to be in clinical remission during pregnancy.

Lastly, Mitrova et al presented a case series on six pregnan-
cies from six women with ulcerative colitis in the United States,
three of whom were exposed to tofacitinib throughout pregnancy
and three during the first trimester.46 Of the six mothers, three
were not in clinical remission during pregnancy. No intrauterine
fetal outcomes were reported. One pregnancy was electively ter-
minated at 9 weeks’ gestation owing to safety concerns from
the patient. The remaining five pregnancies all resulted in live,
healthy, full-term newborns with no congenital anomalies or iden-
tification of small for gestational age (median birth weight 2,970 g
[range 2,270–3,200 g]). One infant was born with low birth weight
(2,270 g) via planned Cesarean section to a mother who was not

in disease remission throughout pregnancy. The other infant
delivered via planned Cesarean section was born to a mother in
remission throughout pregnancy; however, this infant was diag-
nosed with jaundice and hypoxia requiring oxygen after birth. In
terms of perinatal complications, one other infant was diagnosed
with jaundice and hypoxia requiring oxygen after birth; this infant
was also born to a mother in remission throughout pregnancy.
Of note, maternal outcomes such as presence of gestational
diabetes, preeclampsia, or gestational hypertension were not
reported in any of the case reports or case series.

Cross-sectional studies and cohort study. Reported repro-
ductive health outcomes from four included cross-sectional stud-
ies and one cohort study are illustrated in Figure 3. Altogether,
there were 14 fetal/neonatal outcomes (n = 5 studies), six fetal/
neonatal-maternal outcomes (n = 4 studies), three maternal out-
comes (n = 2 studies33,34), and no paternal outcomes reported
(eg, fertility42 or disease activity43). Overall, the most frequently
reported fetal/neonatal outcomes were congenital anomaly
(n = 4 studies) and preterm birth (n = 4 studies). The main fetal/

Table 2. Exposure data of case reports and case series

Study
Mother/
baby, n

Exposure

Drug Exposure

Total length
of exposure,

weeks’
gestation

Timing of
last dose,
weeks’

gestation

Timing of
delivery,
weeks’

gestation

Costanzo et al, 202044 1 Baricitinib Maternal 17 17 38
Fern�andez-S�anchez et al,
202145

1 Tofacitinib Maternal 6 6 36

Mitrova et al, 202546 1a Tofacitinib Maternal 9 9 –

2 7 7 37
3 7 7 37
4 40 – 40
5 38 – 38
6 38 – 38

a Elective termination of pregnancy during the first trimester.

Table 3. Observed outcomes of case reports and case series*

Observed outcomes

Fetal/neonatal Fetal/neonatal-maternal
Maternal

Intrauterine After delivery At delivery during
pregnancy

Study
Mother/
baby, n

Fetal
defect

Normal
fetal

growth
Congenital
anomaly

Live
birth

Preterm
birth

Cesarean
section

Preterm
membrane
rupture

In clinical
remission

Costanzo et al, 202044 1 0 1 – 1 0 1 – 1
Fern�andez-S�anchez
et al, 202145

1 0 1 0 1 1 1 1 1

Mitrova et al, 202546 1a – – – 0 – – – 1
2 – – 0 1 0 1 – 0
3 – – 0 1 0 0 – 1
4 – – 0 1 0 0 – 0
5 – – 0 1 0 0 – 0
6 – – 0 1 0 1 – 1

* A dash indicates that this study did not report this outcome or it was not applicable. 0, outcome not observed; 1, outcome observed.
a Elective termination of pregnancy during the first trimester.
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neonatal-maternal outcomes reported were spontaneous abor-
tion (n = 4 studies) and medical termination (n = 3 studies). All
cross-sectional studies included cases pending or lost to
follow-up.

The 2016 cross-sectional study by Clowse et al was based
on a pregnancy registry and manufacturer safety databases
studying maternal (n = 13 pregnancies exposed to tofacitinib
and methotrexate therapy, and n = 34 pregnancies exposed to
tofacitinib monotherapy) and paternal (n = 80 pregnancies) tofaci-
tinib exposure during pregnancy.35 Among women with rheuma-
toid arthritis receiving tofacitinib monotherapy (n = 18
pregnancies), authors reported on the following fetal/neonatal
outcomes: healthy newborn (n = 11, 61.1%), preterm or low birth
weight newborn (n = 2, 11.1%), congenital malformation (pulmo-
nary valve stenosis, approximately 35 days of in utero tofacitinib
exposure, and delivered at 38 weeks’ gestation) (n = 1, 5.6%),
and fetal death (n = 0). Fetal/neonatal-maternal outcomes
reported include spontaneous abortion (n = 3, 16.7%) and medi-
cal termination (n = 1, 5.6%). Among women with rheumatoid
arthritis receiving tofacitinib and methotrexate combination ther-
apy (n = 13 pregnancies), reported fetal/neonatal outcomes
included healthy newborn (n = 5, 38.5%), no congenital malforma-
tions, and no fetal deaths.35 Lastly, in terms of paternal drug expo-
sure (n = 44 pregnancies) that occurred approximately at
conception or the first trimester, outcomes reported included healthy
newborns (n = 23, 52.2%) and spontaneous abortions
(n = 5, 11.4%).

The 2018 cross-sectional study by Mahadevan et al used
data from a pregnancy registry and manufacturer safety database
on maternal (n = 116 pregnancies) and paternal (n = 87 pregnan-
cies) tofacitinib exposure during pregnancy.33 Among 116 mater-
nal exposures, six fetal/neonatal outcomes were observed,
including delivering a healthy newborn (n = 43, 37.1%), preterm
birth (n = 7, 6.0%), congenital malformations (n = 2, 1.7%), low
birth weight (n = 1, 0.1%), and no neonatal or fetal deaths.33

There were two fetal/neonatal-maternal outcomes reported:
spontaneous abortion (n = 15, 12.9%) and medical termination
(n = 14, 12.1%). This is one of the two included studies that
reported the maternal outcome of gestational diabetes
(n = 1, 0.9%). Of 87 paternal exposures (within the first trimester

or undetermined), five fetal/neonatal outcomes were reported,
including healthy newborn (n = 56, 64.4%), preterm birth
(n = 2, 2.3%), neonatal death (n = 1, 1.2%) and no congenital mal-
formations or fetal deaths. Fetal/neonatal-maternal outcomes
included spontaneous abortion (n = 7, 8.1%) and no medical
terminations.

The subsequent 2020 cross-sectional study by Mahadevan
et al, published as an abstract, used manufacturer safety
databases and reported on maternal (n = 15 pregnancies) and
paternal (n = 19 pregnancies) tofacitinib exposure during preg-
nancy.47 All who received tofacitinib presented with ulcerative coli-
tis. Among 15 maternal exposures (during the first trimester), the
authors reported four fetal/neonatal outcomes: healthy newborn
(n = 9, 60.0%), preterm birth (n = 1, 6.7%) and no congenital mal-
formations or fetal deaths (after 20 weeks’ gestation). Two fetal/
neonatal-maternal outcomes were reported: medical terminations
(n = 2, 13.3%) and spontaneous abortions (n = 2, 13.3%). Among
19 paternal exposures (timing of exposure unspecified), the
authors reported two fetal/neonatal outcomes: healthy newborn
(n = 15, 78.9%) and preterm birth (n = 1, 5.3%). Two fetal/neona-
tal-maternal outcomes were reported: spontaneous abortions
(n = 2, 10.5%) and no medical terminations.

In 2024, Mahadevan et al published another cross-sectional
study using manufacturer safety databases on maternal upadaci-
tinib exposure during pregnancy (n = 128 pregnancies with
known outcomes).34 Cases reported were from clinical trial data
(n = 80) and postmarket surveillance data (n = 48). Patients pre-
sented with atopic dermatitis, Crohn disease, psoriatic arthritis,
RA, nonradiographic axial spondyloarthritis, ulcerative colitis,
and unspecified. Among 80 pregnancies reported from clinical
trial data (n = 59 receiving upadacitinib monotherapy and
n = 21 receiving concomitant upadacitinib and methotrexate
therapy), fetal/neonatal outcomes reported include live birth
(n = 43, 53.8%), stillbirth (n = 0), preterm birth (n = 3, 3.8%),
congenital anomaly (n = 1, 1.3%), and low birth weight
(n = 1, 1.3%).34 The newborn with congenital anomaly was born
prematurely (34 weeks’ gestation) with an atrial septal defect
and low birthweight (2,030 g), having experienced in utero
upadacitinib monotherapy exposure until 4 weeks and 4 days’
gestation. The baby’s mother experienced anemia and

Figure 3. Reproductive health outcomes reported from cohort and cross-sectional studies. NICU, neonatal intensive care unit.
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oligohydramnios during pregnancy. Fetal/neonatal-maternal out-
comes during pregnancy were reported on spontaneous abortion
(n = 19, 23.4%), elective termination (n = 17, 21.3%), and ectopic
pregnancy (n = 1, 1.3%). This was the only included study that
reported on the fetal/neonatal outcome of large for gestational
age (n = 1, 2.1%), collected through postmarket surveillance data.

Lastly, the 2019 cohort study by Vinet et al, published as an
abstract, used administrative data to report maternal exposure
during pregnancy, consisted of four tofacitinib-exposed off-
spring.48 Although mothers with inflammatory conditions were
studied, the abstract did not report specific conditions for the
mothers who received tofacitinib. There was one reported neona-
tal outcome of serious infection, defined as at least one hospitali-
zation because of infection in the first year of life. No other
outcomes were reported. Data extracted from the abstract
revealed that among four newborns of mothers with inflammatory
disease exposed to tofacitinib, one case of serious infection was
observed (25%). Our ability to distinguish and extract further
study results specific to tofacitinib was limited mainly due to the
abstract form of the publication.

DISCUSSION

Our scoping review synthesizing the impact of tsDMARDs on
pregnancy outcomes captured eight studies on tofacitinib (n = 6),
baricitinib (n = 1), and upadacitinib (n = 1), with no studies on
apremilast. There was substantial variability in the reporting of
tsDMARD-exposed sample size unit but, nonetheless, we syn-
thesized a total of 468 exposed pregnancies, mothers, and/or
newborns. Studies were largely descriptive in nature and mainly
reported on fetal/neonatal outcomes, particularly after delivery,
with only one included analytic study published as an abstract.
Aside from synthesizing the evidence to date on the reproductive
health impacts of tsDMARDs, we also established a flexible
framework for reporting reproductive health outcomes to guide
much-needed future research and postmarket surveillance
reporting.

To our knowledge, this is the first synthesis and characteriza-
tion of the current evidence on tsDMARDs and pregnancy out-
comes, which provides an opportunity to identify gaps in the
literature and future directions. One gap we identified is the incon-
sistent and incomplete reporting of study samples and sample
sizes. For example, all cross-sectional studies reported the num-
ber of exposed pregnancies, but the number of exposed mothers
and fathers were unclear or not reported,33–35,47 and the cohort
study only reported the number of exposed offspring.48 This is
particularly problematic when evaluating reproductive health
impacts, because it is important to distinguish exposures among
mothers (or fathers, where relevant), which occur as a single unit,
from pregnancies/deliveries/offspring, which occur as multiple
units. This variability in reporting of study sample units and sample
sizes is reflected in our inability to synthesize information across

included studies. To facilitate comparisons and synthesis,
including potential meta-analyses, we recommend that future
studies ensure comprehensive reporting of study samples,
sample sizes, and analytic units (ie, number of mothers,
fathers, pregnancies, deliveries, and offspring), particularly for
drug-exposed patients.

Throughout our synthesis of the included studies, we also
found inconsistent reporting of tsDMARD exposure, particularly
in cross-sectional studies. Details regarding the timing of expo-
sure to tsDMARDs (ie, preconception, trimesters during preg-
nancy, or both) and the duration (eg, days or weeks) were either
reported inconsistently or not specified. Additionally, the included
cohort study was only available in the form of an abstract, which
further limited our ability to extract comprehensive data on expo-
sure. If known, it is important for future studies to specify the tim-
ing of tsDMARD exposure relative to before or after conception,
as well as the time periods during pregnancy, as this can enable
the reporting of outcomes specific to certain exposure timings.49

For example, the embryonic period, between 14 days to approx-
imately 60 days after conception, is where the highest chance of
malformation may occur owing to teratogen exposure.50 There-
fore, in studies of pregnancy outcomes, it is important to ascertain
the timing of potential insults between conception and birth. We
also identified very few studies on each tsDMARD, with a total of
eight included publications (tofacitinib, n = 6; baricitinib, n = 1;
and upadacitinib, n = 1). Notably, no studies on apremilast were
found, and two of the included publications were abstracts. This
speaks to the limited published information on each of these
emerging drugs to date. However, we recognize that these drugs
were introduced in recent years (the earliest being tofacitinib in
201226,51); therefore, their use during pregnancy continues to be
cautioned because of limited evidence. This highlights the value
of syntheses such as our present study, because they provide a
clearer understanding of where there is limited progress made to
date on perinatal tsDMARD research.

With respect to outcomes, many extracted from the included
studies were not originally investigated as primary endpoints
(ie, maternal anemia, large for gestational age, or gestational
diabetes34). Critically, we identified inconsistent approaches to
the reporting of outcomes. To address this, we developed a
reporting framework for reproductive health outcomes (Figure 2).
This framework not only supported our synthesis but may also
serve as a tool to guide future reporting, such as postmarket sur-
veillance and upcoming research on reproductive health out-
comes associated with tsDMARD exposure and other disease-
modifying drugs. Of note, there was a particular lack of reporting
on outcomes that may be considered important by patients and
families themselves, such as maternal outcomes, pregnancy
monitoring, and medication changes during pregnancy, which
can have impacts on the health of female patients with rheumatic
diseases (eg, joint damage or increased pain). These invaluable
outcomes can be integrated into future studies through active,
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iterative engagement with patient research partners throughout
the research process to enrich the reporting of DMARD reproduc-
tive health outcomes.

We also synthesized study limitations reported by the
authors of the included studies. These limitations included chal-
lenges in determining the exact date of conception and gesta-
tional age, significant missing data (eg, uncertain tsDMARD
exposure timing, pending or lost to follow-up, and unknown
pregnancy outcomes), a lack of prospective data, and small sam-
ple sizes.33–35 Authors from the included studies also acknowl-
edged limitations in establishing causal relationships between
tsDMARDs and perinatal outcomes because of potential con-
founders unaccounted for, such as concomitant medications
and comorbidities.35 Synthesizing these limitations of current
perinatal studies provides valuable considerations for authors
planning future study designs on perinatal research.

Arguably, the most important gap we identified in our scop-
ing review is the persistent knowledge gap on the safety of
tsDMARDs during pregnancy, particularly given the very limited
analytic studies to date. Currently, tsDMARDs are indicated for
various rheumatic and inflammatory bowel diseases, such as
rheumatoid arthritis and ulcerative colitis, all of which require con-
tinuous pharmacological treatment to delay disease progression,
alleviate symptoms, and maintain low disease activity.1 However,
these conditions often present during the childbearing years.2,4

Uncontrolled rheumatic disease during pregnancy is associated
with adverse maternal (eg, pre-eclampsia8,52) and neonatal out-
comes (eg, prematurity11,12). Therefore, ongoing treatment
throughout the perinatal period is crucial to maintain low disease
activity and reduce maternal-fetal risk.15

Understanding the effects of arthritis medications on preg-
nancy outcomes is essential to ensuring maternal-fetal safety while
enabling providers and patients to make informed treatment deci-
sions. Of particular interest to our scoping review was the class of
tsDMARDs, because their small molecular size allows them to
potentially cross the placenta.35, 53–55 In preclinical animal studies,
tofacitinib demonstrated teratogenic and feticidal effects at signifi-
cantly greater doses than approved human doses, whereas upa-
dacitinib demonstrated teratogenic effects at doses equivalent to
human therapeutic and subtherapeutic doses.33,46 Although ani-
mal studies have revealed adverse outcomes, such as skeletal mal-
formations and reduced fetal birth weight, it is difficult to determine
the impact of tsDMARDs on human pregnancy based on animal
data alone.17,22,23,33–35 Given the clear lack of well-designed, ana-
lytic evidence on the effect of tsDMARDs during human pregnancy,
it is important to consider how clinicians and patients can navigate
conversations around taking tsDMARDs during pregnancy in clini-
cal settings. Engaging in early, individualized prepregnancy dis-
cussions between clinicians and patients to establish a safe
and effective treatment plan has been associated with fewer
flares, fewer medication changes during pregnancy, and lower
disease activity in the first trimester.56

It is important to consider the strengths and limitations of our
scoping review. Our search strategy was codesigned with
experts in perinatal research and a research librarian. To ensure
we captured all potential publications, we included a
comprehensive list of search terms relating to fetal/neonatal,
fetal/neonatal-maternal, maternal, and paternal outcomes
(eg, fertility42 and disease activity43) as well as all possible indica-
tions of tsDMARDs and other autoimmune diseases, informed
by our previous work.28 Uncertainties during the study screening
process were discussed among the team to achieve consensus.
The limitations of our search include the fact that our search found
studies in French, German, and Korean but was ultimately limited
to including studies with texts available in English.

Since the introduction of tsDMARDs and their increasingly
widespread use, it is important to address questions around their
impacts on pregnancy outcomes. Findings from this synthesis
inform our understanding of the existing research to date and
highlight gaps to be addressed in future research.
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Effectiveness of a Telephone-Delivered Walk With Ease
Program on Arthritis-Related Symptoms, Function, and
Activity: A Randomized Trial

Christine A. Pellegrini, Sara Wilcox, Yesil Kim, Scott Jamieson, Katherine DeVivo, and Daniel Heidtke

Objective. Walk With Ease (WWE) is a six-week arthritis-appropriate evidence-based physical activity program tra-
ditionally offered in a face-to-face format. Becausemany populations encounter participation barriers to in-person pro-
grams, WWE was modified for telephone delivery (WWE-T). The short- and long-term effects of this program on
physical activity and arthritis-related outcomes were examined.

Methods. Participants (n = 267) with arthritis were randomized to WWE-T or a wait list control. WWE-T participants
received two telephone calls per week (one group and one individual call) for six weeks. Group calls focused on arthritis
education and social support. Individual calls focused on problem-solving and goal setting. Physical function tests,
patient-reported outcomes, and physical activity were assessed at baseline, 6 weeks, 6 months, and 12 months.

Results. Participants were 92% female and 60% Black and had a mean ± SD age of 64.1 ± 9.4 years and a body
mass index of 34.2 ± 7.7. Retention ranged from 93.6% at 6 weeks to 83.8% at 12 months. Participants attended
a mean ± SD of 9.8 ± 2.6 calls. At six weeks, WWE-T participants had greater improvements in physical function
(P = 0.03), fatigue (P = 0.03), self-efficacy (P ≤ 0.0001), and activity impairment due to health (P = 0.01) as compared
to the control group. By 12 months, WWE-T participants had better physical function (P = 0.02), higher arthritis
self-efficacy (P ≤ 0.0001), lower depression symptoms (P = 0.02), and lower impairment of daily activities (P = 0.02) than
at baseline.

Conclusion. A WWE-T program led to improvements in physical function, self-efficacy, and impairment related to
daily activities in adults with arthritis. Although changes were not seen in all outcomes, this remotely delivered program
may be an effective alternative for adults with arthritis who face barriers to in-person programs.

INTRODUCTION

More than 50 million adults in the United States have arthri-

tis.1 Nearly half of those with arthritis experience arthritis-

attributable activity limitations.2 Arthritis places substantial burden

on the economy as a result of health care use and productivity or

work loss.3 As a result, there are several objectives within Healthy

People 2030 that focus on improving the quality of life in those

with arthritis.4

Physical activity is recommended as a nonpharmacological

treatment approach for people with arthritis.5,6 Among adults with

arthritis, participation in regular aerobic physical activity is an

effective strategy for improving pain, physical function,

psychological wellness, and fatigue.7–9 Despite the recommenda-

tions, almost half of adults with arthritis are insufficiently active or

do not participate in any leisure time physical activity.2

Walk with Ease (WWE) is a six-week evidence-based physi-

cal activity program for people with arthritis.10,11 WWE has led to

improvements in arthritis symptoms, self-reported physical activ-

ity, mental health, and function.10–12 Although the program is

effective, many populations face barriers to attending in-person

groupWWE sessions, and regular attendance to three group ses-

sions each week remains a challenge.12 Alternative formats of

WWE that have the capability to reach those who are most

affected by arthritis and likely experience barriers to participating

in in-person programs are needed.
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Telephone-based programs have been effective for chang-
ing numerous health behaviors, including physical activity.13

Telephone-based contacts are highly acceptable to older
adults,14 are less burdensome and costly, and show greater
potential for scalability. Thus, the WWE program was adapted
for telephone delivery (WWE-T), and the purpose of this study
was to evaluate the short- (6 weeks) and long-term (6 and
12 months) effects of WWE-T in adults with arthritis on pain and
physical function (primary outcomes) as well as physical activity,
self-efficacy, disability, depressive symptoms, weight, blood
pressure, work loss, and health care use (secondary outcomes).

MATERIALS AND METHODS

Study design. This study was a randomized controlled trial
examining the effects of a six-week WWE-T program as com-
pared to a wait list control. Participants were recruited in
11 cohorts (10–33 participants per cohort) between March 2022
and August 2023 in the greater Columbia, South Carolina, area.
Assessments were completed in-person. All study procedures
were approved by the University of South Carolina Institutional
Review Board, and participants provided informed written con-
sent before participation.

Participants. Participants were adults ≥18 years old who
meet criteria for the Centers for Disease Control and Prevention’s
definition of self-reported arthritis.15 Specifically, participants who
responded yes to the following question were eligible: “Have you
ever been told by a doctor or other health professional that
you have some form of arthritis, rheumatoid arthritis, gout, lupus,
or fibromyalgia?” Additionally, participants had to be able to read
and write in English; plan to live in the Columbia, South Carolina,
region for the next year; and be willing to be randomized to either
study condition. Participants were excluded if they had any con-
traindications to exercise (besides arthritis), were pregnant, or
had a serious cognitive impairment.

The enrollment goal was 300 participants, with the aim to
have 50% of participants between 18 and 64 years old or with
low socioeconomic status. Assuming 25% attrition, a sample of

120 participants per group would provide 80% or greater power
to detect a clinically meaningful difference in each primary out-
come, with a minimum effect size of d = 0.37. Participants were
recruited by using a variety of strategies (DeVivo K, et al: unpub-
lished observations). Strategies included posting flyers through-
out the community, attending community and local senior
events, and having paid advertisements on local radio stations.
Across the university community, emails were sent to university
employees and flyers were posted around campus. Participants
were also recruited from boosted Facebook posts, newspaper
advertisements, and local health departments. Enrollment was
stopped early because of lower attrition than anticipated.

A methods-motivational interviewing approach was used
during the consent process to aid with making an informed deci-
sion to participate and to assist with retention.16 During this pro-
cess, study staff discussed with potential participants all study
details and the pros and cons of participating in clinical trials and
specifically the current study. Following the discussion, interested
participants provided written informed consent.

Procedures. Following the completion of the baseline
assessments, participants were randomized to start the WWE-T
program either immediately or after a year (wait list control).
Randomization was stratified by age (<65 years and ≥65 years)
and sex, using randomly permuted blocks. A randomization list
was generated by a biostatistician.

WWE-T program. Participants randomized to start the
WWE-T program immediately were given a brief overview of
the program over the phone and were mailed an Arthritis Founda-
tion Walk With Ease Guidebook and supplemental handouts for
the phone-delivered program. The WWE-T program was led by
a certified WWE-T leader who completed the Arthritis Founda-
tion’s WWE Program Leader Training as well as supplemental
telephone-delivery training. WWE-T leaders followed session-
by-session instructions in a WWE-T leaders guide, which
included the leader’s notes, lecturettes, and participant handouts.
All WWE-T leaders had backgrounds in exercise science, nutri-
tion, public health, or a related field and were either health depart-
ment employees or graduate students. For each cohort, the same
WWE-T leader facilitated the six group calls. This leader also com-
pleted one-on-one calls with the help of one to two additional
WWE-T leaders. WWE-T leaders always stayed with the same
participants over the six-week program.

Participants were given the goal after randomization to work
toward walking at least 30 min/day for three to five days per week.
The program uses motivational strategies, which includes action
planning, goal setting, and social support. Additionally, WWE-T
provides participants with appropriate health education neces-
sary to safely increase walking and exercise into their daily lives
and assists in tailoring the program to fit individuals’ unique needs
and goals. Examples of topics discussed include exercise and
arthritis, preparing to walk (eg, identifying appropriate footwear,

SIGNIFICANCE AND INNOVATIONS
• A six-week telephone-delivered Walk With Ease

(WWE) program is effective at improving physical
function, self-efficacy, and impairment of daily
activities in adults with arthritis more than one year.

• The telephone-delivered WWE program can be an
effective short-term option for those adults with
arthritis who may face challenges attending in-
person sessions yet would benefit from supportive
accountability to aid with behavior change and
improve arthritis-attributable symptoms.
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location, and walking pace), stretching, and overcoming barriers,
including pain and discomfort.

During the six-week program, participants received two
phone calls each week. The first call each week was a group call
led by a WWE-T certified trained leader and included other
WWE-T participants. During group phone sessions, the WWE-T
leader covered topics relating to exercise and arthritis. There were
5 to 17 participants per group, and group calls were designed to
last approximately 45 to 60 minutes.

The second call each week was a one-on-one call with a
WWE-T certified trained leader. During individual phone sessions,
the WWE leader focused on tailoring the WWE program for the
individual based on their walking behaviors and barriers encoun-
tered the previous week, setting weekly walking goals, and assist-
ing with developing a walking plan for the upcoming week.
Individual calls were designed to last approximately 10 to
15 minutes.

Wait list control. Participants randomized to the wait list con-
trol group did not receive any intervention between baseline and
12 months. After participants in this condition completed the
12-month assessment, they were provided with an Arthritis Foun-
dation Walk With Ease Guidebook and were offered the full six-
week WWE-T program.

Assessments. In-person study assessments were com-
pleted at all time points by assessors masked to randomization.
Participants received $25 for completing the baseline and
6-week assessment, $40 for completing the 6-month assess-
ment, and $50 for completing the 12-month assessment. Addi-
tionally, participants were given study-branded incentives,
includingWWE-T pens, reusable bags, t-shirts, and water bottles.
Surveys were completed on paper, and participants were given a
padded envelope with prepaid postage to mail the activity monitor
back after the seven-day wear period.

Demographic and health variables. At baseline, partic-
ipants completed general demographic and health history sur-
veys. The demographic variables assessed included age, sex,
race, ethnicity, education, income, and marital status. For race
and ethnicity, participants self-reported these variables from a
set of fixed categories. The health history survey included an
assessment of arthritis type, years since arthritis diagnosis, and
presence of comorbid chronic health conditions (eg, hyperten-
sion, hyperlipidemia).

Primary outcomemeasures. Self-reported pain. A visual
analog scale (VAS) was used to assess pain. Participants were
asked to mark their experience with symptoms over the past
seven days on a 100-mm line. Participants’ response for pain
was measured in millimeters from the left anchor (no pain, 0) to
their mark. Higher scores were indicative of higher levels of pain.

Physical function. The 30-Second Chair Stand Test and the
6-Minute Walk Test assessed physical function, following stan-
dard procedures.17 For the 30-Second Chair Stand Test, partici-
pants completed as many chair stand repetitions as possible
during a 30-second period. For the 6-Minute Walk Test, partici-
pants walked between two cones 50 feet apart for six minutes.
The maximal distance in feet a participant could walk during the
six-minute period was measured. Higher scores on both tests
indicate better physical function.

Secondary outcome measures. Physical activity. An
ActiGraph GT9X Link accelerometer assessed minutes of
moderate- to vigorous-intensity physical activity (MVPA). At each
assessment, participants wore the device around the waist during
waking hours for seven days. Participants also completed a daily
log indicating the times the device was put on and taken off.
Nonwear time was defined as ≥90 minutes with zero activity
counts, allowing for up to 2 minutes of <100 counts/min.18 Total
minutes of MVPA per week (≥2,020 counts/min)19 and average
steps per day were calculated. Only those with four or more valid
monitoring days (≥10 wear hours/day) were used in the analyses.19

Fatigue and stiffness. Fatigue and stiffness over the past
seven days were assessed using a VAS on a 100-mm line.
Responses were measured in millimeters from the left anchor
(no pain, 0) to their mark, with higher scores indicating higher
levels of fatigue or stiffness.

Arthritis management self-efficacy. An eight-item Arthritis
Self-Efficacy Scale assessed participants’ confidence to manage
symptoms of arthritis.20 Each item was answered on a 1- (very
uncertain) to 10-point (very certain) scale, and the items were
averaged to calculate a score. Higher scores indicate higher levels
of self-efficacy for managing arthritis.

Depression symptoms. The Center for Epidemiologic
Studies Depression Scale assessed depressive symptoms.21

Participants rated the frequency of symptoms on 10 items using
a 4-point Likert scale (0, rarely or none of the time, to 3, most or
all of the time). Items 5 and 8 were reverse scored, and responses
were summed to yield a total score ranging from 0 to 30, with a
higher score indicative of higher levels of depressive symptoms.

Body weight. Height and weight were measured by trained
research staff. Participants removed any extra clothing, shoes,
and belts and emptied pockets before weighing. Participants’
weight to the nearest 0.1 kg was recorded using an electronic
scale (seca). Height was measured using a stadiometer to the
nearest 0.1 cm. Height and weight were used to calculate body
mass index (BMI) as weight in kg divided by height in m2.

Activities of daily living. The Health Assessment Question-
naire (HAQ)22 assessed eight categories of activities of daily living
(ie, dressing, arising, eating, walking, hygiene, reach, grip, and
common activities). There were 20 questions using a scale of
0 (without difficulty) to 3 (unable to do). These items were
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averaged for a total score of 0 to 3, with a higher score indicating
more impairment or disability.

Blood pressure. Systolic and diastolic blood pressure were
measured according to the American Heart Association guide-
lines in triplicate each visit using an oscillometric blood pressure
cuff (Omron) on the left arm at each visit in a seated position after
a five-minute rest in a quiet room. The average of the three mea-
sures in mm Hg was used in analyses. If blood pressure was
greater than 160/100, the session was stopped and the rest of
the visit was rescheduled.

Work loss. The Work Productivity and Activity Impairment
(WPAI) Questionnaire23,24 includes six items that result in the cal-
culation of four outcome percentages: absenteeism, presentee-
ism, overall work impairment due to health, and activity
impairment due to health. Higher scores (range 0%–100%) indi-
cate negative impact on health.

Health care use. The University of California at San Diego
Healthcare Utilization Questionnaire25 estimated health care use.
For this study, the numbers of physician visits, telephone calls
with health care providers, and medications (prescription and
nonprescription) used in the last three months were examined.

Process measures and program evaluation. WWE-T leaders
recorded session attendance and duration for both individual
and group calls. The number of calls completed was summed
for each participant, with 12 total calls possible (6 group and
6 individual). Participants in the WWE-T completed the WWE
Post-Program Evaluation.26 This evaluation asks participants to
rate the extent to which specific program components benefited
them over the past six weeks. Additional questions assess satis-
faction with group and individual calls, length of group and individ-
ual calls, and rapport with the WWE-T leader. Participants
responded to 13 items using a 4-point Likert scale from 0 (not at
all) to 3 (very well).

Statistical analysis. Descriptive statistics were performed
for baseline characteristics, process measures, and program
evaluation. Baseline characteristics of the groups were compared
using t-tests (continuous variables) or chi-square tests (categori-
cal variables). The distributional assumption for outcomes was
assessed and, where necessary, addressed by log transforma-
tion. As a result, total MVPA (minutes per week) scores were nor-
mally distributed after transformation (skewness ranged from
−0.65 to 0.03, and kurtosis ranged from −0.86 to 0.04 at each
time point).

An intent-to-treat analysis was conducted on the full sample,
and the primary and secondary outcomes were addressed using
repeated-measures mixed models with maximum likelihood esti-
mation. A difference-in-difference analysis was used to examine
the relationship between group assignment and changes in out-
comes. Within-group changes in primary and secondary
outcomes were contrasted from baseline to 6 weeks, 6 months,
and 12 months. The magnitudes of within-group changes were

also compared between groups, computed by subtracting
change scores in the wait list control group from those in
WWE-T participants. The mixed model estimated adjusted group
means. Time and group were main effects variables, and the time
by group variable was an interaction effect specified in the model.
We included age, sex, race, income, the three most prevalent
types of arthritis (osteoarthritis, rheumatoid arthritis, and unsure),
and the four most common comorbidities (diabetes, hyperten-
sion, anxiety, and sleep apnea) in the model as covariates. For
the WPAI Questionnaire, analyses were only run among those
who reported full-time or part-time employment (n = 106). All anal-
yses were conducted using SAS 9.4 (SAS Institute, Inc). To test
whether the least squares mean differences were significantly dif-
ferent from zero or not, we examined the t-test P value associated
with the least squares mean comparison. The statistically signifi-
cant level for a two-sided P value was set to 0.05.

RESULTS

A total of 595 participants were screened to participate, and
291 participants were consented and completed the baseline
assessment (Figure 1). Of those who were consented, 91.7% of
participants (n = 267) remained eligible and were randomized.
See Table 1 for baseline demographic and sociodemographic
characteristics. Participants were primarily female (92%) and
Black (60%), and 52% of participants had an income <$73,801.
Participants’ average ± SD age was 64.1 ± 9.4 years. The most
commonly reported forms of arthritis were osteoarthritis (61%)
and rheumatoid arthritis (24%). Hypertension (56%), diabetes
(23%), sleep apnea (22%), and anxiety (20%) were the most com-
mon comorbid conditions reported.

Baseline health and behavior characteristics by randomized
group are shown in Table 2. There were no differences between
groups besides in the number of participants with sleep apnea
(P = 0.0476). Participants had an average ± SD BMI of 34.2 ±
7.7. Participants had an average ± SD of 57.0 ± 75.4 min/wk of
MVPA and took 4,171.8 ± 2,185.1 steps/day. Participants wore
the activity monitor for a mean ± SD of 857.4 ± 99.7 min/day at
baseline for 6.5 ± 0.9 days/wk. There were no differences in wear
time or days worn between groups at any time point.

Retention was 93.6%, 87.6%, and 83.8% at 6 weeks,
6 months, and 12 months, respectively (Figure 1). There were no
differences between groups at any time point. Over the course
of the study, there were five adverse events in the WWE-T condi-
tion that were deemed possibly related to the study and walking.
The events included swollen knees (n = 3), knee injury after fall
(n = 1), and a stroke (n = 1).

WWE-T participants completed an average ± SD of 9.8 ± 2.6
calls (4.5.3 ± 1.7 group calls and 5.3 ± 1.3 individual calls) of the
12 possible calls. Group calls were an average ± SD of 52.0 ±
5.6 minutes in duration, and individual calls were 12.0
± 4.0 minutes. Ninety-three percent of WWE-T participants who
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completed the program evaluation reported the extent they were
satisfied with the program as “fairly well” or “very well” (Table 3).

Changes in all outcomes across the three time points by
group and between groups are presented in Table 4. The
WWE-T group had greater improvements over the six weeks in
chair stand repetitions (P = 0.03), fatigue (P = 0.03), arthritis man-
agement self-efficacy (P ≤ 0.0001), and activity impairment due to
health (P = 0.01) as compared to the control group. HAQ disability
(P = 0.0012) and depressive symptoms (P = 0.01) significantly
improved in the WWE-T group, but the group × time interactions
were not significant. In the wait list control group, physician visits
decreased over time (P = 0.01).

At six months, arthritis management self-efficacy (P = 0.01)
was significantly greater in the WWE-T group as compared to
the control group. Additionally, at six months, the WWE-T group
had more 30-second chair stand repetitions (P = 0.0035), greater
reductions in depressive symptoms (P = 0.01), and lower activity
impairment due to health (P = 0.02) than the control group. Both
groups had an increased number of physician visits at six months.

By 12 months, the WWE-T group had significantly greater
improvements in arthritis self-efficacy (P = 0.03) as compared to
the control group. From baseline to 12months, theWWE-T group
had more chair stand repetitions (P = 0.02), lower depression
symptoms (P = 0.02), and lower activity impairment due to health
(P = 0.02). Log-transformed MVPA was lower in WWE-T group at
12 months than in the control group (P = 0.04).

DISCUSSION

In the short term, a WWE-T program was effective at improv-
ing physical function, reducing fatigue and impairment of daily
activities, and improving arthritis management self-efficacy in
adults with arthritis. By 12 months, participants in the WWE-T
condition had better physical function, higher arthritis self-
efficacy, lower depression symptoms, and lower impairment of
daily activities than at baseline. Overall satisfaction with the
telephone-delivered program and adherence to the telephone

Figure 1. Walk With Ease by telephone flowchart.
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calls were high. Additionally, WWE-T was safe and provided a
feasible and acceptable alternative to the in-person or self-guided
formats.

Among primary outcomes, significant differences were only
seen in the 30-Second Chair Stand Test. The improvement in
chair stands is similar to previous examinations of the group or
self-directed versions of WWE.10 The 30-Second Chair Stand
Test is a measure of lower body strength and dynamic balance,
whereas the 6-Minute Walk Test examines aerobic capacity,
endurance, and dynamic balance. It is possible that participants
may have increased walking but did not walk at a high enough
intensity to improve aerobic capacity. Even if aerobic capacity
did not improve, an increase in walking of any intensity among a
highly inactive population may have helped to improve lower body
strength; thus, only changes were seen in the 30-Second Chair
Stand Test. Previous studies examining the effectiveness of the
WWE program have relied on performance-based testing10 or
self-reported physical activity11,12,27; thus, this study provides an

objective indicator of intensity of physical activity levels in adults
with arthritis. Although activity levels still remained below federal
physical activity guidelines, any walking can still result in substan-
tial health benefits.28

In addition to not seeing changes in the 6-Minute Walk Test,
the current study did not see changes in pain, which contradicts
previous examinations of WWE.10,12 It is unclear why pain
levels did not change in the current study. Fortunately, there
were numerous improvements in secondary outcomes. The
telephone-delivered version of WWE led to short-term
improvements in fatigue, arthritis management self-efficacy,
and impairment to daily activities. The magnitude of effect
sizes of these changes was small to medium (0.30–0.58)
and higher than that of previous examinations of either
the self-guided or group versions of WWE (effect sizes
0.09–0.22).10,12 With the exception of fatigue, improvements
in these outcomes continued through 12 months, suggesting
long-term benefits of the program.

Table 1. Baseline demographic characteristics and health history

Characteristics
Walk With Ease

by telephone (n = 132)
Wait list

control (n = 135) P value

Age, mean ± SD, y 64.06 ± 9.38 64.13 ± 9.36 0.95
Female, n (%) 122 (92) 123 (91) 0.70
Race, n (%) 0.82
Black 80 (61) 80 (59)
Non-Black 52 (39) 55 (41)

Ethnicity, n (%) 0.57
Not Hispanic or Latino 131 (99) 132 (99)

Income, n (%) 0.91
<$73,801 69 (52) 69 (51)
≥$73,801 40 (30) 44 (33)
Not reported 23 (17) 22 (16)

Time since arthritis diagnosis, mean ± SD, mo 144.9 ± 116.60 148.50 ± 131.70 0.81
Type of arthritis, n (%)
Osteoarthritis 80 (61) 82 (61) 0.98
Rheumatoid arthritis 32 (24) 31 (23) 0.81
Fibromyalgia 12 (9) 12 (9) 0.95
Gout 9 (7) 14 (10) 0.30
Psoriatic arthritis 2 (2) 7 (5) 0.10
Lupus 4 (3) 8 (6) 0.25
Sjögren disease 2 (2) 2 (1) 0.98
Unsure of arthritis diagnosis 25 (19) 19 (14) 0.28

Education, n (%) 0.66
High school/some college 42 (32) 37 (27)
College graduate 41 (31) 48 (36)
Advanced degree 49 (37) 50 (37)

Employment, n (%) 0.21
Full-time employment 30 (23) 41 (30)
Part-time employment 21 (16) 14 (10)
Unemployed or retired 81 (61) 80 (59)

Comorbidities, n (%)
Diabetes 30 (23) 32 (24) 0.85
Hypertension 75 (57) 75 (56) 0.84
Anxiety 32 (24) 21 (16) 0.08
Depression 25 (19) 21 (16) 0.46
Sleep apnea 22 (17) 36 (27) 0.0476
Asthma 21 (16) 13 (10) 0.12
Thyroid problems 23 (17) 18 (13) 0.35
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One reason the WWE-T program was successful may have
been due to the high adherence to the program. In the current
study, participants completed an average of 9.8 of the possible

12 phone sessions (82%). This adherence is high, particularly in
comparison to a previous scaling-up of WWE in which partici-
pants attended approximately 8.5 sessions of the possible

Table 2. Baseline health and behavior characteristics by randomized condition*

Variable
Walk With Ease by telephone

(n = 132), mean ± SE
Wait list control

(n = 135), mean ± SE

Pain, mm 42.93 ± 3.75 40.16 ± 3.75
Fatigue, mm 47.62 ± 4.47 44.13 ± 4.44
Stiffness, mm 54.49 ± 3.99 50.08 ± 4.08
Function or physical limitations
30-s chair stand, repetitions 8.62 ± 0.42 8.43 ± 0.45
6-min walk test, ft 1,292.20 ± 42.00 1,282.32 ± 44.66
Health Assessment Questionnaire 0.47 ± 0.05 0.47 ± 0.06

Actigraph-assessed activity
Total MVPA, min/wk 51.32 ± 10.36 54.83 ± 11.24
Steps, steps/day 3,690.30 ± 326.89 3,883.17 ± 356.07

Arthritis management self-efficacy 6.31 ± 0.29 6.30 ± 0.30
Depression (CES-D score) 8.46 ± 0.76 8.40 ± 0.82
Weight, kg 101.08 ± 2.85 101.67 ± 2.86
Body mass index 34.59 ± 1.05 34.68 ± 1.08
Blood pressure, mm Hg
Systolic 129.24 ± 2.09 128.45 ± 2.25
Diastolic 71.79 ± 1.46 72.19 ± 1.57

Work productivity and activity impairment, %
Work time missed 1.72 ± 1.54 1.07 ± 1.28
Impairment while working 24.88 ± 5.62 26.69 ± 5.07
Overall work impairment 25.74 ± 5.79 27.43 ± 5.15
Activity impairment 44.01 ± 4.04 40.11 ± 3.83

Health care use
Physician visits 2.68 ± 0.35 3.06 ± 0.37
Telephone calls made to doctors or staff 1.37 ± 0.24 1.81 ± 0.30
Prescription medicines taken regularly 4.99 ± 0.38 5.21 ± 0.38
Nonprescription medicines taken regularly 3.32 ± 0.42 3.39 ± 0.47

* CES-D, Center for Epidemiologic Studies Depression Scale; MVPA, moderate- to vigorous-intensity physical
activity.

Table 3. Walk With Ease by telephone postprogram evaluation (n = 107)

To what extent Not at all, n (%) A little, n (%) Fairly well, n (%) Very well, n (%)

Did you learn basic information about
arthritis?

0 (0) 5 (4.7) 29 (27.1) 72 (67.3)

Did you increase your understanding of the
rationale and principles of exercise for
people with arthritis?

2 (1.9) 2 (1.9) 21 (19.6) 82 (76.6)

Did you increase your knowledge about
walking in a safe and comfortable
matter?

2 (1.9) 8 (7.5) 15 (14.0) 82 (76.6)

Do you feel knowledgeable about how to
do warm-up and cool-down exercises
before and after walking?

1 (0.9) 3 (2.8) 17 (15.9) 86 (80.4)

Were the problem-solving strategies useful
to you?

2 (1.9) 4 (3.7) 31 (29.0) 70 (65.4)

Were the self-test tools useful to you? 1 (0.9) 6 (5.6) 37 (34.6) 63 (58.9)
Were the contract and walking diary tools
useful to you?

3 (2.8) 8 (7.5) 34 (31.8) 62 (57.9)

Were the group calls helpful for you? 3 (2.8) 10 (9.3) 26 (24.3) 68 (63.6)
Were the one-on-one calls with the leader
helpful for you?

2 (1.9) 2 (1.9) 12 (11.2) 90 (84.1)

Are you happy with the length of the
program?

1 (0.9) 9 (8.4) 26 (24.3) 71 (66.4)

Did Walk With Ease fulfill your
expectations?

2 (1.9) 6 (5.6) 23 (21.5) 76 (71.0)

Are you satisfied with the program? 2 (1.9) 4 (3.7) 15 (14.0) 85 (79.4)
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Table 4. Changes in arthritis-related symptoms, function, and physical activity by group across time*

Variable

Walk With Ease by telephone Wait list control
Difference
between

groups (95% CI)
Effect
size, d P value

Change from
baseline (95% CI) P value

Change from
baseline (95% CI) P value

Pain, mm
To 6 wk −4.00 (−11.30 to 3.30) 0.28 −4.49 (−11.59 to 2.60) 0.21 0.49 (−5.52 to 6.50) 0.02 0.87
To 6 mo −1.04 (−8.99 to 6.92) 0.80 0.35 (−7.05 to 7.76) 0.93 −1.39 (−8.59 to 5.80) −0.06 0.70
To 12 mo −5.02 (−13.87 to 3.83) 0.27 −4.89 (−12.71 to 2.93) 0.22 −0.13 (−9.07 to 8.81) −0.01 0.98

Fatigue, mm
To 6 wk −7.60 (−15.22 to 0.02) 0.05 −0.44 (−7.29 to 6.41) 0.90 −7.16 (−13.69 to −0.64) −0.30 0.03
To 6 mo −0.23 (−8.09 to 7.64) 0.95 0.19 (−6.61 to 6.99) 0.96 −0.42 (−7.63 to 6.80) −0.02 0.91
To 12 mo −5.93 (−16.22 to 4.36) 0.26 2.89 (−6.10 to 11.88) 0.53 −8.82 (−19.70 to 2.06) −0.31 0.11

Stiffness, mm
To 6 wk −5.55 (−12.08 to 0.97) 0.10 −4.47 (−11.21 to 2.27) 0.19 −1.08 (−7.08 to 4.91) −0.05 0.72
To 6 mo −0.99 (−8.32 to 6.34) 0.79 −0.64 (−8.40 to 7.13) 0.87 −0.36 (−8.04 to 7.33) −0.01 0.93
To 12 mo −5.49 (−14.79 to 3.80) 0.25 −1.80 (−10.21 to 6.61) 0.67 −3.70 (−13.78 to 6.39) −0.14 0.47

30-Second Chair Stand Test, repetitions
To 6 wk 0.98 (0.43 to 1.52) 0.0005 0.48 (−0.08 to 1.04) 0.09 0.50 (0.05 to 0.95) 0.26 0.03
To 6 mo 1.00 (0.33 to 1.67) 0.0035 0.69 (0.12 to 1.25) 0.02 0.31 (−0.20 to 0.83) 0.18 0.23
To 12 mo 0.79 (0.13 to 1.45) 0.02 0.45 (−0.16 to 1.06) 0.15 0.33 (−0.32 to 0.99) 0.18 0.32

6-Minute Walk Test, ft
To 6 wk 17.66 (−21.53 to 56.86) 0.38 −10.15 (−48.30 to 27.99) 0.60 27.82 (−2.75 to 58.38) 0.24 0.07
To 6 mo −27.33 (−79.66 to 25.01) 0.31 0.24 (−40.64 to 41.12) 0.99 −27.57 (−72.64 to 17.51) −0.19 0.23
To 12 mo −21.32 (−76.30 to 33.67) 0.45 2.19 (−40.78 to 45.16) 0.92 −23.51 (−77.10 to 30.09) −0.19 0.39

Health Assessment Questionnaire
To 6 wk −0.09 (−0.15 to −0.04) 0.0012 −0.05 (−0.12 to 0.01) 0.12 −0.04 (−0.09 to 0.01) −0.20 0.13
To 6 mo −0.05 (−0.12 to 0.01) 0.10 −0.02 (−0.10 to 0.05) 0.50 −0.03 (−0.09 to 0.03) −0.12 0.37
To 12 mo −0.06 (−0.12 to 0.01) 0.11 −0.02 (−0.08 to 0.04) 0.54 −0.04 (−0.10 to 0.03) −0.25 0.29

Total MVPA log transformed
To 6 wk 0.10 (−0.18 to 0.38) 0.47 −0.08 (−0.37 to 0.21) 0.58 0.19 (−0.06 to 0.43) 0.18 0.14
To 6 mo −0.15 (−0.44 to 0.14) 0.32 0.03 (−0.30 to 0.36) 0.85 −0.18 (−0.48 to 0.12) −0.14 0.24
To 12 mo −0.16 (−0.62 to 0.00) 0.05 −0.01 (−0.32 to 0.29) 0.94 −0.30 (−0.58 to −0.01) −0.26 0.04

Steps, steps/day
To 6 wk 366.88 (−115.82 to 849.59) 0.14 87.89 (−327.60 to 503.38) 0.68 278.99 (−139.28 to 697.27) 0.19 0.19
To 6 mo 90.60 (−411.45 to 592.65) 0.72 66.28 (−384.96 to 517.52) 0.77 24.32 (−388.16 to 436.79) 0.01 0.91
To 12 mo −225.44 (−759.13 to 308.24) 0.41 −39.21 (−455.74 to 377.33) 0.85 −186.24 (−607.26 to 234.79) −0.12 0.39

Arthritis management self-efficacy
To 6 wk 1.55 (0.93 to 2.17) <0.0001 0.49 (−0.11 to 1.08) 0.11 1.06 (0.61 to 1.52) 0.58 <0.0001
To 6 mo 1.17 (0.55 to 1.80) 0.0002 0.52 (−0.10 to 1.14) 0.10 0.65 (0.16 to 1.15) 0.36 0.01
To 12 mo 1.42 (0.73 to 2.11) <0.0001 0.65 (−0.04 to 1.34) 0.06 0.77 (0.09 to 1.44) 0.38 0.03

Depression (CES-D score)
To 6 wk −1.57 (−2.69 to −0.45) 0.01 −0.91 (−1.94 to 0.13) 0.08 −0.66 (−1.79 to 0.47) −0.16 0.25
To 6 mo −1.51 (−2.68 to −0.34) 0.01 −0.40 (−1.50 to 0.69) 0.47 −1.11 (−2.37 to 0.15) −0.24 0.08
To 12 mo −1.53 (−2.80 to −0.26) 0.02 −0.08 (−1.33 to 1.17) 0.91 −1.45 (−2.91 to 0.01) −0.40 0.05

Weight, kg
To 6 wk −0.21 (−1.35 to 0.93) 0.71 0.13 (−0.84 to 1.10) 0.80 −0.34 (−1.03 to 0.35) −0.15 0.33
To 6 mo −0.19 (−1.17 to 0.79) 0.70 0.05 (−1.07 to 1.17) 0.93 −0.24 (−1.18 to 0.70) −0.07 0.62
to 12 mo −1.27 (−2.88 to 0.34) 0.12 −0.46 (−2.02 to 1.09) 0.56 −0.81 (−2.72 to 1.11) −0.16 0.41

Body mass index
To 6 wk −0.01 (−0.46 to 0.45) 0.98 0.08 (−0.31 to 0.46) 0.69 −0.08 (−0.36 to 0.19) −0.09 0.55
To 6 mo −0.02 (−0.42 to 0.37) 0.92 0.07 (−0.35 to 0.49) 0.75 −0.09 (−0.46 to 0.27) −0.07 0.62
To 12 mo −0.35 (−0.98 to 0.27) 0.27 −0.14 (−0.74 to 0.47) 0.66 −0.22 (−0.94 to 0.51) −0.12 0.56

Systolic blood pressure, mm Hg
To 6 wk −0.59 (−4.60 to 3.43) 0.77 0.07 (−3.67 to 3.80) 0.97 −0.65 (−4.47 to 3.16) −0.04 0.74
To 6 mo −1.22 (−5.30 to 2.87) 0.56 −1.72 (−5.92 to 2.48) 0.42 0.50 (−3.72 to 4.73) 0.03 0.82
To 12 mo −3.51 (−8.18 to 1.16) 0.14 −1.49 (−5.91 to 2.93) 0.51 −2.02 (−7.28 to 3.24) −0.14 0.45

Diastolic blood pressure, mm Hg
To 6 wk −0.46 (−3.01 to 2.10) 0.73 −0.23 (−2.81 to 2.35) 0.86 −0.23 (−2.61 to 2.16) −0.02 0.85
To 6 mo −0.67 (−3.37 to 2.02) 0.62 −1.16 (−3.84 to 1.52) 0.40 0.49 (−2.16 to 3.14) 0.05 0.72
To 12 mo −2.52 (−5.62 to 0.57) 0.11 −0.40 (−3.21 to 2.41) 0.78 −2.12 (−5.43 to 1.19) −0.22 0.21

Work time missed, %
To 6 wk 0.56 (−4.59 to 5.72) 0.83 −0.50 (−4.36 to 3.35) 0.80 1.07 (−3.92 to 6.05) 0.16 0.67
To 6 mo −2.27 (−5.44 to 0.91) 0.16 0.85 (−3.76 to 5.46) 0.72 −3.11 (−6.71 to 0.48) −0.25 0.09
To 12 mo 2.79 (−5.81 to 11.40) 0.52 −0.29 (−4.67 to 4.08) 0.89 3.09 (−5.44 to 11.62) 0.27 0.48

(Continued)
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18 in-person sessions (47%).12 Since the COVID-19 pandemic,
there has been more of a need for remotely delivered programs,
particularly among older adults and those at higher risk of compli-
cations from COVID-19.29 A telephone-delivered program pro-
vides supportive accountability from a group and leader yet also
removes the traditional barriers to participation in an in-person
program. Meeting participants’ needs and preferences can lead
to greater adherence to the program, which should lead to subse-
quent greater improvements in outcomes. Further, increased
adherence to the program could result in an even greater incre-
mental cost-effectiveness ratio than that recently demonstrated
by a cost-effectiveness analysis of the self-directed version of
WWE.30

From an implementation perspective, WWE-T may be a pre-
ferred and more feasible modality for organizations to offer as
compared to in-person groups. Barriers that organizations face
include poor weather conditions for outdoor walking and a lack
of physical space for meetings and indoor walking.31 During the
WWE-T program, participants walk on their own time, eliminating
the need for staff and walking space and substantially reducing
the resources necessary to implement. Additionally, from a quali-
tative evaluation of organizations that implemented WWE, pro-
gram managers recommended that WWE sessions should be

offered two times per week instead of three times per week.31

The frequency of two sessions per week aligns with the WWE-T
and may be more feasible for both program organizations and
participants.

This study had several strengths and limitations. First, this is
one of the first studies to use objective monitoring to assess
changes in physical activity from theWWE program. Second, pre-
vious examinations of WWE were with predominantly White and
highly educated participants.10,11 Sixty percent of the current
study sample was Black, and 52% was below the US median
household income; thus, the results provide insight on the
effects of this program in underrepresented populations. Also,
remotely delivered programs may be preferred among under-
represented populations and align with previous research that
when given the option, more Black adults with arthritis opted to
participate in the self-directed version of WWE as compared to
the in-person group format.32 Finally, retention was high, with
83.8% to 93.6% of participants completing some aspect of the
assessment. Previous studies have had low survey or postpro-
gram evaluation completion rates, particularly in self-directed
versions of WWE.11,27,33

Although this study highlighted specific strengths, several
limitations could impact the generalizability of the findings. First,

Table 4. (Cont’d)

Variable

Walk With Ease by telephone Wait list control
Difference
between

groups (95% CI)
Effect
size, d P value

Change from
baseline (95% CI) P value

Change from
baseline (95% CI) P value

Impairment while working, %
To 6 wk −3.20 (−14.79 to 8.40) 0.59 −8.24 (−18.62 to 2.15) 0.12 5.04 (−5.04 to 15.12) 0.28 0.33
To 6 mo −1.92 (−13.22 to 9.38) 0.74 −6.51 (−17.65 to 4.63) 0.25 4.59 (−6.66 to 15.84) 0.17 0.42
To 12 mo 0.96 (−13.55 to 15.46) 0.90 −7.49 (−16.23 to 1.24) 0.09 8.45 (−6.00 to 22.90) 0.55 0.25

Overall work impairment, %
To 6 wk −3.58 (−15.51 to 8.35) 0.55 −8.14 (−19.05 to 2.77) 0.14 4.56 (−5.79 to 14.91) 0.24 0.39
To 6 mo −2.59 (−14.30 to 9.11) 0.66 −5.71 (−17.27 to 5.85) 0.33 3.12 (−8.76 to 14.99) 0.11 0.61
To 12 mo 1.72 (−15.05 to 18.49) 0.84 −7.11 (−16.38 to 2.16) 0.13 8.83 (−8.03 to 25.69) 0.51 0.30

Activity impairment, %
To 6 wk −11.98 (−19.16 to −4.80) 0.0011 −3.91 (−10.91 to 3.08) 0.27 −8.06 (−14.21 to −1.92) −0.38 0.01
To 6 mo −9.52 (−17.39 to −1.65) 0.02 −4.32 (−11.92 to 3.28) 0.27 −5.20 (−12.46 to 2.06) −0.21 0.16
To 12 mo −10.51 (−19.49 to −1.54) 0.02 −5.64 (−12.81 to 1.53) 0.12 −4.88 (−13.66 to 3.91) −0.27 0.28

Physician visits
To 6 wk −0.48 (−1.27 to 0.31) 0.23 −1.14 (−1.95 to −0.33) 0.01 0.66 (−0.07 to 1.39) 0.24 0.08
To 6 mo 1.21 (0.40 to 2.02) 0.0034 1.12 (0.10 to 2.15) 0.03 0.09 (−0.96 to 1.14) 0.02 0.87
To 12 mo 1.89 (0.80 to 2.99) 0.0007 0.99 (−0.39 to 2.38) 0.16 0.90 (−0.68 to 2.48) 0.19 0.26

Telephone calls made to doctors or staff
To 6 wk −0.26 (−0.74 to 0.21) 0.28 −0.45 (−1.07 to 0.17) 0.15 0.19 (−0.36 to 0.74) 0.07 0.50
To 6 mo 0.73 (0.18 to 1.27) 0.01 0.22 (−0.46 to 0.90) 0.53 0.51 (−0.18 to 1.20) 0.16 0.15
To 12 mo 0.83 (0.09 to 1.56) 0.03 0.19 (−0.57 to 0.95) 0.62 0.64 (−0.28 to 1.55) 0.24 0.17

Prescription medicines taken regularly
To 6 wk 0.25 (−0.20 to 0.70) 0.27 0.03 (−0.38 to 0.44) 0.89 0.22 (−0.13 to 0.58) 0.17 0.22
To 6 mo 0.26 (−0.22 to 0.75) 0.29 0.40 (−0.13 to 0.92) 0.14 −0.13 (−0.58 to 0.31) −0.07 0.56
To 12 mo 0.70 (−0.02 to 1.42) 0.06 0.41 (−0.14 to 0.97) 0.14 0.29 (−0.45 to 1.03) 0.18 0.45

Nonprescription medicines taken regularly
To 6 wk 0.33 (−0.15 to 0.81) 0.18 0.20 (−0.21 to 0.61) 0.34 0.13 (−0.28 to 0.54) 0.09 0.54
To 6 mo 0.43 (−0.04 to 0.91) 0.07 0.26 (−0.22 to 0.75) 0.29 0.17 (−0.31 to 0.66) 0.10 0.49
To 12 mo 0.03 (−0.54 to 0.61) 0.91 0.48 (−0.21 to 1.18) 0.17 −0.45 (−1.14 to 0.25) −0.22 0.21

* Bold text indicates significant difference between baseline and the follow-up or between groups (P < 0.05). CES-D, Center for Epidemiologic
Studies Depression Scale; CI, confidence interval; MVPA, moderate- to vigorous-intensity physical activity.
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the study sample was predominantly female, which coincides
with previous research regarding limited engagement of men in
physical activity research.34 Further, adults with arthritis from the
southeastern United States were exclusively recruited into
the study. Findings from this sample may not be as translatable
to others residing in different regions of the country or internation-
ally. Nonetheless, we focused on an important population
because the Southeast has a high prevalence of arthritis, poor
health, and severe joint pain.35 Further, intervention fidelity was
not evaluated in this community-delivered program beyond call
delivery and duration, limiting our understanding on whether the
program was implemented as intended. Additionally, although
the results suggest the program is effective when delivered by
telephone, a direct comparison of the effectiveness of this delivery
modality as compared to group or self-directed WWE formats
was not examined. Future research could examine differences in
adherence, preferences, and behavioral and health-related out-
comes across the three formats of WWE.

In summary, a WWE-T program led to short-term improve-
ments in physical function, self-efficacy, and impairment related
to daily activities in adults with arthritis. Long-term changes were
observed at 12 months in physical function, self-efficacy, depres-
sion symptoms, and impairment related to daily activities.
Although changes were not seen in all outcomes, this remotely
delivered program may be an effective alternative to improve
arthritis symptoms in adults with arthritis and other underrepre-
sented populations who may face barriers to in-person
community-based physical activity programs.
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Gout flare prophylaxis trials: comment on the article by
Maher et al

To the Editor:
The risk of a gout flare is most significant when urate lowering

is rapid, independent of the urate-lowering drug chosen.1,2

The gradual dose escalation of urate-lowering therapy (ULT),

regardless of the drug used, combined with anti-inflammatory

prophylaxis, is recommended for the first three to six months to

mitigate this risk.3

The article by Maher et al reviews the risk of gout flares when

initiating or escalating urate-lowering drugs.4 Several prophylaxis

trials were included, including a trial of rilonacept, an

interleukin-1 inhibitor.5 However, the canakinumab trial—the larg-

est randomized, controlled prophylaxis trial of 432 patients initiat-

ing ULT with allopurinol, comparing whether single doses of

canakinumab ≥50mg or 4 × 4 weekly doses of canakinumab pro-

vided superior prophylaxis compared with colchicine 0.5 mg/d,

the current mainstay of prophylaxis—was omitted from this

thoughtful review.4,6 In this 16-week study, there was a 62% to

72% reduction in the mean number of flares per participant for

patients in the canakinumab arms compared with the colchi-

cine arm (P ≤0.0083), and the proportion of participants

who experienced ≥1 flare was significantly lower (15% to

27% vs 44%; P <0.05). In addition, there was a 64% to 72%

reduction in the risk of experiencing ≥1 flare for canakinumab

doses ≥50 mg versus colchicine (P ≤0.05). The canakinumab

study findings support interleukin-1 as a pivotal mediator of

gout inflammation and the role of interleukin-1 inhibitors in

effectively preventing gout flares.2,4–6
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Reply

To the Editor:

Wewould like to thank Professor Schlesinger and colleagues

for the interest and comment on our recently published system-

atic review with network meta-analysis of gout flares when initiat-

ing or escalating urate-lowering therapy (ULT).1 As pointed out

by the authors, trials of the interleukin-1 inhibitor canakinumab

were not included in our review. Our strict inclusion and exclusion

criteria (full details provided in the Supplementary Methods1)

excluded phase 1 and 2 trials, such as the large randomized,

controlled (phase 2) prophylaxis trial of canakinumab versus

colchicine.2 Various phase 3 and open-label extension trials

investigating canakinumab for the treatment of acute flares and

subsequent prevention of new flares did not meet our inclusion

criteria.3,4

Canakinumab is currently approved by the US Food and

Drug Administration and European Medicines Agency for the

symptomatic treatment of gout flares in adults with frequent

flares who cannot tolerate, are contraindicated, or do not

benefit from nonsteroidal anti-inflammatory drugs and colchicine

and for whom repeated courses of corticosteroids are not

appropriate.5,6 Although canakinumab prophylaxis trials are

encouraging,2 these somewhat limited approval criteria, which

encompass treatment of an acute attack rather than prophy-

laxis after ULT initiation or intensification, coupled with the
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findings of our review highlight that more research is required
to better define both the benefits and harms of existing and
newer medications for gout flare prophylaxis.1 The unique dos-
ing regimen of canakinumab may have significant implications
for quality of life in a population for whom nonadherence is
prevalent.7
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