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Assessing the Costs of Neuropsychiatric Disease in the
Systemic Lupus International Collaborating Clinics Cohort
Using Multistate Modeling

Ann E. Clarke,1 John G. Hanly,2 Murray B. Urowitz,3 Yvan St. Pierre,4 Caroline Gordon,5

Sang-Cheol Bae,6 Juanita Romero-Diaz,7 Jorge Sanchez-Guerrero,3 Sasha Bernatsky,4 Daniel J. Wallace,8

David A. Isenberg,9 Anisur Rahman,9 Joan T. Merrill,10 Paul R. Fortin,11 Dafna D. Gladman,3

Ian N. Bruce,12 Michelle Petri,13 Ellen M. Ginzler,14 Mary Anne Dooley,15 Rosalind Ramsey-Goldman,16

Susan Manzi,17 Andreas Jönsen,18 Graciela S. Alarc�on,19 Ronald F. Van Vollenhoven,20 Cynthia Aranow,21

Meggan Mackay,21 Guillermo Ruiz-Irastorza,22 S. Sam Lim,23 Murat Inanc,24 Kenneth C. Kalunian,25

Soren Jacobsen,26 Christine A. Peschken,27 Diane L. Kamen,28 Anca Askanase,29 and Vernon Farewell30

Objective. To estimate direct and indirect costs associated with neuropsychiatric (NP) events in the Systemic
Lupus International Collaborating Clinics inception cohort.

Methods. NP events were documented annually using American College of Rheumatology definitions for NP
events and attributed to systemic lupus erythematosus (SLE) or non-SLE causes. Patients were stratified into 1 of
3 NP states (no, resolved, or new/ongoing NP event). Change in NP status was characterized by interstate transition
rates using multistate modeling. Annual direct costs and indirect costs were based on health care use and impaired
productivity over the preceding year. Annual costs associated with NP states and NP events were calculated by aver-
aging all observations in each state and adjusted through random-effects regressions. Five- and 10-year costs for NP
states were predicted by multiplying adjusted annual costs per state by expected state duration, forecasted using mul-
tistate modeling.

Results. A total of 1,697 patients (49% White race/ethnicity) were followed for a mean of 9.6 years. NP events
(n = 1,971) occurred in 956 patients, 32% attributed to SLE. For SLE and non-SLE NP events, predicted annual, 5-,
and 10-year direct costs and indirect costs were higher in new/ongoing versus no events. Direct costs were 1.5-fold
higher and indirect costs 1.3-fold higher in new/ongoing versus no events. Indirect costs exceeded direct costs 3.0
to 5.2 fold. Among frequent SLE NP events, new/ongoing seizure disorder and cerebrovascular disease accounted
for the largest increases in annual direct costs. For non-SLE NP events, new/ongoing polyneuropathy accounted for
the largest increase in annual direct costs, and new/ongoing headache and mood disorder for the largest increases
in indirect costs.

Conclusion. Patients with new/ongoing SLE or non-SLE NP events incurred higher direct and indirect costs.

INTRODUCTION

Approximately 50% of patients with systemic lupus erythema-

tosus (SLE) experience neurologic and/or psychiatric (NP) events

(1,2) ranging from common syndromes such as mild cognitive dys-

function, anxiety, and headache to infrequent manifestations such

as psychosis and neuropathy (3). Approximately 30% of these NP

events are reported to be directly attributable to SLE (4). NP events
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in SLE patients negatively impact health-related quality of life (5,6)

and increase mortality (1,7), but little is known about their economic

impact.
A few studies have reported the direct and indirect costs

associated with NPSLE (8–12), but most were limited as they
relied on administrative data (8–10), provided only direct (8–10)

or short-term (8,10–12) cost estimates, or involved a single center
(11,12). The long-term economic burden has never been
assessed in an international, multiethnic cohort such as the Sys-
temic Lupus International Collaborating Clinics (SLICC) inception
cohort using multistate modeling. Multistate modeling can char-
acterize the transition of SLE patients between onset, remissions,
and relapses of different disease states, capturing both the likeli-
hood of moving between states and state durations. We have
previously used multistate modeling developed in the SLICC
cohort to estimate long-term costs associated with renal involve-
ment (13) and damage accrual (14). Hanly et al recently have
described dynamic changes in NP events, both attributable (SLE
NP events) and not attributable to SLE (non-SLE NP events) using
reversible multistate modeling (6). In the current study, we calcu-
lated annual direct and indirect costs for each SLE and non-
SLE NP state and used the interstate transition probabilities
predicted in the models to estimate the expected duration in
each state. Five- and 10-year cumulative costs were then esti-
mated by multiplying the annual costs associated with each
NP state with the expected duration in that state, providing
predictions of long-term costs for states with limited observa-
tions. We also provide cost estimates for individual SLE and
non-SLE NP events.

PATIENTS AND METHODS

Inception cohort. Between 1999 and 2011, patients from
31 centers in 11 countries fulfilling the American College of Rheu-
matology (ACR) revised classification criteria for SLE (15) were
enrolled in the SLICC inception cohort within 15 months of diag-
nosis and assessed longitudinally. For this study, data collection
continued until December 2019. Each patient provided informed
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SIGNIFICANCE & INNOVATIONS
• This is the first study to assess the long-term eco-

nomic burden of neuropsychiatric (NP) lupus in an
international, multiethnic inception cohort using
multistate modeling to characterize transition
between onset, remission, and relapse of NP
events.

• For SLE and non-SLE NP events, annual, 5-, and
10-year direct costs were higher in those with
new/ongoing versus no events and resolved versus
no events. For SLE and non-SLE NP events, annual,
5-, and 10-year indirect costs were higher in those
with new/ongoing versus no events, and 5- and
10-year indirect costs were higher in new/ongoing
versus resolved events.

• Among frequent SLE NP events, new/ongoing sei-
zure disorder and cerebrovascular disease
accounted for the largest increases in annual direct
costs. For non-SLE NP events, new/ongoing poly-
neuropathy accounted for the largest increase in
annual direct costs, and new/ongoing headache
and mood disorder for the largest increases in indi-
rect costs.

• The high economic burden associated with NP
events in SLE, in addition to the previously docu-
mented negative impact on health-related quality
of life and mortality, underline the importance of
improving care for this component of SLE.
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consent, and research ethics boards at each site approved the
study.

At enrollment, data were collected on age, sex, and self-
reported race and ethnicity, and at enrollment and annually, on
disease activity (16), damage (17), NP events (using the ACR case
definitions) (18), postsecondary education, smoking, and alcohol
consumption (19). At enrollment and annually, data were also col-
lected on hospitalizations and medications (regardless of attribu-
tion to SLE) in the year preceding each visit. The cohort was
originally created to assess cardiovascular, NP, and renal out-
comes, and therefore, data on diagnostic/therapeutic procedures
were limited.

Beginning in 2015, 18 sites collected supplemental eco-
nomic data annually on patients still followed in the cohort (see
Supplementary Figure 1, available on the Arthritis Care &
Research website at http://onlinelibrary.wiley.com/doi/10.1002/
acr.25090); the supplemental data included: 1) additional health
resource utilization that was not captured in the preexisting data
collection (i.e., physicians, nonphysician health care profes-
sionals, emergency room visits, laboratory tests, radiologic and
other diagnostic procedures, outpatient surgeries, and help
obtaining medical care) and 2) lost productivity in labor force and
nonlabor force activity over the year (20,21) preceding the assess-
ment. All health care use and all health-related lost productivity
were included regardless of attribution to SLE.

Statistical analysis. Multistate modeling. At enrollment
and annually, patients were assessed for NP events attributed to
SLE (SLE NP events) or non-SLE causes (non-SLE NP events).
NP events were attributed to SLE based on published attribution
decision rules (6) and were attributed if they: 1) had their onset
within 10 years of SLE diagnosis and were still present within the
enrollment window or occurred subsequently; 2) had no concur-
rent non-SLE causes; and 3) were not one of the common NP
events in the normal population, as described by Ainiala et al
(22). Separate patient-level models were developed for SLE and
non-SLE NP events, including the following 3 states: 1) no NP
event ever; 2) resolved NP event, i.e., no current NP event but
≥1 in the past (state entry was time of resolution of the NP event);
and 3) new/ongoing NP event with state entry at onset of the
event (see Supplementary Figure 2, available on the Arthritis
Care & Research website at http://onlinelibrary.wiley.com/doi/
10.1002/acr.25090).

At each assessment, patients were assigned to 1 of 3 NP
states. The SLE NP and non-SLE NP models were estimated
independently, and all patients were included in both. When fitting
the model for SLE NP events, non-SLE NP events were ignored,
and vice versa. Therefore, we did not estimate costs for SLE NP
events with or without concurrent non-SLE NP events. As costs
were only collected at assessments prior to death and not over
the interval between the last follow-up visit and death, death was
not included in the economic models, although it was allowed

for in the multistate modeling. Transition rates were estimated
through maximum likelihood estimation using the R (23) package
“msm” (24).

Calculating annual direct costs. At each assessment, annual
direct costs were based on health resource utilization over the
preceding year and annual indirect costs on lost time in labor
force and nonlabor force activity over the preceding year
(depending on the cost data set available; refer to cost data set
description below). Annual costs associated with each SLE and
non-SLE NP state were calculated by averaging costs for all
patients contributing an observation to that state.

Health care costs were calculated by multiplying each health
resource by its corresponding 2021 Canadian unit cost (sources
of unit cost for health care components are provided in Supple-
mentary Table 1, available on the Arthritis Care & Research web-
site at http://onlinelibrary.wiley.com/doi/10.1002/acr.25090). As
the objective of this research was to compare health care costs
between SLE patients with new/ongoing versus resolved versus
no NP events rather than to provide country-specific estimates
of costs, health care prices and wages essentially served as a
set of weights to aggregate resources and lost productivity into
a single cost measure. Canadian prices were chosen because
the largest proportion of patient observations was from Canada,
and prices are set in a single-payer universal public system cover-
ing the entire Canadian population and therefore better reflect the
direct cost of resources.

Calculating annual indirect costs. Total indirect costs con-
sisted of the sum of the following components: 1) absenteeism,
2) presenteeism, and 3) opportunity costs. Absenteeism referred
to self-report of time lost from paid labor because of poor health;
presenteeism referred to self-report of how productivity, while
engaged in labor and nonlabor force activities, was affected by
health based on a visual analog scale anchored at 0% for health
having no impact and 100% for complete inability to work; oppor-
tunity costs referred to additional time that patients would be
working in labor force and nonlabor force activities if not ill. Oppor-
tunity costs were calculated as the difference between the time
patients reported working versus the time worked by an age,
sex, and geographic-matched general population (25–28). Indi-
rect costs from labor force activities were valued using age-and-
sex-specific wages from Statistics Canada (29). Indirect costs
from nonlabor force activities were valued using opportunity costs
(i.e., age-and-sex specific wages rather than expected earnings
of service workers).

Cost data sets. Based on our method of collecting data on
health resource utilization and lost productivity, we have 2 types
of cost data: 1) partial direct costs based on the data provided
by the full cohort. These partial direct costs included hospitaliza-
tions, medications, selected procedures, and dialysis; and 2)
complete direct and indirect costs for the cohort subset who
completed the annual supplemental economic questionnaire
introduced in 2015.
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To take full advantage of both cost data sets, we used a mul-
tiple imputation strategy to predict all missing values for the
patients in the full cohort who did not provide complete direct
and indirect costs for all observations. All models for imputing
complete direct and indirect costs included partial direct costs
and NP state (time-varying) as well as education and geographic
location as final covariates, with the direct cost model also includ-
ing age at diagnosis, and the indirect cost model also including
race and ethnicity. Ten sets of imputations were derived from
these models, and all subsequent analyses in this setting involved
pooling and averaging all estimates across imputed sets, while
their variances were computed by applying standard combination
rules.

Adjusting annual costs and predicting 5- and 10-year cumu-

lative costs. Within each of the 3 data settings (i.e., partial direct
costs for the full cohort, unimputed complete costs for the cohort
subset, and imputed complete costs for the full cohort), multivari-
ate random-effects linear regression modeling was used to adjust
for possible confounding of demographic variables on the associ-
ation of annual direct and indirect costs and NP state. Potential
covariates included age at diagnosis, sex, race and ethnicity, edu-
cation, and geographic regions as well as the following time-
varying covariates: age, disease duration, smoking, and high-risk
alcohol use. Using the average values of significant covariates,
predictions were obtained for adjusted annual costs; 95% con-
fidence intervals (95% CIs) were calculated using boot-
strapping except in the multiple imputation setting, where
bootstrapping does not appear to provide realistic variance
estimates (30). All statistical computations were done using
Stata, version 17.

For each NP state, cumulative adjusted costs over the fol-
lowing 5 and 10 years were predicted by multiplying adjusted
annual costs by the expected duration in each state for each of
the following years. Annual change in NP state was determined
using transition probabilities derived from the multistate model.
Future costs were discounted at an annual rate of 3%.

Assessing costs associated with individual SLE and non-SLE

NP events. The increase in annual costs associated with the
4 most frequent SLE and non-SLE NP events was also estimated.
Random-effects linear regression models were developed using
the imputed complete costs for the full cohort with annual direct
and indirect costs as the outcomes for SLE and non-SLE NP
events. In each model, predictors included indicator variables for
whether any of the 4 most frequent events or any other NP events
(SLE or non-SLE, depending on the model) had been ongoing at
any time over each observed patient-year, as well as other statis-
tically significant covariates, i.e., race and ethnicity and disease
duration for direct costs; disease duration, region, and education
for indirect costs. This allows cost increases associated with
specified new/ongoing NP events to be estimated independently
of any co-occurring NP event and compared to no and resolved
NP events.

RESULTS

Patients. A total of 1,827 patients were recruited in the
SLICC inception cohort, and 1,697 provided utilization data on
hospitalizations, medications, and selected procedures. Of these
1,697 patients, 672 patients were still being followed in 2015
when the annual questionnaire on additional health resource utili-
zation and lost productivity was introduced. In the full cohort of
1,697 patients, 88.7% were female subjects, 48.8% were of
White race and ethnicity, and their mean ± SD age and mean dis-
ease duration at cohort enrollment were 35.1 ± 13.3 years and
0.5 years (range 0–1.3 years), respectively (Table 1). In total,
1,971 unique NP events occurred in 956 patients, 32% attributed
to SLE. Mood disorder (121 of 624 SLE NP events, 19.4%), sei-
zure disorder (19.2%), cerebrovascular disease (19.1%), and
mononeuropathy (7.7%) were the most frequent SLE NP events,
and headache (940 of 1,347 non-SLE NP events, 69.8%), mood
disorder (14.8%), anxiety (7.0%), and polyneuropathy (2.8%)
were the most frequent non-SLE NP events (see Supplementary

Table 1. Demographic and clinical characteristics at the time of
cohort entry for the full sample, providing partial direct costs, and for
the cohort subset, providing complete direct and indirect costs*

Characteristic
Full sample Subset
(n = 1,697) (n = 672)

Age, mean ± SD years 35.1 ± 13.3 33.2 ± 12.0
Sex, female 88.7 89.3
Education, any postsecondary 61.8 61.1
Race/ethnicity
White 48.8 40.9
African 16.7 11.5
Hispanic 15.8 18.0
Asian 15.0 26.5

Geographic region
US 27.9 14.6
Europe 26.8 8.2
Canada 23.2 41.4
Mexico 12.6 16.1
Republic of Korea 9.5 19.8

Disease duration, mean (range)
years

0.5 (0.0–1.3) 0.4 (0.0–1.3)

SLEDAI–2K score, mean ± SD 5.4 ± 5.4 6.1 ± 5.6
SDI score at first annual follow-up,
mean ± SD

0.44 ± 0.87 0.36 ± 0.78

Medications
Glucocorticoids 70.9 72.3
Antimalarials 67.7 68.4
Immunosuppressants 40.9 42.9

Smoking, ever 35.0 30.2
High-risk alcohol consumption† 1.3 0.6
Employed‡ – 59.8

* Values are the percentage unless indicated otherwise.
SDI = Systemic Lupus International Collaborating Clinics/American
College of Rheumatology Damage Index; SLEDAI-2K = Systemic
Lupus Erythematosus Disease Activity Index 2000.
† Refers to >15 drinks per week formen and >10 drinks per week for
women (19).
‡ At the time of the completion of the first economic questionnaire;
data were only available for the subcohort completing the economic
questionnaire.
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Tables 2 and 3, available on the Arthritis Care & Researchwebsite
at http://onlinelibrary.wiley.com/doi/10.1002/acr.25090).

In the subset of 672 patients providing complete economic
data, 89.3% were female subjects, 40.9% were of White race
and ethnicity, and their mean ± SD age and mean disease dura-
tion at time of enrollment in the inception cohort were 33.2
± 12.0 years and 0.4 years (range 0–1.3 years), respectively.
Their mean disease duration at the time of introduction of the eco-
nomic questionnaire was 10.8 years (range 3.9–19.1 years). The
cohort subset had a larger proportion of Asian patients than the
full cohort, and Canada, Mexico, and Korea contributed a higher
proportion of patients to this subset than the full cohort. Transition
probabilities are shown in Supplementary Table 4, available on the
Arthritis Care & Research website at http://onlinelibrary.wiley.
com/doi/10.1002/acr.25090.

Partial direct costs on full cohort. Annual costs and

predictors. For the 1,697 patients, there was a mean follow-up
of 9.6 years, yielding 13,987 observations (Table 2; see Supple-
mentary Table 5, available on the Arthritis Care & Research web-
site at http://onlinelibrary.wiley.com/doi/10.1002/acr.25090, for
the distribution of observations per country). In the regression
model that examined the association between annual partial
direct costs and SLE NP states, older age at diagnosis and White
race and ethnicity were associated with lower costs, whereas lon-
ger disease duration was associated with higher costs (see Sup-
plementary Table 6, available on the Arthritis Care & Research

website at http://onlinelibrary.wiley.com/doi/10.1002/acr.25090,
panel A, model 1). A similar relationship was observed in the
model for annual partial direct costs and non-SLE NP states (see
Supplementary Table 6, panel B, model 1). Adjusted annual par-
tial direct costs were higher in those with new/ongoing SLE NP
events ($7,028 [2021 Canadian]) versus those with no SLE NP
events ($4,212; difference $2,816 [95% CI $1,139, $4,493]) (see
Supplementary Table 7, available on the Arthritis Care & Research
website at http://onlinelibrary.wiley.com/doi/10.1002/acr.25090).

Five- and 10-year cumulative costs. For SLE NP events,
patients with new/ongoing versus no events at the beginning of
the 5-year period incurred higher predicted 5-year partial direct
costs (i.e., new/ongoing [$34,580] versus no events [$23,149;
difference $11,431 (95% CI $5,293, $17,570)]) (see Supplemen-
tary Table 7, available at http://onlinelibrary.wiley.com/doi/10.
1002/acr.25090). Similarly, patients with new/ongoing versus no
events at the beginning of the 10-year period incurred higher pre-
dicted 10-year partial direct costs (i.e., new/ongoing [$67,407]
versus no events [$48,416; difference $18,992 (95% CI $8,774,
$29,210)]). For the non-SLE NP events, 5- and 10-year partial
direct costs were also higher in those with new/ongoing versus
no events.

Complete direct and indirect costs on cohort
subset. Annual costs and predictors. For the 672 patients in the

cohort subset completing the economic questionnaire starting in
2015, there was a mean follow-up of 2.7 years, yielding 1,594
observations (Table 3). Across all SLE and non-SLE NP states,
indirect costs exceeded direct costs by an average of 4.4 fold;
within indirect costs, unpaid labor costs exceeded paid labor
costs by an average of 1.6 fold.

In the regression model that examined the association
between annual complete direct costs and SLE NP states (see
Supplementary Table 6, available at http://onlinelibrary.wiley.
com/doi/10.1002/acr.25090, panel A, model 2), no additional
variables were associated with costs, whereas in themodel exam-
ining the association between annual complete direct costs and
non-SLE NP states (see Supplementary Table 6, panel B, model
2), longer disease duration was associated with higher costs. In
the model examining the association between annual indirect
costs and SLE NP states (see Supplementary Table 6, panel A,
model 3) and non-SLE NP states (see Supplementary Table 6,
panel B, model 3), longer disease duration was associated with
higher costs, whereas postsecondary education and residing out-
side of North America were associated with lower costs.

Adjusted annual complete direct costs were higher in those
with new/ongoing SLE NP events ($13,825) versus those with
no SLE NP events ($7,505; difference $6,320 [95% CI $1,399,
$11,241]) (Table 4). Adjusted annual indirect costs were also
higher in those with new/ongoing ($42,695) versus no SLE NP
events ($33,347; difference $9,348 [95% CI $1,004, $17,692]).
Similarly, adjusted annual direct and indirect costs were higher in
those with new/ongoing non-SLE NP events versus no non-SLE
NP events.

Five- and 10-year cumulative costs. For the SLE NP events,
predicted 5-year complete direct costs were higher in those with
new/ongoing ($62,071) versus those with no events ($36,948;
difference $25,123 [95% CI $6,566, $43,680]) (Table 4). Similarly,
10-year complete direct costs were higher in those with
new/ongoing ($110,682) versus no events ($69,870; difference
$40,812 [95% CI $7,186, $74,438]). Five-year cumulative indirect
costs were higher in the new/ongoing ($209,893) versus no SLE
NP event ($177,634; difference $32,259 [95% CI $2,380,
$62,138]). For the non-SLE NP events, 5- and 10-year complete
direct and indirect costs were higher in the new/ongoing versus
no event.

Imputed complete direct and indirect costs on full
cohort. Annual costs and predictors. Unadjusted imputed
annual direct and indirect costs for the full cohort are shown in
Supplementary Table 8, available on the Arthritis Care & Research

website at http://onlinelibrary.wiley.com/doi/10.1002/acr.25090.
In the regression model that examined the association between
imputed annual complete direct costs and SLE NP states (see
Supplementary Table 6, available on the Arthritis Care & Research
website at http://onlinelibrary.wiley.com/doi/10.1002/acr.25090,
panel A, model 4) and non-SLE NP states (see Supplementary
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Table 6, panel B, model 4), longer disease duration was associ-
ated with higher costs, whereas White race and ethnicity was
associated with lower costs. In the model examining the asso-
ciation between imputed annual indirect costs and SLE NP
states (see Supplementary Table 6, panel A, model 5) and
non-SLE NP states (see Supplementary Table 6, panel B,
model 5), White race and ethnicity was associated with higher
costs, whereas residing outside of North America was associ-
ated with lower costs.

Adjusted imputed annual complete direct costs were higher
in those with new/ongoing SLE NP events ($10,471) versus those
with no SLE NP events ($6,668; difference $3,803 [95% CI
$2,136, $5,471]) (Table 5; expressed as US dollars using 2021
purchasing power parity [31] in Supplementary Table 9, available
on the Arthritis Care & Research website at http://onlinelibrary.
wiley.com/doi/10.1002/acr.25090). Adjusted imputed annual
complete direct costs were also higher in the resolved ($9,089)
versus no SLE NP event ($6,668; difference $2,421 [95% CI
$859, $3,983]). Adjusted imputed annual indirect costs were
higher in those with new/ongoing ($37,197) versus no SLE NP
events ($26,248; difference $10,950 [95% CI $376, $21,523]).
For the non-SLE NP events, adjusted imputed annual complete
direct costs were higher in the new/ongoing versus no event and
the resolved versus no event. Adjusted imputed annual indirect
costs were higher in the new/ongoing versus no event and
new/ongoing versus resolved event.

Five- and 10-year cumulative costs. For the SLE NP events,
imputed 5- and 10-year complete direct costs were higher in the

new/ongoing versus no event and in the resolved versus no event
(Table 5). Imputed 5- and 10-year indirect costs were higher in the
new/ongoing versus no event and new/ongoing versus resolved
event. For the non-SLE NP events, imputed 5- and 10-year com-
plete direct costs were higher in the new/ongoing versus no event
and in the resolved versus no event. Imputed 5-year indirect
costs were higher in the new/ongoing versus no event and
new/ongoing versus resolved event, and imputed 10-year indirect
costs were higher in the new/ongoing versus no event, resolved
versus no event, and new/ongoing versus resolved event.

Costs of individual SLE and non-SLE NP events. For
SLE NP events, new/ongoing seizure disorder, cerebrovascular
disease, and NP event(s) other than the 4 most frequent
(i.e., mood disorder, seizure disorder, cerebrovascular disease,
and mononeuropathy), respectively, accounted for increases in
annual direct costs of $10,179 (95% CI $7,114, $13,245),
$3,907 (95% CI $920, $6,893), and $4,383 (95% CI $2,272,
$6,494) (Table 6). Only new/ongoing SLE NP events other than
the 4 most frequent were associated with an increase in annual
indirect costs ($8,065 [95% CI $22, $16,108]).

For non-SLE NP events, new/ongoing headache, polyneuro-
pathy, and NP event(s) other than the 4 most frequent
(i.e., headache, mood disorder, anxiety disorder, and polyneuro-
pathy), respectively, accounted for increases in annual direct
costs of $1,216 (95% CI $202, $2,229), $9,168 (95% CI
$5,392, $12,943), and $8,939 (95% CI $5,564, $12,314)
(Table 6). New/ongoing headache and mood disorder,

Table 5. Predicted imputed annual and 5- and 10-year complete direct and indirect costs (in 2021 Canadian dollars) for the full cohort
(n = 1,697) stratified by systemic lupus erythematosus (SLE) and non-SLE neuropsychiatric (NP) events*

No NP
event

Resolved
NP event

New/
ongoing
NP event

Difference between
resolved and no NP

event

Difference between
new/ongoing and no

NP event

Difference between
new/ongoing and
resolved NP event

SLE NP events
Direct costs†
1 year 6,668 9,089 10,471 2,421 (859, 3,983)‡ 3,803 (2,136, 5,471)‡ 1,382 (–602, 3,366)
5 years 35,324 46,066 50,916 10,742 (3,781, 17,704)‡ 15,592 (9,601, 21,584)‡ 4,850 (–3,149, 12,849)
10 years 71,906 91,667 98,081 19,761 (7,443, 32,079)‡ 26,176 (16,707, 35,644)‡ 6,415 (–4,164, 16,993)

Indirect costs§
1 year 26,248 27,103 37,197 855 (–2,759, 4,469) 10,950 (376, 21,523)‡ 10,094 (–2,136, 22,505)
5 years 139,617 143,244 178,672 3,627 (–11,907, 19,161) 39,055 (6,181, 71,930)‡ 35,428 (363, 70,493)‡
10 years 286,295 294,893 341,747 8,599 (–18,925, 36,122) 55,453 (9,002, 101,904)‡ 46,855 (480, 93,229)‡

Non-SLE NP events
Direct costs†
1 year 6,264 8,045 8,931 1,781 (438, 3,124)‡ 2,667 (1,471, 3,864)‡ 886 (–514, 2,287)
5 years 34,086 41,139 44,106 7,052 (1,491, 12,614)‡ 10,019 (6,045, 13,994)‡ 2,967 (–3,012, 8,947)
10 years 70,090 82,417 86,200 12,327 (3,094, 21,560)‡ 16,110 (9,913, 22,306)‡ 3,783 (–3,840, 11,405)

Indirect costs§
1 year 24,286 29,059 35,732 4,772 (–214, 9,759) 11,446 (7,532, 15,360)‡ 6,673 (1,179, 12,168)‡
5 years 134,332 152,589 174,931 18,256 (–748, 37,260) 40,598 (28,356, 52,841)‡ 22,342 (2,858, 41,826)‡
10 years 279,010 311,965 340,447 32,955 (1,403, 64,507)‡ 61,437 (41,757, 81,117)‡ 28,482 (3,644, 53,320)‡

* Values are the mean (95% confidence interval) unless indicated otherwise.
† Adjusted for disease duration and White race and ethnicity.
‡ Significant difference (as the 95% CI does not include 0).
§ Adjusted for White race and ethnicity and residing outside North America.
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respectively, were associated with increases in annual indirect
costs of $6,824 (95% CI $3,441, $10,208) and $4,660 (95% CI
$229, $9,091).

DISCUSSION

We have provided the first estimates of annual and long-term
costs stratified by patients with NP events attributed to both SLE
and non-SLE causes and in varying stages of evolution (new/on-
going versus resolved). For SLE and non-SLE NP events, pre-
dicted annual, 5-, and 10-year direct costs were higher in the
new/ongoing versus no events and resolved versus no events.
For SLE and non-SLE NP events, annual, 5-, and 10-year indirect
costs were higher in the new/ongoing versus no events, and 5-
and 10-year indirect costs were higher in new/ongoing versus
resolved events. Direct costs were 1.2- to 1.8-fold higher, and
indirect costs 1.1- to 1.5-fold higher in patients with new/ongoing
versus no NP events, and indirect exceeded direct costs between
3.0 and 5.2 fold. The higher direct and indirect costs in those with
new/ongoing versus no event is to be expected based on the sig-
nificantly poorer health-related quality of life experienced by those
with NP lupus, as previously documented in this cohort (6). The
relationship between costs and health-related quality of life is likely
complex and bidirectional. Although Hanly et al have reported that
patients in this cohort with NP events attributed to SLE generally
have a more favorable outcome than patients with NP events
attributed to non-SLE causes (32), we did not consistently
observe lower costs in those with SLE NP events.

While a few studies have assessed costs associated with
NPSLE (8–12), only 2 studies defined NPSLE based on ACR NP
cases definitions (10,12), and 1 of these relied on claims data
(10) to identify NP events. Both only included NP events attribut-
able to SLE. Mean annual direct and indirect costs for a clinical
cohort in Hong Kong with NPSLE (n = 83) were estimated at
$16,590 and $9,240 (2021 US dollars) (12,31,33), respectively,
whereas mean annual direct costs in NPSLE patients identified
from a US claims database were $38,408 (10). The other NP cost
studies (8,9) examined costs associated with damage accrual in
the NP domain of the SLICC/ACR Damage Index (SDI), which
includes only a subset of the items in our much broader definition
of SLE and non-SLE NP events. For patients with damage in the
NP domain of the SDI identified in a US claims database (8), mean
annual direct costs were $28,191; for patients identified in
Taiwanese National Health Insurance database (9), mean annual
direct costs ranged between $2,558 for cranial or peripheral neu-
ropathy and $19,949 for recurrent cerebrovascular accidents.

Annual direct and indirect costs in our patients with
new/ongoing SLE NP events were $8,136 and $28,902 (2021
US dollars) and new/ongoing non-SLE NP events, $6,939 and
$27,764. While our indirect cost estimates ($28,902 and
$27,764) exceeded those in the Hong Kong cohort ($9,240)
(12), our direct costs estimates ($8,136 and $6,939) were sub-
stantially lower than those from US administrative databases
($38,408 and $28,191) (8,10). Costs are expected to vary widely
across studies due to a variety of factors. Direct costs are influ-
enced by both the method of ascertainment (i.e., patient self-

Table 6. Regression models for direct and indirect costs stratified by individual systemic lupus erythematosus (SLE)
and non-SLE neuropsychiatric (NP) events*

Direct Indirect

SLE NP events
Mood disorder (new/ongoing)† –1,147 (–3,374, 1,081) 6,495 (–3,927, 16,916)
Seizure disorder (new/ongoing) 10,179 (7,114, 13,245)‡ 9,365 (–1,469, 20,200)
Cerebrovascular disease (new/ongoing) 3,907 (920, 6,893)‡ 4,222 (–3,460, 11,904)
Mononeuropathy (new/ongoing) 1,899 (–1,699, 5,498) 4,205 (–5,625, 14,035)
Other NP event (new/ongoing) 4,383 (2,272, 6,494)‡ 8,065 (22, 16,108)‡
White race/ethnicity –2,380 (–3,452, –1,309)‡ –

Disease duration 278 (203, 354)‡ 1,213 (367, 2,059)‡
Residing outside of North America§ – –12,907 (–18,658, –7,157)‡
Postsecondary education – –5,866 (–10,074, –1,657)‡

Non-SLE NP events
Headache (new/ongoing) 1,216 (202, 2,229)‡ 6,824 (3,441, 10,208)‡
Mood disorder (new/ongoing) –580 (–2,424, 1,263) 4,660 (229, 9,091)‡
Anxiety disorder (new/ongoing) 2,299 (–218, 4,816) 6,901 (–194, 13,996)
Polyneuropathy (new/ongoing) 9,168 (5,392, 12,943)‡ 7,448 (–3,375, 18,270)
Other NP event (new/ongoing) 8,939 (5,564, 12,314)‡ 3,597 (–3,290, 10,485)
White race/ethnicity –2,502 (–3,626, –1,377)‡ –

Disease duration 282 (202, 363)‡ 1,276 (796, 1,756)‡
Residing outside of North America§ – –11,472 (–18,352, –4,592)‡
Postsecondary education – –5,821 (–10,333, –1,310)‡

* Values are the regression coefficient (95% confidence interval). Empty cells refer to variables that were included
as potential covariates but were not retained in the final model, as they were not significant.
† Reference group is no event or resolved event.
‡ Significant difference (as the 95% CI does not include 0).
§ North America includes Canada, the US, and Mexico.

CLARKE ET AL1868



report, medical chart review, or insurance claims databases) and
source of valuation of health care resources (i.e., single-payer
national health insurance or private medical insurer). Similarly,
indirect costs depend on the method of measuring relevant time
inputs (i.e., human capital or friction cost approach), whether pre-
senteeism is accounted for, and valuation of lost productivity. Our
estimates of indirect costs exceeded direct costs across all NP
states, which is consistent with other SLE cost-of-illness studies
(which do not provide cost estimates specifically for NPSLE) (34).

Annual direct cost increases associated with specified
new/ongoing NP events in our cohort ranged from $1,216 for
non-SLE headaches to $10,179 for SLE-associated seizure dis-
order, and indirect cost increases ranged from $4,660 for non-
SLE mood disorder to $8,065 for SLE NP events other than the
4 most frequent. It is noteworthy that some ongoing non-SLE
NP events such as headaches and mood disorder, despite
appearing to require none or relatively modest additional health
care resources, accounted for significant annual productivity
losses (respectively, $6,824 and $4,660).

Our study is limited, as we were unable to collect data on
direct and indirect costs in the interval between the last annual
follow-up visit and death, and therefore our cost estimates do
not represent costs incurred in the year prior to death, and our
predictions are only applicable to individuals who would survive
the entire predicted period. Further, we did not collect complete
direct and indirect costs on the full cohort for the entire observa-
tion period. However, as we had collected data on the major
sources of direct costs on the full cohort for the entire study and
complete direct and indirect costs on a cohort subset, we
believed that multiple imputation would allow us to accurately pre-
dict complete direct and indirect costs for the full cohort. Costs in
the cohort subset were measured later in the disease course
when patients were more likely to have accumulated more dam-
age and experienced more NP events. Consistent with this, our
estimates based on imputed data were more conservative than
when using only unimputed data. Adjusted total costs observed
in the cohort subset ranged from 16% to 24% higher than
imputed total costs for the full cohort. By combining these
imputed costs with interstate transition probabilities predicted in
multistate models, we provide the first comprehensive long-term
cost estimates for patients with no, active, and resolved NP
events.

Additionally, we are not providing country-specific cost esti-
mates for NPSLE. Rather, our purpose was to compare the costs
of new/ongoing versus resolved versus no NP event, and we
used Canadian prices and wages to aggregate resources and
lost productivity into a single measure of direct or indirect costs.
The use of Canadian prices results in an underestimation
(or overestimation) of NP costs in countries where the prices of
health care services are higher (or lower). Finally, although we
assessed costs associated with varying states of NPSLE, all costs

incurred by a patient were included in our estimates. Therefore, it
was not possible to determine if cost differentials between NP
states were directly attributable to an NP event or other SLE man-
ifestations or comorbidities that may be correlated with NP
events. Although dialysis, for example, may be a cost item that
could be correlated without being causally linked to NP events, it
should be noted that unadjusted partial direct costs for the full
cohort excluding the portion due to dialysis remained higher in
those with new/ongoing and resolved NP events versus no SLE
or non-SLE NP events.

Both SLE and non-SLE NP events are important compo-
nents of the economic costs associated with SLE. It is important
to consider non-SLE NP events, as patients with SLE may be
affected differently or experience different sequelae than individ-
uals unaffected by SLE experiencing the event. Accordingly, cur-
rent models of SLE care should consider allocating more health
care resources to the detection and treatment of NP events, par-
ticularly the costliest, i.e., SLE-associated seizure disorder and
cerebrovascular disease and non-SLE polyneuropathy, head-
ache, and mood disorder. Further, the incorporation of economic
outcomes in observational studies and clinical trials of NPSLE
could help determine if the benefits of interventions are commen-
surate with their costs.
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Risk of End-Stage Renal Disease in Patients With Systemic
Lupus Erythematosus and Diabetes Mellitus: A Danish
Nationwide Cohort Study

Renata Baronaite Hansen,1 Titilola Falasinnu,2 Mikkel Faurschou,3 Søren Jacobsen,4 and Julia F. Simard2

Objective. The risk of end-stage renal disease (ESRD) is increased in patients with systemic lupus erythematosus
(SLE). This study was undertaken to determine whether diabetes mellitus (DM) increases ESRD risk in a large inception
cohort of SLE patients.

Methods. Bymeans of the Danish National Patient Registry, we identified 3,178 adult patients diagnosed as having
SLE between January 1, 1996, and July 31, 2018. DM was defined as the date of first hospital contact for DM or date of
a first prescription of an antidiabetic drug. ESRD was defined as first registration of dialysis, renal transplant, or terminal
renal insufficiency in the Danish National Patient Registry. ESRD incidence was compared between SLE patients with
DM (SLE–DM) and those without DM (SLE–non-DM). Hazard ratios (HRs), adjusted for sex, age, educational level, and
occupational status at baseline were calculated for sex, age, educational level, and hypertension (at baseline or during
follow-up) strata. The overall hazard ratio (HR) was also adjusted for hypertension.

Results. The SLE–DM group included 290 patients, of whom 77% were female, compared with 85% of the 2,859
patients in the SLE–non-DM group. SLE–DM patients had a 3 times higher risk of ESRD compared with SLE–non-DM
patients (multivariable-adjusted HR 3.3 [95% confidence interval 1.8–6.1]). In stratifiedmultivariable-adjusted analyses,
DM increased the rate of ESRD in women and men, patients ≥50 years old at baseline, those with low educational level
at baseline, and those with concomitant hypertension.

Conclusion. Our findings indicate that SLE patients with DM have a markedly higher risk of developing ESRD com-
pared with SLE patients without DM.

INTRODUCTION

End-stage renal disease (ESRD) is one of the most severe

manifestations of systemic lupus erythematosus (SLE). Up to 40%

of SLE patients develop chronic kidney disease (CKD) (lupus

nephritis) over the course of the disease (1,2), and about 10% of

those patients progress to ESRD (3,4). ESRD greatly reduces qual-

ity of life and increases both morbidity and mortality in SLE patients

(5) as well as in the general population (6). The global prevalence of

CKD is �10% in the general population (6–8), and in most coun-

tries the leading cause of ESRD is diabetes mellitus (DM), account-

ing for up to 50% of ERSD cases in the general population (9).

Improved screening, glycemic control, and new therapies for DM

have reduced the risk of diabetic kidney disease (diabetic

nephropathy). However, DM remains a global problem with its inci-

dence increasing and many people living undiagnosed (7).
SLE is associated with the development of DM (10–12).

During a 5-year follow up, �10% of patients with incident SLE
developed type 2 DM in a recent population-based study (13).
Concurrent autoimmune diseases (including type 1 DM), meta-
bolic syndrome, inflammation, and medications such as gluco-
corticoids may contribute to a higher prevalence of DM in SLE
patients compared with the general population (14,15).

The pathogenic mechanisms of ESRD development in SLE

and DM are different (16), and whether DM further increases the

risk of ESRD in SLE has not yet been established. Another signif-

icant cause of ESRD in the general population is hypertension (8).

Besides frequently coexisting with DM and synergistically
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worsening outcomes due to vascular disease, hypertension is

also one of the most frequent comorbidities in SLE patients

(10,11,17,18). In this study in a nationwide cohort of Danish SLE

patients, we investigated whether DM is associated with an

increased risk of ESRD and whether hypertension modifies this

association.

PATIENTS AND METHODS

Data sources. In this population-based study, we used
prospectively collected national registry data. The Danish Civil
Registration System was established in 1968; it assigns a central
person registration number, issued by law, at birth, or upon immi-
gration to all persons residing in Denmark, and contains continu-
ously updated information regarding vital status (19). The
following registries were linked using central person registration
numbers.

The Danish National Patient Registry contains International
Classification of Diseases (ICD) codes of diagnoses and proce-
dures recorded by physicians during discharges from inpatient
wards (since 1977), emergency wards (since 1995), and outpa-
tient hospital clinics (since 1995) (20,21). The data are organized
as patient “contacts,”wherein inpatient and emergency care con-
tacts always contain only 1 visit and include a start and end date.
However, individual outpatient contacts are initially assigned a
start date and may contain 1 or several follow-up visits under the
same primary diagnosis. For each patient care contact, ≤20 diag-
noses can be registered, including a primary diagnosis and any
secondary, optional diagnoses. ICD, Eighth Revision (ICD-8)
codes were used from 1977 until 1993, followed by ICD, Tenth
Revision (ICD-10) codes since 1994.

The Danish National Prescription Registry was established in
1995 and contains all prescription dispensing data from Danish
community pharmacies (21). The Income Statistics Registry and
the Population’s Education Registry contain data concerning the

occupational status (affiliation to the labor market) and educa-
tional status, respectively, of Danish residents (21).

Study population. We established a national SLE incep-
tion cohort comprising patients ≥18 years old with a first-time
Danish National Patient Registry registration of SLE between
January 1, 1996, and July 31, 2018. Registration codes used to
define SLE included 73419 (ICD-8) as well as M32.1, M32.8,
and M32.9 (ICD-10). We required ≥1 SLE ICD code (primary or
secondary) registered at a rheumatology, nephrology, or derma-
tology department (inpatient or outpatient) or a primary code reg-
istered at any inpatient department. Baseline was the date when
this definition was fulfilled. Using a previously reported data set
for validation of SLE registration in the Danish National Patient
Register (22), we identified 194 individuals fulfilling our case defini-
tion. Among these, 145 (75%) fulfilled the American College of
Rheumatology classification criteria for SLE (23,24) and
160 (83%) had a physician-based clinical diagnosis of SLE.

Patients with prevalent ESRD at baseline were excluded
(n = 29). The positive predictive value of registration of
moderate-to-severe renal disease in the Danish National Patient
Register is 100% (25).

Study variables and outcomes.Outcome and follow-up.
We defined incident ESRD as the first registration of terminal
(stage 5) kidney insufficiency, chronic dialysis, or renal transplant
according to ICD diagnosis and procedure codes (see Supple-
mentary Table 1, available on the Arthritis Care & Research web-
site at http://onlinelibrary.wiley.com/doi/10.1002/acr.25091).
Individuals contributed person-time until ESRD, death, emigra-
tion, or July 31, 2018, whichever occurred first.

Clinical factors: DM and hypertension. To define DM (both
types 1 and 2) and hypertension, we used the first relevant ICD
codes in the Danish National Patient Register or the date of the
first filled prescription (available from 1995–2018) for these condi-
tions, whichever came first (see Supplementary Table 1, at http://
onlinelibrary.wiley.com/doi/10.1002/acr.25091). The primary
exposure, DM, was a time-dependent factor. When categorized,
DM was presented as prevalent at baseline, incident during
follow-up, and no DM. The exposure variable (DM) was consid-
ered a risk factor for developing ESRD, and hypertension was
regarded as a clinical factor that could be an effect modifier. In
patients with incident DM, hypertension was considered “pres-
ent” if it was prevalent at baseline or diagnosed prior to incident
DM. In the time-dependent analyses, both DM and hypertension
are covariates considered absent until they were diagnosed.

Parameters of socioeconomic status. The highest level of
education achieved and occupational status at baseline were
used as socioeconomic factors. Education was divided into 5 cat-
egories based on International Standard Classification of Educa-
tion (ISCED) 2011 classification: 1) early childhood education,
primary, and lower secondary education (ISCED levels 0–2);

SIGNIFICANCE & INNOVATIONS
• Both diabetes mellitus (DM) and systemic lupus ery-

thematosus (SLE) are associated with developing
end-stage renal disease (ESRD).

• The risk of developing ESRD is 3 times higher in
patients with SLE and DM compared with SLE
patients without DM.

• DM increases the rate of ESRD in female and male
SLE patients ≥50 years old at baseline, those with
low educational level at baseline, and those with
concomitant hypertension.

• Future studies are warranted to further explore
how the risk of developing ESRD is influenced by
lupus nephritis, DM, and hypertension in SLE
patients.
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2) general upper secondary education, high school (ISCED level
3); 3) vocational upper secondary education (ISCED level 4);
4) short- or medium-length tertiary education, bachelor, or equiv-
alent (ISCED levels 5 and 6); and 5) long-length higher education
or master’s degree, doctorate, or equivalent (ISCED levels 7 and
8) (26).

For adjustment purposes, all 5 educational level categories
were used. When stratifying, educational-level categories were
dichotomized as primary and lower secondary education (1) com-
pared with upper secondary and higher education (2–5). In the
educational-level stratified analyses, patients with missing data
regarding educational level were excluded. In the adjusted analy-
ses, “missing” was considered to be a separate educational level
category.

Occupational status was categorized as being 1) affiliated to
the labor market, 2) under education, 3) retired, and 4) unem-
ployed or on welfare. Information regarding occupational status
was available through 2016; thus, for patients with baseline visit
dates in 2017 or 2018, we carried forward their 2016 data.

Data and statistical analysis. Incidence of ESRD. We
estimated the crude incidence rate (IR) of ESRD per 1,000
person-years as the number of ESRD cases divided by DM-
exposed and DM-unexposed person-years at risk separately. In
those with incident DM during follow-up, person-time between
baseline and date of incident DM was classified as non-DM
person-time. We calculated crude IR ratios (IRRs) and corre-
sponding 95% confidence intervals (95% CIs), stratified by sex,
age, educational level (at baseline), and hypertension, and we
used tests of homogeneity to assess differences between strata.

Multivariable-adjusted analyses. Multivariable-adjusted Cox
proportional hazards models were used to estimate hazard ratios
(HRs) for ESRD relative to the time-dependent exposure of DM,
adjusting for confounders that were determined based on a priori
knowledge of the DM–ESRD association. The models were then
stratified by sex, age at baseline (<50 years versus ≥50 years), edu-
cational level category at baseline, and hypertension (prevalent at
baseline or incident prior to incident DM versus no hypertension).
All HRs were adjusted for sex, age, educational level, and occupa-
tional status at baseline. Further, the overall HR was also adjusted
for hypertension at baseline or prior to incident DM. Both DM and
hypertension were time dependent in these analyses.

To evaluate if further development of hypertension could act
as an effect modifier, multivariable-adjusted Cox modeling was
extended to also include a time-dependent interaction term
between DM and hypertension. To account for the possible com-
peting risk of death (death is a competing risk for ESRD because
ESRD can no longer occur if a patient dies), we used 2 different
Cox proportional hazards models: cause-specific hazards and
cumulative incidence (proportional subdistributional hazards)
(27). Data analyses were performed using SAS software ver-
sion 9.4.

Ethics and approvals. The study was approved by the Danish
Data Protection Agency (approval no. VD-2018-175). Informed
participant consent was not required due to the anonymized,
registry-based data retrieval provided by Statistics Denmark.

RESULTS

Baseline characteristics. In this cohort of SLE patients,
290 had DM at baseline or developed DM during follow-up,
whereas 2,859 did not have DM. Those with DM were more likely
to be men (23% versus 15%) and older (mean age at baseline
53 versus 46 years) compared with the group of SLE patients
without DM (Table 1). Among the SLE patients with DM,
119 (41%) already had a DM diagnosis at baseline. In the remain-
ing 171 SLE patients (59%), DM presented during follow-up a
mean ± SD of 6.4 ± 5.8 years after baseline. Hypertension was
more common at baseline in those with DM compared with
patients who did not have DM (36% versus 23%).

Incidence of ESRD. There were 13 cases of incident ESRD
during 1,672 person-years at risk in the SLE–DM group (7.8
cases per 1,000 person-years) and 63 ESRD cases during

Table 1. Characteristics of systemic lupus erythematosus (SLE)
patients stratified by concomitant diabetes mellitus (DM)*

DM
(n = 290)

No DM
(n = 2,859)

Female sex 224 (77.2) 2,441 (85.4)
Age, mean ± SD
At SLE diagnosis 53.4 ± 14.8 46.2 ± 16.4
At DM diagnosis 54.3 ± 15.8 NA

Occupational status at baseline
Affiliation to the labor market 107 (36.9) 1,378 (48.2)
Under education 3 (1.0) 198 (6.9)
Unemployed or on welfare 51 (17.6) 489 (17.1)
Retired 128 (44.1) 790 (27.6)
Unknown or missing data 1 (0.3) 4 (0.1)

Highest educational
level at baseline

Primary and lower secondary 114 (39.3) 844 (29.5)
General upper secondary

(high school)
14 (4.8) 238 (8.3)

Vocational upper secondary 92 (31.7) 889 (31.1)
Short- or medium-

length tertiary
42 (14.5) 640 (22.4)

Long-length higher
(master’s or doctorate)

15 (5.2) 143 (5.0)

Unknown or missing data 13 (4.5) 105 (3.7)
Hypertension
At baseline 105 (36.2) 668 (23.4)
During follow-up† 54 (18.6) 1,215 (42.5)
At baseline or during follow-up 159 (54.8) 1,883 (65.9)

ESRD during follow-up 13 63

* Except where indicated otherwise, values are the number (%) of
patients. NA = not applicable.
† Prior to incident DM (excludes hypertension following incident
DM); in patients with end-stage renal disease (ESRD), incident before
ESRD.
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26,905 person-years at risk in the SLE–non-DM group (2.3 cases
per 1,000 person-years). The overall ESRD incidence rate among
SLE patients was 2.7 (95% CI 2.1–3.3) cases per 1,000 person-
years. ESRD occurred more frequently in SLE patients with DM
compared with those without DM, irrespective of stratification for
age, sex, or education (Table 2). At baseline or before incident
DM, the unadjusted association between DM and ESRD was
higher in SLE patients with hypertension (IRR 5.8 [95%

confidence interval (95% CI) 2.6–13.0]) compared with those
without hypertension (IRR 1.8 [95% CI 0.74–4.35]) (Table 2).

Multivariable-adjusted analyses. SLE patients with DM
had a 3-fold higher rate of ESRD compared with SLE patients
without DM (multivariable [sex, age, hypertension, education,
and occupational status at baseline] adjusted HR 3.3 [95% CI
1.8–6.2]) (Table 3). In stratified, multivariable-adjusted Cox pro-
portional hazards models, DM increased the rate of ESRD in
women and men, individuals in the older age group at baseline,
those with low educational level at baseline, and those with hyper-
tension at baseline or during follow-up (incident prior to incident
DM) (Table 3). Although the highest incidence rate for ESRD was
found in SLE patients with both DM and a history of hypertension
(Table 2), no time-dependent interaction between DM and hyper-
tension was observed in the adjusted Cox proportional hazards
models (HR 0.6 [95% CI 0.2–1.9]).

ESRD was associated with DM in SLE patients using either a
model of cause-specific hazard by treating competing risks
(death) as a censored observation (HR 2.9 [95% CI 1.6–5.3]) or
a model based on proportional subdistribution hazard ratios
(cumulative incidence; HR 2.4 [95% CI 1.3–4.3]). Thus, the
observed increased incidence of ESRD in SLE–DM patients could
not be explained by competing risks.

DISCUSSION

In this nationwide cohort of 3,178 patients with incident SLE,
we found that the SLE patients with DM developed ESRD at a
3-fold higher rate compared with those without DM. It is well
known that DM and autoimmune diseases, such as SLE, are risk

Table 2. Measures of occurrence and association of ESRD (per 1,000 person-years) in SLE patients stratified by concomitant DM and by age,
sex, educational level, and hypertension*

DM No DM

No. ESRD/
total no. Person-years IR (95% CI)

No. ESRD/
total no. Person-years IR (95% CI) IRR (95% CI) P†

Age at baseline 0.405
≥50 years 8/172 843 9.5 (4.7–19.0) 22/1,181 9,824 2.2 (1.5–3.4) 4.2 (1.9–9.5)
<50 years 5/118 829 6.0 (2.5–14.5) 41/1,678 17,081 2.4 (1.8–3.3) 2.5 (1.0–6.4)

Sex 0.612
Male 6/66 324 18.5 (8.3–41.2) 17/418 3,350 5.1 (3.1–8.2) 3.6 (1.4–9.3)
Female 7/224 1,348 5.2 (2.5–10.9) 46/2,441 23,546 1.9 (1.5–2.6) 2.7 (1.2–5.9)

Educational level at baseline‡ 0.278
Primary and lower secondary 8/114 595 13.4 (6.7–26.9) 28/844 8,457 3.3 (2.3–4.8) 4.1 (1.8–8.9)
Upper secondary and higher 4/163 1,043 3.8 (1.4–10.2) 34/1,910 17,619 1.9 (1.4–2.7) 2.0 (0.7–5.6)

Hypertension at baseline or
prior to incident DM

0.048

Yes 7/159 618 11.3 (5.4–23.8) 36/1,883 18,378 2.0 (1.4–2.7) 5.8 (2.6–13.0)
No 6/131 1,066 5.7 (2.5–12.7) 27/976 8,528 3.2 (2.2–4.6) 1.8 (0.7-4.4)

* 95% CI = 95% confidence interval; DM = diabetes mellitus; ESRD = end-stage renal disease; IR = incidence rate; SLE = systemic lupus
erythematosus.
† P value for the test of homogeneity of incidence rate ratio (IRR) in each stratum.
‡ Patients with unknown or missing education level were excluded (n = 118).

Table 3. Hazard ratios (HRs) of ESRD in SLE patients with DM,
stratified according to age at baseline, sex, education category at
baseline, and hypertension*

HR 95% CI

Overall, multivariable-adjusted† 3.3 1.8–6.2
Overall, including adjustment for hypertension† 3.3 1.8–6.1
Age at baseline‡
≥50 years 4.0 1.8–9.0
<50 years 2.6 0.99–6.7

Sex§
Male 3.3 1.2–8.9
Female 3.2 1.4–7.2

Educational level at baseline¶
Primary and lower secondary 3.8 1.7–8.4
Upper secondary and higher 2.2 0.8–6.5

Hypertension at baseline or prior to incident DM#
Yes 4.9 2.1–11.3
No 2.2 0.9–5.9

* Diabetes mellitus (DM) is time dependent; hypertension is time
dependent when adjusting. 95% CI = 95% confidence interval;
ESRD = end-stage renal disease; SLE = systemic lupus erythematosus.
† Adjusted for sex, age, education, and occupational status at baseline.
‡ Adjusted for sex, education, and occupational status at baseline.
§ Adjusted for age, education, and occupational status at baseline.
¶ Patients with unknown or missing educational level excluded
(n = 118). Adjusted for sex, age, and occupational status at baseline.
# Hypertension was not time dependent in this stratum. Adjusted
for sex, age, education, and occupational status at baseline.
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factors for developing CKD and ESRD (1,3,4,28). Few studies
have shown an increased risk of ESRD in SLE patients with
DM. In a cohort study of 601 adults with biopsy-proven glomeru-
lonephritis, which included individuals with lupus nephritis (21%),
DM was independently associated with a 2-fold greater risk of
ESRD during a median of 39 months of follow-up (29). In a study
of 1,317 patients with SLE and incident DM, matched with
1,317 patients with SLE and without DM, the crude HR for ESRD
by DM was 2.7; the HR was reduced to 1.6 when adjusted for
confounders such as age, sex, and comorbidities, including
hypertension (30). Thus, the slightly varying estimates of ESRD
risk by DM could partly be attributable to varying definitions and
incidences of DM and hypertension in the reported cohorts.

In our study, the rate of ESRD was highest among SLE–DM
patients in the lowest educational stratum, which in part could
be related to lower educational level being reported as a determi-
nant of nonadherence to antimalarials in SLE (31). Adherence to
antimalarials in SLE has been found to be protective of type
2 DM (13) as well as renal damage (32).

The highest incidence rate of ESRD was observed in male
SLE–DM patients, but the multivariable-adjusted HRs were nearly
equivalent in women and men. Although male sex in some studies
has been associated with poor renal outcome in SLE (33,34), this
is not a general finding (35) and in diabetic nephropathy, the risk of
ESRD does not appear to be sex dependent (36).

We also found that DM was associated with ESRD in the
older group at baseline. Whether this is due to a longer period of
DM exposure, even before SLE diagnosis, or other factors, is
unknown. The durations of DM and hypertension—prior to or fol-
lowing SLE diagnosis—are also likely to influence the risk of devel-
oping lupus nephritis and ESRD. Our study design could not
address this accurately since the start of follow-up begins with
the SLE case definition and not DM/hypertension definition.

The most frequent cause of kidney damage in SLE is lupus
nephritis (glomerulonephritis). In a recent review, 7–31% of patients
had lupus nephritis at SLE diagnosis; 31–48% developed lupus
nephritis after SLE diagnosis, most within 5 years (37). Less frequent
causes of ESRD in SLE include thrombotic microangiopathy/
antiphospholipid nephropathy, non–immune complex podocytopa-
thy, tubulointerstitial nephritis, acute tubular necrosis, renovascular
disease, or nephrotoxicity from medications (38). Recently, a case
of coexistence of diabetic nephropathy and lupus-related renal
manifestation, lupus podocytopathy, was reported (39).

Patients with lupus nephritis often receive aggressive treat-
ment with immunosuppressive medications and high doses of
glucocorticoids. It is well known that glucocorticoid use is associ-
ated with various complications, including DM (40). Thus, in some
SLE patients in our study, DM might have developed as a conse-
quence of lupus nephritis treatment and not been related to the
development of ESRD. Some ESRD cases in our study could also
have been caused or exacerbated by other, less frequent, lupus-
related renal manifestations, as mentioned above.

In this study, we aimed to evaluate the association between
DM and ESRD in SLE in general. To what extent DM is an inde-
pendent risk factor or has a synergistic effect with lupus nephritis
or other possible causes of ESRD, leading to a progression from
CKD to ESRD is yet to be investigated. Due to the register-based
nature of the study, we were not able specifically to address rele-
vant clinical descriptors of lupus nephritis. Future studies evaluat-
ing the potential influence of renal changes as determined by
histologic changes on the association between diabetes and
hypertension in SLE patients are warranted.

In our study, concomitant hypertension was associated with a
higher risk of ESRD in SLE–DM patients compared with SLE–non-
DM patients. Hypertension is currently the second leading cause of
ESRD in the general population (following DM) (6) and also a potential
adverse event in glucocorticoid use (40). Some studies report an addi-
tional effect of DM (diabetic nephropathy) and hypertension (hyperten-
sive nephrosclerosis) on the risk of developing ESRD in the general
population, due to effects on themacrovasculature andmicrovascula-
ture (8,18). In our study, adjustment for hypertension did not change
the HR for development of ESRD, nor did we find an interaction
between DM and hypertension on the risk of ESRD in SLE patients.

We did not have access to any blood pressure measure-
ments, laboratory results, or kidney biopsy results in our registry-
based study and were thus not able to assess effectiveness of
DM and hypertension management or specify the histologic pat-
terns in the kidneys. African ancestry is associated with a mark-
edly increased risk of ESRD in SLE patients (41,42), hence
evaluating race as a possible effect modifier may have been of
interest. However, this ancestral group constitutes only 1% of
SLE patients in Denmark (43), and therefore our study was not
sufficiently powered for such an analysis.

Strengths of this study include the large inception cohort of
SLE patients with prospectively collected, population-based lon-
gitudinal data, including inpatient and outpatient diagnoses, and
medication data. The positive predictive value of registration of
moderate/severe renal disease and DM in the Danish National
Patient Register is high (100% and 96%, respectively) (25). Use
of medication prescription data in addition to the ICD codes
reduced misclassification in defining DM and hypertension.

In our studywe found that DM is a significant risk factor for ESRD
in SLE. Whether it is independent or related to specific SLE pheno-
types, other autoimmunity, or treatment remains to be investigated.
Our study also emphasizes the need for the assessment and treat-
ment of DM and hypertension in the care of patients with SLE. Further
studies arewarranted to explore how the risk of ESRD is influenced by
glomerulonephritis, DM, and hypertension in SLE patients.
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Effect of Systemic Lupus Erythematosus and
Immunosuppressive Agents on COVID-19
Vaccination Antibody Response

Michelle Petri,1 Daniel Joyce,1 Kristin Haag,1 Andrea Fava,1 Daniel W. Goldman,1 Diana Zhong,1

Shaoming Xiao,1 Aaron Milstone,1 and Laurence S. Magder2

Objective. The risk of COVID-19 infection is increased in patients with systemic lupus erythematosus (SLE) versus
those without SLE. Some immunosuppressive medications increase COVID-19 infection and decrease the efficacy
of vaccination. Consensus documents have suggested management strategies for handling immunosuppressive
medications to increase vaccine efficacy, but the benefit of such strategies has not been proven. The current study
was undertaken to determine the effect of immunosuppressive drugs on vaccine response in SLE.

Methods. We collected information on COVID-19 infection, vaccination history, and COVID-19 antibodies in the
Hopkins Lupus Cohort. A cohort of health care workers was used for comparison. Outcome measures included
SARS–CoV-2 antibody IgG levels after vaccination over time in both cohorts and effect of immunosuppressive
medications on postvaccination IgG levels in SLE patients.

Results. The analysis was based on 365 observations from 334 different patients in the SLE cohort, and 2,235
observations from 1,887 different health care workers. SLE patients taking immunosuppressive medications had lower
vaccine IgG levels than SLE patients who were not; but both groups had lower levels than health care workers. Holding
mycophenolate for 1 week after vaccination increased postvaccine IgG levels significantly without leading to clinical
flares. In multiple variable models, mycophenolate mofetil, tacrolimus, and belimumab all significantly reduced
antibody response to vaccination.

Conclusion. SLE patients, regardless of background immunosuppressive therapy, had lower vaccine IgG levels
than health care workers. Mycophenolate, tacrolimus, and belimumab significantly reduced IgG response to
vaccination. Holding mycophenolate for 1 week improved vaccine efficacy, providing clinical benefit on vaccine
response without leading to clinical flares.

INTRODUCTION

Both systemic lupus erythematosus (SLE) itself and the use

of some immunosuppressants may impact the risk of COVID-19

(1–3). In particular, corticosteroids and B cell–depleting biologics

such as rituximab impair vaccine response (4–6). SLE increases

the risk of severe COVID-19 (hospitalization, intensive care unit

stay, or intubation) both before and after vaccination (7). In some

studies, immunosuppressant therapies have been grouped

together without sufficient data to separate out different therapies

(or within therapies, the dose response) on vaccine response

(8,9). The American College of Rheumatology (ACR) guidance

on management of immunosuppressant therapies during

COVID-19 vaccination was based on expert opinion due to lim-

ited data (10). In the Hopkins Lupus Center, we adopted a policy

of holding mycophenolate mofetil and azathioprine on the day of

and for 1 week following each COVID-19 vaccination and of not

giving methotrexate the week after COVID-19 vaccination.

Tacrolimus and belimumab were not held. The Hopkins Lupus

Cohort’s structured visit design allowed us to ascertain the
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effectiveness on IgG response to COVID-19 vaccination of hold-

ing mycophenolate mofetil, azathioprine, and methotrexate, per

the above protocol.

MATERIALS AND METHODS

The Hopkins Lupus Cohort has been approved by the Johns
Hopkins University School of Medicine Institutional Review Board
on a yearly basis. Patients with SLE in the Hopkins Lupus
Cohort gave written informed consent and are seen at quarterly
visits during which information on SLE activity, medications,
and immunologic measures are recorded. Patients self-
reported race by selection from the National Institutes of Health
set of categories. For this study, additional data were
collected on COVID-19 history and vaccination status prior to
May 2021, and SARS–CoV-2 antibodies were assessed.
A positive SARS–CoV-2 RNA test result was required to con-
firm COVID-19 infection. Dates of vaccination and vaccine type
were recorded. All patients met the ACR (11) and/or Systemic
Lupus International Collaborating Clinics criteria (12) for SLE.
Lupus Activity Index scores (0–3 visual acuity scale) (13), Safety
of Estrogens in Lupus Erythematosus National Assessment
(SELENA) version of the Systemic Lupus Erythematosus Dis-
ease Activity Index (SLEDAI) scores (14), physician global
assessment of disease activity (PhGA) scores, and laboratory
values were collected at each visit. All SLE patients received
2 doses of an mRNA COVID-19 vaccine (Pfizer or Moderna),
the standard of care at that time.

Beginning in June 2020, 3,015 health care workers at
5 regional hospitals in the Johns Hopkins Health System con-
sented to participate and were enrolled in a prospective cohort
study to determine the seroprevalence of spike antibodies
to SARS–CoV-2 (15). This study was approved by the
Johns Hopkins University Institutional Review Board, and
written informed consent was obtained from all participants.
Participants provided serum samples and completed surveys
(including providing demographic data and exposures) every
3–4 months after enrollment. SARS–CoV-2 polymerase chain
reaction testing results and immunization data were collected
from electronic health records. Health care workers
who participated in a study visit between March 10 and
April 8, 2021, were included in this analysis if their serum

sample was collected ≥14 days after receiving dose 2 of either
mRNA vaccine. This control cohort has been previously
published (15,16).

Serum specimens from both cohorts were tested using an
enzyme-linked immunosorbent assay (Euroimmun) that targets
the S1 subunit of the SARS–CoV-2 spike protein and measures
optical density ratios. We applied an internally derived IgG cutoff
ratio (>1.23) for greater sensitivity and specificity with an upper
threshold of 11 based on assay saturation (17).

Data analysis approach. This analysis was based only on
those subjects who received 2 doses of Moderna or Pfizer vacci-
nations and excluded those observations that occurred after an
infection with COVID-19. To estimate the mean level of antibody
by the time since the second vaccination by cohort and immuno-
suppression history, we used loess smoothing. To assess the
statistical significance of differences between the lupus and
health-worker cohorts with respect to mean antibody levels, we
fit a longitudinal regression model allowing for a difference
between the groups at baseline (14 days post vaccination) and a
difference between the groups with respect to the degree of
decline in antibodies over time. To assess the relationship
between SLE patient characteristics (disease activity, treatments)
and the magnitude of antibody response in the SLE cohort, we
used regression models, adjusting for time since vaccination and
time squared. All regression models were fit using generalized
estimating equations to account for the fact that some partici-
pants provided >1 antibody measure. To assess the effect of
withholding immunosuppressants at the time of vaccination on

SIGNIFICANCE & INNOVATIONS
• This is the first multiple variable analysis of the

effect of immunosuppressive treatments and doses
on COVID-19 vaccine response.

• Mycophenolate (>1,000 mg/day), tacrolimus, and
belimumab are the immunosuppressive drugs that
have the most impact on response to vaccination.

Table 1. Demographic characteristics of the Hopkins Lupus Cohort
(HLC) and Hopkins Health Care Workers (HCW) cohorts*

Variable HCW (n = 1,887) HLC (n = 342)

No. of observations 2,235 342
Sex
Female 1,511 (80) 308 (92)
Male 376 (20) 26 (8)

Race
White 1,505 (90) 171 (51)
African American 98 (5) 113 (34)
Asian 240 (13) 38 (11)
Other 44 (2) 12 (4)

Age, years
<30 288 (15) 21 (6)
30–44 865 (46) 96 (29)
45–59 534 (28) 118 (36)
60+ 200 (11) 96 (29)

Vaccine
Pfizer 1,530 (81) 196 (59)
Moderna 357 (18) 138 (41)

Days since vaccination
14–59 948 (42) 17 (5)
60–119 864 (39) 110 (30)
120–179 345 (15) 176 (48)
180+ 78 (3) 62 (17)

* Values are the number (%) unless indicated otherwise.
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disease activity, only patients who were taking immunosuppres-
sants at the time of their first vaccination, had a cohort visit within
60 days prior to vaccination, and had a cohort visit within 60 days
after vaccination were included. A PhGA flare was defined as an
increase of ≥1.0 points. A SELENA flare was defined as in Petri
et al (14). Analyses were performed using SAS 9.4 statistical
software.

RESULTS

Comparison of the SLE cohort with the Health
Care Worker cohort with respect to IgG levels after
vaccination. The analysis was based on 365 observations from
334 different patients in the SLE cohort and 2,235 observations
from 1,887 different health care workers. Table 1 shows the

Figure 1. Mean SARS–CoV-2 spike protein IgG antibody level by days since the second vaccination for each cohort. A, Estimated mean
SARS–CoV-2 spike protein IgG measure by days since the second vaccination, by cohort, for patients without systemic lupus erythematosus
(SLE) (solid blue line) and patients with SLE (broken red line). B, Estimated mean SARS–CoV-2 spike protein IgG measurement over time since
second vaccination, by cohort and use of immunosuppressants, for patients with SLE not taking immunosuppressants (broken red line), patients
with SLE taking immunosuppressants (broken green line), patients with SLE with immunosuppressants held (broken black line), and patients
without SLE (solid blue line). Each dot represents the antibody level for each subject.
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demographic comparison of the previously published Health Care
Worker cohort (15) and the Hopkins Lupus Cohort. As expected,
the SLE cohort had a higher frequency of female and African
American patients.

Figure 1 shows the estimated mean SARS–CoV-2 IgG levels
over time since the second mRNA vaccination by cohort. Patients
with SLE had lower average levels shortly after vaccination, but
over time, the 2 group means appeared to converge. The differ-
ences shortly after vaccination and the different slope of the lines
were statistically significant (Table 2).

The relationship between SLE patient characteris-
tics (disease activity, treatments) and the magnitude
of antibody response. Table 3 shows the effects of demo-
graphic characteristics and medications at the time of vaccination
on SARS–CoV-2 IgG levels. Men had a significantly lower mean
antibody level. Taking prednisone at the time of vaccination (≥10
mg/day) was associated with a significant reduction in mean anti-
body levels. Mycophenolate mofetil, tacrolimus, and antihyper-
tensive use were all associated with lower vaccine response
(both mean IgG and positive/negative response). Holding myco-
phenolate mofetil for just 1 week significantly improved vaccine
response. Holding azathioprine and methotrexate had no benefit.
Belimumab reduced vaccine response.

To assess the effect of withholding immunosuppressants
on disease activity, change from before the first vaccination to
after the second vaccination was compared in those for
whom immunosuppressants were held versus those for whom
immunosuppressants were not held. There was no significant
difference in change in SLEDAI score (mean ± SD 0.24 ± 3.56
versus 0.51 ± 2.96; P = 0.72), in PhGA (mean ± SD 0.12 ± 0.71
versus –0.05 ± 2.96; P = 0.26), in number of mild-to-moderate
SELENA flares (P = 0.84), or in number of PhGA flares (P = 0.66).

We examined whether SLE activity around the time of
vaccination was associated with lower antibody response.
This analysis was based on 257 patients who had a cohort visit
within 45 days of their vaccination (the mean number of days from
vaccination was 20). A higher PhGA score around the time of
vaccination (but not SLEDAI score) was associated with lower

SARS–CoV-2 IgG levels and positive/negative response
(P = 0.023 and 0.080, respectively) (Table 4). We also examined
whether SLE activity at the time of the antibody measure was
associated with antibody levels based on 335 antibody measures
within 7 days of a cohort visit. Again, a high PhGA score was
associated with lower measured antibody levels (Table 4).

Table 5 presents the multivariable model of the effect of
immunosuppressive medication on postvaccination SARS–
CoV-2 IgG levels, allowing for the fact that patients could be tak-
ing >1 medication. A mycophenolate mofetil dose of >1,000 mg,
tacrolimus, and belimumab remained highly statistically significant
in terms of reduction in SARS–CoV-2 IgG levels.

DISCUSSION

We used a previously published health care worker cohort as
our control group (15). This large, well-characterized control
cohort allowed us to create Figure 1 with great precision (com-
pared to previous studies with very small control groups [9]). This
clearly showed the difference between controls and SLE patients
in vaccine-induced SARS–CoV-2 IgG levels as well as the decline
in antibody levels over time. The Centers for Disease Control and
Prevention guidance on immunocompromised patients changed
to 3 primary doses of mRNA vaccines after the SLE patients in
this study had been vaccinated. Thus, we could not study the
effect of 3 primary mRNA vaccine doses.

Past studies did not have a large enough sample size or suf-
ficiently detailed information to separate the effect of different
immunosuppressive drugs and actual doses (9). We were able
to show that taking mycophenolate mofetil, tacrolimus, and beli-
mumab at the time of vaccination was associated with reduced
SARS–CoV-2 IgG levels. Surprisingly, azathioprine and metho-
trexate were not. Methotrexate has been thought to have a mod-
est effect (in non-SLE studies) (8,18). In fact, studies of holding
methotrexate in rheumatoid arthritis patients showed benefit in
influenza vaccination (19). Our results indicated no benefit of hold-
ing either methotrexate or azathioprine in SLE.

Our study showed a strong association of antihypertensive
use with reduced vaccine response. There is no obvious

Table 2. Mean SARS–CoV-2 spike protein IgG levels by time since vaccination and cohort*

Cohort

Antibody measurement by days since vaccination

14–59 days 60–119 days 120–179 days 180+ days

P for difference
between groups

on day 14†

P for difference between
groups with respect
to change over time†

Hopkins Lupus
cohort

7.4 ± 3.2 6.5 ± 2.8 5.1 ± 3.0 4.8 ± 2.5

Health Care
Workers cohort

8.9 ± 1.4 8.1 ± 1.5 6.3 ± 1.8 5.0 ± 2.1 <0.0001 0.0033

* Values are the mean ± SD unless indicated otherwise.
† P values were based on a regression model allowing for a different baseline and slope in the 2 groups, adjusting for age, race, and sex, and
were fit by generalized estimating equations to account for the fact that some participants contributed >1 antibody measure.

COVID-19 VACCINATION RESPONSE IN SLE 1881



Table 3. Effect of demographic characteristics and medications taken at the time of vaccination on mean SARS–CoV-2 spike protein IgG levels*

Variable No. IgG, mean ± SD P† Positive for IgG, no. (%) P†

Sex 0.028 0.15
Female 338 5.7 ± 2.9 306 (91)
Male 27 4.1 ± 3.1 21 (78)

Race 0.23 0.38
White 182 5.4 ± 2.8 167 (92)
African American 129 6.0 ± 3.1 115 (89)
Other 54 5.1 ± 3.2 45 (83)

Age, years 0.66 0.44
<30 24 5.4 ± 3.1 20 (83)
30–44 103 5.7 ± 2.8 96 (93)
45–59 131 5.7 ± 3.1 115 (88)
60+ 107 5.3 ± 3.0 96 (90)

Immunosuppressant use 0.047 0.0002
Not taking immunosuppressants 209 5.8 ± 2.6 200 (96)
Taking immunosuppressants but held 71 5.5 ± 3.1 64 (90)
Taking immunosuppressants 76 5.0 ± 3.5 56 (74)

Prednisone dose 0.0045 0.044
None 295 5.9 ± 2.8 272 (92)
<10 mg/day 56 4.5 ± 3.3 45 (80)
≥10 mg/day 14 3.6 ± 2.8 10 (71)

Mycophenolate mofetil use <0.0001 <0.0001
None 271 6.0 ± 2.7 259 (96)
Held 50 5.2 ± 3.0 45 (90)
≤1,000 mg/day 17 5.2 ± 3.0 11 (65)
>1,000 mg/day 27 2.3 ± 2.6 12 (44)

Tacrolimus use 0.0009 0.0007
No 322 5.8 ± 2.9 299 (93)
Yes 43 4.0 ± 3.5 28 (65)

Azathioprine use 0.14 Too few
No 333 5.5 ± 3.0 296 (89)
Held 8 6.3 ± 2.4 7 (88)
Used 24 6.9 ± 3.1 24 (100)

Belimumab use 0.018 0.18
No 353 5.7 ± 3.0 319 (90)
Yes 12 2.9 ± 2.5 8 (67)

Methotrexate use 0.23 Too few
No 341 5.5 ± 3.0 304 (89)
Held 11 6.7 ± 3.4 10 (91)
Used 13 7.0 ± 2.4 13 (100)

Hydroxychloroquine use 0.50 0.95
No 40 6.0 ± 2.9 36 (90)
Yes 325 5.5 ± 3.0 291 (90)

NSAID use 0.64 0.081
No 323 5.6 ± 3.0 289 (89)
Yes 30 5.7 ± 3.0 29 (97)

Aspirin use 0.060 0.062
No 233 5.4 ± 3.0 204 (88)
Yes 132 5.8 ± 2.9 123 (93)

Clopidogrel use 0.78 0.82
No 346 5.6 ± 3.0 312 (90)
Yes 8 5.7 ± 2.5 7 (88)

Diuretic use 0.22 0.22
No 286 5.7 ± 2.9 260 (91)
Yes 79 5.1 ± 3.1 67 (85)

ACE-ARB use 0.043 0.0007
No 211 5.8 ± 2.8 200 (95)
Yes 154 5.2 ± 3.2 127 (82)

Calcium-channel blocker use 0.023 0.040
No 313 5.8 ± 2.9 286 (91)
Yes 52 4.5 ± 3.4 41 (79)

Other antihypertensive agent use 0.0055 0.0027
No 282 5.8 ± 2.8 262 (93)
Yes 83 4.7 ± 3.3 65 (78)

(Continued)
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explanation for this association. The COVID-19 virus enters cells
through binding of spike protein to the angiotensin-converting
enzyme 2 (ACE2) receptor. The consensus is that ACE inhibitors
do not inhibit this binding or affect the course of COVID-19 (20).
Multiple studies have looked at the role of the renin–angiotensin
system (RAS) in immune responsiveness and have suggested
that inhibition of the RAS could inhibit the immune system (21),
which might explain an impaired vaccine response (but no studies
have actually looked at whether these inhibitors block vaccine
response). β-adrenergic blockade can affect vaccine response in

animal models, but the effects are either positive (22) or negative
depending on the model (23).

Our data clearly showed the benefit of our policy of holding
mycophenolate mofetil on the day of and for 1 week after the
mRNA vaccine. We were able to do this without increasing activity
or flares. We did not hold tacrolimus (as our nephritis patients tak-
ing tacrolimus were all also taking mycophenolate, we thought it
too risky to hold both). Our findings are similar to a recent study
that found that a 10-day methotrexate pause after the COVID
vaccine booster enhanced immunity against the omicron variant

Table 3. (Cont’d)

Variable No. IgG, mean ± SD P† Positive for IgG, no. (%) P†

Statin use 0.62 0.58
No 242 5.7 ± 2.9 219 (91)
Yes 123 5.4 ± 3.2 108 (88)

* ACE = angiotensin-converting enzyme; ARB = angiotensin II receptor blocker; NSAID = nonsteroidal antiinflammatory drug.
† Based on a generalized estimating equation model adjusting for time since vaccination (and time squared).

Table 4. Mean SARS–CoV-2 spike protein IgG levels by systemic lupus erythematosus–related variables measured at a
cohort visit around the time of Pfizer or Moderna COVID-19 vaccination (2 doses) or antibody testing*

Variable No. IgG, mean ± SD P† Positive for IgG, no. (%) P†

SLEDAI score at time of vaccination‡ 0.68 0.39
<2 102 5.4 ± 2.7 94 (92)
2–3 71 5.6 ± 3.0 64 (90)
4+ 83 5.3 ± 3.3 70 (84)

PhGA score at time of vaccination‡ 0.023 0.080
<0.5 90 5.4 ± 3.0 80 (89)
0.5–1.0 127 5.8 ± 2.7 118 (93)
>1 40 4.3 ± 3.4 31 (78)

Anti-dsDNA at time of vaccination‡ 0.43 0.55
0 150 5.5 ± 2.9 135 (90)
>0 100 5.3 ± 3.1 87 (87)

C3 at time of vaccination‡ 0.11 0.35
Low (<79) 237 5.5 ± 3.0 212 (89)
Not low 13 4.3 ± 3.0 10 (77)

C4 at time of vaccination‡ 0.51 0.88
Low (<10) 239 5.4 ± 3.0 212 (89)
Not low 11 4.6 ± 2.9 10 (91)

SLEDAI score at time of antibody test§ 0.87 0.97
<2 137 5.6 ± 2.8 123 (90)
2–3 89 5.5 ± 3.1 79 (89)
4+ 108 5.7 ± 3.0 96 (89)

PhGA score at time of antibody test§ 0.020 0.039
<0.5 131 5.4 ± 3.0 115 (88)
0.5–1 153 6.1 ± 2.8 143 (93)
>1 50 4.6 ± 3.2 40 (80)

Anti-dsDNA at time of antibody test§ 0.27 0.26
0 202 5.7 ± 2.8 183 (91)
>0 132 5.4 ± 3.2 114 (86)

C3 at time of antibody test§ 0.070 0.11
Low (<79) 32 4.5 ± 3.2 25 (78)
Not low 302 5.7 ± 2.9 272 (90)

C4 at time of antibody test§ 0.33 0.38
Low (<10) 17 5.0 ± 2.7 16 (94)
Not low 317 5.6 ± 3.0 281 (89)

* Anti-dsDNA = anti–double-stranded DNA; PhGA = physician global assessment of disease activity; SLEDAI = Systemic
Lupus Erythematosus Disease Activity Index.
† Based on a generalized estimating equation model adjusting for time since vaccination (and time squared).
‡ Based on 257 observations with a clinic visit within 45 days of the date of first vaccination.
§ Based on 335 observations with a clinic visit within 7 days of the date of antibody assessment.

COVID-19 VACCINATION RESPONSE IN SLE 1883



(24), although our study did not show statistical significance.
Increases in antibody level do have an impact on the risk of
COVID-19 infection. In a separate study using the same lupus
cohort, we observed that the risk of COVID-19 infection signifi-
cantly decreased with increasing antibody titers (25). We think
that these data will be helpful to clinicians now and in the future
and will help revise the ACR guidelines, which had recommended
holding up to 2 weeks (10). Importantly, holding immunosuppres-
sive drugs for 1 week did not increase lupus flares.

We did not hold belimumab due to past data suggesting that
it did not affect efficacy of other vaccines (26,27). Our data sur-
prisingly showed that it did affect COVID-19 antibody response
in the univariate and in the multiple variable model (this is impor-
tant, as many of our patients were taking belimumab plus an oral
immunosuppressive drug). We do not think holding belimumab
is logical, however, as holding for 1 weekly subcutaneous dose
would not be long enough to allow a rebound in B cells. Our
patients were receiving subcutaneous dosing rather than intrave-
nous dosing due to the pandemic.

This was an outpatient study. Visits followed the Hopkins
Lupus Cohort protocol and were not timed to the vaccine date.
Data on the rate and severity of breakthrough infections were
not available for the control group and therefore could not be
studied. Serologic responses were instead quantified as demon-
strated to correlate with vaccine efficacy (28). Patients whose lab-
oratory tests were not done at our hospital could not have the
Euroimmun assay performed. However, this is the largest SLE
study with the largest control group, the only one to include a bal-
ance of White and African American SLE patients, the only one to
include immunosuppressant type and dose, and the only multi-
variable analysis. It is also the only study to evaluate a strategy,
holding immunosuppressive drugs for 1 week, and to have found

it effective for mycophenolate mofetil without leading to SLE
flares.
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Associations of Postdischarge Follow-Up With Acute Care
and Mortality in Lupus: A Medicare Cohort Study

Maria Schletzbaum, Nadia Sweet, Brad Astor, Ang Yu, W. Ryan Powell, Andrea Gilmore-Bykovskyi,
Farah Kaiksow, Ann Sheehy, Amy J. Kind, and Christie M. Bartels

Objective. Patients with systemic lupus erythematosus experience the sixth highest rate of 30-day readmissions
among chronic diseases. Timely postdischarge follow-up is a marker of ambulatory care quality that can reduce
readmissions in other chronic conditions. Our objective was to test the hypotheses that 1) beneficiaries from popula-
tions experiencing health disparities, including patients from disadvantaged neighborhoods, will have lower odds of
completed follow-up, and that 2) follow-up will predict longer time without acute care use (readmission, observation
stay, or emergency department visit) or mortality.

Methods. This observational cohort study included hospitalizations in January–November 2014 from a
20% random sample of Medicare adults. Included hospitalizations had a lupus code, discharge to home without hos-
pice, and continuous Medicare A/B coverage for 1 year before and 1 month after hospitalization. Timely follow-up
included visits with primary care or rheumatology within 30 days. Thirty-day survival outcomes were acute care use
and mortality adjusted for sociodemographic information and comorbidities.

Results. Over one-third (35%) of lupus hospitalizations lacked 30-day follow-up. Younger age, living in
disadvantaged neighborhoods, and rurality were associated with lower odds of follow-up. Follow-up was not associ-
ated with subsequent acute care or mortality in beneficiaries age <65 years. In contrast, follow-up was associated with
a 27% higher hazard for acute care use (adjusted hazard ratio [HR] 1.27 [95% confidence interval (95% CI) 1.09–1.47])
and 65% lower mortality (adjusted HR 0.35 [95% CI 0.19–0.67]) among beneficiaries age ≥65 years.

Conclusion. One-third of lupus hospitalizations lacked follow-up, with significant disparities in rural and
disadvantaged neighborhoods. Follow-up was associated with increased acute care, but 65% lower mortality in older
systemic lupus erythematosus patients. Further development of lupus-specific postdischarge strategies is needed.

INTRODUCTION

One-fourth of people living with systemic lupus erythematosus

(SLE or lupus) are hospitalized each year, with one-third rehos-

pitalized within 30 days (1–3), making SLE the sixth highest

chronic disease cause of readmission in the US (4). These

inpatient stays contribute to high health care costs and a

burden for patients with lupus (5,6) who are disproportionately

female and people identifying as Black, Hispanic, Asian, or

American Indian (7). With approximately half of US lupus hos-

pitalizations and emergency department visits covered by

public insurance (8,9), readmission reduction strategies may

produce significant health and cost benefits in this high-risk

population (10–12).
In a move toward value-based care, the Centers for

Medicare and Medicaid Services (CMS) implemented the Hospital

Readmissions Reduction Program focused on reducing 30-day

rehospitalization rates in 2013. Timely postdischarge follow-up

visits have been promoted as one method to reduce readmis-

sions (13,14). Among patients with heart failure, timely follow-up

within 14 and 30 days has been associated with lower readmis-

sion and mortality rates (15–17). However, in other populations,

such as patients with chronic obstructive pulmonary disease

(COPD) and age >65 years, results have been mixed on the
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impact of follow-up on acute care use, including readmissions

and emergency department visits (18–20). In lupus, the frequency

of postdischarge follow-up and associations with subsequent

acute care use and mortality have not been assessed.
The National Institute on Minority Health and Health Dispar-

ities’ research framework acknowledges that differences in health
care access, quality, and individual and community socioeco-
nomic resources contribute to US health disparities (21,22). Given
that postdischarge follow-up indicates ambulatory access and
quality care, we hypothesized that lupus patients who are part of
populations experiencing health disparities (21) are less likely to
receive follow-up. Further, we hypothesized that receiving timely
follow-up would be associated with lower rates of acute care
use and mortality. Therefore, the first objective of this study was
to assess health disparities in timely postdischarge follow-up with
a primary care provider (PCP) or rheumatologist by race and eth-
nicity, neighborhood disadvantage, and rural-urban context. The
second objective was to evaluate the association of timely
follow-up with subsequent acute care use and mortality within
30 days of discharge among Medicare beneficiaries with SLE.

PATIENTS AND METHODS

Study population. The study cohort comprised hospitali-
zations occurring between January 1, 2014 and November
30, 2014 of patients in a 20% random sample of Medicare bene-
ficiaries. Inclusion required the hospitalization to be associated
with an SLE diagnosis code at any position (International Classifi-
cation of Diseases, Ninth Revision, Clinical Modification 710.0;
positive predictive value for SLE of 99.4%) (1,23,24). The hospital-
ized beneficiary had to be age ≥18 years, alive at discharge, and
discharged to a home setting without hospice to focus on the
population relevant to transitional care management and acute
care use (16,24,25). The hospitalized beneficiary had to have at

least a year of continuous Medicare A and B coverage prior to
the index admission to allow assessment of comorbidities and
for 30 days after discharge, excluding end of benefits due to
death (Figure 1). To capture complete claims, hospitalizations
were excluded if the beneficiary was enrolled in a Medicare
Advantage plan or had railroad benefits. Consistent with CMS
readmission definitions, hospitalizations at long-term acute care
facilities and psychiatric, children’s, cancer, and rehabilitation
hospitals were also excluded (26). A given beneficiary could have
multiple hospitalizations included in the sample if they hadmultiple
qualifying hospitalizations within the study period. Each hospitali-
zation was treated as an index hospitalization with its own
30-day postdischarge period in which follow-up, acute care, and
mortality were measured.

A Health Sciences Institutional Review Board at the Univer-
sity of Wisconsin School of Medicine and Public Health approved
this de-identified medical claims study as minimal risk with a
waiver of individual informed consent. Study design and findings
are reported per the Strengthening the Reporting of Observa-
tional Studies in Epidemiology guidelines for cohort studies (27).

Follow-up care. Follow-up carewas defined as receipt of an
ambulatory visit within 30 days of discharge with a PCP (defined as
general internal medicine, family medicine, general practice, pediat-
rics, geriatrics, obstetrics, and gynecology) or rheumatologist.
Eligible follow-up visits were identified by Physician Specialty Code
or National Provider Identifier (see Supplementary Table 1, available
on the Arthritis Care & Research website at http://onlinelibrary.
wiley.com/doi/10.1002/acr.25097). Timing of follow-up was deter-
mined by the first eligible visit after the discharge date. Follow-up
received within 14 days of discharge was also examined
based on CMS transitional care management reimbursement
requirements (14).

Acute care use and mortality. Our primary outcome
was survival time until the first acute care use encounter within
30 days of index hospitalization discharge. Acute care included
inpatient hospital readmissions, inpatient observation stays, and
emergency department visits. Observation stays were identified
using Medicare revenue codes 0760, 0762, and 0769; revenue
code 0761 was excluded as it is generally used for planned pro-
cedural interventions in hospital settings (28). Our secondary out-
come was survival time until mortality within 30 days of discharge,
using death as reported in CMS data (29).

Beneficiary and hospitalization characteristics.
Variables defining the beneficiary’s demographic, socioeco-
nomic, geographic, and health status were included in analyses.
Patient demographic factors included age at index hospitalization
and sex. Race and ethnicity were included as a proxy for lived
experiences of these groups, including the effects of structural
and institutional racism. For descriptive statistics, race and

SIGNIFICANCE & INNOVATIONS
• In one of the first studies assessing rates of post-

discharge follow-up among patients with lupus, we
found that 35% lacked follow-up within 30 days,
worse than reported in other chronic conditions.

• Patients with lupus residing in highly disadvantaged
neighborhoods and rural areas had significantly
lower odds of timely postdischarge follow-up, dem-
onstrating disparities.

• In systemic lupus erythematosus patients ages
≥65 years, receiving timely follow-up was associ-
ated with 65% lower 30-day mortality, indicating
the importance of follow-up in quality lupus care.

• Follow-up among older lupus patients was associ-
ated with increased acute care use, which may indi-
cate the need for lupus-specific transitional care
management and postdischarge support.
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ethnicity responses were categorized as Asian and Pacific
Islander, Black, American Indian and Alaska Native, Hispanic or
Latino, White, and other based on the Medicare-reported
Research Triangle Institute race and ethnicity variable (30–33).
To meet statistical assumptions for the regression methods used
and to reduce the risk of identifiability, race and ethnicity
were consolidated to Non-Hispanic White (hereafter White),
Non-Hispanic Black (hereafter Black), Hispanic or Latino
(hereafter Hispanic), and other for analyses. Neighborhood-level
disadvantage was measured by the national decile of the
Area Deprivation Index (ADI), a validated geospatial metric

incorporating 17 measures of housing, education, employment,
and income (34,35). The ADI was linked to each hospitalization
using the ZIP+4 postal code of the beneficiary. We used rural–
urban commuting area (RUCA) codes to determine rurality (36).
Dual eligibility for Medicaid was also included.

Indicators of the beneficiary’s health status included CMS’s
hierarchical condition category (HCC) community comorbidity
score (37) and Elixhauser comorbidity indicators for renal failure,
congestive heart failure, diabetes mellitus, depressive disorders,
and alcohol use disorder (38). CMS Chronic Condition Ware-
house condition indicators were included for anxiety disorders,

Figure 1. A, Flow diagram showing the creation of a cohort of lupus-coded hospitalizations from a 20% national Medicare beneficiary sample
between January 1, 2014 and November 30, 2014. B, Graphical depiction of data structure, including the 12-month baseline period for collecting
information on comorbid conditions. Following hospitalization was the 30-day postdischarge period during which follow-up visits with primary care
providers and rheumatologists were captured and time until first acute care use encounter and death were recorded. The bottom row provides an
example of how time-varying follow-up exposure was coded. ICD = International Classification of Diseases; mos = months.
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tobacco use disorder, and drug or opioid use disorder (39).
Disability as the original reason for Medicare eligibility and length
of the index hospitalization, in days, were also included. For each
hospitalization, the clinical classifications software first-level cate-
gory code for the primary discharge diagnosis was reported, as
were billing codes for transitional care management services, as
defined by CMS (14).

Statistical analysis. Characteristics of the included hospi-
talizations were described for the entire cohort as well as stratified
by age <65 years and ≥65 years, given the different ways these
groups can qualify for Medicare. Multivariable logistic regression
was used to identify sociodemographic and comorbidity factors
of beneficiaries associated with contributing >1 hospitalization.
Cumulative incidence functions, accounting for censoring
and mortality, were found for follow-up and acute care, with the
functions for the components of acute care also reported.
A mortality-only cumulative incidence function was calculated.

We performed generalized logistic regressions to determine
predictors of postdischarge follow-up care with a PCP or rheuma-
tologist within 14 and within 30 days of discharge. Analysis was
clustered by beneficiary to account for correlation among multiple
hospitalizations of the same beneficiary.

Cox proportional hazards regressions, clustered by benefi-
ciary, were then used to evaluate the association of post-
discharge follow-up with subsequent acute care use and with
mortality within 30 days of discharge. Martingale residuals were
assessed for covariate variable specification and Schoenfeld
residuals to affirm that the proportional hazards assumption was
not violated. In the acute care use survival analysis, death was
treated as a competing event using Fine and Gray’s proportional
subdistribution hazards model (40). Receipt of follow-up care
was included as a time-varying covariate, which allows it to
change over the 30-day outcome period (20). A binary follow-up
variable was created for each day postdischarge through day
30 for every hospitalization. The variable was coded as “no
follow-up” until the day the beneficiary had a qualifying follow-up
visit, when it then switched to follow-up for that and subsequent
days (Figure 1B). For example, for a hospitalization where the
beneficiary had follow-up on day 5 postdischarge, the follow-up
variables for days 1 to 4 would indicate no follow-up and for days
5 to 30 would indicate follow-up.

For beneficiaries without follow-up, all 30-day variables
would indicate no follow-up. This method allows the survival
model to evaluate and compare the beneficiary’s follow-up status
on the day they had an outcome event. This method also helps
address immortal time bias by assigning days at risk to the appro-
priate category, i.e., days prior to the follow-up visit as non–fol-
low-up time and days on or after the follow-up visit as follow-up
time. Additional analyses were conducted to assess for the effect
of rheumatology follow-up and PCP follow-up separately and for

30-day readmissions and emergency department visits, with
death as a competing risk.

Supplementary analyses were conducted by creating 2 distinct
periods: a follow-up period from postdischarge days 0 through
14 and an outcome period from days 15 through 30. Follow-up
within 14 days was dichotomized and associations of follow-up with
subsequent acute care use and mortality in the outcome period
were found using Cox proportional hazards regression. Hospitaliza-
tions with acute care within the 14-day follow-up period were
excluded from the acute care outcome analysis, and those who died
in the follow-up period were excluded from the mortality analysis.
Analyses were performed using SAS software, version 9.4.

RESULTS

There were 8,606 hospitalizations with a lupus diagnosis
included in the sample, representing 5,403 beneficiaries with
1,663 beneficiaries (30.8% of beneficiaries) contributing multiple
hospitalizations (Figure 1A). After adjusting for sociodemographic
factors and comorbidities, beneficiaries with multiple included
hospitalizations were less likely to be older (adjusted odds ratio
[ORadj] per decade 0.84 [95% confidence interval (95% CI)
0.80–0.89]) (see Supplementary Table 2, available on the Arthritis

Care & Research website at http://onlinelibrary.wiley.com/doi/
10.1002/acr.25097) and more commonly of Hispanic ethnicity
(ORadj 1.30 [95% CI 1.04–1.64]).

Beneficiaries with >1 hospitalizationwere alsomore likely to have
a higher HCC comorbidity score (ORadj 1.27 [95% CI 1.22–1.32]),
tobacco use disorder (ORadj 1.22 [95%CI 1.05–1.41]), drug or opioid
use disorder (ORadj 1.53 [95% CI 1.24–1.89]), anxiety (ORadj 1.33
[95% CI 1.16–1.53]), depression (ORadj 1.49 [95% CI 1.29–1.73]),
renal failure (ORadj 1.76 [95% CI 1.52–2.05]), or congestive heart fail-
ure (ORadj 1.51 [95% CI 1.29–1.78]). The 3 most common primary
discharge diagnosis categories were diseases of the circulatory sys-
tem (20.4%), digestive system (13.6%), and respiratory system
(12.2%). The cumulative incidence of follow-up care was 46.9% by
day 14 and 64.5% within 30 days of discharge (Figure 2A). Among
those who had follow-up within 30 days, 18.3% had initial follow-up
with a rheumatologist (28.2% in those with rheumatology visits in the
year before hospitalization versus 3.6% in those without). Transitional
care management codes within 31 days of discharge were associ-
ated with 4.9% of hospitalizations (n = 419); only 1 hospitalization with
initial follow-up with rheumatology was associated with a transitional
care management billing code.

Observed follow-up within 30 days was less common
among those with higher HCC comorbidity scores, longer index
hospitalization length of stay, rural residence, and greater neigh-
borhood disadvantage (Table 1). Among patients living in the
most disadvantaged neighborhood decile, 48.7% received
follow-up within 30 days, nearly 10% lower than in the least dis-
advantaged decile (57.0%). Follow-up was received by 54.4% of
White patients within 30 days but only 49.6% of Black patients,
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50.3% of Hispanic patients, and 42.1% of patients in the other
race and ethnicity category (Table 2). For urban and suburban
residents, follow-up was 53.0% compared to 45.1% among rural
residents.

Predictors of follow-up. In multivariate generalized logis-
tic models, older age was significantly associated with higher
30-day (ORadj 1.09 [95% CI 1.04–1.14]) (Table 2) and 14-day
follow-up (ORadj 1.12 [95% CI 1.07–1.17]). Meanwhile, lower
rates of 30-day and 14-day follow-up visits were associated
with rural residence compared to a suburban residence
(ORadj 0.70 [95% CI 0.57–0.86] and ORadj 0.76 [95% CI
0.62–0.94], respectively) and having renal failure (ORadj 0.69
[95% CI 0.61–0.78] and ORadj 0.73 [95% CI 0.64–0.82],
respectively). For follow-up within 14 days, greater neighborhood
disadvantage was associated with a lower rate of follow-up
(ORadj 0.98 [95% CI 0.96–0.99]). For follow-up within 30 days,
other race and ethnicity was associated with a lower rate of
follow-up (ORadj 0.73 [95% CI 0.55–0.96]). See Supplementary
Table 3, available on the Arthritis Care & Research website at
http://onlinelibrary.wiley.com/doi/10.1002/acr.25097, for predic-
tors of follow-up within 30 and 14 days stratified by age group.

Acute care use. The cumulative incidence of acute care
use within 30 days was 36.6%, with a cumulative incidence of
34.2% for emergency department visits, 4.6% for observation
stays, and 20.3% for readmissions (Figure 2B). Among those
age ≥65 years, follow-up was significantly associated with a
higher hazard rate for acute care use (adjusted hazard ratio
[HRadj] 1.27 [95% CI 1.09–1.47]) (Table 3). Other significant pre-
dictors of greater acute care use included longer length of index
hospitalization (HRadj 1.03 [95% CI 1.02–1.05]), higher HCC
comorbidity score (HRadj 1.11 [95% CI 1.07–1.15]), depression

(HRadj 1.25 [95% CI 1.08–1.46]), and Medicaid eligibility
(HRadj 1.26 [95% CI 1.06–1.50]). Follow-up within 14 days of dis-
charge had a similar effect to follow-up within 30 days (HRadj 1.26
[95% CI 1.09–1.47]) (see Supplementary Table 4, available on the
Arthritis Care & Research website at http://onlinelibrary.wiley.
com/doi/10.1002/acr.25097) and was somewhat attenuated in
supplemental analysis using distinct follow-up and outcome
periods (HRadj 1.14 [95% CI 0.92–1.42]).

In contrast, in those patients age <65 years, 30-day follow-
up was not associated with acute care use (HRadj 1.06 [95% CI
0.96–1.17]) (Table 3). Longer length of index hospitalization
(HRadj 1.01 [1.00–1.02]; P < 0.05), higher HCC comorbidity score
(HRadj 1.09 [95% CI 1.07–1.11]), and depression (HRadj 1.17
[95% CI 1.06–1.29]) were still associated with higher levels of
acute care use. Additionally, greater acute care use was associ-
ated with greater neighborhood disadvantage (HRadj 1.04 [95%
CI 1.02–1.06]), alcohol use disorder (HRadj 1.26 [1.01–1.55]),
drug or opioid use disorders (HRadj 1.45 [95% CI 1.30–1.62]),
anxiety (HRadj 1.17 [95%CI 1.06–1.29]), and congestive heart fail-
ure (HRadj 1.17 [95% CI 1.06–1.30)]. Conversely, older age within
this age stratum was associated with a lower hazard for acute
care (HRadj 0.83 [95% CI 0.79–0.87]). Follow-up within 14 days
similarly had no association with acute care in those
age <65 years when using time-varying follow-up (HRadj 1.03
[95% CI 0.93–1.14]) (see Supplementary Table 4, available on
the Arthritis Care & Research website at http://onlinelibrary.wiley.
com/doi/10.1002/acr.25097) or with distinct follow-up and out-
come periods (HRadj 1.11 [95% CI 0.95–1.29]).

In sensitivity analyses, the association of PCP follow-up with
acute care was consistent with the results for combined follow-
up with PCP or rheumatology among all adult ages. The HRadj of
PCP follow-up on acute care use in all ages was 1.13 (95% CI
1.04–1.23). However, there was not an association of

Figure 2. A, Cumulative incidence of follow-up; B, Acute care use, readmissions, observation stays, emergency department (ED) visits, and
mortality outcomes within 30 days of discharge.

SCHLETZBAUM ET AL1890

https://doi.org/10.1002/acr.25097
https://doi.org/10.1002/acr.25097
https://doi.org/10.1002/acr.25097
https://doi.org/10.1002/acr.25097
https://doi.org/10.1002/acr.25097


rheumatology follow-up with acute care use among all ages
(HRadj 0.95 [95% CI 0.82–1.11]). PCP follow-up was still associ-
ated with less mortality (HRadj 0.58 [95% CI 0.36–0.92]) and rheu-
matology follow-up trended toward less mortality but was not
statistically significant (HRadj 0.25 [95% CI 0.06–1.04]).

Mortality. The cumulative incidence of mortality among all
hospitalizations was 1.3% (Figure 2B). In the population
age ≥65 years, follow-up was significantly associated with a
65% lower hazard for mortality (HRadj 0.35 [95% CI 0.19–0.67])
(Table 4). Conversely, longer index hospitalization (HRadj 1.08

[95% CI 1.04–1.12]), greater HCC comorbidity score (HRadj 1.22
[95% CI 1.10–1.35]), and tobacco use disorder (HRadj 1.90
[1.02–3.53]) were associated with higher levels of mortality, as
was older age (HRadj 1.53 [95% CI 1.00–2.32]; P < 0.05). Among
hospitalizations of patients age < 65 years, mortality was not
associated with follow-up (HRadj 0.91 [95% CI 0.46–1.80]).
The length of the index hospitalization (HRadj 1.04 [95% CI
1.01–1.07]) and HCC comorbidity score (HRadj 1.20 [95%CI 1.06–
1.35]) were significantly associated with mortality in this younger
stratum. Follow-up within 14 days similarly had no association with
mortality for those age < 65 years, but an association with lower

Table 1. Baseline characteristics of Medicare SLE hospitalizations by age group and receipt of follow-up within 30 days*

Age <65 years Age ≥65 years

All ages cohort Follow-up No follow-up Follow-up No follow-up
(n = 8,606) (n = 2,593) (n = 2,687) (n = 1,888) (n = 1,438)

Patient variables
Admission age, mean ± SD 57.6 ± 16.4 48.0 ± 11.1 46.3 ± 11.6 74.0 ± 6.3 74.2 ± 6.9
Age group, years
18–35 1,065 (12.4) 457 (17.6) 608 (22.6) – –

36–64 4,215 (49.0) 2,136 (82.4) 2,079 (77.4) – –

≥65 3,326 (38.6) – – 1,888 (100) 1,438 (100)
Female 7,648 (88.9) 2,360 (91.0) 2,389 (88.9) 1,645 (87.1) 1,254 (87.2)
Race and ethnicity
White 4,790 (55.7) 1,131 (43.6) 1,066 (39.7) 1,475 (78.1) 1,118 (77.8)
Black 2,619 (30.4) 1,045 (40.3) 1,110 (41.3) 255 (13.5) 209 (14.5)
Hispanic or Latino 867 (10.1) 328 (12.7) 358 (13.3) 108 (5.7) 73 (5.1)
Other: Asian and Pacific Islander† 123 (1.4) 26 (1.0) 57 (2.1) 50 (2.7) 38 (2.6)
American Indian and Alaska Native 93 (1.1) 33 (1.3) 42 (1.6) – –

Unknown 114 (1.3) 30 (1.2) 54 (2.0) – –

ADI disadvantage, mean ± SD 55.8 ± 27.3 59.1 ± 26.7 60.7 ± 26.5 48.1 ± 27.1 51.1 ± 27.4
Most disadvantaged quintile 2,158 (25.1) 738 (28.5) 831 (30.9) 312 (16.5) 277 (19.3)
Rural–urban commuting area
Urban 6,323 (73.5) 1,983 (76.5) 1,975 (73.5) 1,371 (72.6) 994 (69.1)
Suburban 745 (8.7) 204 (7.9) 226 (8.4) 191 (10.1) 124 (8.6)
Large rural 906 (10.5) 256 (9.9) 287 (10.7) 191 (10.1) 172 (12.0)
Small town/rural 632 (7.3) 150 (5.8) 199 (7.4) 135 (7.2) 148 (10.3)

Medicaid beneficiary 4,104 (47.7) 1,688 (65.1) 1,733 (64.5) 355 (18.8) 328 (22.8)
Disability as Medicare reason 5,960 (69.3) 2,423 (93.4) 2,407 (89.6) 625 (33.1) 505 (35.1)
HCC comorbidity score, mean ± SD 3.5 ± 2.4 3.7 ± 2.5 3.9 ± 2.7 3.0 ± 2.0 3.2 ± 2.1
Index hospital stay, mean ± SD days 4.6 ± 4.3 4.7 ± 4.2 4.8 ± 4.9 4.1 ± 3.4 4.5 ± 4.4
Renal failure 3,377 (39.2) 1,029 (39.7) 1,411 (52.5) 510 (27.0) 427 (29.7)
Congestive heart failure 2,258 (26.2) 670 (25.8) 762 (28.4) 463 (24.5) 363 (25.2)
Diabetes mellitus 2,627 (30.5) 812 (31.3) 870 (32.4) 541 (28.7) 404 (28.1)
Anxiety 4,289 (49.8) 1,511 (58.3) 1,472 (54.8) 745 (39.5) 561 (39.0)
Depression 2,706 (31.4) 960 (37.0) 989 (36.8) 408 (21.6) 349 (24.3)
Tobacco use disorder 2,662 (30.9) 980 (37.8) 1,059 (39.4) 339 (18.0) 284 (19.8)
Alcohol use disorder 216 (2.5) 88 (3.4) 100 (3.7) 15 (0.8) 13 (0.9)
Drug or opioid use disorder 1,245 (14.5) 496 (19.3) 608 (22.6) 100 (5.3) 41 (2.9)
Follow-up type
Primary care provider 3,661 (42.5) 2,028 (78.2) – 1,633 (86.5) –

Rheumatology 820 (9.5) 565 (21.8) – 255 (13.5) –

30-day outcomes
Emergency department visits 2,942 (34.2) 972 (37.5) 1,081 (40.2) 499 (26.4) 390 (27.1)
Observation stays 419 (4.9) 155 (6.0) 157 (5.8) 60 (3.2) 47 (3.3)
Readmissions 1,928 (22.4) 590 (23.0) 736 (29.3) 315 (16.9) 287 (21.1)
Deaths 114 (1.3) 14 (0.5) 31 (1.2) 13 (0.7) 56 (3.9)

* Values are the number (%) unless indicated otherwise. ADI = Area Deprivation Index; HCC = hierarchical condition category; SLE = systemic
lupus erythematosus.
† Due to small, potentially identifiable numbers, patients age ≥65 years in the Asian and Pacific Islander, American Indian and Alaska Native,
and unknown categories are reported together.
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levels of mortality in those age ≥ 65 years in analyses using
both time-varying follow-up (HRadj 0.47 [95% CI 0.25–0.88])
(see Supplementary Table 4, available on the Arthritis Care &
Research website at http://onlinelibrary.wiley.com/doi/10.1002/
acr.25097) and distinct follow-up and outcome periods (HRadj 0.43
[95%CI 0.20–0.91]).

DISCUSSION

In this large study of Medicare lupus hospitalizations, we
found that timely follow-up was associated with 27% higher acute
care use and 65% lower mortality in those age ≥65 years.
The association of timely follow-up with lower mortality fits
with prior studies in heart failure, COPD, and the Medicare popu-
lation age ≥65 years that consistently show lower mortality
(13,17,20,41). Prior studies suggest that while follow-up visits
alone decrease mortality, they may increase care utilization (13),
which has been observed for follow-up after emergency depart-
ment visits (13,20). Another key finding was that >1 in 3 hospitali-
zations of lupus patients lacked follow-up. Thirty-day follow-up in
this lupus study (64.5%) was lower than rates reported among

patients with heart failure, myocardial infarction, pneumonia, and
COPD (66.9–75.4%) (17,18,25,41). Notable disparities included
fewer beneficiaries from highly disadvantaged neighborhoods
and rural areas receiving timely follow-up, even after adjusting for
health status. Neighborhood disadvantage was also associated
with greater acute care use. Our study reinforces the role of timely
follow-up in good clinical practice and the importance of consid-
ering health outcomes, such as mortality, in addition to acute care
use (13,20,42). The results indicate a need for better ambulatory
access or outreach to lupus patients, particularly those residing
in rural and disadvantaged neighborhoods (43).

Heart failure specialists have developed and implemented
clinical treatment guidelines and best practices for 30-day post-
discharge follow-up (44–46), which could inform postdischarge
lupus care, recognizing similarly high rehospitalization rates (1).
Among lupus patients who did receive follow-up within 30 days,
18.3% initially saw a rheumatologist, which exceeded specialist
follow-up in heart failure (7.5%) (15) or COPD (13–19%) (18,41).
These numbers reflect greater rheumatology specialist involve-
ment in lupus care. Notably, rheumatology follow-up, in contrast
to PCP follow-up, was not associated with higher subsequent

Table 2. Observed 30-day follow-up rate and adjusted ORs for predictors of follow-up within 30 and 14 days postdischarge
(n = 8,606)*

Follow-up 30 days Follow-up 14 days

Observed rate, no. (%) Adjusted OR (95% CI) Adjusted OR (95% CI)

Age at admission (per decade), years – 1.09 (1.04–1.14)† 1.12 (1.07–1.17)†
<65 2,593 (49.1) – –

≥65 1,888 (50.7) – –

Sex
Male 476 (49.7) Ref. Ref.
Female 4,005 (52.4) 1.07 (0.90–1.27) 1.00 (0.85–1.18)

Race and ethnicity
White 2,606 (54.4) Ref. Ref.
Black 1,300 (49.6) 1.01 (0.87–1.17) 1.06 (0.92–1.22)
Hispanic 436 (50.3) 0.97 (0.79–1.19) 1.06 (0.87–1.28)
Other 139 (42.1) 0.73 (0.55–0.96)† 0.78 (0.59–1.03)

Rural–urban commuting area
Suburban 395 (53.0) Ref. Ref.
Urban 3,354 (53.0) 0.96 (0.80–1.17) 0.91 (0.76–1.10)
Large rural 447 (49.3) 0.85 (0.71–1.02) 0.96 (0.80–1.14)
Small town/rural 285 (45.1) 0.70 (0.57–0.86)† 0.76 (0.62–0.94)†

ADI disadvantage (per decile) – 0.98 (0.96–1.00) 0.98 (0.96–0.99)†
Most disadvantaged quintile 1,050 (48.7) – –

Medicaid beneficiary 2,043 (49.8) 1.08 (0.94–1.23) 1.04 (0.91–1.18)
Disability as Medicare reason 3,048 (51.1) 1.04 (0.90–1.19) 1.08 (0.95–1.24)
HCC comorbidity score – 1.00 (0.97–1.03) 1.00 (0.99–1.01)
Hospital length of stay (per day) – 0.99 (0.98–1.00) 1.00 (0.99–1.01)
Tobacco use disorder 1,319 (49.6) 0.90 (0.79–1.03) 0.94 (0.83–1.06)
Alcohol use disorder 103 (47.7) 0.90 (0.61–1.32) 0.78 (0.55–1.12)
Drug or opioid use disorder 596 (47.9) 0.93 (0.77–1.11) 1.03 (0.87–1.22)
Anxiety 2,256 (52.6) 1.11 (0.99–1.25) 1.08 (0.96–1.21)
Depression 1,368 (50.6) 0.96 (0.84–1.08) 0.91 (0.80–1.03)
Renal failure 1,539 (45.6) 0.69 (0.61–0.78)† 0.73 (0.64–0.82)†
Diabetes mellitus 1,353 (51.5) 1.02 (0.90–1.15) 1.04 (0.9–1.17)
Congestive heart failure 1,133 (50.2) 1.05 (0.91–1.22) 1.10 (0.96–1.26)

* 95% CI = 95% confidence interval; ADI = Area Deprivation Index; HCC = hierarchical condition category; OR = odds ratio;
Ref. = reference.
† Statistically significant.

SCHLETZBAUM ET AL1892

https://doi.org/10.1002/acr.25097
https://doi.org/10.1002/acr.25097


acute care. Therefore, developing strategies, guidelines, and best
practices for postdischarge management tailored for both pri-
mary care and rheumatology providers could be important steps
in improving lupus care. Likewise, both rheumatology and primary
care could potentially better leverage transitional care practices,
including medication reconciliation and connection to support
services.

Systems-level, multidisciplinary team-based interventions,
such as transitional care management, care coordination,
and patient navigation, can improve postdischarge care by
addressing the complex medical, socioeconomic, and self-
management factors that contribute to acute care use
(43,47,48). In 1 study, a team-based transitional care interven-
tion for high-risk lupus patients in China substantially reduced
30-day readmissions from 21.3% to 4.7% (11). Likewise, a
study in New York state showed a 50% reduction in 30-day
readmissions after implementing team-based care coordination
(43). The utility of telemedicine visits, home health, and outreach
clinics could also be explored to overcome barriers to post-
discharge follow-up. The impact of an intervention on lupus care
quality, health outcomes, and health disparities should inform
implementation (22,48).

Beyond the strengths of this study, including a large
national sample of hospitalizations in patients with lupus with

robust geolinked indices of neighborhood disadvantage, we also
acknowledge limitations. First, given that administrative claims
data only reflect completion or noncompletion of follow-up, we
cannot assess scheduled versus missed or canceled visits. This
gap could lead to overestimation of the effect of follow-up on mor-
tality as patients without follow-up may have been too sick to
attend clinic visits. However, there was no difference in the HCC
comorbidity score or hospital length of stay between those with
or without follow-up within 30 days after adjustment, suggesting
that there were not residual systematic health status differences
between the groups. Second, visits with nephrology providers
were not included in our measure of timely follow-up, although
many lupus patients have kidney disease. Outcomes of acute
care and mortality were only measured within the first 30 days
postdischarge, and results may differ over longer periods of time.
Next, for patients age <65 years, the Medicare sample may not
be completely generalizable to all US lupus patients given over-
sampling of patients with end-stage renal disease and disability.
Nevertheless, up to a third of patients with lupus have public
insurance, and over half of lupus hospitalizations are covered by
Medicare, which underscores the policy relevance of our study
(8,9). While we were unable to control specifically for lupus sever-
ity, duration, or treatments in this administrative sample, validated
definitions for comorbidities and health care utilization using

Table 3. Adjusted hazard ratios for predictors of acute care use within 30 days postdischarge stratified by age
group*

All ages <65 years ≥65 years
(n = 8,606) (n = 5,280) (n = 3,326)

Timely follow-up (within 30 days) 1.11 (1.02–1.21)† 1.06 (0.96–1.17) 1.27 (1.09–1.47)†
Age at admission (per decade) 0.89 (0.87–0.92)† 0.83 (0.79–0.87)† 1.07 (0.96–1.19)
Female 0.96 (0.86–1.08) 1.02 (0.88–1.19) 0.91 (0.75–1.10)
Race and ethnicity
White Ref. Ref. Ref.
Black 0.99 (0.90–1.09) 1.03 (0.92–1.15) 0.91 (0.75–1.12)
Hispanic 0.96 (0.84–1.09) 0.98 (0.85–1.14) 0.90 (0.68–1.19)
Other 0.93 (0.75–1.15) 0.95 (0.77–1.17) 0.85 (0.53–1.35)

Rural–urban commuting area
Suburban Ref. Ref. Ref.
Urban 1.08 (0.93–1.24) 1.05 (0.89–1.24) 1.07 (0.84–1.36)
Large rural 1.15 (0.97–1.37) 1.13 (0.92–1.38) 1.20 (0.91–1.60)
Small town/rural 1.04 (0.85–1.26) 1.06 (0.84–1.35) 0.98 (0.70–1.36)

ADI disadvantage (per decile) 1.03 (1.01–1.04)† 1.04 (1.02–1.06)† 1.00 (0.97–1.02)
Medicaid beneficiary 1.12 (1.02–1.22)† 1.05 (0.95–1.17) 1.26 (1.06–1.50)†
Disability as Medicare reason 0.86 (0.79–0.94)† 0.93 (0.80–1.08) 1.02 (0.88–1.18)
HCC comorbidity score 1.09 (1.07–1.11)† 1.09 (1.07–1.11)† 1.11 (1.07–1.15)†
Hospital length of stay (per day) 1.02 (1.01–1.03)† 1.01 (1.00–1.02)† 1.03 (1.02–1.05)†
Tobacco use disorder 1.05 (0.97–1.14) 1.07 (0.97–1.17) 1.10 (0.94–1.29)
Alcohol use disorder 1.25 (1.02–1.53)† 1.26 (1.02–1.56)† 1.27 (0.68–2.36)
Drug or opioid use disorder 1.41 (1.28–1.56)† 1.45 (1.30–1.62)† 1.05 (0.79–1.42)
Anxiety 1.13 (1.04–1.22)† 1.17 (1.06–1.30)† 1.06 (0.93–1.22)
Depression 1.19 (1.10–1.29)† 1.17 (1.07–1.29)† 1.25 (1.08–1.46)†
Renal failure 1.06 (0.97–1.15) 1.08 (0.97–1.20) 0.96 (0.82–1.12)
Diabetes mellitus 1.05 (0.97–1.14) 1.07 (0.97–1.18) 1.12 (0.97–1.30)
Congestive heart failure 1.18 (1.08–1.29)† 1.17 (1.06–1.30)† 1.15 (0.98–1.34)

* Values are the adjusted hazard ratio (95% confidence interval). Acute care use defined as inpatient hospital read-
mission, inpatient observation stay, or emergency department visit. ADI = Area Deprivation Index;
HCC = hierarchical condition category; Ref. = reference.
† Statistically significant.
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CMS’s HCC risk adjustment score were incorporated in multivar-
iate modeling. Yet residual confounding based on health status
may still be present in this observational analysis.

In addition, reported race and ethnicity in Medicare data have
known issues with misclassification (30,31). While we used the
more valid Research Triangle Institute measure, approximately
4% of patients may be misclassified, particularly American Indian
and Alaska Native, and Asian and Pacific Islander patients (31).
Though the number of deaths in the study was small, limiting
power to identify factors associated with mortality, overall findings
suggest that improving follow-up may decrease mortality in the
30-day postdischarge period. Future studies should examine
multipayor cohorts, especially in younger patients with lupus,
and evaluate associations with mortality risk in cohorts with a
greater number of outcome events.

We found that postdischarge follow-up was associated with
higher level of subsequent acute care use in older lupus patients
but was also associated with reduced mortality, 65% lower within
30 days. This finding suggests the importance of ambulatory
follow-up for positive health outcomes in lupus. Importantly,
timely follow-up among lupus patients was approximately 10%
lower than rates reported in heart failure and other conditions with
high readmission risk (17,18,25,41). Patients residing in highly
disadvantaged neighborhoods and rural areas had even lower
odds of follow-up, demonstrating disparities. Future studies

should identify barriers to timely postdischarge follow-up among
lupus patients and test interventions to overcome these barriers
in primary and rheumatology care, not only to improve care and
disease outcomes but also to reduce health disparities in lupus.
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Core Recommendations for Osteoarthritis Care: A
Systematic Review of Clinical Practice Guidelines

Brooke Conley,1 Samantha Bunzli,2 Jonathan Bullen,3 Penny O’Brien,1 Jennifer Persaud,4

Tilini Gunatillake,1 Michelle M. Dowsey,1 Peter F. M. Choong,1 and Ivan Lin5

Objective. To evaluate the quality of clinical practice guidelines (CPGs) for interventions in management of osteo-
arthritis (OA) and to provide a synthesis of high-quality CPG recommendations.

Methods. Five databases (OvidSP Medline, Cochrane, Cumulative Index to Nursing and Allied Health Literature
[CINAHL], Embase, and the Physiotherapy Evidence Database [PEDro]) and 4 online guideline repositories were
searched. CPGs for the management of OA were included if they were 1) written in English and published from January
2015 to February 2022, focused on adults age ≥18 years, and met the criteria of a CPG as defined by the Institute of
Medicine; and 2) were rated as high quality on the Appraisal of Guidelines for Research and Evaluation II (AGREE II)
instrument. CPGs for OA were excluded if they were available via institutional access only, only addressed recommen-
dations for the system/organization of care and did not include interventional management recommendations, and/or
included other arthritic conditions.

Results. Of 20 eligible CPGs, 11 were appraised as high quality and included in the synthesis. Of interest were the
hip, knee, hand, and glenohumeral joints and/or polyarticular OA. Consistent recommendations were that care should
be patient centered and include exercise, education, and weight loss (where appropriate). Nonsteroidal antiinflamma-
tory drugs and surgical interventions were recommended for disabling OA that had not improved with nonsurgical care.
Hand orthoses should be recommended for patients with hand OA.

Conclusion. This synthesis of high-quality CPGs for OA management offers health care providers with clear,
simple guidance of recommended OA care to improve patient outcomes.

INTRODUCTION

Osteoarthritis (OA) is a degenerative joint disease that can

affect any joint, but it most commonly occurs in the hip, knee,

and hand (1,2). Symptoms often include joint pain, stiffness, and

reduced range of movement (2). OA affects 303 million people

worldwide, with prevalence expected to increase with aging

populations and rising obesity rates globally (3,4). OA is a leading

cause of pain and disability among adults worldwide and inflicts a

significant burden on the individuals affected, including activity

limitations and reduced quality of life (5,6). OA is associated with

substantial direct health care costs due to health care visits, diag-

nostic procedures, medications and surgery, and indirect costs

related to lost workplace productivity (4,6).
Clinical practice guidelines (CPGs) are a set of health care

recommendations developed by reviewing scientific literature

and consensus from an expert panel (7). The aim of CPGs is to

guide health care decision-making, thereby reducing practice var-

iability and improving patient outcomes (8,9). Several global CPGs

have been published in recent years for the management of OA
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(10–29). These typically include nonpharmacologic (e.g., exercise and

education), pharmacologic (e.g., acetaminophen and nonsteroidal

antiinflammatory drugs [NSAIDs]), and surgical options such as total

joint replacement (10–29). However, uptake of recommendations

from CPGs into practice is variable, especially for first-line, nonphar-

macologic treatments such as exercise (30). Gaps between evidence

and practicemay in part be due to a lack of clarity about what is being

recommended and conflicting recommendations across different

CPGs, a situation exacerbated when CPGs for OA are not developed

rigorously and their recommendations are less trustworthy (30–36).

As CPGs are costly to develop, this is an inefficient use of resources

and further adds to the confusion for clinicians (37). To encourage

the uptake of evidence and delivery of appropriate OA care, clinicians

require clear, consistent management recommendations (31).
The purpose of this systematic review was to evaluate the

quality of the CPGs for the management of OA and to provide a
synthesis of high-quality CPG recommendations. By synthesizing
recommendations across high-quality CPGs, the aim was to offer
health care providers with clear, simple guidance of recom-
mended OA care to improve patient outcomes.

MATERIALS AND METHODS

Search strategy and eligibility criteria. This systematic
review was registered on the Open Science Framework (DOI 10.
17605/OSF.IO/UB3Y7) and followed the Preferred Reporting Items
for Systematic Reviews (PRISMA) guidelines. A database search of
Medline, Cochrane, CINAHL, Embase, and the Physiotherapy Evi-
dence Database (PEDro), and a further search of 4 online guideline
repositories (Guidelines International Network, National Health and
Medical Research Council, Agency for Health Care Research and
Quality, and the National Institute for Health and Care Excellence)
was conducted to identify all relevant CPGs. The search strategy
was developed in consultation with a reference librarian. Medical
subject headings and key words associated with CPGs

(e.g., guideline*.mp. or Practice Guideline/ or Guideline/) and OA
were used (see Supplementary Appendix A, available on the Arthritis
Care & Research website at http://onlinelibrary.wiley.com/doi/10.
1002/acr.25101). Other arthritis conditions were included in the
search terms as this systematic review is part of a wider body of work
to inform arthritis management. Eligibility criteria are presented in
Table 1. The search included CPGs published between January
2015 and December 2020 and was updated to include CPGs pub-
lished between December 2020 and February 14, 2022. This cutoff
date was selected as CPGs >5 years old may be out of date (7).

Protocol changes. In the original protocol, CPGs addres-
sing 1 treatment modality (e.g., medication prescribing) were
excluded. To improve comprehensiveness, the scope was
expanded during the study selection phase to include all OA man-
agement options. Due to time that has elapsed since the original
search, the original timeline (January 2015 and December 2020)
was extended to include CPGs published up until February 2022.

Study selection. After importing search results into End-
Note (Clarivate), duplicates were removed and titles/abstracts were
uploaded into Covidence systematic review software (Veritas
Health Innovation; available at www.covidence.org). Titles and
abstracts were screened by 2 independent reviewers (BC and TG
or IL); any disagreements were resolved through consensus dis-
cussion with a third reviewer. Following this, full texts were
uploaded into Covidence and screened through the same process.

Data appraisal (quality assessment of guidelines).
The Appraisal of Guidelines for Research and Evaluation II (AGREE
II) instrument was used to assess CPG quality (38). This is an interna-
tionally validated tool that has been widely applied in CPG research
(38,39). It consists of 23 items grouped into 6 domains: 1) scope
and purpose; 2) stakeholder involvement; 3) rigor of development;
4) clarity of presentation; 5) applicability; and 6) editorial indepen-
dence. Seven reviewers (BC, SB, JB, PO, JP, TG, and IL) were

Table 1. Clinical practice guidelines (CPGs) selection criteria

Inclusion criteria
Published between January 2015 and February 14, 2022
For the interventional management of osteoarthritis
For adults (individuals age ≥18 years)
Published in the English language or has a complete English

language version available
Is a CPG, as defined by inclusion of a systematic review of the

literature, and developed by an expert multidisciplinary panel (33)
Represents an original body of work, i.e., not solely an adaptation

or systematic review of existing guidelines
Exclusion criteria
Does not include interventional management recommendations
Includes other arthritic conditions
Only addresses recommendations for the system/organization of

care
Unavailable via institutional access, i.e., requires additional

payment

SIGNIFICANCE & INNOVATIONS
• Eleven clinical practice guidelines for osteoarthritis

(OA) were appraised as high quality.
• Consistent recommendations were that care should

be patient centered and include exercise, educa-
tion, and weight loss (where appropriate). Nonste-
roidal antiinflammatory drugs and surgical
interventions are recommended for disabling OA
that had not improved with nonsurgical care. Hand
orthoses should be recommended for patients with
hand OA.

• To implement recommendations in practice, future
priorities include identifying core skill sets and com-
petencies among health care workers, developing
training/education resources, and creating a frame-
work to improve quality of OA care.
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provided with the AGREE II user manual and undertook the online
AGREE II practice exercise to participate in CPG quality appraisal
(38,40). In accordance with the AGREE II manual, each item was
rated independently by 2 reviewers using a 7-point Likert scale rang-
ing from 1 (strongly disagree) to 7 (strongly agree) (38). To calculate
scores for each domain, the following formula was used: obtained
score – minimum possible score / maximum possible score – mini-
mum possible score (38). There is no uniform criterion for overall
quality; the AGREE II developers recommend that research teams
define their own criteria based on their own study context (38). For
the purposes of this review, and consistent with previous reviews in
musculoskeletal painmanagement, the authors defined a quality cut-
off score of ≥60% of the maximum possible score in 3 domains
deemed the most important for validity: stakeholder involvement
(domain 2); rigor of development (domain 3); and editorial indepen-
dence (domain 6) (36,37,41,42). CPGs that did not meet this defini-
tion were excluded.

Interrater agreement. The domain percentages and
overall quality rating (%) were independently calculated for each
reviewer. We defined acceptable interrater agreement as excel-
lent with intraclass coefficient values of ≥80 and domain percent-
ages and an overall quality rating of ≤20% difference between
reviewers (43,44). Where variation of ≥20% between scores
existed, a consensus discussion took place with a third reviewer
engaged when necessary to agree on a rating (see Supplemen-
tary Table 1, available on the Arthritis Care & Research website
at http://onlinelibrary.wiley.com/doi/10.1002/acr.25101).

Data extraction. Data extraction was performed by the
first author (BC) using a purpose-designed Excel (Microsoft)

spreadsheet. Extracted data comprised CPG characteristics
(e.g., title, country of publication), methodology, and guideline
topic target users (see Supplementary Table 2, available on the
Arthritis Care & Research website at http://onlinelibrary.wiley.
com/doi/10.1002/acr.25101). From each CPG, extracted rec-
ommendations were ranked as either “should do,” “could do,”
“do not do,” or “uncertain” (see Supplementary Table 3, avail-
able on the Arthritis Care & Research website at http://
onlinelibrary.wiley.com/doi/10.1002/acr.25101). Recommen-
dation ratings were consistent with language used in the CPGs
and definitions from a previous musculoskeletal systematic
review of CPGs (36) (Table 2). Language among the CPGs var-
ied, although recommendations were ranked according to the
same criteria, either the Grading of Recommendations Assess-
ment, Development and Evaluation (GRADE) method
(10,12,13,20,22,26,29), Oxford Centre for Evidence-Based
Medicine standards (13,24), or PEDro scores (17). Extracted
data and recommendation rankings were checked by 2 authors
(SB and IL), and any discrepancies were resolved by consensus
discussion between the 3 reviewers while consulting the original
citation.

Narrative summary. A narrative summary was drafted by
the first author (BC) and then reviewed and refined by 2 authors
(SB and IL). The summary detailed how many CPGs reported on
an intervention, what the recommendations involved, and how
consistent/inconsistent recommendations were across CPGs
regarding OA interventions (see Supplementary Table 4, available
on the Arthritis Care & Research website at http://onlinelibrary.
wiley.com/doi/10.1002/acr.25101).

Table 2. Recommendation classification, definition, and examples of terminology for each classification*

Recommendation classification Definition (37) Examples of terminology from CPGs

Should do “Should do” recommendations were those that the authors
determined should be applied in all circumstances unless
there is a rationale not to. These were based on strong
evidence, for example, multiple high-quality studies reporting
clinically relevant positive effects, benefits that outweigh risks,
or when in the opinion of CPG development group members
the benefits were unequivocal.

“Should do” (18) and “strongly
recommend” (11)

Could do “Could do” recommendations were those that the authors
determined could be applied depending on the
circumstances of individual patients. They were usually based
on consistent evidence from multiple lesser-quality studies or
1 high-quality study and where benefits outweigh harms.

“Could be used” (18), “may be
beneficial” (9,18), “can” and
“consider” (26)

Do not do “Do not do” recommendations were those for which the
authors determined that there was strong evidence of no
benefit and/or harms outweighing benefits.

“Are not recommended” (18), “do not
recommend” (11), and “do not offer”
(26)

Uncertain “Uncertain” recommendations were those for which the
authors determined that there was no recommendation for
or against a practice because of incomplete or inconsistent
research findings. Not all CPGs provided uncertain
recommendations.

“Cannot recommend for or against” (9)
and “unable to recommend either for
or against” (11)

* CPG = clinical practice guideline.
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RESULTS

Characteristics of included CPGs. Twenty CPGs met
the eligibility criteria, and 11 were CPGs appraised as high quality
and included (11–13,17–19,21,24,25,27,29) (Figure 1). Most
CPGs were developed by medical societies (n = 9, 82%), while
the remaining were developed by an expert panel (n = 2, 18%).
Five CPGs were published by medical societies or expert panels
in the US (10,11,19,25,29), 4 in Europe (13,21,24,27), 1 in
Canada (17), and 1 in Australia (12). Of interest were the hip
(n = 6), knee (n = 7), hand (n = 4), and glenohumeral (n = 1) joints
and/or polyarticular OA (n = 1). Target users included health pro-
fessionals, decision/policy makers, patients, their families, the
pharmaceutical industry, health insurance companies, and

those responsible for commissioning care (see Supplementary
Table 2, available at http://onlinelibrary.wiley.com/doi/10.1002/
acr.25101).

Quality of CPGs. The AGREE II quality assessment scores
for each CPG are provided in Supplementary Table 1, available
at http://onlinelibrary.wiley.com/doi/10.1002/acr.25101. The
quality assessment results of each guideline included in the sys-
tematic review are provided in Table 3. Those that were excluded
based on not achieving a high-quality cutoff score are presented
in Supplementary Table 1. The quality of the included CPGs was
assessed across the following 6 domains: scope and purpose
(range 75–100%); stakeholder involvement (range 58–89%); rigor

Records identified from:
Databases (n = 2,505)
Medline (n = 633)
CINAHL (n = 863)
Embase (n = 982)
PEDro (n = 27)

Records removed before screening:
Duplicate records removed
(n = 813)
Records marked as ineligible by 
automation tools (n = 0)
Records removed for other 
reasons (n = 0)
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Records excluded
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Reports sought for 
retrieval
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Reports not retrieved
(n = 0)

Reports assessed for 
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Reports excluded (n = 66):
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Methods not described (n = 3)
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Records identified from:
Websites (n = 9)
Organizations (n = 5)
Citation searching (n = 4)
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Figure 1. Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) 2020 flow diagram for new systematic reviews that
included searches of databases, registers, and other sources. CINAHL = Cumulative Index to Nursing and Allied Health Literature;
CPG = clinical practice guideline; OA = osteoarthritis; PEDro = Physiotherapy Evidence Database.
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of development (range 59–96%); clarity of presentation (range
53–100%); applicability (range 2–42%); and editorial indepen-
dence (range 33–100%). The mean ± SD AGREE II scores for
each item, domain, and overall scores across all guidelines are
displayed in Supplementary Table 5, available on the Arthritis
Care & Research website at http://onlinelibrary.wiley.com/doi/
10.1002/acr.25101. The domain with the lowest mean ± SD
score was applicability (21.14% ± 15.0%), and the highest
mean ± SD score was for scope and purpose (88.77% ± 9.8%).

Consensus recommendations (“should do”). After
synthesis (see Supplementary Table 4, available at http://
onlinelibrary.wiley.com/doi/10.1002/acr.25101), 7 “should do”
recommendations were identified. The following recommenda-
tions were all found in at least 2 CPGs, where the majority strongly
recommended the intervention.

Exercise. Eight CPGs strongly recommended strengthening,
aerobic exercise, and tai chi exercise therapy for management of
knee, hip, polyarticular, and/or hand OA (12,13,18,19,21,24,25,27).
CPGs recommended several modes of exercise therapy, acknowl-
edging that there is currently no consensus on the type of exercise
that elicits the greatest benefit (12). Programs should be individual-
ized and progressively overloaded with frequency, duration, and
intensity consistent with the patient’s preference and capability and
the availability of local facilities (12,13).

Education. Five CPGs strongly recommended patient edu-
cation for managing knee, hip, hand, and polyarticular OA
(13,19,21,24,25). They recommended that education be an
ongoing intervention that is patient centered and include informa-
tion to enhance understanding about OA, its management
options, education and training in exercise therapy, ergonomic
principles, and pacing and assistive devices (13,21,24).

NSAIDs. Five CPGs strongly and 2 CPGs conditionally
recommended the use of oral NSAIDs for people with knee, hip,
hand, and/or polyarticular OA unless contraindicated (11–
13,19,21,24,25). CPGs recommended that clinicians prescribe a
low dose for a short period of time and discontinue if not effective,
monitoring for side effects or adverse events (12,24).

Four CPGs strongly recommended the use of topical
NSAIDS for knee, hip, and/or hand OA (13,19,24,25). Two CPGs
conditionally recommended topical NSAIDS for patients with
hand, knee, hip, and/or polyarticular OA and some comorbidities
(21,25). One CPG was unable to recommend for or against the
use of topical NSAIDS for people with knee and/or hip OA (12).
However, the authors stated that it might be reasonable to trial
topical NSAIDs for a short period and then discontinue use if not
effective. Topical NSAIDs are seen to be safe and effective and
should be recommended for older adults (>75 years) with only a
few symptomatic joints (13). Clinicians should monitor for side
effects or adverse events (12,21).

Weight loss. Four CPGs strongly recommended weight loss
or management for people who are either overweight (body mass

index [BMI] ≥25 kg/m2) or obese (BMI ≥30 kg/m2) with hip and/or
knee OA (12,13,19,25). People with OA should be educated about
the importance of maintaining a healthy body weight, while those
who are overweight or obese should be encouraged to achieve a
minimum weight loss target of 5.0–7.5% of body weight, with
greater weight loss being linked to symptomatic benefits (12).

Hand orthosis. Three CPGs strongly recommended the use
of a hand orthosis for OA of the carpometacarpal joint and condi-
tionally recommended it for OA of other hand joints (13,24,25).
Two CPGs stated that hand orthoses are suitable for both short-
term and long-term use as they provide symptom relief, improve
function, and prevent progression of degenerative changes (13,24).

Patient-centered care. Two CPGs strongly recommended
that care be patient centered for people with OA of the knee,
hip, and/or hand (13,24). This included shared decision-making
between the patient and health professional and care that is indi-
vidualized to the patient’s circumstances.

Surgery. Two CPGs strongly recommended considering sur-
gery for people with hip, knee, and hand OA in certain circum-
stances (13,24). The patient should have radiographic evidence
of OA, marked disability, and reduced quality of life, and other
treatment modalities should have been unsuccessful in relieving
pain (13,24).

Consensus recommendations (“could do”). The fol-
lowing recommendations were found in at least 2 CPGs in which
the majority conditionally recommended (or where there was an
even number of strongly and conditionally recommended recom-
mendations) that these could apply in a given patient’s circum-
stances: balance exercises; yoga; weight management and
exercise; cognitive behavioral therapy; assistive devices;
ultrasound-guided injections; duloxetine; and glucocorticoid
injections for knee and hand OA. In surgical contexts, preopera-
tive physical therapy and postoperative physical therapy or exer-
cise can be recommended after joint replacement surgery.
General and neuraxial anesthesia and tranexamic acid could be
considered during surgery (see Supplementary Table 4, available
at http://onlinelibrary.wiley.com/doi/10.1002/acr.25101).

Consensus recommendations (“do not do”). After
synthesis (see Supplementary Table 4), 5 “do not do” recommen-
dations were identified (Table 4). The following recommendations
were found in at least 2 CPGs, where the majority recommended
against the intervention.

Therapeutic ultrasound and pharmacologic interventions
(bisphosphonates, colchicine, methotrexate, diacerein). Three
CPGs recommended against the use of therapeutic ultrasound
for people with knee, hip, and/or polyarticular OA (12,21,27).
Two CPGs recommended against the use of bisphosphonates,
colchicine, hydroxychloroquine, and methotrexate in people
with knee, hip, and/or hand OA (12,25). Similarly, 1 CPG recom-
mended against the use of biologic disease-modifying
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antirheumatic drugs for people with hand OA (24). Two CPGs rec-
ommended against the use of diacerein for people with knee
and/or hip OA (12,21).

Glucosamine and chondroitin combined. Two CPGs recom-
mended against the use of glucosamine and chondroitin for knee,
hip, and polyarticular OA (12,21). One CPG was unable to recom-
mend for or against their combined use in people with OA of the
glenohumeral joint (10). Moreover, 1 CPG conditionally recom-
mended this intervention for people with knee OA, noting that

further research is warranted to determine structural effects,
patients’ suitability, and cost-to-benefit ratio (13).

Postsurgical continuous passive motion (CPM) and postsur-
gical cryotherapy devices. Two CPGs recommended against the
use of CPM after total joint replacement for patients with knee
and/or hip OA, as research found no improvement in outcomes
(27,29). One CPG recommended against the use of cryotherapy
devices for patients after total knee arthroplasty (TKA) (29). In con-
trast, 1 CPG conditionally recommended the use of cryotherapy
or cold packs following total shoulder replacement while acknowl-
edging that this decision was based on the opinion of the working
group and not strong/reliable evidence (10).

Recommendations with no consensus. The following
were conflicting recommendations found in at least 2 CPGs:
aquatic therapy; balneotherapy; massage therapy; manual ther-
apy; acupuncture; dry needling; heat and cold therapy; electro-
therapy; taping and braces; shoe orthotics; footwear; opioids;
injections; topical capsaicin; glucosamine and chondroitin individ-
ually or combined for OA of the glenohumeral joint; acetamino-
phen; and nutraceuticals (see Supplementary Table 4).

DISCUSSION

Following quality assessment, 9 CPGs were rated as low
quality, and 11 CPGs were high quality and included in the final
synthesis. Overall, CPGs recorded the highest score for the
AGREE II domain “scope and purpose” and the lowest score for
the domain “applicability.” This is consistent with the findings of
similar systematic reviews (37,45). The AGREE II “applicability”
domain assesses whether CPGs provide advice and/or tools for
how to apply the guideline in practice, considers the facilitators,
barriers, and resource implications, and includes monitoring
and/or auditing criteria (38). Poor applicability has been identified
as a barrier to the uptake of CPG recommendations into practice
(37). Given that developing CPGs is expensive, development of
fewer, higher-quality CPGs that focus on implementation
(as reflected in higher scoring in the applicability domain on the
AGREE II tool) is recommended.

Recommendations from 11 high-quality CPGs were that
first-line care should be patient centered and include exercise
therapy, patient education, and weight loss (if appropriate). These
interventions can be beneficial in reducing pain and in improving
function, performance, and quality of life outcomes (46–49). This
should be followed by pharmacologic strategies such as NSAIDs
in oral or topical form before considering surgical interventions
as second- and third-line care. For people with hand OA, orthosis
should be used for symptom relief and improved function and to
prevent progression of degenerative changes (13,24). This syn-
thesis of recommendations provides evidence-based guidance
for clinicians on what should be delivered for best practice in OA
care. These recommendations could also be used as a minimum

Table 4. Consensus recommendations*

Should do
Exercise therapies (strengthening, aerobics, and/or tai chi)
Education
Weight loss
Hand orthosis
Patient-centered care
Nonsteroidal antiinflammatory drugs (oral and topical)
Surgery

Could do
Balance exercises
Yoga
Assistive devices
Weight management and exercise
Cognitive behavioral therapy
Glucocorticoid injection (knee and hand OA)
Ultrasound-guided injections
Duloxetine
Preoperative physical therapy
Tranexamic acid
Neuraxial anesthesia
Pre- and postoperative physical therapy

Do not do
Therapeutic ultrasound
Bisphosphonates
Colchicine
Methotrexate
Diacerein
Glucosamine and chondroitin combined (hip and polyarticular
OA)

Postsurgical continuous passive motion and cryotherapy devices
No consensus
Aquatic therapy
Balneotherapy
Manual therapy
Acupuncture
Massage therapy
Dry needling
Heat and cold therapy
Electrotherapy
Taping and braces
Shoe orthotics
Footwear
Topical capsaicin
Glucocorticoid injection (hip and polyarticular OA)
Intraarticular hyaluronic acid injections
Platelet-rich plasma injections
Stem cell injection
Acetaminophen
Oral opioids
Glucosamine and chondroitin, individually or combined (GH joint
OA)

Nutraceuticals

* GH = glenohumeral; OA = osteoarthritis.
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standard for health services to assess OA care and to provide the
basis for clear consumer information about recommended OA
management.

We identified a substantial number of recommendations that
were inconsistent between CPGs, which may contribute to con-
fusion among clinicians and to varied management. For example,
manual therapy recommendations were inconsistent across the
CPGs, with a majority recommending against, yet these are still
widely used in clinical practice (50). Similarly, the majority of CPGs
recommended against opioids, although 2 CPGs recommended
that opioids can be considered in particular circumstances, when
pain is severe or if patients do not respond, are intolerant, or con-
traindicated to NSAIDs, or when other alternatives have been
exhausted (13,25). Despite this, opioids are often prescribed for
persistent musculoskeletal pain conditions, including OA, and
opioid-related harms are of increasing concern (51,52). Additional
conflicting recommendations included acupuncture/dry needling,
shoe orthotics, taping/braces, glucosamine and chondroitin, and
injection therapies, e.g., platelet-rich plasma, stem cell, and intra-
articular hyaluronic acid (for a comprehensive list of conflicting
recommendations, see Supplementary Table 4, available at
http://onlinelibrary.wiley.com/doi/10.1002/acr.25101).

Many of these recommendations are routinely utilized in clin-
ical care. Further high-quality trials are needed to determine their
efficacy and/or their suitability for certain subgroups of individuals
with OA in order to guide clinicians’ practice. CPG recommenda-
tions vary, potentially due to differences in evidence included
based on the year of CPG publication, assessment of evidence
quality, and involvement of expert panels or societies members.
For example, 1 CPG recommended against heat therapy, while
another CPG recommended that it can be considered as an
adjunctive management option for people with hip and/or knee
OA (12,27). Both CPGs acknowledged limited evidence support-
ing this intervention; however, interpretation of evidence by the
respective guideline development groups led to conflicting
recommendations.

While exercise, weight management, and education were
supported across the CPGs and have been recommended as
first-line interventions for almost 2 decades, translation into prac-
tice remains an issue (53). In Western health care settings includ-
ing Australia, Europe, the UK, and the US, a majority of patients
do not receive care consistent with CPGs (54). Conservative man-
agement interventions are often overlooked in favor of pharmaco-
logic and surgical care despite being associated with higher
financial costs and risks (e.g., medication side effects or surgical
complications) (6,30,55,56). Globally, utilization of exercise and
education is low, while pharmacologic therapy and surgical refer-
rals are common (54,57). In Australia, joint replacement surgeries
are a substantial cost to the health care system, estimated at
between $19,000 and $30,000 (Australian; between $13,000
and $20,600 US dollars) per patient for total knee or hip replace-
ment, resulting in an expenditure of $1.2 billion (Australian)

annually on both public and private hospital services (58–60); sim-
ilar findings have been documented in the UK and the US (61,62).
Surgery is a successful and cost-effective intervention for people
with end-stage hip and knee OA, although overuse of surgery in
patients who could benefit from conservative care remains a chal-
lenge (63–66).

Implementation of high-value care such as exercise and
weight loss is needed (67). One way is through OA management
programs such as OA models of care that operationalize what
and how recommended care should be delivered (68). In order
to achieve better care, priorities include training/education of OA
health care workers, identifying core skill sets and competencies,
developing resources, and creating a framework to improve qual-
ity of care (69). Outcomes from models of care suggest that this
has been an effective way to translate evidence into practice,
although definitive evidence for OA management is currently lack-
ing (70). Structured exercise therapies, with or without education
and dietary interventions, are cost effective and clinically effective
(71). Implementation research that operationalizes recommended
care, especially for populations who experience a higher burden
of OA, including low- and middle-income countries and First
Nations people, is a pressing future priority (72,73). We excluded
CPGs that were not published in the English language and that
addressed assessment and/or diagnosis of OA without manage-
ment or treatment recommendations. It is possible that we may
have overlooked other CPGs containing recommendations
related to OA care. To mitigate this risk, all authors checked the
list of full-text CPGs to augment the search process, including
authors who are expert clinician researchers in the field of OA
(MMD and PC).

Strengths of this systematic review include the involvement
of a multidisciplinary team and the use of the AGREE II tool.
The research team defined high-quality CPGs as ≥60% in the
3 domains of interest on the AGREE II instrument. These
domains are consistent with other high-quality musculoskeletal
reviews (36), while 60% is supported by other arthritis and oste-
oporosis reviews (41,42). Grading of interventions and consen-
sus statements (e.g., “should do,” “could do,” “do not do,” or
“unsure”) were based on the language used in CPGs and
required interpretation by the research team. Consensus state-
ments were cross-checked by 2 authors (SB and IL) to mitigate
the risk of misinterpretation. It is important to acknowledge that
the majority of the literature regarding OA management is based
on hip and knee OA, often neglecting OA in other joints. For
transparency, we have listed the affected joint for each recom-
mendation in Supplementary Tables 3 and 4, available on the
Arthritis Care & Research website at http://onlinelibrary.wiley.
com/doi/10.1002/acr.25101.

In conclusion, 7 consistent “should do” recommendations
were identified across the 11 CPGs. Exercise therapy, education,
and weight loss (if relevant) should be recommended for people
with OA before considering pharmacologic or surgical
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interventions, with care being patient centered. Hand orthosis
should be considered for those with hand OA. These core tenets
of OA care can be used by health care providers to improve con-
sistency and quality of OA care.
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Physical Activity and Features of Knee Osteoarthritis on
Magnetic Resonance Imaging in Individuals Without
Osteoarthritis: A Systematic Review

Dawei Xu, Marienke Van Middelkoop, Sebastia M. A. Bierma-Zeinstra, and Jos Runhaar

Objective. To systematically review all studies that have evaluated the association between physical activity
(PA) levels and features of knee osteoarthritis (OA) on magnetic resonance imaging (MRI) for subjects without OA.

Methods. The inclusion criteria for prospective studies were as follows: 1) subjects without OA; 2) average
age 35–80 years; and 3) any self-reported PA or objective measurement of PA. The eligible MRI outcomes were
OA-related measures of intraarticular knee joint structures. Exclusion criteria were evaluations of instant associations
with transient structural changes after PA.

Results. Two randomized controlled trials and 16 observational studies were included. One of 11 studies found that
PA was harmfully related to cartilage volume or thickness, but 4 studies found a significant protective association.
Four of 10 studies found that PA was harmfully related to cartilage defects, while others showed no significant associ-
ations. Two of 3 studies reported a significantly increased cartilage T2 value in individuals with more PA. All 3 studies
reported no significant association between PA and bone marrow lesions. Two studies assessed the association
between PA and meniscus pathology, in which only occupational PA involving knee bending was associated with a
greater risk of progression.

Conclusion. Within the sparse and diverse evidence available, no strong evidence was found for the presence or
absence of an association between PA and the presence or progression of features of OA on MRI among subjects
without OA. Therefore, more research is required before PA in general and also specific forms of PA can be deemed
safe for knee joint structures.

INTRODUCTION

As a modifiable behavior, physical activity (PA) is one of the

highly recommended public health and clinical management inter-

ventions for secondary and tertiary prevention of osteoarthritis

(OA) (1–3). Among patients at risk for OA, previous studies have

reported that PA had no effects (4,5) or protective effects against

joint degeneration (6,7). However, in terms of the safety of PA for

the primary prevention or early-onset of OA, there are few studies,

and the findings to date are conflicting (8).
There is a concern that some weight-bearing forms of PA

may increase the risk of knee OA development (9–11). However,

it may take years to observe radiographic OA or symptomatic

OA among individuals free of signs and symptoms. Even before

the onset of symptomatic OA, structural changes are already

developing, including the presence of bone marrow lesions

(BMLs), cartilage loss, and changes in the meniscus. Therefore,

detecting early structural changes in the knee among the popula-

tion without OA could be meaningful to judge the safety of PA.
Several studies have used magnetic resonance imaging

(MRI) to capture features of OA, such as cartilage defects and

meniscal pathologies, in the early stage of OA. Cartilage abnor-

malities, such as reductions in cartilage volume and thickness,

may be associated with knee pain and joint space narrowing

(12–14). Knee cartilage defects play an important role in early

knee OA, which could result in increased cartilage breakdown

and lead to decreased cartilage volume and joint space narrowing

(15). Also, cartilage T2 relaxation time mapping is used to detect

early articular cartilage degeneration (16), with higher cartilage

T2 values being associated with the development of radiographic
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knee OA (17). By using MRI, several studies have found that both

meniscus extrusion and greater meniscus volume were risk fac-

tors for early progress of OA (18,19). Thus, MRI may be a sensi-

tive and promising technique to detect potential structural

changes caused by PA (20). By systematically reviewing all these

studies, the current study evaluated the association between PA

and early features of knee OA on MRI among subjects free of

knee OA.

MATERIALS AND METHODS

The protocol has been registered in the International Pro-
spective Register of Systematic Reviews database (PROSPERO:
CRD42020218996). Searches were conducted of electronic
databases (Medline [all], Ovid, Embase, Web of Science Core
Collection, Cumulated Index to Nursing and Allied Health Litera-
ture [CINAHL], EBSCOhost, and Cochrane Central Register of
Controlled Trials) from their earliest date until October 29, 2020.
The Medial Subject Heading (MeSH) list is shown in Supplemen-
tary Appendix A, available on the Arthritis Care & Research web-
site at http://onlinelibrary.wiley.com/doi/10.1002/acr.25083.

Selection criteria. Primary research of any study design.

This systematic review included controlled trials, prospective and
retrospective studies, and cross-sectional studies. There was no
limitation on language.

One reviewer (DX) conducted title and abstract screening
for all citations, while either of 3 reviewers (MVM, SMAB-Z, or
JR) independently screened the citations for verification. Then all
researchers conducted screening for full-text articles based
on PICO (population, intervention, comparator, outcomes), as
outlined below.

Population/participant. Subjects were without radiographic
knee OA (Kellgren/Lawrence grades <2) and with no or minimal,
nonchronic knee symptoms (joint pain, aching, and/or stiffness)
at baseline. The mean age of reported subjects was between

35 and 80 years. There was no limitation on sex or other potential
risk OA factors.

Intervention (all types of PA) and comparator. Intervention
included self-reported PA (questionnaire) or any objective mea-
surement of PA, with no limitation on minimum duration. The
measurements of PA levels for cross-sectional studies were
assessments of the history of PA levels among the study popula-
tion. The comparator was no exposure of PA or a lower level of PA
(e.g., a varying level of PA).

Outcomes of interest. Outcomes were all cross-sectional
and longitudinal measures of meniscus, cartilage, BMLs, osteo-
phytes, and effusion-synovitis on knee MRI. We excluded the out-
comes that are currently not well recognized as typical features of
OA (e.g., patella bone volume and subchondral bone volume)
(21,22). Studies that measured MRI features immediately after
PA were also excluded.

Data extraction (selection and coding). Data extrac-
tion was carried out by one reviewer (DX) and independently veri-
fied by the second reviewer (JR). All reviewers made a final
agreement on selected information and data.

Information was extracted on the following: 1) study title,
authors, publication year, country, and study design; 2) partici-
pants, including total number and key baseline characteristics
(age, population description, body mass index [BMI], percentage
of female subjects); 3) physical activity type, recording method
(questionnaire/objective measurement), intensity, session fre-
quency, duration of exposure, and score range; 4) knee joint
MRI outcome data at baseline and follow-up; 5) adjusted odds
ratios or any association coefficient for development and/or pro-
gression to MRI features for varying levels of PA; and 6) confound-
ers used in the analyses.

Data synthesis. Due to the substantial heterogeneity within
studies, a narrative synthesis was conducted. Moreover, results
were analyzed with a focus on the direction of the association
(harmful/protective/no) of PA with MRI features rather than on
the magnitude of the association. The synthesis included collating
and summarizing outcomes from separate features of OA on MRI
and knee joint sublocations (i.e., tibia, femur, and patella for both
medial and lateral compartments). Within each MRI outcome sub-
location, types of PA and their associations with outcomes were
summarized.

Risk of bias (RoB) assessment. The studies selected for
inclusion in this systematic review were evaluated by
2 researchers (DX and JR) to avoid any discrepancies. Cochrane
Collaboration’s RoB Tool for randomized controlled trials was
accepted as a standard tool (23). The Risk of Bias in Nonrando-
mized Studies of Interventions (ROBINS-I) tool for observational
studies (24) was also used. All RoB graphs were generated by a
free access tool in McGuinness and Higgins (25).

SIGNIFICANCE & INNOVATIONS
• Data on the effects of physical activity (PA) and the

presence or progression of features of osteoarthri-
tis (OA) on magnetic resonance imaging (MRI)
among subjects without OA are sparse and highly
diverse.

• Data on the presence or progression of bone mar-
row lesions and meniscus pathology are especially
lacking.

• No strong evidence was found for the presence or
absence of an association between PA and the pres-
ence or progression of features of OA on MRI
among subjects without OA.
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RESULTS

In total, 2,322 articles were retrieved from the databases.
After the records were screened by title and abstract, a total of
107 articles were selected for further screening. In the end,
18 studies met the inclusion criteria (for reasons of exclusion,
see Supplementary Figure 1, available on the Arthritis Care &
Research website at http://onlinelibrary.wiley.com/doi/10.1002/
acr.25083), which included 2 randomized controlled trials (RCTs)
(26,27) and 16 observational studies (28–43). The mean age of
subjects in the selected studies ranged from 35.0 to 57.8 years.
The characteristics of the selected studies are summarized in
Supplementary Table 1, available on the Arthritis Care & Research
website at http://onlinelibrary.wiley.com/doi/10.1002/acr.25083.

Results of RoB assessment. One RCT showed a low-
level of risk bias, while the other showed bias with some con-
cerns. In all, 14 observational studies had a moderate risk of bias,
and 2 had a serious risk of bias. All details of subdomains are
shown in Supplementary Figures 2 and 3, available on the Arthritis
Care & Research website at http://onlinelibrary.wiley.com/doi/10.
1002/acr.25083.

Impact of PA on cartilage volume and thickness.
One RCT study and 10 observational studies described the asso-
ciation between PA and cartilage volume or thickness. In the RCT,
subjects were randomized over endurance training, strength
training, or a control group. Among the 10 observational studies,
of which several explored multiple exposures, the exposures var-
ied between a composite score of the amount of PA (n = 2), light
PA (n = 2), vigorous PA (n = 7), PA to improve aerobic capacity
(n = 1), and occupational activities involving knee bending
(n = 11). See Supplementary Table 2, available on the Arthritis

Care & Research website at http://onlinelibrary.wiley.com/doi/
10.1002/acr.25083, for an overview of all exposures.

One of 10 observational studies found that more frequent PA
was significantly associated with greater loss or lower current car-
tilage volume or thickness. In contrast, 3 observational studies
found that greater PA was significantly associated with less loss
or higher current cartilage volume. One observational study found
that more frequent PA was significantly associated with lower car-
tilage loss in high baseline cartilage volume but greater cartilage
volume loss in low baseline cartilage volume. Five observational
studies and the RCT study found that PA was not associated with
any outcome of cartilage volume. All detailed results are shown in
Supplementary Table 3, available on the Arthritis Care & Research

website at http://onlinelibrary.wiley.com/doi/10.1002/acr.25083.

Impact of PA on cartilage defects. One RCT study and
9 observational studies measured the effect of PA on cartilage
defects. The exposure in the RCT study was randomly assigned
unilateral high-impact exercise, and outcomes were compared

to the contralateral leg. Among the 9 observational studies, the
exposures varied between light PA (n = 1), vigorous PA (n = 8),
and occupational PA involving knee bending (n = 9). See Supple-
mentary Table 2, available at http://onlinelibrary.wiley.com/doi/
10.1002/acr.25083, for an overview of all exposures.

Among 9 observational studies, 4 studies found a significant
association between PA and cartilage defects. All 4 studies
showed that PA was associated with a greater risk of cartilage
defects. The RCT study and 5 observational studies found that
PA was not associated with any outcome of cartilage defects.
The details are shown in Supplementary Table 4, available on
the Arthritis Care & Research website at http://onlinelibrary.wiley.
com/doi/10.1002/acr.25083.

Impact of PA on cartilage T2 values. One RCT study
and 2 observational studies measured the association between
PA and cartilage T2 values. The RCT study measured 12 subloca-
tions, but in none of them was there a significant T2 difference
between the unilateral high-impact exercise leg and the contralat-
eral leg. Among the 2 observational studies, exposures
were occupational PA involving knee bending (n = 1) and a cate-
gorical measure of intensity of PA (n = 2). See Supplementary
Table 2, available at http://onlinelibrary.wiley.com/doi/10.1002/
acr.25083, for an overview of all exposures.

One observational study did not show any significant associ-
ation between PA and T2 values. The other observational study
found that more frequent vigorous PA was related to a signifi-
cantly higher T2 value. It also showed that occupational PA involv-
ing knee bending was associated with significantly higher T2
values. Details are shown in Supplementary Table 5, available on
the Arthritis Care & Research website at http://onlinelibrary.wiley.
com/doi/10.1002/acr.25083.

Impact of PA on BMLs. One RCT and 2 observational
studies assessed the association between PA and BMLs.
The RCT did not observe an association between randomly
assigned unilateral high-impact exercise and change in BMLs over
6 months compared to the contralateral knee (27). In one observa-
tional study, vigorous PA was assessed twice and was not associ-
ated with the presence of BMLs (37). One cross-sectional study
also did not find an association between participation inmarathons
and BML grade (43). Details were shown in Supplementary
Tables 2 and 6, available on the Arthritis Care & Research website
at http://onlinelibrary.wiley.com/doi/10.1002/acr.25083.

Impact of PA on meniscus pathologies. Two observa-
tional studies reported on the association between PA and
meniscus pathologies. One study found that more frequent occu-
pational PA involving knee bending was associated with a greater
risk of progression overall and medial meniscus score (30). How-
ever, this study did not observe an association between occupa-
tional PA involving knee bending and meniscal lesions or
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meniscus tears in a cross-sectional design. One cohort study
found that PA (composite score of amount of PA) was not associ-
ated with meniscus extrusion in a population at risk for OA (28).
Details are shown in Supplementary Tables 2 and 6, available at
http://onlinelibrary.wiley.com/doi/10.1002/acr.25083.

DISCUSSION

To assess the impact of PA level on features of OA on MRI
among populations without OA, this systematic review summa-
rized the evidence of 2 RCTs and 16 observational studies. The
finding of this review indicated that in most cases PA was not
associated with features of OA on MRI. Most studies reported
on the association between PA and cartilage. However, these
associations were generally conflicting. Similar to radiographic
findings in some studies (44–46), the diverse effects of PA could
be due to, among other things, the different outcome measures
(47), populations, and study designs. Moreover, there was little
evidence on the association between PA and BMLs or meniscal
pathologies.

The results of this study indicated that both light and vigor-
ous PA might be important for maintenance of cartilage thick-
ness/volume but also could lead to cartilage volume loss over
time. The inconsistency in results may be explained by cartilage
volume being affected by many confounding factors. The study
from Teichtahl et al suggested an interaction between baseline
cartilage volume and PA, which indicates that the protective role
of PA might be dependent on cartilage condition (29). In addition,
previous research has indicated that cartilage swelling appears to
precede volume loss in early OA (48,49). In all selected studies,
the condition of cartilage prior to initiating PA was unknown.
Although cartilage loss is one of the major characters of OA pro-
gression, it will take years to observe an obvious change of carti-
lage volume/thickness. Most of the selected studies were of a
cross-sectional design or with a short follow-up period, which
could further explain the inconsistent results.

Although there were some possible concerns that PA, espe-
cially vigorous PA, was related to the presence and/or progres-
sion of cartilage defects, more than one-half of the selected
studies showed no association between PA and cartilage
defects. Cartilage injury may be of various etiologies, including
acute traumatic injuries and early posttraumatic degenerative
changes. Abnormal forces across the knee joint can also lead to
cartilage damage and subsequent degeneration. Vigorous PA
may cause cartilage injuries, which consequently increase the risk
of OA progression. However, based on the current literature, we
could not conclude that any specific PA type was associated with
cartilage defects. This finding is supported by a recently published
review that reported that no new cartilage lesions were observed
after running (50).

Only 1 study reported that light or vigorous PA was associ-
ated with cartilage T2 values. From a compositional perspective,

light PA could be protective to cartilage, while vigorous PA might
be detrimental to cartilage. T2 relaxation time measurements in
the knee are sensitive to initial cartilage degeneration and reflect
the histologic changes of the cartilage matrix, particularly affecting
water and collagen content as well as tissue anisotropy (51–53).
Furthermore, T2 changes could predict the onset of radiographic
OA (17) because the compositional measures enable early detec-
tion of changes in cartilage composition (50). If vigorous PA
causes cartilage damage, the change in cartilage content could
be detected by T2 at a very early phase. Nevertheless, owing to
the very low number of studies available in the literature, the direct
association between PA and change of cartilage T2 values is still
debatable.

Since 1 of only 2 available studies found that more frequent
PA was associated with the progression of meniscus pathologies
over 3 years, there is still a lack of evidence for the association
between PA and meniscus pathologies. Previous research has
indicated that among patients with mild-to-moderate OA, PA
and dietary interventions that reduced BMI were associated with
less meniscus extrusion progression (54). Overall, the number of
available studies was too low to draw strong conclusions.

To our knowledge, this is the first systematic review of the
evidence on the association between features of OA on MRI
among subjects without OA. We included observational studies
in our review to obtain more information. There were some limita-
tions of this review. First, there were only 2 RCTs included. The
number of observational studies was also low, which means that
the results remain inconclusive. Second, some eligible studies
included participants with potential structural changes visible on
MRI only at baseline, which may confound the association
between PA and any subsequent structural changes. However,
obtaining evidence for the association between PA and structural
features of OA among nonsymptomatic individuals and those not
diagnosed with OA, irrespective of the presence of features of OA
on MRI, might be more appreciated in clinical practice, as it is not
feasible or advised to screen for features of OA on MRI when pre-
scribing PA for individuals without a diagnosis of knee
OA. Third, from this study, we could not indicate a threshold for
safe levels of PA. Because the exposure of most included studies
combined several types of PA, we were not able to present any
results for specific types of PA. Fourth, in some studies, the sam-
ple size might have been too small to find significant associations.
Finally, many studies were from the same country or the same
population. Although the population characteristics showed
some differences, it is still highly possible that these studies
include the same population, which may limit generalizability.

In conclusion, in the sparse and diverse evidence available,
no strong evidence was found for the presence or absence of an
association between PA and the presence or progression of fea-
tures of OA on MRI in subjects without OA. Therefore, more
research is required before PA in general and also specific forms
of PA can be deemed safe for knee joint structures.
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Clinically Relevant Subgroups Among Athletes Who
Have Ruptured Their Anterior Cruciate Ligaments:
A Delaware-Oslo Cohort Study

Elanna K. Arhos,1 Ryan T. Pohlig,1 Stephanie Di Stasi,2 May Arna Risberg,3 Lynn Snyder-Mackler,1

and Karin Grävare Silbernagel1

Objective. To identify subgroups of individuals with anterior cruciate ligament (ACL) injuries based on patient char-
acteristics, self-reported outcomes, and functional performance at baseline, and to associate subgroups with long-
term outcomes after ACL rupture.

Methods. A total of 293 participants (45.7% male, mean ± SD age 26.2 ± 9.4 years, days from injury 58 ± 35) were
enrolled after effusion, pain, and range of motion impairments were resolved and quadriceps strength was at least 70%
of the uninvolved limb. Mixture modeling was used to uncover latent subgroups without a prior group classification
using probabilistic assignment. Variables include demographics, functional testing, and self-reported outcome mea-
sures. Radiographic evidence of osteoarthritis (OA; i.e., Kellgren/Lawrence grade of ≥1) in the involved knee at 5 years
after injury was the primary outcome of interest. Chi-square tests assessed differences in the presence of radiographic
OA in the involved knee between subgroups at 5 years after ACL rupture. Secondary outcomes of interest included
radiographic OA in the uninvolved knee, return to preinjury sport by 2 years, operative status, and clinical OA (classified
using Luyten et al criteria) at 5 years.

Results. Four distinct subgroups exist after ACL rupture (younger good self-report, younger poor self-report, older
poor self-report, older good self-report) with 30%, 31%, 47%, and 53%, respectively, having involved knee OA. The
percentage of radiographic OA was not significantly different between the groups (P = 0.059).

Conclusion. The prevalence of OA in all subgroups is highly concerning. These results suggest there are unique
subgroupings of individuals that may guide treatment after ACL rupture and reconstruction by providing support for
developing a patient-centered approach.

INTRODUCTION

Anterior cruciate ligament (ACL) ruptures are one of the most

common traumatic knee joint injuries in adolescents and young

adults. Posttraumatic osteoarthritis (OA) in the knee joint is one

of many concerning long-term outcomes facing individuals who

have torn their ACL. Recent data suggest that 50–80% of individ-

uals develop posttraumatic OA within 10 years of ACL recon-

struction (1–3). Most who undergo ACL reconstruction are

young and active (4), leaving them at a high risk of developing

posttraumatic OA in young adulthood. These data also suggest

that there are some individuals who are successful in avoiding

some of the most devastating long-term outcomes, suggesting

a need for early identification of individuals who are most at risk.

Identifying relevant clinical characteristics of patients who may

be on a trajectory to developing posttraumatic OA is a critical step

toward early detection of at-risk individuals and may provide

insights into prevention.
Immediate and long-term outcomes after ACL reconstruc-

tion are highly variable. When considering the metrics of return

to sport, 65% of individuals return to their preinjury level of sport,

with only 55% of athletes returning to a competitive level of sport

(5). Overall reinjury rates are estimated at 15%, increasing to

23% for individuals younger than 25 who return to sport (6).
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Previous work has identified individuals who are copers, those

resuming prior activity levels with dynamic knee stability, and non-

copers, those who demonstrate dynamic knee instability and

poor clinical presentation (7). Copers have better outcomes after

ACL rupture compared to noncopers across functional tests and

patient-reported outcome measures (8–10). Collectively, these

differences suggest that there may be homogenous subgroups

among ACL injured individuals, which may help explain the het-

erogeneity seen in long-term outcomes (11).
The objectives of rehabilitation after ACL injury are similar

across patients: restore the range of motion and minimize effu-
sion, restore quadriceps strength, and when ready, return to
sport or recreational activity. Clinical test batteries assist in ensur-
ing that patients do not return to sport or previous activity level
until the risk of re-rupture is minimized. However, there are no test
batteries or clinical prediction rules to assist in identifying the risk
for posttraumatic OA or other long-term deficits. Further, the
presence of subgroups may identify individuals who are at greater
or lesser risk for negative long-term outcomes, enabling insight
into targeted treatments.

The primary purpose of this study was to identify whether
subgroups of ACL-injured individuals exist based on personal
characteristics, self-reported outcomes, and functional perfor-
mance measures. The secondary purpose was to determine
whether associations exist between these latent subgroups
and long-term outcomes, including 1) as the primary long-term
outcome, the development of radiographic posttraumatic OA
of the involved knee, and 2) as additional outcomes, radio-
graphic posttraumatic OA of the uninvolved knee, return to pre-
injury sport level by 2 years, operative status (i.e., has the
participant undergone ACL reconstruction by 2 years), and
clinical OA (classified using Luyten et al criteria [12]). Identifying
subgroups based on commonly measured clinical characteris-
tics is an important step in pinpointing rehabilitation strategies
for each group, moving ACL rehabilitation toward a more
patient-centered approach.

PATIENTS AND METHODS

This study was an analysis of 293 patients (Figure 1) enrolled
in the Delaware-Oslo ACL prospective cohort study. Patients
included were recruited between 2006 and 2012 from both the
University of Delaware in Newark, Delaware, and the Norwegian
Sports Medicine Clinic in Oslo, Norway, with outcomes previously
reported in the 5 past years (13,14). Individuals were screened for
outliers among all variables using histograms and boxplots, and
7 individuals were removed (2 based on days from surgery, and
5 based on age).

Participants. Participants were included in the parent
cohort study if they had an ACL rupture, achieved a quiet knee
based on a clinical examination (i.e., minimal to no pain or effu-
sion) (15), were age 13–60 years, and participated in level I and II
sports (16) (e.g., cutting, jumping, pivoting) for ≥50 hours a year
prior to injury. Injuries were verified using magnetic resonance
imaging (MRI) and increased anterior knee joint laxity measured
with a KT-1,000 arthrometer (MED Metric). Participants with a
previous history of ACL rupture were included, but participants
with any other previous injuries or surgeries to either knee, bilat-
eral injuries, concomitant grade III ligament injuries, repairable
menisci on MRI, full-thickness articular cartilage damage, or frac-
ture were excluded. All participants provided informed consent,
and the study was approved by the Institutional Review Board at
the University of Delaware or the Regional Committee for Medical
Research Ethics South East Norway.

Treatment algorithm. Participants underwent baseline
testing when effusion was resolved, and they could hop on the
involved knee without pain (mean ± SD days from injury 58
± 35). Participants were classified as potential copers or nonco-
pers at baseline based on previously established criteria (7). They
underwent a 5-week program of neuromuscular and strength
training prior to the decision for ACL reconstruction or continued
nonoperative management (17). Patients who were managed
nonoperatively continued progressive rehabilitation for another
3–4 months and were assessed at follow-ups the same as the
operative group.

Assessments and outcome variables. Variables
selected for assessments and outcomes were collected in the
parent cohort study and based on prior literature as those that
predicted success after ACL rupture or had an association with
posttraumatic OA (18,19). Measures included in the model were
baseline patient characteristics (age, sex, preinjury level, concom-
itant injuries, and a history of previous ACL rupture), days from
injury to baseline evaluation, and body mass index (BMI). Further
variables included at baseline were quadriceps strength, single
and triple hop for distance, the Knee Outcome Survey–Activity of
Daily Living Scale (KOS-ADLS), a global rating scale (GRS) of

SIGNIFICANCE & INNOVATIONS
• While the older good self-report group had the

highest prevalence of osteoarthritis (OA) at 5 years,
the prevalence of OA at 5 years in the 2 younger
subgroups is highly concerning.

• Using subgroup analyses to relate clinical character-
istics to subsequent development of posttraumatic
OA is an important step in identifying associations
between subgroups and long-term outcomes and
providing appropriate targets for rehabilitation.

• The 4 subgroups uncovered may assist in targeting
clinical treatments that are individualized after
anterior cruciate ligament rupture.
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perceived function, and the International Knee Documentation
Committee (IKDC) Subjective Knee Form.

Quadriceps strength was measured differently at the 2 sites,
in Delaware and in Oslo. In Delaware, strength was measured
using an electromechanical dynamometer (Kin-com, DJO
Global, or System 3, Biodex) during a maximal voluntary isomet-
ric contraction knee extension test. Participants were seated
with hips and knees flexed to 90 degrees, and the dynamome-
ter’s axis of rotation aligned with the axis rotation of the knee
joint. The leg was strapped in at the upper thigh, pelvis, and
shank to minimize accessory motion during testing. Participants
completed 3 submaximal practice trials, followed by 3 maximal
effort trials on the uninvolved limb first, then on the involved limb.
In Oslo, strength was assessed using an isokinetic dynamome-
ter (Biodex 6000, Biodex Medical Systems). Participants per-
formed 4 submaximal practice trials, then 5 recorded maximal
effort repetitions for the uninvolved limb first, then the involved
limb. Quadriceps strength is reported as a limb symmetry index
(LSI), calculated as the involved extremity maximum torque
divided by the uninvolved extremity maximum torque, expressed
as a percentage.

Single-hop testing consisted of 4-hop tests (single, cross-
over, triple, 6-meter timed) (20,21). We only included the single-
hop for distance and triple-hop for distance in the model, as hop
scores for triple hop, crossover hop, and timed hop were highly
correlated (all r ≥0.95). Each hop test consisted of 2 practice trials
for familiarization, followed by 2 recorded trials. Uninvolved
extremities were tested first, followed by the involved extremities.
Hop tests were also reported using LSI scores, calculated from
the average of 2 trials per extremity (involved/uninvolved × 100).

A variety of valid, reliable, and responsive self-reported out-
come measures were used to assess self-reported knee function
at baseline. The KOS-ADLS assesses knee function during activ-
ities of daily living (22). A higher number represents less limitation
in knee function in daily life, with 100% indicating no limitation.
GRS is a single item rating from 0% to 100% that rates overall
knee function compared to the knee function prior to injury (23).
A score closer to 100% indicates better perceived function.
Finally, the IKDC measures knee-specific symptoms, function,
and sports activities. The IKDC is scored from 0 to 100, with
scores closer to 100 indicating higher subjective reports of knee
function (24,25).

As participants were measured at 5 years from baseline, we
wanted to capture individuals who were on the trajectory for early
radiographic OA beyond those who already had the definite pres-
ence of osteophytes. The presence of joint characteristics consis-
tent with the development of radiographic OA in the involved
knee, therefore, was operationally defined as a Kellgren/Law-
rence (K/L) grade of ≥1. Patients returned 5 years from baseline,
after either ACL reconstruction or nonoperative management, for
standardized bilateral posteroanterior bent knee radiographs.
Radiographs were taken at 5 years only, and there were no radio-
graphs collected at baseline. Participants in Delaware were
assessed using the Lyon-Schuss protocol (26), where the radio-
graph beam was adjusted for each image to align with the medial
tibial plateau. Participants were positioned with a 30-degree knee
flexion angle with pelvis, thigh, and patella against the film cas-
sette and coplanar with the tips of the great toes. In Oslo, a fixed
flexion protocol was used with a 10-degree caudal beam angula-
tion and a SynaFlexer Positioning Frame (Synarc) to make knee

Figure 1. Delaware-Oslo Anterior Cruciate Ligament (ACL) Cohort Study consort diagram for data available at baseline subgroup formation and
long-term outcomes. OA = osteoarthritis; KOOS = Knee Injury and Osteoarthritis Outcome Score.
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alignment and angulation reproducible (27,28). Levels of OA in the
tibiofemoral joint were graded by an experienced radiologist with
high intrarater reliability (κ = 0.77) using the K/L system in the tibio-
femoral joint (29).

Secondary outcomes included radiographic contralateral
knee OA (K/L grade ≥1) at 5 years. The presence of clinical knee
OA was determined at 5 years using Luyten et al criteria, which
require 2 of 4 Knee Injury and Osteoarthritis Outcome Score
subscales to score ≤85%, and consistent with our previous
publications (12,30). New injuries to the ipsilateral and contralat-
eral knee were reported at the 5-year follow-up. Return to the
preinjury sport level by 2 years was assessed using the question
“Has the subject returned to at least preinjury level?” with a
dichotomous yes/no, and operative status. Operative status
was defined as undergoing ACL reconstruction or remaining
nonoperatively managed by 2 years after baseline.

Statistical analysis. We identified the number of latent
subgroups present at baseline using mixture modeling (31,32),
which can include both continuous and categorical variables
(see Supplementary Appendix A, available on the Arthritis Care &
Research website at http://onlinelibrary.wiley.com/doi/10.1002/
acr.25089) (Mplus). The model included the 13 previously
described variables for subgroup identification, and the long-term
outcome (radiographic knee OA) was included as an auxiliary var-
iable (33) using the automatic Bolck, Croon, and Hagenaars
(34,35) procedure. Individuals were assigned to a latent class
based on their highest posterior probability. Missing data were
handled using Mplus’ maximum-likelihood estimator.

The number of subgroups was determined based on multi-
ple factors, including the fit criteria of Akaike’s information criterion
(AIC) (36), Bayesian information criterion (BIC) (37), and sample-
size adjusted BIC (37), and evaluating class homogeneity by
examining entropy and tests of model comparison (38,39). Lower
scores are better for AIC, BIC, and adjusted BIC, while a higher
entropy (between 0 and 1) indicates a better separation of the
classes with a high level of cohesion within classes (40). Vuong-
Lo-Mendell-Rubin (VLMR), Lo-Mendell-Rubin likelihood ratio,
and the bootstrap likelihood ratio tests were used to determine
whether a model with k classes fit better than a model with k –

1 classes (39). Significant values (i.e., P values less than or equal
to 0.050) indicate that a model with k classes fits better than a
model with 1 class less. Finally, clinical relevance and class sizes
(≥5% of the cohort in each group) (41) were evaluated by expert
opinion to ensure that the differences in group membership were
clinically meaningful.

Variables used to form the subgroups and the primary long-
term outcome were compared across subgroups within the
mixed model. Secondary long-term outcomes were compared
using a chi-square test for categorical variables and analysis of
variance for continuous variables, with a Bonferroni correction
applied to post hoc testing (SPSS, version 26). These

comparisons were done after subgroup enumeration to prevent
any influence on class performance. All variables were assessed
for normality using boxplots and histograms prior to comparison
across subgroups.

RESULTS

Model fit statistics. A total of 293 participants (45.7%
male, mean ± SD age 26.2 ± 9.4 years, 58 ± 35 days from injury)
were included in this study. The best fitting model identified
4 latent subgroups (see Supplementary Table 1, available on the
Arthritis Care & Research website at http://onlinelibrary.wiley.
com/doi/10.1002/acr.25089) based on information criteria, class
size, and clinical relevance. While a 5-subgroup model had the
highest entropy and the lowest AIC, BIC, and sample-size
adjusted BIC, one of the classes only consisted of 8 individuals
(<5% of the sample) (40). Therefore, a 4-subgroup model was
chosen, as its entropy (0.82) was nearly identical (0.83), and the
AIC, BIC, sample-size adjusted BIC, and VLMR likelihood ratio
test were all lower than 2- and 3-group models (36–39). The
VLRM P value was only significant in a 2-group model and unin-
formative in the other models (39).

Group formation. The specific patient demographics at
baseline are reported as probability weighted results (Table 1).
Subgroups primarily differed on age (P < 0.001) and self-reported
outcomes (i.e., IKDC, KOS-ADLS, global rating score; P < 0.001)
at baseline (Table 1). Group 1 (younger good self-report, n = 99
[34%]) and 2 (younger poor self-report, n = 119 [41%]) were on
average age <25 years, and group 3 (older poor self-report,
n = 48 [16%]) and 4 (older good self-report, n = 27 [9%]) were
on average age >30 years.

Latent subgroups. The 2 younger subgroups were signifi-
cantly younger than the 2 older subgroups (mean ± SD age 22.7
± 0.9 and 24.6 ± 1.3, respectively, versus 31.3 ± 2.7 and 36.3
± 3.0 years, respectively; P < 0.001). The younger good self-
report group and older poor self-report group had higher percent-
ages of male participants (62% and 69%, respectively, versus
47% and 33%; P < 0.03), the older good self-report group had a
higher percentage of female participants (67%; P < 0.01), and
the younger poor self-report group was evenly split. The older
poor self-report group had a higher BMI than the other subgroups
(mean ± SD 26.2 ± 0.9; P = 0.003). The younger good self-report
group had the best functional and self-reported outcomes
(P < 0.02) (Table 1), while the older poor self-report group had
the poorest functional and self-reported outcomes. The younger
poor self-report group had the second-best functional outcomes,
but the older good self-report group had the second-best self-
reported outcomes (Figure 2).
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Long-term outcomes. The younger good self-report group
had the lowest percentage of involved knee radiographic OA (30%)
while the older poor self-report group and older good self-report
group had higher incidences (47% versus 53%), though not statisti-
cally significant (P = 0.073) (Table 2 and Figures 2 and 3).

Subgroups were statistically different in the development of
uninvolved knee radiographic OA (P = 0.004) (Table 2). Pairwise
comparisons revealed that the younger good self-report group had
a lower prevalence of uninvolved knee radiographic OA than both
the older poor self-report group (P = 0.031) and the older good
self-report group (P = 0.001). Differences were also identified
between the younger poor self-report group and the older good
self-report group (P = 0.006), where the younger good self-report
group had the lowest percentage of uninvolved radiographic OA
(17%), and the older good self-report group had the greatest (58%).

The development of clinical OA was statistically different
between subgroups (P = 0.017). The younger good self-report

group had the lowest rate of clinical OA (11%), which was signifi-
cantly lower than the younger poor self-report group (25%;
P = 0.019) and the older poor self-report group (33%;
P = 0.007). There was a significant difference among subgroups
in operative status at 2 years. The older good self-report group
had a significantly lower percentage of individuals who underwent
operative management (44%) compared to the older poor self-
report (79%; P = 0.004), younger poor self-report group (74%;
P = 0.011), and the younger good self-report subgroups (72%;
P = 0.019). No significant difference was found between sub-
groups in new injuries at 5 years, including ipsilateral and contra-
lateral ACL reruptures (P > 0.31) (Table 1).

DISCUSSION

The purpose of this study was 2-fold: 1) to identify whether
latent subgroups of ACL-injured individuals exist based on patient

Figure 2. Comparison of functional performance and self-reported outcomes among subgroups (colored lines) and the group average (broken
black line). Variables have been standardized and adjusted so that lines closer to the center represents better function or outcome.
IKDC = International Knee Documentation Committee; KOS = Knee Outcome Survey.

Table 2. Long-term outcomes based on group membership*

Younger self-report Older self-report

P†
1: good 2: poor 3: poor 4: good
(n = 99) (n = 119) (n = 48) (n = 27)

Radiographic OA involved 19/64 (30) 24/77 (31) 17/36 (47) 10/19 (53) 0.073
K/L grade 1 9 15 1 3 –

K/L grade 2 9 8 13 7 –

K/L grade 3 1 1 3 0 –

Radiographic OA uninvolved 11/65 (17) 18/76 (24) 13/36 (36) 11/19 (58) 0.004‡
K/L grade 1 11 18 13 11 –

K/L grade 2 0 0 0 0 –

K/L grade 3 0 0 0 0 –

Clinical OA 8/71 (11) 24/95 (25) 13/39 (33) 6/24 (25) 0.017‡
Return to preinjury sport level 45/73 (62) 53/91 (58) 25/38 (66) 13/20 (65) 0.013‡
Operative status 68/95 (72) 86/117 (74) 37/47 (79) 12/26 (44) 0.039‡

* Values are the number/total number available at time point (% yes) unless indicated otherwise.
† Adjusted P value reported. P value is for chi-square analysis for the presence of radiographic osteoarthritis (OA)
between subgroups; it does not take Kellgren/Lawrence (K/L) level into account.
‡ Statistically significant.
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characteristics, self-reported outcome measures, and functional
performance at baseline shortly after their ACL ruptures, and 2)
to determine associations between subgroups and posttraumatic
OA and clinically relevant long-term outcomes 2–5 years after
ACL injury. We identified 4 subgroups at baseline within our pop-
ulation of individuals after ACL rupture (Table 1 and Figure 2):
younger good self-report, younger poor self-report, older poor
self-report, and older good self-report. The latent subgroups
found in this study demonstrated distinct characteristics that
may provide insight into both variability in patient outcomes and
clinical rehabilitation targets for patients within each subgroup.
Each latent subgroup demonstrated differences in the prevalence
of uninvolved knee radiographic OA and clinical OA at 5 years, the
percentage undergoing operative management by 2-years, and
potential coper status at baseline.

The younger good self-report and younger poor self-report
subgroups were the largest subgroups (34% and 41% of the
cohort, respectively). The younger good self-report group was
the highest performing group on all functional and self-reported
outcome measures and were predominately classified as poten-
tial copers (88%) at baseline (Table 1). Both young subgroups

had a comparable majority who underwent operative manage-
ment (younger good self-report: 72%, younger poor self-report:
74%). Long-term, the younger good self-report group had the
lowest percentage of involved and uninvolved radiographic OA,
and the lowest percentage of clinical OA.

The younger poor-self report group was the closest to the
group average in all baseline characteristics (Figure 2). The youn-
ger poor-self report group had acceptable outcomes on all func-
tional measures at baseline, ranging from mean ± SD 88.2 ± 1.6
LSI for quadriceps strength up to 93.5 ± 1.1 LSI for the triple
hop. Self-reported outcome measures, however, were second
to lowest in this group. The lowest mean ± SD score was 66.7
± 1.7 for IKDC and the highest was 83.2 ± 1.8 for the KOS-
ADLS. These data indicate that although the patients were on
the cusp of normal return-to-sport values for function at baseline,
they had substantial knee-related symptoms that may have ulti-
mately hindered their successful return to preinjury activity levels
at 2 years after ACL rupture.

The older poor self-report and older good self-report sub-
groups made up smaller percentages (16 and 9%, respectively)
of the sample. Notably, the older poor self-report group shared

Figure 3. Group differences at baseline in function and self-reported outcomes (mean ± SD), primary outcome at 5 years, and secondary outcomes
at 2 and 5 years between subgroups. A, Functional outcomes; B, Patient-reported outcome measures; C, Radiographic knee osteoarthritis (OA); D,
Secondary outcomes. ACLR = anterior cruciate ligament reconstruction; IKDC = International Knee Documentation Committee; KOS = Knee Out-
come Survey. Color figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/acr.25089/abstract.

ARHOS ET AL1920

http://onlinelibrary.wiley.com/doi/10.1002/acr.25089/abstract


similar rates of individuals who chose operative management
(79%) as the 2 younger subgroups. The older good self-report
group, conversely, had the lowest percentage of individuals
choosing operative management (44%). Like their larger, younger
counterpart subgroups, the older subgroups differed primarily
on self-reported outcome measures at baseline (Table 1). The
older poor self-report group had the lowest scores across all
self-reported outcome measures, representing the group with the
poorest self-assessed function and functional performance. The
older poor self-report group scored significantly lower on the self-
reported outcomes than the older good self-report group. Interest-
ingly, the older poor self-report group’s functional test outcomes
were not significantly different from the older good self-report group.
The older poor self-report group also had the highest percentage of
people who reported early clinical knee OA. Further, the older poor
self-report group had the highest percentage of individuals who
chose operative management (79%) and the lowest percentage of
potential copers (2%). The older poor self-report group having the
lowest self-reported outcome measures may partially explain the
high percentage of operative management, as these individuals
may have had knee-related symptoms preventing them from suc-
cess with nonoperative treatment.

The older good self-report group had the highest percentage
of both involved and uninvolved knee radiographic OA. The unin-
volved knees in this group had a higher percentage of radio-
graphic OA than the involved knee, suggesting that the ACL
injury may not be the main factor in this group. Further, all K/L
grades in the uninvolved knee for all groups were at K/L grade
1, suggesting a relatively early-stage disease process (Table 2).
The older good self-report group had no level I athletes to begin
with and was predominately female compared to the other sub-
groups. They also had the highest percentage of individuals who
chose nonoperative management (54%). The self-reported out-
come measures of the older good self-report group, however,
exceeded those of the younger poor self-report group and the
older poor self-report group and were the second highest in the
sample, but also had the lowest quadriceps LSI at baseline. Clin-
ically, this subgroup may represent individuals who may benefit
from education on the risk of the development of posttraumatic
OA at baseline, and the importance of maintaining quadriceps
strength to support long-term knee joint health (30,42). Future
work assessing the qualitative reason for selecting to reduce the
level of sport after ACL rupture is needed to confirm our
speculation.

Although the oldest subgroup may be expected to have the
highest percentage of individuals with radiographic changes in
both the involved and uninvolved knees, the percentages of
individuals meeting our definition of knee OA in the younger
subgroups is highly concerning. At a mean age of 22 years, our
youngest subgroup, the younger good self-report group, demon-
strated radiographic changes in 30% of ipsilateral and 17% of
contralateral knees at 5 years after ACL rupture. These numbers

are consistent with literature suggesting that anywhere from
30% to 90% of individuals develop knee OA within 10 years of
ACL rupture (1,43,44). The individuals in the older 2 subgroups
that have radiographic OA data were an average age of 38 and
43 years, respectively, at 5 years, falling far below the age range
of idiopathic OA, which ranges between ages 55 and 64 years
(45). Our results stress the need for widespread patient education
regarding the risk of developing OA after knee joint injury for all
patients after ACL rupture, regardless of subgroup (46). Properly
understanding long-term risks may in turn affect decision-making
with respect to a return to activity.

While age seems to be a differentiating factor among the
subgroups, there may be other underlying mechanisms related
to lifestyle that further affect the long-term outcomes. When con-
sidering the older poor self-report and older good self-report sub-
groups, the subgroups with the smallest number of individuals
and older ages, lifestyle changes may explain some of the long-
term outcomes. The older poor self-report and older good self-
report subgroups had the lowest percentage of level I athletes at
baseline, which may explain why they also had the highest per-
centage of individuals returning to preinjury sport level, as the pre-
injury level was inherently not as demanding on the knee. The
individuals in these subgroups, being older, may want to balance
knee limitations and an active lifestyle. Qualitative research on
how goals change after ACL reconstruction has suggested a shift
in some patients from return to sports participation as a primary
goal to return to an active everyday life (47). Even among young
athletes, a common theme of “balancing physical activity and
future knee health” emerges as individuals consider their ACL
injury in terms of long-term knee health (48).

Clinically, continuing to assess self-reported outcome mea-
sures throughout the course of rehabilitation is important. Not
only does assessing self-reported outcome measures give a
snapshot of where the patients feel they are, but often cases
appear where the self-reported outcomemeasures and functional
performance do not line up. We do not knowwhat caused individ-
uals to report their knee outcomes as lower than their measured
functional outcomes. This phenomenon was particularly evident
in the younger poor self-report group and older poor self-report
group. These subgroups had the lowest scores on self-reported
outcome measures, but their means on functional testing were
not the lowest of the 4 subgroups. In fact, the younger poor self-
report group functionally was the closest to the average of the
total study sample (i.e., all subgroups combined) and had the sec-
ond highest functional outcomes after the younger good self-
report group. This mismatch in self-report function and functional
outcomes may be explained by recent data that suggest an asso-
ciation between psychological factors (e.g., kinesiophobia) and a
return to preinjury sport after ACL reconstruction (49). While psy-
chological factors were not directly measured at baseline in the
current study, literature does suggest a relationship between psy-
chological factors and a number of functional outcomes, including
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RTS (50,51) and second injury (52). This literature, however, is
conflicting, with data suggesting that both high and low fear have
negative relationships with outcomes (52,53). Self-reported func-
tion, specifically psychological factors, is an important next step in
understanding the presence of subgroups in individuals after ACL
rupture.

The results of our study suggest that there are subgroupings
of individuals that may guide treatment after ACL rupture and
reconstruction by providing support for developing a patient-
centered approach. While returning to preinjury sport level may
be a goal for some individuals, symptom management and
returning to a generally active lifestyle may be the goal for others
as they transition away from previous sport participation. This
analysis provides support for developing an individual-based
approach, where all aspects of baseline evaluation are incorpo-
rated to inform treatment decisions, including assessing multiple
domains of self-reported outcome measures, function, patient
age, and most importantly patient goals. Treatment should also
include education on long-term outcomes after ACL rupture
(posttraumatic OA), but also on outcomes most relevant to
patients themselves and their individual goals. Trajectories of
self-reported function 5 years after treatment have been
assessed in the Delaware-Oslo cohort using the IKDC score to
assess factors relating to the response after ACL injury and treat-
ment (11). The current article differs, as it uses a variety of demo-
graphic information and functional and self-report outcomes to
form baseline subgroups, and does not assess trajectories but
rather determines baseline subgroup associations with 2–5-year
outcomes.

There are limitations to consider when interpreting the data
presented in this study. First, patients may fit into >1 subgroup
clinically, and therefore treatment should continue to be multi-
modal and not just target one specific area. Both participants
and variables included in this analysis were limited by the inclusion
criteria and study design of the parent study, so results may not
be generalizable to the broader patient population. Strength test-
ing did differ slightly between sites, so data were reported using
limb symmetry measures to ensure that strength data are compa-
rable. Inclusion criteria were stringent, and individuals with more
extensive concomitant injuries were excluded. A return to sport
was defined as the first exposure to level I or II sport and did not
necessarily mean full match play. Only the self-reported outcome
component of the Luyten et al (12) criteria was applied to the sam-
ple, and the full criteria have not yet been validated. Similarly, the
term “clinical knee OA” was used to describe the partial applica-
tion of the Luyten et al (12) criteria in our sample to be consistent
with previous published work from our cohort (30). However, this
term may also be described as early knee OA symptoms and is
consistent with the heterogeneity in early OA definitions for this
population described by the most recent OPTIKNEE consen-
sus (54).

Future research should work to develop definition and classi-
fication criteria to best identify individuals with posttraumatic knee
OA at an early disease stage. Radiographs were only assessed at
5 years, and therefore we do not know the K/L grade of the knee
joint at baseline. Finally, radiographic OA was defined as K/L
grade ≥1, which is not defined as definite osteophytes like in
grade 2. However, K/L grade ≥1 has been proposed as an alter-
native cutoff due to the demonstration of early joint disease and
association with the ultimate progression of radiographic features
(55,56). Finally, this study was a secondary analysis of a cohort
study and was not originally powered to detect differences
between subgroups within the larger group; therefore caution
should be used when interpreting and applying results.

Four distinct subgroups were identified at baseline with clini-
cally meaningful differences in long-term outcomes: younger
good self-report, younger poor self-report, older poor self-report,
and older good self-report. The younger good self-report group
had the highest function, self-reported outcomes, and number
of potential copers at baseline, along with the lowest percentage
of involved and uninvolved radiographic OA and clinical OA long
term. The younger poor self-report group was the closest to the
total sample average in all variables at baseline and had the sec-
ond lowest percentage of involved and uninvolved knee radio-
graphic OA. The older poor self-report group had the lowest
percentage of potential copers at baseline, the highest percent-
age of individuals returning to preinjury sport level at 2 years, the
highest percentage of individuals choosing operative manage-
ment, and the highest percentage of individuals with clinical OA
at 5 years. Finally, the older good self-report group had the lowest
percentage of individuals who chose operative management but
the highest percentage of involved and uninvolved knee
radiographic OA.
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Absence of Improvement With Exercise in Some Patients
With Knee Osteoarthritis: A Qualitative Study of Responders
and Nonresponders

Rana S. Hinman,1 Sarah E. Jones,1 Rachel K. Nelligan,1 Penelope K. Campbell,1 Michelle Hall,1

Nadine E. Foster,2 Trevor Russell,3 and Kim L. Bennell1

Objective. To compare the perceptions of patients about why they did, or did not, respond to a physical
therapist–supported exercise and physical activity program.

Methods. This was a qualitative study within a randomized controlled trial. Twenty-six participants (of 40 invited)
with knee osteoarthritis sampled according to response (n = 12 responders, and 14 nonresponders based on changes
in both pain and physical function at 3 and 9 months after baseline) to an exercise and physical activity intervention.
Semistructured individual interviews were conducted. Inductive thematic analysis was undertaken within each
subgroup using grounded theory principles. A deductive approach compared themes and subthemes across sub-
groups. Findings were triangulated with quantitative data.

Results. (Sub)themes common to responders and nonresponders included the intervention components that
facilitated engagement, personal attitudes and expectations, beliefs about osteoarthritis and exercise role, importance
of adherence, and perceived strength gains with exercise. In contrast to responders who felt empowered to
self-manage, nonresponders accepted responsibility for lack of improvement in pain and function with exercise,
acknowledging that their adherence to the intervention was suboptimal (confirmed by quantitative adherence data).
Nonresponders believed that their excess body weight (supported by quantitative data) contributed to their outcomes,
encountered exercise barriers (comorbidities, stressors, and life events), and perceived that the trial measurement
tools did not adequately capture their response to exercise.

Conclusion. Responders and nonresponders shared some similar perceptions of exercise. However, along with
perceived limitations in trial outcome measurements, nonresponders encountered challenges with excess weight,
comorbidities, stressors, and life events that led to suboptimal adherence and collectively were perceived to contribute
to nonresponse.

INTRODUCTION

Over 260 million people globally have knee osteoarthritis

(OA) (1), a condition that accounts for a considerable proportion

of global disability. Joint pain and physical dysfunction are com-

mon features of knee OA and the main reasons that drive people

to seek care from health professionals (2,3). There is no cure for

knee OA, and arthroplasty is typically reserved for patients with

end-stage disease whose joint pain has not been adequately

relieved by appropriate nonsurgical approaches.
Clinical guidelines advocate nondrug nonsurgical strategies

(4–6) focused on self-management. Exercise and physical activity

are recommended as standard care for all patients with OA

throughout the course of the disease (7). Muscle weakness is
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common in knee OA (8,9), and knee extensor weakness may

increase the risk of worsening of knee pain and deterioration in

physical functioning over time (10,11). Thus muscle strengthening

is an important component of exercise management (12). Given

that walking >6,000 steps/day protects against functional decline

in patients with knee OA (13), and >50% of men and nearly 80%

of women with or at risk of knee OA do not meet public health rec-

ommendations for physical activity (14), promotion of general

physical activity is also advocated.
Although meta-analyses show, on average, moderate

improvements in pain and function with exercise in knee OA
(15,16), it is widely recognized that symptomatic improvements
are not achieved by all patients (i.e., some patients are nonre-
sponders to exercise) (17). Indeed, our own clinical trials in individ-
uals with knee OA who underwent physical therapist–supported
strengthening exercise and physical activity show that only
40–60% of participants reported global improvements in pain
and physical function immediately after intervention (18–20). It is
not clear why some patients with knee OA respond to exercise
while others do not. A range of factors are barriers to exercise par-
ticipation and have been postulated to play a role in determining
treatment response, including but not limited to beliefs about OA
and the role of exercise, capability to exercise, adherence, thera-
peutic relationship with the clinician, motivation, self-efficacy,
health status, and mood (17,21–25). The limited research
exploring factors associated with exercise response is largely
confined to quantitative secondary analyses of randomized
controlled trials (RCTs) (24). Qualitative studies that increase
our understanding of factors that patients perceive to influence
response to exercise-based treatment may facilitate earlier
identification of individuals at risk of nonresponse and may help
guide a more personalized patient-centered approach to exer-
cise management. The aim of this qualitative study, therefore,
was to compare the perceptions of patients about why they
did, or did not, respond to a physical therapist–supported
exercise and physical activity program.

PATIENTS AND METHODS

Design. We used a qualitative design based on an interpre-
tivist paradigm in which knowledge about a phenomenon is
developed by gathering perceptions and interpretations of partic-
ipants who experience it (26). The phenomenon of interest in this
study was symptomatic response and nonresponse to an exer-
cise intervention for knee OA. This study was nested within our
noninferiority RCT (27) comparing exercise and physical activity
delivered via in-person consultations with a physical therapist to
videoconferencing with a physical therapist for patients with knee
OA (ANZCTR: 12619001240134). The Consolidated Criteria for
Reporting Qualitative Research checklist (28) guided reporting of
this study. Institutional human ethics approval was obtained, and
participants provided consent.

Participants. Patients with knee OA were recruited for this
qualitative study from both arms of the RCT. Recruitment proce-
dures and selection criteria for the RCT have been published
(27). Briefly, participants were recruited from the community in
Victoria, Queensland, and New South Wales, Australia via adver-
tisements and our volunteer database. Participants met National
Institute for Health and Care Excellence (29) clinical criteria for
OA (age ≥45 years; activity-related knee joint pain and morning
knee stiffness ≤30 minutes), among other eligibility criteria, in
order to participate in the RCT.

Purposive sampling from both trial arms was based upon
RCT global rating of change data, which classified trial partici-
pants as responders or nonresponders. Global rating of change
in knee pain and physical function were each rated by participants
at 3 months and 9 months postrandomization using 7-point Likert
scales (response options from “much worse” to “much better”
compared to baseline). For each outcome at each time point, par-
ticipants recording “moderately better” or “much better” were
classified as improved, with all others classified as not improved.
This approach is consistent with how we plan to analyze and
interpret this outcome in our overarching noninferiority trial (27).
For this qualitative study, participants classified as improved for
both pain and function at 3 months, and who maintained
improvement on both at 9 months, were deemed responders.
Conversely, participants classified as not improved on both pain
and function at 3 months, and who remained not improved on
both at 9 months, were deemed nonresponders. Purposive sam-
pling (August 2021 to May 2022) recruited each subgroup from
participants completing the trial via email invitation.

Quantitative data were extracted from the RCT, including
information on age, sex, body mass index, geographic location,
employment status, comorbidities, number of consultations
attended, consultation modality (in person or videoconferencing),
and self-reported adherence to strengthening exercises and the
physical activity plan.

SIGNIFICANCE & INNOVATIONS
• Nonresponders accepted responsibility for lack of

improvement in pain and function with exercise,
acknowledging that their adherencewas suboptimal.

• Nonresponders believed that their excess body
weight contributed to their outcomes, encountered
exercise barriers (such as comorbidities, stressors,
and life events), and perceived that trial measure-
ment tools did not adequately capture their
response to exercise.

• Qualitative design provides richer information over
the few existing quantitative studies that explore
moderators of exercise response and have yielded
little information to date.
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Interventions. Briefly, the exercise and physical activity
program (27) involved 5 individual consultations over 3 months
with 1 of 15 trial physical therapists (in person or via videoconfer-
encing). Physical therapists prescribed an individualized strength-
ening program (5–6 home exercises, 3 times/week) selected from
an “Exercise Booklet” of 37 exercises. Participants were provided
with exercise resistance bands. Review and modification of the
strengthening program occurred at each consultation. An individ-
ualized physical activity plan was also devised aiming to increase
physical activity to, or maintain it at, recommended levels (30).
Participants were provided a wearable activity tracker and individ-
ualized step goals, which were reviewed and modified at each
consultation. Participants were encouraged to use a “Knee Plan
and Log Book” for recording adherence and monitoring prog-
ress. Education about OA and its management occurred at all
sessions, supplemented by an “Osteoarthritis Information” book-
let. Participants were advised how to independently progress
their program and were encouraged to continue with it, after con-
sultations ended, until 9 months postrandomization.

Interviews. A semistructured interview guide was devel-
oped (Table 1) informed by similar research in chronic whiplash
(31) and broader research on barriers and facilitators to exercise
in OA (22,23). The interview explored participants’ perceptions
about why they did/did not respond to the exercise intervention,
including beliefs about OA and exercise, mood and psychological
factors, lifestyle and other health problems, and the therapeutic
relationship with the physical therapist. Individual telephone inter-
views were conducted by SEJ, a female PhD-qualified nonclini-
cian researcher trained in qualitative methodologies, who was
otherwise unknown to participants and was not involved in the
RCT. All interviews were conducted with participants in their
own home or workplace �7 weeks (on average) after completion
of a 9-month RCT outcome assessment and lasted�45 minutes.
Interviews were audio-recorded and transcribed verbatim by an
external provider. Audio-recordings and transcripts were deiden-
tified, with transcripts assigned gender-matched pseudonyms to
maintain confidentiality. All data were stored on a password-
protected university server.

Statistical analysis. Reflexive thematic analysis, applying
principles of grounded theory, was performed separately for
responders and nonresponders. After transcription, interviews
were read by SEJ to familiarize with the data. Transcripts were
then re-read, and open coding, using an inductive approach,
was used to identify topics and patterns of ideas. To demonstrate
credibility and confirmability, inductive analysis was also per-
formed by a second researcher (RKN; a physical therapist with
qualitative research experience not involved in the RCT). Both
researchers independently organized codes into categories
before discussing identified topics and patterns. Transcripts were
also read by RSH (a physical therapist who leads the RCT and an

experienced qualitative researcher). Topics identified by both SEJ
and RKN were reviewed and discussed with RSH, and in collabo-
ration, final axial coding was performed (32), whereby closely
related codes were examined and collated to generate themes
and subthemes within the subgroups. In this latter stage, a
deductive approach compared and contrasted themes and sub-
themes relevant to the research question across the responders
and nonresponders. Agreement was strong among researchers
(SEJ, RKN, and RSH), therefore additional input into theme gen-
eration was not sought. Themes and subthemes are presented
across responders and nonresponders with exemplary quotes
(33). To ensure trustworthiness, findings were triangulated with
relevant quantitative data from the RCT. For example, when a
subtheme related to available quantitative data from the RCT,
we considered if the quantitative data supported the qualitative
finding for responders and nonresponders. Data management
was supported using NVivo 12 software (QSR International) to
organize, store, and index manual coding by SEJ and RKN and
for cross-referencing with quotes.

Analysis occurred concurrently with data collection.
Data collection within each subgroup ceased when the authors
felt confident of having achieved, or at least closely approached,
inductive thematic saturation (34). Specifically, inductive thematic
saturation was determined via consensus between the authors
who independently coded all manuscripts (SEJ and RKN) and
was confirmed by a third author (RSH). Inductive thematic satura-
tion was defined as the point in coding where there were mount-
ing instances of the same codes, and where new codes did not
lead to new theme generation nor new insights related to the
research question.

RESULTS

Twelve (of 16 invited) responders (mean ± SD age 57 ±
7 years) and 14 (of 24 invited) nonresponders (mean ± SD age 67 ±
9 years) were interviewed (Table 2). Almost all participants attended
100%of their physical therapist consultations, except for 1 responder
and1nonresponder (eachattending4of5). Themesandsubthemes,
with exemplary quotes, are summarized in Table 3. Figure 1 summa-
rizes the similarities and differences across subgroups.

Theme 1 (facilitators). Responders and nonresponders
spoke about accountability and monitoring, finding that tracking
steps, recording exercise, and reporting to their physical therapist
was motivating. When consultations stopped and external
accountability ceased, it was more difficult to maintain exercise
and physical activity habits, although the activity tracker helped
keep participants accountable. Most participants believed that
individualization, guided by the physical therapist, ensured that
their program suited their needs. Nonresponders reflected
that individualization was important when challenges were
encountered to ensure that the exercise and physical activity
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Table 1. Interview guide*

Overall experiences
1. Tell me about your overall experience with the PEAK program?
Prompts
What motivated you to volunteer?
What treatment were you expecting to receive when you signed up?
Was there anything included in the PEAK program that surprised you/was unexpected?

2. At 3 and 9 months, your trial survey indicated that you experienced an [improvement/no improvement] in pain and function. Do you feel that
you were a person who had “responded” to the treatment program? By responder I mean someone in whom the treatment “worked”
Prompts
What worked for you? What didn’t work for you? Why? Why not?

3. At 3 and 9 months, your trial survey indicated that you experienced an [improvement/no improvement] in pain and function. How did this
outcome compare to what you were expecting to achieve when you signed up?
Prompts
What benefits/positive effects were you expecting?
What side/negative effects did you expect?

4. Why do you think you [improved/did not improve]? Think about the exercise program, the physical activity plan, the physiotherapist, your
own knee problems, your general health and your lifestyle when you answer.
Prompts
Responders
Were there other things that contributed to this improvement?
What was the most helpful/best part of the program?
What wasn’t so good?

Nonresponders
Was something missing from the PEAK program?
Was something included that wasn’t good for you?
What do you think would have helped you more?

Osteoarthritis/chronic knee pain
5. What do you think are the most effective treatments for chronic knee pain caused by osteoarthritis?
Prompts
What treatments have you tried?
What worked/didn’t work?

6. What do you think causes your knee pain?
Prompts
How much control do you have over your knee pain?

7. How does your knee pain make you feel?
Prompts
How well do you cope with your knee pain? Why/why not?

Exercise and physical activity
8. How important do you think strengthening exercise is for your knee problems? Why?
Prompts
Have you done much exercise over your lifetime?
What have your past experiences with exercise been like?
Do you consider strengthening exercise to be “therapeutic” (provide definition of ‘therapeutic’ as: ‘like medicine’)? Why/why not?

9. How did you feel about the strengthening exercises that were prescribed for you by the PEAK physiotherapist?
Prompts
How did your body respond to the strengthening exercise?
How closely did you follow the dosage/frequency/repetitions prescribed by the physio (including after the physio consults had ended)?
Why/Why not?

What was easy/challenging about the exercises? What did you like/not like?
How well did the strengthening program suit your needs? How did the program change over time?
How much did you log/record your exercise sessions?
How motivated were you to exercise?

10. How important do you think general physical activity is for your knee problems? Why?
Prompts
How important do you think physical activity is for your general health and well-being?
Do you consider general physical activity to be “therapeutic” (provide definition of ‘therapeutic’ as ‘like medicine’)? Why/why not?

11. How did you feel about the physical activity program prescribed for you by the PEAK physiotherapist?
Prompts
How did your body respond to the general physical activity recommended by the physio?
How closely did you follow the physical activity plan (including after the physio consults had ended)? Why/Why not?
What was easy/challenging about the physical activity plan? What did you like/not like?
How well did the physical activity plan suit your needs? How did the plan change over time?
How much did you use the activity tracker?
How motivated were you to be physically active?

(Continued)
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program was achievable. Responders and nonresponders
described a positive therapeutic relationship with their physical
therapist. Participants generally trusted their physical therapist,
perceived them as knowledgeable, and felt they understood their
knee problems.

Theme 2 (personal attitudes and expectations).
Both subgroups felt that there was nothing to lose by participating
in the exercise and physical activity program. Participants
described personal traits rooted in acceptance and realism with
respect to their knee problems and the outcomes they expected
from exercise. Participants did not expect a cure for their pain,
rather, they largely had realistic functional goals they hoped to
achieve. While most responders held a “no pain, no gain” attitude
towards their exercises, some nonresponders were more
resigned about their knee and less accepting of any pain encoun-
tered with exercise. Participants largely had perceived good
health, despite most reporting comorbidities (Table 2). Unique to
nonresponders was accepting responsibility. Nonresponders felt
they were responsible for their nonresponse to exercise, acknowl-
edging that adherence to exercise and physical activity goals was
not as good as it should have been. This converges with quantita-
tive data (Table 2) showing that one-half of nonresponders self-
reported less than the prescribed number of exercise sessions

at 3 months (compared with only 1 responder) and variable
adherence to physical activity.

Theme 3 (osteoarthritis beliefs). Responders and non-
responders believed that exercise is important for managing knee
OA. Responders believed that exercise played a crucial role in
relieving their knee OA symptoms, in particular the strengthening
exercises. While nonresponders also believed that exercise was
important, belief systems were based more on logic rather than
actual experiences. The subtheme “It’s degenerative” arose from
both subgroups, reflecting participant beliefs that their knees
were worn out and OA was an inevitable aspect of aging associ-
ated with cartilage and bone breakdown. Only nonresponders
reflected on their body weight as a contributor to OA, believing
that extra weight likely contributed to their knee problems and
lack of response with exercise. These perceptions converge with
quantitative data (Table 2) showing a higher prevalence of obesity
among nonresponders (n = 7 [50%]) compared to responders
(n = 3 [25%]). Some nonresponders reflected on how past expe-
riences with weight loss had helped their knee, and some
described weight loss that they had observed as a result of the
exercise and physical intervention, which they considered a posi-
tive outcome.

Table 1. (Cont’d)

Mood/psychological factors
12. Did anything about your mood, and how you felt, contribute to the [lack of improvement/amount of improvement] in pain and function with
the PEAK program? (e.g., stress, anxiety, etc.)
Prompts
Did participating in the exercise program affect how you felt? How?
Did you talk about how you felt with your physiotherapist? How did that help/not help?
Does stress usually affect your knee pain? How so? Why do you think this happens?

Lifestyle and other health problems
13. Do you think anything related to your lifestyle and circumstances contributed to the fact that you [didn’t get improvement/got
improvement] in pain and function with the PEAK program?
Prompts
Sleep? Support from family/friends? Availability of time? Where you live?

14. To what extent do you think your general health influenced the fact that you [didn’t get improvement/got improvement] in pain and function
with the PEAK program?
Prompts
How would you rate your general health?
How much did other health problems limit you from exercising/being physically active?
Did you/physio have to modify your program to accommodate other health problems/needs?

Therapeutic relationship
15. How did you feel about your physiotherapist?
Prompts
Did you like them? Why/why not?
Did you trust them and the advice they gave you? Why/why not?
Did you understand what the physio wanted you to do?
How motivated were you to listen to the physio and follow their advice?
Do you think the physio had a good understanding of your knee problems and your goals?

16. How did you feel about the number of consultations you had with your physio?
Prompts
Would you have liked more? Less? Over what timeframe?
Longer consults? Shorter?

Closing comments
17. Is there anything else you wish to add?

* PEAK = Physiotherapy Exercise and Physical Activity for Knee Osteoarthritis.
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Table 3. Themes, subthemes, and exemplary quotes across responders and nonresponders*

Themes and subthemes Responders Nonresponders

Theme 1: Facilitators
Accountability and
monitoring

Bill: “I guess the fact that I suppose I knew somebody
was going to be marking my homework so to speak
meant that there was that element as well. If I skip a
day or whatever, what’s [my physical therapist] going
to say?” Lesley: “Just having that consultation and
someone working with you along the way, there’s a
sense of obligation to yourself and to the other
person.” Gregory: “That was kind of a good little
challenge to have your little [activity tracker] on your
arm and see how many steps and you know if you
need to go for an extra walk, well, I would”

Joyce: “When I was filling out the booklet all the time, that
was an incentive to make sure I kept doing the
exercises. And I’ve noticed since I haven’t got to fill it
out all the time, I’m not doing them 3 times a week, I’ve
let it slip…I was using the stepper all the time – yes, I
used the stepper every day. Even when I wasn’t doing
the exercise and that thing, I was putting it on every
day and measuring my daily steps. That was good
actually, that was a real motivator.” Michelle: “I found
going to [the physio], it made you do it.” David: “Well, it
just gave you something to work on. Yeah, look, it was
something that I used to do every night before I went
to bed, I’d fill it in…I thought that was good.”

Individualization Bill: “I guess certainly the physio treatment and the
tailoring of the selection of the exercises and the
ability to have that reviewed on a regular basis and
ratchet it up accordingly [helped achieve results].”
Nancy: “I was able to negotiate away from the ones
that were awkward or difficult for me, to the ones
that were easier or more present or physically
possible in my house.” Melissa: “You know, I think
there was a couple that, they were hard to do and we
just adjusted them and then worked towards the
harder ones…I liked that you could build on it, so you
weren’t expected to just, you know, do a mammoth
effort in the beginning.”

David: “With [the physio], we sort of worked on trying to
not do it – not go down as far, and so just played that
one by ear as to a point where you were continuing to
do them, but not to the full degree that it was originally
required.” Michelle: “When I first started, it hurt a lot;
the first lot of exercises. And it made it that every time I
took a step it felt like someone stabbedme in the front
of the kneecap with a knife; it was that sharp. And then
I went back to [the physio] for my next visit and he
changed one of the exercises because it was irritating
the knee…and when he changed that one, even
though we still did the same exercise but minus the
band, it was much better…” Kathleen: “She changed a
couple of them because I just said to her, “I can’t squat
down on that chair, it just doesn’t happen,” and she did
change a couple of them around for me…”

Positive therapeutic
relationship

Bill: “Certainly if it’s anything to do with the knee I’ll seek
[my PEAK physical therapist] out again and if it’s to do
with anything else is a very high probability that I’ll
seek him out again.” Lesley: “I think he was really
good. He was very easy to talk to, get along with. I
think he explained everything really well.” Melissa:
“[My physical therapist] was really good. Really
approachable and listened, and really took onboard
whatever I said as well.”

Patrick: “I thought she was excellent. She was good at
looking at what was happening and trying to change
the program to fit, and I thought that she had a very
positive approach…” David: “I must say, in the past I
haven’t been all that fussy about physios, because I
didn’t feel that they were as hands-on as I would like,
but he seemed to be – yeah, sort of easy to talk to and
understood the problems quite well.” Joyce: “I thought
she was very good. I thought she was very
professional. And, yes, I trusted her with what she was
telling me to do.”

Theme 2: Personal
attitudes and
expectations

Nothing to lose Patricia: “…it was only ever going to do nothing or
improve things…So for me it was just like if you do
this and it makes you feel better, that’s awesome. If
you do this and it doesn’t make any difference, well,
it’s actually still making me get off my arse and do
something. So that’s good.” Melissa: “I guess when I
signed up, I didn’t have an expectation. I thought, you
know, anything’s better than nothing.” Bill: “I was
fairly confident that would give at least some
benefit.”

Joyce: “I didn’t expect great improvements. All I wanted
was to either maintain it, get a little bit better, but not
get worse.” Susan: “I was hopeful but I wasn’t
unrealistic. So I didn’t expect, I did not expect a
miracle.” Kathleen: “I think there’s nothing negative
that can happen, even if it didn’t get better, it’s not a
negative thing because you tried.”

Acceptance and
realism

Christine: “There’s always some pain to have a gain
[laughs]. So sometimes doing the exercises, yeah, I
would find that there’d be some sort of pain…Yes, it
hurts, yes, it’s uncomfortable but hopefully it will
keep it moving and going and whatever.” Judith:
“And so my aim was to…get back to closer to 15 to
20,000 steps a day – which I achieved. So doing the
exercises and strengthening the knee, I was able to

Patrick: “You ignore pain, that’s the thing too. So it comes
and goes. You treat it, you get an antiinflammatory, you
get a massage, do what you can and just keep going.”
Lisa: “Oh look, I’ve had it for so long, I just, it’s just part
of life. It’s a limiter, but just puts boundaries on things.”
Susan: “It’s just there. It’s just part of me now. So, I
don’t feel necessarily…oh, I guess, what I feel down
about is when I’m with other people and they go for a

(Continued)
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Table 3. (Cont’d)

Themes and subthemes Responders Nonresponders

get back to all of that again…Realistically I knew it was
not going to get me back to running.” Lesley: “So the
exercises were 1 aspect of it, but the other aspect of
it is just understanding my limits, and maybe
tapering my expectations a little bit as well.”

big long walk, and I say, “I have to sit down, I’ll wait for
you here.” So, that’s pretty annoying, but other than
that, I just have to accommodate it into my life.”

Perceived good health Lesley: “…so I would say my general health was very
good. If I’m giving myself a rating out of 10, I would
say my general health was a 8.” Elizabeth: “I would
say it’s certainly above average…I have atrial
fibrillation which I manage, and then I’ve got the
osteoarthritis…other people will say we can’t believe
that you’re 70 and your energy and activity and stuff
like that.”

Wendy: “My general health is fine…I mean, like my knee
issues is something that’s been there for a long, long
time, so I don’t think my general health affected that
program at all; and I’m in good health, touch wood.”
Kathleen: “My general health is pretty good. I don’t
have any major issues.” Patrick: “Again, I think my
general health is pretty good. The only thing I’ve got is
osteoarthritis in the knees, which I tend to ignore and
work around.”

Accepting responsibility NA Joyce: “I really just think it was – I really think it was
because I wasn’t doing what I needed to do. I wasn’t – it
was mainly in the walking and things like that, I just
wasn’t doing it.” Catherine: “Virtually I guess what I’m
saying, the problem was probably 100% my lack of
100% commitment rather than any fault of the study.”
Matilda: “So I think I get – when I say I didn’t benefit
from it, it’s more that I probably didn’t adhere to the
exercise program well enough to benefit from it. But I
think if I did, I probably would. Does that make sense?”
Joseph: “I think for me it’s more disappointment for not
following it through like I should have followed it
through I guess…At the end of the day when I did turn
up it was really good.”

Theme 3: Osteoarthritis
beliefs

Exercise is important Judith: “…It’s the answer. If you can’t strengthen those
muscles, you’re not going to see any improvement.
Without strengthening those muscles, you’re just
going to become a couch potato.” Gregory: “…
Increasing the muscle strength helps – I don’t know
what the term is but it helps support the knee, helps
the function in the knee.” Patricia: “But I’m pretty
confident that it was, you know, and it was whatever
the damage that I had could only be improved by
doing strengthening exercises.”

Catherine: “You just can’t pop a pill for relief. You have to
do other things, other logical things like the exercises
and strengthen and what have you.” Joseph: “I know
exercise is correct. That’s obviously just to strengthen
what you have got there and it does work. As far as I
don’t know, massage or manipulation or TENS
machines, braces and that I don’t know if that makes
any difference but I agree with, well, just exercise in
general. I know that works.”Matilda: “If you don’t keep
your legs stronger –mine aren’t strong enough. I know
that, and the more strength you lose in the muscles
around – that support your knees, the more limited
you become in what your capabilities are and what you
can do, and so you lose some. Without the strength in
your legs, you lose your life. You lose a desire to go and
do things.”

It’s degenerative James: “…the bones now have becomeweak at the very
end of the leg bones, where they would normally be
cushioned on the meniscus, so they’ve become soft.
And, yeah, it’s just they’re more tender, that’s my
understanding of it.” Lesley: “…there must be a link
surely that things have to wear out. Just like your car
wears out after a certain amount of kilometres.”
Gregory: “The right knee was – worn out, wearing
away on the inner side of the joint just because of
the structure of my legs so that’s what caused it. My
knees are plain old worn out.”

Patrick: “And as I said, they’re stuffed anyway. There’s no
cartilage in either knee so there’s only somuch you can
do. So it’s a maintenance – it’s not an improvement
program, it’s a maintenance program.” Catherine: “I
just think osteoarthritis is just a part of life. It’s
incurable, if that’s the word, and you’ve got to live with
it and therefore manage it.” Michelle: “…they’ve worn
out. I did 50 years of hairdressing. I’ve done a lot of
heavy work in my time like concreting and stuff like
that. A lot of gym work which most probably wasn’t real
brilliant for them. So I reckon they’re just worn out.”

Body weight as
contributor

NA Joseph: “I think that was half my problems with my knee
is because I’m overweight so that doesn’t help in the
first place.” Cynthia: “I think if I lost 20 kilos, which
should be my ultimate game, maybe 30, I suspect my
knees would improve out of sight. And I mean, I lost 10

(Continued)
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Table 3. (Cont’d)

Themes and subthemes Responders Nonresponders

kilos and actually after losing 10, my knees did feel a bit
better. So if I lost another 20, I probably think they’d be
a lot better.” Michelle: “And then I lost – I can’t
remember how much it was now, it was like a fair bit in
6 months – like 8 kilos or something – and I think
nothing else would – well, apart from my physical
fitness would have been pretty poor – so I think those
2 things. If I could have got more weight off more
quickly, I reckon I might have seen more benefits, you
know?”

Theme 4: Self-efficacy
Exercise adherence Bill: “I was very, very diligent with the exercise program

certainly through the first 3 months. I didn’t miss a
single day. Did all the exercises as required and to
the level required.” Judith: “I felt, as I worked on the
exercises – like religiously, doing them every second
day.” Valerie: “I must admit, towards the end, I did
flag off a little bit. Mainly because my knee was
feeling so good.”

Michelle: “I followed exactly what I had to do. Yes, 100
percent.” Catherine: “Probably because I didn’t do the
exercises. I did some exercises with trepidation for fear
of causing my back pain…There was times that I just
didn’t do the exercises due to other factors, whatever,
at the time.” Joseph: “The first time I went back it was I
pretty much did them all. And then the second time I
went back I did, I don’t know, three-quarters. And the
third time I went back I did half and sort of dwindled
away so by the fifth time I went back it was hardly
anything.”

Empowered for self-
management

Elizabeth: “But we covered the book and it got me to a
stage where I was comfortable doing my exercise
and there was nothing of concern really…” James:
“Well, now I understand it is very important,
understanding that a little bit of pain is OK and how
to deal and manage that pain and understand that
some pain to do with any sort of physical activity is
OK and I’m not doing any further damage…”Melissa:
“It got me where I had a wide variety of different
exercises that I could do and I felt supported and I
knew what I needed to do, so I didn’t really need
more [physio consults].”

NA

Theme 5: Barriers
Comorbid health
conditions

NA Beverley: “I thought it was doingmeOK but then no, I just
couldn’t deal with it anymore…I ended up having to
have injections in my hips afterwards. Because I do
have bursitis in my hips, so it actually created more
problems for me.” Catherine: “I have had for some
years, quite a long time ago diagnosed with depression
and I am on medication for that that works but
different issues in life that come up are still very hard to
live with and I did have a very severe bout of
depression, and that happens.” Joyce: “Well I think it
was the overriding factor – my general health with my
hips and my back and that were the major contributor
for me easing up and not doing as much as I should
have been.”

Stressors and life
events

NA Kathleen: “I persevered with it until a couple of months
ago, because I had a lot of bad news in the family and
things – stress just took over.” Michelle: “Kept it up
right up until most probably just before I left. And then
I was packing. So it was more a time factor, and I was –
the packing – I had to do most of it myself. And I was
really struggling…So there really was no thought of,
“Oh yes, I must do my exercises,” because by the end
of the day I could barely move. So yes, I dropped off a
fair bit in that few months leading up to moving.”
Matilda: “Other things happened in my life that
changed as well about the same time. That always
complicates outcomes, and they were not something

(Continued)
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Theme 4 (self-efficacy). Both subgroups felt that
exercise adherence was important in determining intervention
outcome. Responders were quite adherent to the self-directed
exercise program and physical activity plan, although for some,
adherence declined once their knee pain had reduced. This con-
verges with quantitative data (Table 2), which shows that all but
1 responder performed the recommended number of exercise
sessions (or more) at 3 months, and that 7 (58%) reported
reduced adherence at 9 months. Nonresponders described
more variable patterns of exercise adherence (convergent with
data in Table 2), often not doing as many exercise sessions as
prescribed or only adhering for a short duration. Nonresponders
were more likely to reduce or stop exercise in response to any
aggravation in knee pain or when they encountered barriers
that made adherence a challenge (e.g., life stressors).
Only responders spoke of being empowered for self-manage-
ment, believing that they could continue, or start up again, with
their exercise and physical activity program in the future if they

needed to, having developed knowledge and confidence to
self-manage.

Theme 5 (barriers). Among nonresponders only, barriers
to the exercise and physical activity intervention emerged.
Many described negative impacts of comorbid health conditions
(such as cardiovascular disease, cancers, balance issues, and
fibromyalgia as well as acute illnesses such as the flu) on their
capacity to undertake the strengthening exercises and/or physical
activity goals. Exercise often aggravated existing comorbid muscu-
loskeletal health problems, such as hip or back pain, causing par-
ticipants to stop exercising. Another barrier was stressors and life
events. Nonresponders described circumstances that caused sig-
nificant emotional or mental stress and/or impacted on their ability
to adhere to their exercise and activity program. These included
caring responsibilities, significant health problems affecting loved
ones, moving house, and the impacts of COVID-19.

Table 3. (Cont’d)

Themes and subthemes Responders Nonresponders

that could be avoided. Just some of my physical activity
ceased due to other issues, other people’s injuries,
actually. So there was a bit of a sudden change in
lifestyle.”

Theme 6: Outcomes
Strength gains Gregory: “It did in terms of resistance and reps and

stuff, yes, it progressed a lot. I got a lot stronger,
definitely, yeah.” Judith: “I felt all the muscles leading
into my knee really – so you know my quad, my
hammy, I felt all of that starting to build strength,
which was taking a bit of pressure off the poor old
knee as well.” Lesley: “You could just definitely feel
the strengthening in the quads and things like that,
that were actually taking the load off the knee a little
bit.”

Joseph: “I must admit at one stage I did feel better. When
I was doing the exercises initially I did feel stronger and
more flexible and that side of things.” David: “Well, I do
feel that it did – I got stronger in the legs, and that was
a help.” Michelle: “I felt so much stronger. I could
barely walk, I’d use a walker – inside the house, just to
go to the sink. And when I first went there I could
barely walk and I was doing just a few hundred steps a
day…And then I worked up to 6,000 and – I could walk
to the sink without my walker. So I definitely got
improvement as far as strength went.”

Measurement
limitations

NA Michelle: “When I filled out that final part of that survey, I
was just recovering from being really, really sick…And
yes, but unfortunately that survey asked me how I felt
in the last 2 weeks and I wrote on it that I had been
very sick so I didn’t think it was really fair to have to
write how I felt in that 2 weeks.” Catherine: “But if I’m
having to mow a lawn, lift a lawnmower into a car,
which I did and ended up with 2 bulging discs in my
back, you’re not doing the survey justice at those
points in time.”Matilda: “I don’t think it helped with the
pain, put it that way, because that’s not – but that
wasn’t my issue anyway…And so, my knee issue was
more learning to live with the dysfunction and how to
avoid falling over, learning how to use my legs
differently…So that’s why, I suppose, the questions,
when you do a survey, questions are always limited in
terms of how you can answer them because of the way
they’re worded…they’ve been worded for a particular
answer, and you can’t always give that answer.”

* NA = not applicable (as the subtheme did not arise within the subgroup); PEAK = Physiotherapy Exercise and Physical Activity for Knee Oste-
oarthritis; TENS = transcutaneous electrical nerve stimulation.
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Theme 6 (outcomes). Participants discussed beneficial
effects of exercise on parameters other than pain and function,
with both responders and nonresponders describing strength
gains. For nonresponders, improvements in knee strength were
viewed as a beneficial intervention outcome. Nonresponders
often felt that the methods used to measure intervention out-
comes in the trial were inadequate. This subtheme of measure-
ment limitations was unique to nonresponders. There was
dissatisfaction with the time-limited recall period for surveys, with
nonresponders often reporting that the recall period was not
reflective of their outcomes at other time points and therefore
may not have captured the intervention benefits they gained.
Others felt that the measures of pain and physical function (pri-
mary outcomes of the trial upon which response was determined)
did not capture their main knee OA-related problems, and that
had the surveys asked about other issues (e.g., falls, weight loss)
or more personally relevant activities (e.g., ability to ride a bike,
drive long distances, ski, do martial arts), then beneficial interven-
tion outcomes may have been observed.

DISCUSSION

We compared the perceptions of patients about why they
did, or did not, respond to a physical therapist–supported exer-
cise and physical activity program. We found similarities across
both subgroups, including the intervention components that

facilitated engagement, personal attitudes and expectations,
beliefs about OA and the role of exercise, the importance of
adherence, and perceived strength gains from exercise. There
were also key differences. Responders felt empowered to self-
manage, while nonresponders accepted responsibility for lack of
improvement in pain and function, acknowledging that their
adherence to the intervention was suboptimal. Nonresponders
believed that their excess body weight contributed to their out-
comes, encountered numerous barriers to exercise and physical
activity, and felt that the measures for determining intervention
outcomes in the trial had limitations.

Our results show that a complex and interrelated array of fac-
tors are perceived to contribute to responsiveness to an exercise
and physical activity intervention among patients with knee
OA. Our work builds on qualitative work in younger people with
chronic whiplash, which also showed that therapeutic relation-
ship, self-efficacy, acceptance, exercise experiences, and beliefs
are important (31). We found that responders and nonresponders
to exercise shared some similar perceptions and beliefs. Both
subgroups found the intervention components engaging and
highlighted strong therapeutic relationships with their physical
therapist. This is important because prior research has shown
that strong therapeutic alliance facilitates adherence to exercise
in people with knee pain (22). A mixed-methods Cochrane
Review (35) recommends that optimal delivery of exercise for
OA should include information about the safety and value of

Figure 1. Similarities and differences across responders and nonresponders.
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exercise, prescribe exercise tailored to an individual’s abilities and
needs, challenge inappropriate OA beliefs, and provide support.
However, we found no evidence that nonresponders differed
from responders in their perceptions about any of these factors,
which suggests that the factors did not explain exercise
nonresponse in our sample.

Nonresponders accepted responsibility for not achieving
improvements in pain and function, acknowledging suboptimal
adherence to exercise and physical activity goals. It is important
to note that waning exercise adherence was also described by
responders, consistent with research showing that trajectories of
adherence typically decline over time (36). Although nonre-
sponders recognized the importance of exercise adherence,
adherence was variable, often because it aggravated knee pain
or because other barriers (such as comorbidities, stressors, life
events) were encountered. Nonresponders also believed that
extra body weight contributed to their knee problems and lack of
success with exercise. Our prior qualitative work in individuals
with knee OA and comorbid obesity (37) found numerous physi-
cal (such as the complexity of performing weight-bearing exercise
movements) and psychological (such as fear of pain) challenges
to participating in strengthening exercises among this cohort.
Our findings support secondary analyses of RCTs (24) in knee
OA showing that presence of obesity and/or anxiety/depression
predict poorer pain and function outcomes with physical
therapist–led exercise interventions.

Our responders to exercise felt empowered to self-manage
their OA because of knowledge they had gained about OA and
exercise safety and the confidence they developed to indepen-
dently continue or resume exercising when required. This was
not identified in nonresponder data. Although few exercise RCTs
in patients with OA have evaluated exercise effect moderators,
there is some evidence that individuals with higher pain self-
efficacy at baseline are more likely to report greater improvements
in pain with physical therapist–supported exercise and online pain
coping skills training (38). Emerging evidence also suggests that
increases in self-efficacy may partially explain why pain and phys-
ical function improve with exercise (39). Research is warranted to
identify effective strategies for improving self-efficacy to manage
pain with knee OA, including engaging in exercise and physical
activity. Nonresponders to exercise therapy may require addi-
tional strategies, such as educational approaches based on
empowerment (40) or psychological approaches (41) for pain
coping and stress management.

We observed a discrepancy, similar to that in individuals with
chronic whiplash (31), between response to exercise and physical
activity measured by our RCT outcome measures and how par-
ticipants perceived that they responded. Although nonre-
sponders did not improve with respect to knee pain or function,
they felt they had responded in other beneficial ways to the exer-
cise and the physical activity program. Some described weight
loss, while others described improved ability to perform

personally important tasks and activities, including driving, mow-
ing the lawn, walking inside the home, and cycling. Along with
responders, many described improved muscle strength, which
was not measured in the RCT. Researchers should consider
incorporating participant-specific outcomes instead of, or in addi-
tion to, generic or disease-specific measures when evaluating
exercise response. Measurement tools, such as the patient-
specific functional scale (42), that allow participants to nominate
a specific activity for reassessment may improve detection of
exercise response.

Our findings may guide researchers and clinicians to better
identify patients at risk of nonresponse to exercise therapy and
to consider strategies to optimize outcomes for this subgroup.
Proactively screening for comorbidities, in particular musculoskel-
etal problems, and using this information to individualized exer-
cise programs at the outset is warranted. Careful monitoring of
the impact of exercise on knee pain and comorbidities may alert
the clinician to problems as soon as they arise. Clinicians should
be aware that aggravation in knee pain can deter some people
from exercising and should teach patients how to positively deal
with pain flares. Stressors and life events are unavoidable chal-
lenges encountered by many patients. Clinicians should be sensi-
tive to the adverse impacts that these circumstances have on
individuals and support the patient as much as possible to reen-
gage with exercise as soon as is feasible. Recognizing the impor-
tance of accountability and monitoring, patients should be
encouraged to monitor exercise adherence (e.g., using logbooks,
diaries, wearables, mobile apps), and clinicians should regularly
review adherence so that problems can be identified in a
timely manner. Evidence-based strategies that may boost adher-
ence include additional physical therapy consultations over a
longer time frame (booster sessions) (43), use of messages
(email, SMS) to remind and motivate people to exercise and sup-
port adherence (44), or digital exercise programming systems
with or without remote clinician support (45,46).

Strengths of this study include its qualitative design, which
provides richer information over the few existing quantitative stud-
ies that explore moderators of exercise response and have yielded
little information to date (47). Our study was nested within an RCT,
which provided unique opportunities for purposive sampling of
responders and nonresponders and allowed triangulation with
quantitative data. Our interview guide encouraged participants to
explore a range of biopsychosocial factors that may have contrib-
uted to exercise (non)response. There are also limitations.
Fourteen other participants were eligible and invited to participate
but did not respond or declined. It is not clear if their data would
have changed our findings. There are alternative approaches to
determining responder status in OA RCTs (48), and our findings
may not necessarily apply to alternative approaches. Our findings
cannot be transferred to individuals of non–English-speaking
backgrounds, as our RCT and this qualitative study limited inclu-
sion to those who could speak English. Our study design does
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not allow conclusions about causation of exercise non(response),
thus findings are hypothesis generating and should be tested in
RCTs by evaluating moderators (e.g., presence of comorbidities,
overweight/obesity) of exercise effects.

In conclusion, responders and nonresponders shared some
similar perceptions of a physical therapist–supported exercise
and physical activity program. However, along with perceived lim-
itations in trial outcome measurements, nonresponders also
encountered challenges with excess weight, comorbidities,
stressors, and life events that led to suboptimal exercise
adherence and collectively were perceived to contribute to
nonresponse.
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Reliability of Wearable Sensors for Assessing Gait and Chair
Stand Function at Home in People With Knee Osteoarthritis

Michael J. Rose,1 Tuhina Neogi,1 Brian Friscia,1 Kaveh A. Torabian,1 Michael P. LaValley,1 Mary Gheller,1

Lukas Adamowicz,2 Pirinka Georgiev,2 Lars Viktrup,3 Charmaine Demanuele,2 Paul W. Wacnik,2

and Deepak Kumar1

Objective. To assess the reliability of wearable sensors for at-home assessment of walking and chair stand
activities in people with knee osteoarthritis (OA).

Methods. Baseline data from participants with knee OA (n = 20) enrolled in a clinical trial of an exercise intervention
were used. Participants completed an in-person laboratory visit and a video conference–enabled at-home visit. In both
visits, participants performed walking and chair stand tasks while fitted with 3 inertial sensors. During the at-home visit,
participants self-donned the sensors and completed 2 sets of acquisitions separated by a 15-minute break, when they
removed and redonned the sensors. Participants completed a survey on their experience with the at-home visit. During
the laboratory visit, researchers placed the sensors on the participants. Spatiotemporal metrics of walking gait and
chair stand duration were extracted from the sensor data. We used intraclass correlation coefficients (ICCs) and
the Bland-Altman plot for statistical analyses.

Results. For test–retest reliability during the at-home visit, all ICCs were good to excellent (0.85–0.95). For agree-
ment between at-home and laboratory visits, ICCs were moderate to good (0.59–0.87). Systematic differences were
noted between at-home and laboratory data due to faster task speed during the laboratory visits. Participants reported
a favorable experience during the at-home visit.

Conclusion. Our method of estimating spatiotemporal gait measures and chair stand duration function remotely
was reliable, feasible, and acceptable in people with knee OA. Wearable sensors could be used to remotely
assess walking and chair stand in participant’s natural environments in future studies.

INTRODUCTION

Osteoarthritis (OA) is a leading cause of chronic pain and dis-

ability among adults (1). For people with knee OA, assessment of

movement patterns during daily activities like walking and chair

stand are considered clinically important functional outcomes (2).

Alterations in movement patterns during these activities in people

with knee OA are related to worse functional outcomes and dis-

ease progression (3–5). For example, individuals with knee OA

walk with greater stride duration and lower cadence compared

to controls (6), and while getting up from a chair, people with knee

OA take longer compared to controls (7). Hence, standardized

tests of gait and chair stand function are recommended as core

outcomes for clinical trials of interventions for people with knee

OA (8,9). However, assessments of gait and chair stand patterns

are usually performed in tightly controlled laboratory environments

that require expensive and time-consuming motion capture tech-

nologies. These visits not only can be burdensome for partici-

pants (e.g., due to travel to site) and researchers alike, but also

may not yield data that reflect movement patterns used in a per-

son’s natural environments (10).
The COVID-19 pandemic has accelerated the adoption and

implementation of telehealth (the practice of remote, virtual health

care) (11) as well as the use of digital health technologies for

remote assessment of participants in clinical trials (12). Wearable

inertial sensors offer the possibility of remotely assessing gait
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and chair stand movements for people with knee OA using

standardized tests in a person’s natural environment (13–18).

However, determining whether such measures are reliable in indi-

viduals’ home environments is important (i.e., whether they report

consistent measurements from repeated tests) and how they

agree with measures collected in well-controlled laboratory envi-

ronments before large-scale use in clinical trials. While prior stud-

ies have reported excellent reliability in controlled laboratory

environments (19), only a few studies have been conducted in

individuals’ homes and none in people with knee OA (20–22).
Hence, our objective was to examine the reliability of wear-

able sensor metrics of walking gait and chair stand using stan-
dardized tests in participants’ homes and to examine agreement
between these metrics collected in the laboratory and at-home.
We hypothesized that wearable-sensor–derived walking gait and
chair stand measures collected in a person’s home environment
would show good to excellent reliability in repeated measures,
and that at-home data would agree with measures collected in a
laboratory environment.

PATIENTS AND METHODS

Participants. We used data from a subset of participants
(n = 20) enrolled in our single-arm clinical trial of an exercise inter-
vention in people with knee OA. Participants were recruited from
the community using print and online advertising and targeted
social media strategies. Key inclusion criteria were age ≥ 50 years,
body mass index of ≤40 kg/m2, physician-diagnosed knee OA,
score of ≥3 of 12 on weight-bearing questions (walking on flat sur-
face, going up and down stairs, standing upright) from the Knee
Injury and Osteoarthritis Outcome Score (KOOS) pain subscale in
the index knee (23), and an ability to walk for 20 minutes without

assistance. Key exclusion criteria included contraindications to
exercise, other pain in lower back or legs that is greater than knee
pain, any knee surgery in the previous 6months, joint replacement in
either hip or ankle, previous knee osteotomy, partial or total knee
replacement in either knee, glucocorticoid or hyaluronic acid injec-
tions in either knee in the previous 3 months, other health condi-
tions that may affect motor function, and receiving physical
therapy for knee OA within the past 6 months. All study proce-
dures were approved by a Boston University Institutional Review
Board. Participants signed an informed consent prior to any study
procedures.

For each participant, a “study leg” was identified as the leg
with the diagnosis of knee OA provided by the physician, or the
more painful leg in case both knees were diagnosed with OA (9).
In cases where individuals had knee OA diagnosed in both knees
and equal pain scores, the study leg was chosen at random.

Data collection. All assessments took place prior to initia-
tion of the study intervention. All participants completed the
KOOS questionnaire and provided information on their education,
employment status, and family income. Participants also self-
identified their sex assigned at birth and race from a fixed set of
categories that included options to not provide this information.
For race, participants could also select “unknown,” or select mul-
tiple options. Participants completed 2 study visits, an in-person
laboratory visit and a remote at-home visit. The order of these
visits was randomized across participants, half completing the
laboratory visit first and half completing the at-home visit first, with
participants completing both visits between 1 and 20 days of
each other. Participants were asked to wear their same daily
walking shoes during both visits, and we used the same equip-
ment and instructions for each task across both visits. During
the visits, timestamps for the start and end of each trial of each
task were recorded by a researcher using a custom system
designed in REDCap electronic data capture tool, hosted at
Boston University (24). Participants who were randomized to
complete their at-home visit first were required to attend an
in-person session to complete the informed consent procedures
and then took home the equipment for the remote at-home visit.
Participants who were randomized to complete the in-person lab-
oratory visit first took home the equipment following the first
in-person visit.

Regardless of the sequence, all participants received the
same equipment for the at-home visit. Specifically, we provided
participants with a wearable system consisting of 3 inertial sen-
sors and docking station with charging cable, 2 cones connected
by a 7-meter rope, and an armless chair. We used Opal
inertial sensors (APDM). Each sensor contains an accelerometer
(±16 g), gyroscope (±2,000 degrees/second), and magnetometer
(±8 Gauss) and measures 43.7 × 39.7 × 13.7 mm (length × width
× height) and weighs approximately 25 grams (Figure 1). Sensors
were initialized to collect data in logging mode (data stored

SIGNIFICANCE & INNOVATIONS
• Given the importance of daily activities as outcomes

for interventions, standardized assessment of walk-
ing and chair stand in a person’s natural environ-
ments is important for knee osteoarthritis (OA)
research and clinical practice.

• In this study, weobserved good to excellent reliability
in remotely assessing walking gait and chair stand
activities using wearable inertial sensors at home in
adults with knee OA; the agreement between at-
home and in-person laboratory assessments
showed a small bias, explained by participants walk-
ing faster in the laboratory environment. Participants
were highly accepting of the at-home visit.

• Ourapproach could beused tomonitor gait and chair
stand activities reliably and remotely in individuals’
natural environments at a lower cost, reduced
participant and researcher burden, and greater eco-
logical validity.
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onboard the sensor) at 128 Hz. The initialization process also syn-
chronized the internal sensor clock with the computer clock in our
laboratory. We placed the sensors in “standby” mode to not
deplete the battery. Sensors were provided to the participants in
a briefcase provided by the manufacturer with sufficient padding
for protection. Participants were also provided verbal and written
instructions on the use of sensors. Additionally, participants were
provided with a tablet computer (Galaxy Tab S5e, Samsung). A
video of walking and chair stand tasks along with instructions
was saved on the tablet computer for participants to review (see
Supplementary Video, available on the Arthritis Care & Research

website at http://onlinelibrary.wiley.com/doi/10.1002/acr.25096).
During the at-home study visit, researchers guided the par-

ticipants via video conference. Participants were asked to place
the sensors into the docking station that was connected to a
power supply. This process activated the sensors so that they
were no longer in standby mode and started logging data, time-
synchronized to each other. Then we guided the participants to
place 3 sensors on their body. One sensor was placed on the
dorsum of each foot, and 1 was placed on the lower back as
per manufacturer’s guidelines (Figure 1). The sensors were
secured to each area using straps attached to the devices. After
participants donned the sensors, we guided the participants
through 2 trials each of a standardized walking task and a chair
stand task. For the standardized walking task, we asked the par-
ticipants to walk at their self-selected, comfortable pace for 2 laps
of a 7-meter path defined by the previously provided cones and
rope for a total walking distance of 28 meters. We selected

7 meters for each direction because the manufacturer of the iner-
tial sensors recommended a minimum of 7 meters for extraction
of gait metrics. All but 2 participants had enough room for the
7-meter walking course; those 2 individuals walked as far as they
could in a straight line before turning around. Before beginning the
walking test, participants were instructed to stand still for 30 sec-
onds for sensor initialization, as stated in the device manual pro-
vided by the manufacturer.

For the standardized chair stand task, we asked the partici-
pants to stand up from the provided chair 5 times as quickly as
possible with arms crossed across the chest, similar to a tradi-
tional 5-timed sit-to-stand test (25). After the first set of tests, par-
ticipants removed the sensors, waited 15-minutes, redonned
the sensors, and performed 2 more trials of each task. At
the end of the at-home visit, participants completed a
REDCap survey evaluating the ease of using the devices, their
comfort with performing the tests, and the likelihood they
would participate in a similar visit in the future. Participants
returned the equipment to us either at their first intervention
visit or their in-person laboratory baseline data collection,
depending on the randomization of their at-home visit. During
the in-person laboratory visit, participants performed 2 trials of
the same tasks as in the at-home visit, this time with a
researcher placing the sensors on the participants.

Data processing.On return of the sensors, we downloaded
the data from the devices. We extracted spatiotemporal walking
gait metrics for both legs using the manufacturer provided

Figure 1. Opal inertial sensor (left) and example of 3-sensor system as worn by participants. Two sensors were placed with straps around the
shoes (center), and 1 sensor was placed on the lumbar and buckled around the waist (right).
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software (MoveoExplorer, version 1.0.0.201904110002) (26,27).
The algorithm excluded turns using a validated method that uses
the angular velocity signal around the vertical axis from the lower
back sensor (28,29). For each gait trial, metrics were averaged
across all strides. Step and stride duration were reported in sec-
onds; stance duration, swing duration, double-support duration,
and terminal double-support duration were reported in percent
of gait cycle time; gait speed was in meters per second; cadence
was in steps per minute; and stride length was in meters. For the
chair stand test, the duration of chair stand (in seconds) was
extracted from the sensors as an average of all chair stands
detected. All data underwent visual inspection for errors or incon-
sistencies. A significant time shift was noticed in some partici-
pants’ data (16 at-home and 9 laboratory recordings), due to a
drift in the clocks of all sensors, which were time-synchronized
with each other (see Supplementary Figure 1, available on the
Arthritis Care & Research website at http://onlinelibrary.wiley.
com/doi/10.1002/acr.25096). The maximum drift was 24 sec-
onds. To correct for this discrepancy, a researcher visually
inspected the raw sensor data for a walking trial from each par-
ticipant and manually recorded the time difference between
when a participant began walking during the gait test and when
we expected them to begin walking (30 seconds after the initial
timestamp was recorded due to a required 30-second still
period for sensor initialization). The time offset correction was
then applied to all timestamps for all sensors of that partici-
pant’s visit.

All at-home visits were conducted 1–9 days from the initiali-
zation and provision of sensors to participants, with no associa-
tion observed between the amount of time between initialization
and data collection with sensor clock drift. Three sets of walking
gait and chair stand measures were generated, i.e., the mean of
the first 2 trials from the at-home visit, the mean of the second
2 trials from the at-home visit, and the mean of the 2 trials from
the laboratory visit. While gait data were extracted for both legs,
since our analyses are within-person, we are only reporting gait
data from the study leg as defined above. Gait data for the contra-
lateral leg as well as data reported as right and left legs can be
found in Supplementary Tables 1–3, available on the Arthritis
Care & Research website at http://onlinelibrary.wiley.com/doi/
10.1002/acr.25096.

Sample size estimation. The sample size was
estimated using a prior study in healthy adults (n = 32, ages
65–85 years) (30). In the cited study, the test–retest reliability
based on the correlation coefficient (ICC) for gait speed
between 2 laboratory visits derived from an inertial sensor
placed on the lower back was 0.85 (95% confidence interval
0.71–0.92) (31). We computed an ICC H0 of 0.42 by generat-
ing a null distribution based on 10,000 permutations of the
gait speed across participants between visit 1 and visit
2 and taking the 99th percentile of this distribution as

ICC H0. Using this ICC H0 and a 1-tailed test with alpha = 0.05
and power = 0.8, we would need at least 11 participants to
detect an ICC Of 0.85. We estimated that 12 participants
would be needed, assuming 10% attrition. We overenrolled
to ensure that we had sufficient power for all measures
of interest and anticipating that not all participants
would be able to complete all tasks. We used an R package,
ICC.Sample.Size, to perform the sample size
calculations (32).

Statistical analysis. We calculated test–retest reliability
ICCs (95% confidence intervals) for each measure of function
between repeated measures obtained in the at-home visit. We
also computed agreement between the laboratory visit and the
first set of measures from the at-home visit using ICCs. For all of
these, we used ICC (2,1) based on absolute agreement in a
2-way random-effects model (33). We interpreted ICCs as poor
(<0.5), moderate (0.5–0.74), good (0.75–0.90), and excellent
(>0.90) (33). We also calculated Pearson’s correlation between
the first and second set of measures from the remote at-home
visit. We report the standard error of measurement (SEM) and
minimum detectable change (MDC) (equations 1 and 2) for
assessment of walking gait and chair stand tasks at home as cal-
culated similarly in previous studies (26,34–36). We also report
SEM%, and MDC% (equations 3 and 4), calculated as shown
below, where x is the mean for all observations (37).

SEM =SD×
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1− ICC
p

ð1Þ

MDC=SEM ×1:96× √2 ð2Þ
SEM%=100× SEM=xð Þ ð3Þ
MDC%=100× MDC=xð Þ ð4Þ

These values are independent of the units of measurement
and allow comparison of inherent error between measures.

For agreement between the laboratory and at-home visits,
we additionally performed Bland-Altman analyses to observe
any possible biases and paired t-tests to determine whether dif-
ferences were significant. ICCs and Bland-Altman plots were
created using R statistical software (version 4.1.1) using the pack-
ages psych and BlandAltmanLeh, respectively, and Pearson’s
correlations were calculated in Matlab (MathWorks).

RESULTS

We enrolled 20 participants from the parent study for this
substudy. Data from 2 of the 20 participants were unusable due
to challenges with participants following our instructions on how
to use the sensor, resulting in battery depletion and lack of data
collection in some sensors. Participant characteristics are shown
in Table 1.
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Test–retest reliability during at-home visit. Figure 2
shows scatter plots for selected gait measures and the chair
stand duration from the first and second set of trials in the at-
home visit. During the at-home visit, the test–retest reliability of
walking speed (ICC = 0.85) and chair stand duration
(ICC = 0.89) were good, and reliabilities of all other gait measures
were excellent (ICC >0.9) when reported for the study leg
(Table 2). Similar reliability was noted for the contralateral leg, left
leg, and right leg (see Supplementary Tables 1–3, available on
the Arthritis Care & Research website at http://onlinelibrary.wiley.
com/doi/10.1002/acr.25096). Pearson’s correlation ranged from
0.81 to 0.97 for these tests (Table 2). SEM, SEM%, MDC, and
MDC% for the wearable sensor–derived gait and chair stand met-
rics from the at-home visit are shown in Table 3. Participant feed-
back indicated that, in general, participants were highly accepting
of the at-home visit (see Supplementary Table 4, available on the
Arthritis Care & Research website at http://onlinelibrary.wiley.
com/doi/10.1002/acr.25096).

Agreement between at-home and laboratory visits.
Figure 3 shows the Bland-Altman plots for selected gait measures
and the chair stand duration from the first set of trials in the at-home
visit and the trials from the laboratory visit. For the at-home versus
laboratory visits, agreement was moderate (ICC >0.5 to <0.75)

for gait speed, stride length, cadence, and chair stand duration,
and good (ICC >0.75 to <0.9) for stride duration, step duration,
stance, swing, double support, and terminal double support
(Table 2). Mean differences between values derived in the labora-
tory versus at home are also shown in Table 2. Small systematic
differences were noted in the Bland-Altman plots in all metrics,
likely due to participants walking faster during the laboratory visit
compared to the remote at-home visit (Figure 3).

DISCUSSION

We evaluated the reliability of wearable inertial sensor–
derived walking gait and chair stand metrics collected remotely
in a person’s home environment and compared those measures
to those obtained in a research laboratory environment. Our
results show good to excellent test–retest reliability of these mea-
sures obtained at home. We also observed moderate to good
agreement for the gait and chair stand measures across labora-
tory and home environments. Our findings suggest that, in future
studies in people with knee OA, wearable sensors could be used
for standardized assessment of gait and chair stand function in
individual’s homes.

To our knowledge, there is limited prior information on the
reliability of gait or chair stand metrics from wearable sensors in
a person’s home environment. In individuals with multiple sclero-
sis, ICC values similar to ours were reported (0.91–0.95) for mean
spatiotemporal gait metrics derived from inertial sensors in a
smartphone collected during multiple at-home daily self-
administered gait assessments (20). A meta-analysis of studies
on reliability of gait metrics from wearable sensors in a laboratory
environment in healthy adults reported good to excellent reliability
for stride time, stride length, stance time, and swing time metrics
(0.85–0.92) (19). In people with knee OA, a prior study that used
treadmill walking to study the reliability of gait and sensor metrics
found good to excellent reliability for step length, single-leg sup-
port time, and ground reaction force first and second peaks walk-
ing on an instrumented treadmill at 2 different speeds and
inclinations (38). The reliability of raw acceleration waveforms from
wearable sensors on shank and thigh (36) and the foot and lower
back (35) during treadmill walking has also been reported to be
acceptable (ICC >0.75) in people with knee OA. Thus, our
approach for collecting these measures remotely can be used to
reliably measure walking gait and chair stand movement patterns
in people with knee OA in their home environments. Importantly,
implementation of our approach in future studies should consider
the use of similar rigorous methods, including written and video
instructions for participants and a guided at-home virtual visit.

For chair stand, a study in healthy young adults reported
good to excellent reliability for measuring acceleration during chair
stand using a single inertial sensor embedded in smart glasses
(21). Another study reported ICCs of 0.84 and 0.87 for chair stand
duration measured using a single hip-worn inertial sensor during a

Table 1. Participant characteristics*

Characteristic
Value
(n = 20)

Age, years 70.5 ± 4.7
Body mass index, kg/m2 30.6 ± 4.7
KOOS pain, 0–100 60.2 ± 10.6
KOOS ADL, 0–100 68.8 ± 14.2
KOOS weight-bearing pain
More painful knee, 0–12 5.15 ± 1.35
Less painful knee, 0–12 3.15 ± 2.06

Study leg = left leg, no. (%) 9 (45)
Unilateral knee OA, no. (%) 10 (50)
Had previous knee injury, no. (%) 13 (65)
Sex assigned at birth, no. (%)
Female 17 (85)
Male 3 (15)

White, no. (%)† 19 (95)
Education, no. (%)
Without a college degree 2 (10)
Undergraduate 2 (10)
Graduate 13 (65)
Doctorate 3 (15)

Annual income, no. (%)
< $50,000 4 (20)
$50,000–$150,000 6 (30)
> $150,000 4 (20)
Did not report 6 (30)

Currently employed, no. (%) 11 (55)

* Values are the mean ± SD unless indicated otherwise.
ADL = activities of daily living; KOOS = Knee Injury and Osteoarthritis
Outcome Score; OA = osteoarthritis.
† For privacy reasons, the race of 1 participant who did not self-
identify as White is not reported.
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5-timed sit-to-stand test performed as quickly as possible in
young and old healthy adults (22). Our findings are similar to these
prior studies. However, in the prior study using a hip-worn inertial
sensor, the reliability for chair stand duration was worse when the
task was performed at a self-selected pace (ICCs of 0.25 and
0.66 in young and old, respectively) (22). Hence, while our results
suggest that wearable sensors may be used to remotely assess
chair stand performance at home in future studies in people with
knee OA, our findings may only be generalizable to the standard-
ized sit-to-stand test performed as quickly as possible.

As expected with inertial sensors, temporal gait metrics out-
performed spatial metrics, with stride length and gait speed
(which is derived from stride length) having the lowest ICC values

compared to the temporal metrics in both testing scenarios. Step
and stride length measures are typically extracted from inertial
sensors using single or double inverted pendulum biomechanical
models that require signal integration and can accumulate errors
(27,39). A meta-analysis of published studies supports this finding
where temporal metrics (i.e., step time and stride time) were iden-
tified as having the strongest body of evidence for excellent valid-
ity and reliability (19). Importantly, our findings were consistent
irrespective of knee pain severity in this population (see results
for study leg and contralateral leg). We also report data for left
and right leg, which can serve as a reference for future studies in
healthy populations or where a distinction based on study and
contralateral leg is not needed.

Figure 2. Scatter plots for selected gait metrics from the left leg, showing collected data, linear fit between the data, 95% prediction interval, and
the line of unity between the 2 sets of at-home tests. A, Cadence, steps/minute (r = 0.95); B, Gait speed, meters/second (r = 0.90); and C, Stride
length, meters (r = 0.94). D, Chair stand duration, seconds (r = 0.90), derived from the first and second set of trials during the remote visit.
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Data collected at home may have greater ecological validity
than those collected in the laboratory. Bland-Altman plots of at-
home minus laboratory gait data showed a small bias toward par-
ticipants walking with a greater cadence, faster gait speed, and
longer stride length in the laboratory compared to their home envi-
ronments. Further, gait speed and stride length were significantly
faster on average for laboratory values compared to at-home.
These results are consistent with previous literature showing that
both healthy individuals and those with Parkinson’s disease tend
to walk faster in a laboratory or hospital environment, respectively,
than in free-living and home settings (10,30,40). Given the impor-
tance of gait speed for predictions of functional decline and other
outcomes in people with knee OA, future studies may consider
measuring gait speed in a person’s natural environment (41,42).
Overall, these results suggest that, while still comparable, caution
should be used in instances where data are collected in different
environments and aggregated.

In our study, feedback from the participants showed high
acceptability of our approach. Previous work found assessing gait
to be feasible using wearable sensors both in the clinic and in the
homes of individuals with mild Alzheimer’s disease (43).

Participants reported the sensors as very easy to apply and
completely comfortable to wear. The participants also noted that
the level of commitment for the visit (45–60 minutes) was very
manageable and that they would be very likely to participate in a
similar visit again. Hence, our approach could be used to collect
such data over repeated visits in clinical trials of interventions for
people with knee OA.

We have provided important information that could be used
to design and implement future studies. Consistent inertial sensor
placement on the body is known to be important (44,45). While
half of our participants performed the at-home assessment after
wearing the sensors on their own without any prior familiarity, all
participants were provided instructions and were also guided by
researchers in real-time via video. While ICC provides a relative
measure of reliability, the SEM and MDC (Table 3) provide mea-
sures of absolute reliability. MDC represents the minimum amount
of change that needs to take place to overcome error in the mea-
surement (shown as SEM in Table 3). These values can be used in
future studies where measured changes larger than the MDC can
be considered a real change for a given participant (for example, a
change >0.15 meters/second in gait speed). The SEM% and
MDC% are similar to SEM and MDC but are independent of units
of measurement. With SEM% being <10 for all measures and
MDC% being <10 for most measures, these values are sensitive
and could be used to detect small effects of interventions in future
studies. Notably, MDC is not the same as minimally important
change that is considered clinically meaningful (46).

There are some limitations to this study that should be con-
sidered. In our cohort, 95% of participants (19 of 20) self-identified
their race as White, compared to the greater knee OA population.
Individuals from minoritized races or ethnicities report greater
challenges with technology in general (47) and specifically for
health-related purposes (48,49), which may limit the current gen-
eralizability of our results to a more diverse population. We also
had a larger proportion of women in our cohort than what is

Table 2. Test–retest reliability data*

Home 1 vs. Home 2 Home 1 vs. laboratory

Sensor variables Home 1† Home 2† ICC (2,1)† r Laboratory‡ ICC (2,1)‡ P

Gait speed, meters/second 1.01 ± 0.11 1.05 ± 0.15 0.85 (0.62, 0.93) 0.90 1.06 ± 0.15 0.63 (0.31, 0.82) 0.01§
Cadence, steps/minute 111 ± 11 114 ± 11 0.92 (0.77, 0.97) 0.97 111 ± 8 0.74 (0.51, 0.87) 0.61
Stride length, meters 1.09 ± 0.10 1.11 ± 0.13 0.91 (0.80, 0.96) 0.94 1.14 ± 0.12 0.59 (0.28, 0.79) 0.02§
Stride duration, seconds 1.09 ± 0.11 1.07 ± 0.10 0.92 (0.75, 0.97) 0.95 1.08 ± 0.08 0.75 (0.53, 0.88) 0.37
Step duration, seconds 0.55 ± 0.06 0.53 ± 0.06 0.92 (0.73, 0.97) 0.95 0.54 ± 0.04 0.78 (0.59, 0.89) 0.25
Stance, % GCT 61.57 ± 1.71 61.43 ± 1.97 0.93 (0.86, 0.97) 0.94 61.21 ± 2.03 0.81 (0.67, 0.91) 0.22
Swing, % GCT 38.43 ± 1.71 38.57 ± 1.97 0.96 (0.91, 0.98) 0.94 38.79 ± 2.03 0.81 (0.67, 0.91) 0.22
Double support, % GCT 23.5 ± 3.2 23.0 ± 3.6 0.95 (0.89, 0.98) 0.97 22.6 ± 4.0 0.87 (0.67, 0.94) 0.01§
Terminal double support, % GCT 11.66 ± 1.91 11.34 ± 2.14 0.94 (0.86, 0.97) 0.96 11.02 ± 2.08 0.84 (0.64, 0.92) 0.04§
Chair stand duration, seconds 1.05 ± 0.31 1.11 ± 0.34 0.89 (0.76, 0.95) 0.90 0.98 ± 0.21 0.66 (0.40, 0.83) 0.12

* Valuesare themean ± SDunless indicatedotherwise.Gait data are reported for study leg. ICC= intraclass correlation coefficient; GCT =gait cycle time.
† Gait data during remote home visit were available from 18 participants (1 participant did not wear the sensors correctly and sensors for 1 par-
ticipant lost power). Chair stand data during home visit were available from 18 participants (2 participants were not able to perform the task).
‡ Chair stand data during laboratory visit were available from 16 participants (1 person could not perform the task, sensors did not detect any
chair stands for 2 participants, and data for 1 participant were of poor quality).
§ Statistically significant difference between laboratory and home values (P < 0.05).

Table 3. Standard error of measurement (SEM) and minimum
detectable change (MDC) values for at-home data*

Sensor variables MDC SEM MDC% SEM%

Gait speed, meters/second 0.15 0.06 14.8 5.34
Cadence, steps/minute 8.51 3.07 7.58 2.73
Stride length, meters 0.10 0.04 8.84 3.18
Step duration, seconds 0.04 0.02 8.25 2.98
Stride duration, seconds 0.08 0.03 7.42 2.68
Stance, % GCT 1.34 0.48 2.17 0.78
Swing, % GCT 1.34 0.48 3.47 1.25
Double support, % GCT 2.08 0.75 8.93 3.22
Terminal double support,
% GCT

1.36 0.49 11.83 4.27

Chair stand duration, seconds 0.25 0.09 23.15 8.35

* GCT = gait cycle time.
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reflective of knee OA patients. Our sample size was small but jus-
tified a priori. Additionally, we scheduled only a 15-minute gap
between the 2 at-home collections, as that was sufficient to dem-
onstrate test–retest reliability because the participants removed
and rewore the sensors. However, implementation of our
approach in future studies will likely include larger gaps between
visits (e.g., baseline and follow-up in a clinical trial), and having a
longer delay between the collections may yield different results.
The gap between the laboratory and home visits was variable,
ranging from 1 to 20 days due to scheduling challenges across
participants. However, given the chronic nature of OA pathology,
this variability is unlikely to influence our results. Finally, we did
not record the types of walking surfaces during the at-home visits,
which could partially explain the differences in gait parameters
between home versus laboratory visits.

In this cohort of people with knee OAwho hadmoderate pain
and disability, our method of estimating spatiotemporal gait mea-
sures and chair stand duration remotely was reliable, feasible, and
participant accepted. Wearable sensors could be used to
remotely monitor gait and chair stand function in participant’s nat-
ural environments at a lower cost, reduced participant and
researcher burden, and greater ecological validity, overcoming
many limitations of laboratory visits. Hence, our approach could

be used in future longitudinal studies or clinical trials of people
with knee OA.
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B R I E F R E P O R T

Changes in Tophus Composition During Urate-Lowering
Therapy: A Dual-Energy Computed Tomography Study

Leanne Chen,1 Gregory D. Gamble,1 Anne Horne,1 Jill Drake,2 Anthony J. Doyle,3 Till Uhlig,4 Lisa K. Stamp,2

and Nicola Dalbeth1,

Objective. The gouty tophus is an organized structure composed of monosodium urate (MSU) crystals and chronic
inflammatory soft tissue. This dual-energy computed tomography (DECT) study aimed to determine whether the
composition of the tophus changes during urate-lowering therapy.

Methods. Serial DECT scans from 32 people with gout were obtained over 2 years of allopurinol therapy,
dose-escalated to serum urate of <0.36 mmoles/liter. Up to 5 index tophi were selected for each patient, with 103 sep-
arate tophi included in the analysis. Using manual outlining methods of conventional CT and DECT scans, the same
index tophi were serially measured for total tophus volume and urate volume. For each tophus, the soft tissue volume
was then calculated by subtracting the urate volume from the total tophus volume.

Results. The mean ± SD serum urate reduced from 0.43 ± 0.03 mmoles/liter at baseline to 0.31 ± 0.02 mmoles/
liter at year 2. The mean ± SD total tophus volume reduced over the 2-year period from 5.17 ± 5.55 cm3 to 2.61 ±
2.73 cm3 (P < 0.0001). Greater reductions in tophus urate volumes than tophus soft tissue volumes were observed;
the tophus urate volume decreased by 70.6%, and tophus soft tissue volume decreased by 37.8% (P < 0.0001). The
mean tophus urate:soft tissue ratio reduced from 0.15 at baseline to 0.05 at year 2 (P < 0.001).

Conclusion. The composition of the tophus is dynamic and changes during urate-lowering therapy for gout
management. The soft tissue component of the tophus is slower to respond and may persist without measurable
MSU crystal deposition.

INTRODUCTION

In people with gout, tophi typically present as nodules within

subcutaneous or musculoskeletal tissues and cause cosmetic

concern, restricted joint movement, and joint damage (1,2).

Microscopically, the tophus is an organized structure composed

of monosodium urate (MSU) crystals and chronic inflammatory

soft tissue (3). Developments in computed tomography technol-

ogy have allowed analysis of the composition of the tophus, using

integrated analyses of manual outlining methods for conventional

computed tomography (CT) images and urate volume analysis

for dual-energy CT (DECT) images (4). This analysis has shown

that the MSU crystal component of the tophus is variable between

tophi of similar physical sizes (4,5).
Long-term urate-lowering therapy dosed to achieve a serum

urate below 0.36 mmoles/liter (6 mg/dl) leads to regression of

tophi, which can be measured using physical methods such as

Vernier calipers (6). However, we do not know whether the MSU

crystal and soft tissue components of the tophus reduce in a

similar manner during serum urate lowering to a target of

<0.36 mmoles/liter, or whether the composition of the tophus

changes during therapy. The aim of this study was to describe

how the MSU crystal and soft tissue components of the tophus

change over time during urate-lowering therapy.
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PATIENTS AND METHODS

Study participants. Serial foot and ankle DECT scans from
people with gout were obtained from an imaging substudy during
allopurinol dosing (7). Participants in the study were recruited from
primary and secondary health care settings and public advertising
in Auckland, New Zealand. Ethical approval for the study was
obtained from the New Zealand Ministry of Health Multi-Regional
Ethics Committee (approval number MEC/11/06/060). Written
informed consent was obtained from all participants, and the stud-
ies were undertaken in accordance with the declaration of Helsinki.
All participants had gout according to the American College of
Rheumatology 1977 classification of gout (8), were receiving at
least creatinine clearance–based allopurinol dose for ≥1 month,
and had a serum urate of >0.36 mmoles/liter at the time of screen-
ing. For the tophus composition analysis, participants were
included if they received allopurinol dose escalation; achieved the
target serum urate (<0.36 mmoles/liter) during the study, had
completed DECT scans at all time points (baseline, year 1, and
year 2), and had imaging evidence of tophus at baseline. The par-
ticipant characteristics, including demographic information, in the
tophus composition analysis (n = 32) were similar to those of the
entire imaging cohort (n = 87), with the exception of fewer tophi
at baseline and a slightly longer gout disease duration (7).

DECT scanning. DECT scans of both ankles and feet were
obtained using a 128-detector row Siemens Somaton Definition
Flash scanner (7). The patients were positioned feet-first supine
with their feet plantarflexed, and the scans were obtained cranio-
caudally, with the scan range encompassing approximately 5 cm
above both ankle joints and the distal ends of both big toes.
The axial images were acquired at 128 × 0.6 mm with a pitch of
0.7 and a 30-cm field of view, and the radiograph tubes were
operated at 80kV/260mA and 140kV/130mA. The acquired
images were reconstructed using a bone algorithm, a 512-mm
matrix and a slice thickness of 0.75 mm with 0.5-mm increments

and were stored in a picture archiving and communication system
as 0.75-mm and 3-mm sliced images.

Tophus analysis. The CT scans were analyzed using a
Siemens MultiModality Workspace workstation with Syngo
MMCP VE 36A 2009 software. We generated 3-dimensional
DECT models of these scans using the gout setting within the
DECT application and the 80kV and 140kV scans collected from
each patient. Based on these models, up to 5 index tophi were
selected from each baseline scan. A tophus was considered for
analysis if it was “a well-defined opaque structure denser than
adjacent soft tissue but less than surrounding bone” on conven-
tional CT (2) with visible urate deposition on DECT. If >5 tophi
were present, the tophi with the largest volume of urate deposition
that could be demarcated were selected. The same index tophi
were assessed at each timepoint: baseline, year 1, and year 2. Nail
beds were excluded from tophus assessments due to potential
artifacts.

The total tophus volume for each tophus was calculated on
the 140kV scans, which were reconstructed using a tophus algo-
rithm with window width = 600 and window level = 200 (9). Using
the ROI tool in the Volume application, the reader drew freehand
around each tophus (region of interest) in multiple 2-dimensional
slices, ensuring that the most superior and inferior aspects of
the tophus were included and omitting adjacent bone (see
Supplementary Figure 1A, available on the Arthritis Care &

Research website at http://onlinelibrary.wiley.com/doi/10.1002/
acr.25084). A subsequent 3-dimensional model of the tophus
was generated, with the upper and lower Hounsfield Unit (HU)
evaluation limits set to 3,071 and –1,024, respectively, and the
total tophus volume was automatically calculated (see Supple-
mentary Figure 1B). During original validation work, this method
of tophus volume measurement was highly reproducible, with
both interobserver and intraobserver intraclass correlation coeffi-
cients >0.98 (9). This method of tophus measurement also corre-
lated highly with physical measurement using Vernier calipers
(r = 0.91, P < 0.0001) (9).

The tophus urate volume for each tophus was then calcu-
lated on DECT scans (4). For the 80kV images, fluid was set at
50 HU, the ratio for urate at 1.28, minimum HU 150 and smooth-
ing range 5. For the 140kV images, fluid was set at 50 HU and
maximum HU at 500. DECT urate volume within each tophus
was measured using automated assessment software on the
Volume application of the workstation, with upper evaluation
limit –1 HU and lower evaluation limit –1,024 HU (see Supplemen-
tary Figures 1C and 1D, available on the Arthritis Care & Research

website at http://onlinelibrary.wiley.com/doi/10.1002/acr.25084).
Using the recorded measurements, the soft tissue volume of

each tophus was calculated by subtracting the tophus urate vol-
ume from the total tophus volume (4). Additionally, the tophus
urate:soft tissue ratio was calculated by dividing the tophus urate
volume by the tophus soft tissue volume for each tophus.

SIGNIFICANCE & INNOVATIONS
• While tophus regression is recognized to occur dur-

ing urate-lowering therapy, whether the composi-
tion of the tophus also changes is unknown.

• This study used integrated analyses of manual out-
liningmethods with conventional computed tomog-
raphy (CT) images and urate volume analysis with
dual-energy CT to analyze changes in the composi-
tion in 103 individual tophi during allopurinol
treatment.

• This analysis showed changes in the tophus compo-
sition during urate-lowering therapy, with a shift to
a lower urate crystal component and higher soft tis-
sue component.
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All scans in known order were analyzed by a single reader
(LC) who was blinded to serum urate results. Prior to the com-
mencement of analysis, the reader underwent training and then
calibration exercises with a rheumatologist with experience in CT
and DECT scoring (ND), using a separate DECT data set. In cali-
bration exercises in which readers were blinded to each other’s
scores, interreader intraclass correlation coefficients between
the reader and the rheumatologist for total tophus volume was
0.90 (95% confidence interval [95% CI] 0.45–0.99) and for tophus
urate volume was 0.99 (95% CI 0.98–1.00).

Statistical analysis. Data were analyzed using Prism
(version 9, GraphPad) and SAS (version 9.4). A mixed-models
approach to repeatedmeasures was used to fit general linear mod-
els with random intercepts (GLIMMIX) for participant and tophus
nested within participant to account for clustering (unstructured
covariance) within individuals to describe the change from baseline
(first study visit) of the urate, soft tissue, tophus, and ratio of the
urate volume/soft tissue volumes with robust CI estimates. Statisti-
cal significance was confirmed by a P value less than 0.05.
The dependent variable was the change from baseline, and the
baseline values were used as covariates. Confirmatory analyses
were performed on the absolute values over time.

RESULTS

Atotal of32participantswitha totalof103 tophiwere included in
the analysis. The mean ± SD number analyzed per participant was
3.2 ± 1.1. Clinical features of the 32 participants are shown in
Table 1. All were male, with a mean disease duration of >20 years.
The mean ± SD serum urate at baseline was 0.43 ± 0.03 mmoles/
liter, and this level reduced to 0.31 ± 0.02 mmoles/liter at year 2.

Total tophus volumes, tophus urate volumes, and tophus
soft tissue volumes at each time point are shown in Table 1 and

in Supplementary Figure 2, available on the Arthritis Care &

Research website at http://onlinelibrary.wiley.com/doi/10.1002/
acr.25084. Within the analyzed tophi, the total tophus volume
reduced over the 2-year period from mean ± SD 5.17 ± 5.55 cm3

to 2.61 ± 2.73 cm3 (P < 0.0001).
Both the tophus urate volumes and tophus soft tissue

volumes reduced over the 2-year study period (P < 0.001).
However, there was a change in the composition of the tophus,
with greater reductions in tophus urate volume than soft tissue
volume (Figures 1 and 2). Overall, the tophus urate volume
decreased by 70.6% (95% CI 62.8–78.4), and tophus soft
tissue volume decreased by 37.8% (95% CI 31.4–44.1)
(P < 0.0001 for comparison between tophus urate volume
and tophus soft tissue volume). The tophus urate:soft tissue
ratio reduced from 0.15 (95% CI 0.12–0.19) at baseline to
0.05 (95% CI 0.02–0.09) at year 2 (P < 0.001). Analysis of the
tophus urate:soft tissue ratio in individual tophi showed an
increased ratio in 14 (13.6%), no change in 3 (2.9%), and reduc-
tion in 86 (83.4%). Analysis of tophi according to the median
total tophus volume at baseline showed similar reductions in
tophus urate:soft tissue ratios for small and large tophi at base-
line, with no interaction between baseline total tophus volume
and change in ratio (Ptime < 0.0001, Pbaseline volume = 0.90,
Ptime× baseline volume interaction = 0.39).

At year 2, 3 of 103 tophi had disappeared with no urate or
soft tissue component, and a further 25 of 103 had no measur-
able urate component but had a persistent soft tissue component
(with mean ± SD soft tissue volume of 1.9 ± 2.2 cm3).

DISCUSSION

This study, using integrated analysis of conventional and
DECT tophus images, has provided new insights into the process
of tophus regression in the setting of urate-lowering therapy.

Table 1. Clinical features of the 32 participants at baseline, and changes in allopurinol dose, serum urate, and DECT
volumes over the 2-year period*

Variable Baseline Year 1 Year 2

Age, years 59 ± 13 – –

Male, no. (%) 32 (100) – –

Ethnicity, no. (%)
Asian 1 (3) – –

M�aori 2 (6) – –

New Zealand European 13 (41) – –

Pacific Peoples 16 (46) – –

Disease duration, years 22 ± 10 – –

Allopurinol dose, mg/day 298 ± 49 377 ± 60 425 ± 62
Serum urate, mmoles/liter 0.43 ± 0.03 0.35 ± 0.03 0.31 ± 0.02
Total tophus volume, cm3 (n = 103) 5.17 ± 5.55 3.96 ± 4.17† 2.61 ± 2.73‡
Tophus urate volume, cm3 (n = 103) 0.68 ± 1.29 0.31 ± 0.67‡ 0.11 ± 0.29‡
Tophus soft tissue volume, cm3 (n = 103) 4.50 ± 4.66 3.66 ± 3.78§ 2.50 ± 2.63‡

* Values are the mean ± SD unless stated otherwise. DECT = dual-energy computed tomography.
† P < 0.001, compared with baseline values.
‡ P < 0.0001, compared with baseline values (post hoc Tukey honestly significant difference adjusted P values).
§ P < 0.01, compared with baseline values.
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We demonstrated that within the tophus, both urate and soft tis-
sue volumes decrease during serum urate lowering to the treat-
ment target of <0.36 mmoles/liter. However, tophus urate
volumes reduce more rapidly than tophus soft tissue volumes,
leading to altered composition of the tophus over time.

The results are consistent with previous studies demonstrat-
ing that the composition of the tophus is not uniform (3,10), and
that for tophi of similar physical size, the urate volume within the
tophus can vary, even within the same person (5). In addition, this

study shows that the composition of the tophus is dynamic over
time, and that resolution of the chronic inflammatory tissue takes
longer than MSU crystals. The presence of fibrovascular tissue in
the tophus may contribute to this slow resolution (3). MSU crys-
tals below the level of detection by DECTmay also lead to the per-
sistence of chronic inflammatory soft tissue.

The study methodology, integrating data from conventional
and DECT scans, allowed us to analyze the composition of indi-
vidual index tophi over time. Our findings build on prior studies

Figure 1. Example of change in tophus composition at baseline and year 2. A tophus near the left lateral malleolus is shown. A, Tophus outline
on conventional computed tomography (CT). B, Tophus outline on dual-energy CT images. Red line shows total tophus outline.
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reporting changes in tophi during urate-lowering therapy. Using
ultrasound, Hammer et al reported reduced length and width,
but not depth of measured tophi over 1 year of urate-lowering
therapy (11). These investigators postulated that the morphology
of the tophi may change with treatment, making defining the outer
margins of the tophus by ultrasound increasingly difficult. In a
case report of a patient with tophaceous gout treated with peglo-
ticase, DECT urate volume in 3 index tophi was undetectable,
with persistent tophi measured by Vernier calipers and ultrasound
(12). These authors suggested that the persistence of tophi by
physical measurement and ultrasound was due to the persis-
tence of the non-MSU crystal component of the tophus.

Our findings have some implications for clinical practice.
EULAR recommends that patients with tophi should have a lower
serum urate target, to allowmore rapid dissolution of crystals (13).
Some patients may have persistent tophi despite intensive serum
urate lowering, with subcutaneous nodules slow to resolve (14).
Our findings suggest that at least some of these lesions may not
have active MSU crystal deposition, only representing residual
soft tissue. Whether such lesions benefit from ongoing intensive
urate-lowering therapy is unclear, or whether a less intensive
serum urate target is appropriate. DECT may play a role in clinical
practice to assess the MSU crystal burden when considering
serum urate targets in patients with tophaceous gout who have
received intensive serum urate lowering long-term. We have pre-
viously reported, using mediation analysis, that both the soft tis-
sue component and the MSU crystal component of the tophus
contribute to bone erosion scores (4), and whether persistence
of the soft tissue component contributes to ongoing bone ero-
sion, gout flares, and functional impact is unknown; this question
will be the focus of future research.

We acknowledge the study limitations. DECT may not detect
crystals that are suspended in liquid or that have low density (15).
This possibility is unlikely to be a major limitation, as most tophi
have tightly packed sheets of MSU crystals (3), but changes in
the density of MSU crystal deposits during urate-lowering therapy
may underestimate the total urate volume when assessed by
DECT. Additionally, very small urate deposits (<0.01 cm3) cannot
be measured by DECT, and we cannot be certain that the tophi
without visible urate deposits on DECT had complete clearance
of MSU crystals. Finally, DECT does not allow analysis of different
components of the tophus soft tissue, so how changes in the
corona zone and fibrovascular zone of the tophus change with
urate-lowering therapy is unknown (3).

In summary, this DECT study demonstrates that the com-
position of the tophus changes during urate-lowering therapy
for gout management. While both urate and soft tissue volumes
reduce over time, the chronic inflammatory soft tissue
within the tophus is slower to respond than the MSU crystals.
Following long-term urate-lowering therapy, tophus lesions
may consist of soft tissue only, without measurable MSU crystal
deposition.
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Familial Risk of Gout and Interaction With Obesity
and Alcohol Consumption: A Population-Based
Cohort Study in Korea

Kyoung-Hoon Kim,1 In Ah Choi,2 Hyun Jung Kim,3 Heather Swan,3 Sayada Zartasha Kazmi,3 Gahwi Hong,3

Young Shin Kim,3 Seeun Choi,3 Taeuk Kang,4 Jaewoo Cha,3 Jungmin Eom,3 Kyeong Uoon Kim,5 Hoo Jae Hann,6

and Hyeong Sik Ahn3

Objective. Population-based studies of the familial aggregation of gout are scarce, and gene/environment
interactions are not well studied. This study was undertaken to evaluate the familial aggregation of gout as well as
assess interactions between family history and obesity or alcohol consumption on the development of gout.

Methods. Using the Korean National Health Insurance database, which includes information regarding familial
relationships and risk factor data, we identified 5,524,403 individuals from 2002 to 2018. Familial risk was calculated
using hazard ratios (HRs) with 95% confidence intervals (95% CIs) to compare the risk in individuals with and those
without affected first-degree relatives. Interactions between family history and obesity/alcohol consumption were
assessed on an additive scale using the relative excess risk due to interaction (RERI).

Results. Individuals with a gout-affected first-degree relative had a 2.42-fold (95% CI 2.39, 2.46) increased risk of
disease compared to those with unaffected first-degree relatives. Having both a family history of gout and being either
overweight or having moderate alcohol consumption was associated with a markedly increased risk of disease, with
HRs of 4.39 (95% CI 4.29, 4.49) and 2.28 (95% CI 2.22, 2.35), respectively, which exceeded the sum of their individual
risks but was only statistically significant in overweight individuals (RERI 0.96 [95% CI 0.85, 1.06]). Obese individuals
(RERI 1.88 [95% CI 1.61, 2.16]) and heavy drinkers (RERI 0.36 [95% CI 0.20, 0.52]) had a more prominent interaction
compared to overweight individuals and moderate drinkers, suggesting a dose-response interaction pattern.

Conclusion. Our findings indicate the possibility of an interaction between gout-associated genetic factors and
obesity/alcohol consumption.

INTRODUCTION

Gout is a common form of inflammatory arthritis that is caused

by chronic deposition of monosodium urate (MSU) crystals, which

form in the presence of increased urate concentrations and leads

to substantial morbidity associated with excruciating pain. Genetic

predisposition is known to play a role in the pathogenesis of gout,

and the incidence of gout varies according to ethnicity, with higher

estimates reported in North American and European populations

compared to Asians (1). Genetic studies have identified hundreds

of genetic variants that affect serum urate concentrations, with

the 3 most prominent loci encoding urate transporters SLC2A9,

SLC22A12, and ABCG2 (2,3). Findings from twin studies show

that the heritability of serum urate is 45–73%, and the heritability

of gout is estimated to be 0–43% (2,4).
Case–control and cross-sectional studies conducted since

the 1980s have shown that �10% of gout patients have a family

history of disease and that the first-degree relatives of patients

are at a 2-fold increased risk of developing the disease them-

selves. However, current evidence for the familial aggregation of

gout is limited, due to the small number of studies and their limited

scope. Most existing studies included a few hundred participants

and were unable to calculate incidence and familial risk due to
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their study design; therefore, their estimates may suffer from

imprecision. A large-scale population-based study from Taiwan

reported a 2-fold increased familial risk of gout; however, due to

its cross-sectional design, this study calculated familial risk as

prevalence rather than incidence (5).
Several factors are associated with the development of gout,

including obesity (6,7) and alcohol intake (8,9), in addition to fac-
tors such as increasing age (1), male sex, and ethnicity (10).
Accordingly, the familial aggregation of gout may be influenced
by both these factors along with genetic factors. However, the rel-
ative contribution of environmental and genetic factors in the
familial clustering of gout is not well studied.

Given that both genetic and environmental factors contrib-
ute to the complex mechanism underlying gout pathogenesis, it
may be possible that these factors have an interactive relation-
ship, where the presence of obesity or alcohol consumption in
individuals with a family history of disease yields a greater or
lesser impact compared to non–genetically predisposed per-
sons. Although some studies have been performed on gene–
environment interactions in the context of gout, including on
the influence of diuretic use and alcohol intake, these studies
were often small scale and yielded non-replicated findings
(11–14). Therefore, evidence supporting these associations
remains inconclusive. Population-level epidemiologic studies of
gene–environment interactions in gout are currently unavailable.

In the current study, we aimed to assess the familial aggrega-
tion of gout and to evaluate the relative contribution of family his-
tory and obesity or alcohol consumption using the National
Health Insurance (NHI) database, which records health care utili-
zation of the entire Korean population, in addition to the National

Health Screening Program (NHSP) database, which includes
screening information in up to 80% of the Korean adult
population.

PATIENTS AND METHODS

Data sources. In the current study, we utilized the NHI and
NHSP databases to obtain information regarding risk factors and
family relationships. Linking these databases enabled us to esti-
mate familial risk and assess the effect of obesity and alcohol
consumption on gout development. The NHI is a government-
operated service that provides mandatory insurance to
South Korea’s entire population of >50 million people. The NHI
includes both inpatient and outpatient health care utilization data,
which each medical facility must submit to the NHI for reimburse-
ment purposes. The NHI database also includes comprehensive
information regarding the family relationships of each enrolled
individual and their dependents, which enabled us to identify fam-
ily relationships.

The NHSP is a screening program through which all insured
persons and their dependents are offered biannual health
checkups that include a questionnaire regarding lifestyle habits
and metabolic profile, the results of which are thereafter recorded
in the database. At the NHSP checkup, each participant must fill
out a standardized questionnaire related to their medical and life-
style habits. The NHSP questionnaire includes questions regard-
ing drinking status, including frequency of alcohol consumption
and standard drink amount. Anthropometric measurements are
also taken during the checkup, as well as basic tests, such as
testing for liver enzymes, lipid parameters, radiography of the
chest, fasting blood glucose levels, and creatinine.

Assessing family relationships. Employed or self-
employed individuals can become NHI beneficiaries by paying a
percentage of their income. Thereafter, the children and spouse
of beneficiaries are eligible to enroll in the program as dependents
after registration of birth or marriage. A detailed description of the
familial relationship data from the NHI has been published else-
where (15). All Korean residents are assigned a unique personal
identification number at birth, which is used until death for a num-
ber of general administrative purposes, including voting, identifi-
cation, etc., and is managed by the central government. The NHI
also uses this number for personal identification. For familial rela-
tionships, birth or marriage are reported to the government in a
formal process that involves this identification number, and there-
fore, the familial information may be considered accurate. Individ-
uals with an identifiable biological mother and father were
included. An individual was defined as the biological offspring of
a married couple if they were registered as a dependent at birth.
We excluded individuals with single parents, stepparents, or
half-siblings and children who were not registered as a dependent
at birth.

SIGNIFICANCE & INNOVATIONS
• In our population-based cohort study, we found an

increased familial risk of gout that was highest
among those with an affected brother, followed by
father, sister, and mother.

• Familial risk adjusted for lifestyle and biologic risk
factors decreased only slightly, suggesting that a
genetic component is the predominant driver in
the familial aggregation of gout.

• There was a statistically significant interaction
between family history of gout and overweight and
heavy alcohol consumption, as the combined effect
of these 2 factors was associated with a markedly
increased risk of disease, which was even further
elevated among obese individuals.

• Our findings indicate the possibility of an interac-
tion between gout-associated genes and obesity/
alcohol consumption; heavy drinkers and obese
individuals who have a family history of disease
should be considered a high-risk group, and weight
loss or cessation of alcohol consumption should be
advised.
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Assessing obesity and alcohol consumption. We
acquired information regarding body mass index (BMI) and alco-
hol intake using NHSP data. From anthropometric measurements
taken at the NHSP health checkup, BMI was classified as under-
weight (<18.5 kg/m2), normal (18.5 to <25 kg/m2), overweight
(25 to <30 kg/m2), and obese (≥30 kg/m2). With regard to alcohol
consumption, individuals were categorized according to stan-
dardized guidelines (16) as either a non-drinker, moderate drinker
(<2 times per week or <5 drinks on any day [men]; <2 times per
week or <4 drinks on any day [women]), or heavy drinker (≥2 times
per week and ≥5 drinks on any day [men]; ≥2 times per week
and ≥4 drinks on any day [women]). Occasional or social alcohol
consumption could not be included. Based on a literature review
of gout-associated risk factors, we selected other relevant lifestyle
and biologic factors that were available in the NHSP data, includ-
ing blood pressure, fasting blood glucose levels, smoking status,
and cholesterol levels (see Supplementary Methods, available on
the Arthritis Care & Research website at http://onlinelibrary.wiley.
com/doi/10.1002/acr.25095). We were unable to include diuretic
use, a known gout risk factor, as it is not available in NHSP data.

Identification of gout case diagnosis. Gout patients
were defined as those who were assigned an International Statis-
tical Classification of Diseases and Related Health Problems,
Tenth Revision code of M10 as a primary diagnosis, were pre-
scribed allopurinol or febuxostat, and visited the clinic more than
once in the following year. To identify patients with gout using
the diagnostic code, we developed several case algorithms
based on frequencies of clinic visits and drug prescriptions with
gout as the principal diagnosis. The verification process for the
identified cases is shown in Supplementary Methods (http://
onlinelibrary.wiley.com/doi/10.1002/acr.25095). From this pro-
cess, the case algorithm had a sensitivity and specificity of 96%
and 98.5%, respectively.

Statistical analysis. The study population was followed
up from January 1, 2002 until a diagnosis of gout, death, or the
end of the follow-up period on December 31, 2018, whichever
came first. We calculated person-years in each subject in the
study. In individuals with gout-affected family members, the
beginning of follow-up was the date of gout diagnosis in the fam-
ily. In unaffected individuals, the index date was the start of the
study period, on January 1, 2002 (see Supplementary Figure 1,
at http://onlinelibrary.wiley.com/doi/10.1002/acr.25095). Study
subjects contributed person-years only when they were consid-
ered still at risk (i.e., alive and living in Korea without a diagnosis
of gout).

During the study period, starting from the date of diagnosis of
the first gout case in the family, family members were considered
“exposed” and were identified as “with affected first-degree
relatives” or “familial group” and accumulated person-time of
“being affected.” If a second member was diagnosed, they were

regarded as the first “familial case” and the remaining unaffected
family members were “exposed” to 2 “family cases” from the
date of diagnosis of the second case and were identified as “with
>1 affected first-degree relative.” In families with no gout cases, all
family members were identified as “without affected first-degree
relative” or the “non-familial group,” and they accumulated
person-time of “being unaffected.” Meanwhile, if any of them
were diagnosed, that person was regarded as a “non-familial
case” and the rest of the family members accumulated person-
time of being affected.

We used Cox proportional hazards regression models to
estimate the familial risk of gout, and hazard ratios (HRs) with
95% confidence intervals (95% CIs) were calculated. Familial risk
was also calculated according to family relationship, categorized
as father, mother, or sibling. The proportional hazard assumption
was tested using the Schoenfeld assumption and scale Schoen-
feld residuals. Separate sex-stratified familial analyses were
conducted.

Cox proportional hazards regression was used to examine
the association of risk factors in gout, and HRs with 95%CIs were
computed. The independent variables were alcohol use and obe-
sity, as well as other confounding factors, while the dependent
variable was the development of gout. In order to account for
missing data, we excluded each missing value in the univariate
analysis, which was a complete case analysis. For the multivariate
analysis, we replaced the missing data with the most frequent val-
ues in each column. We also imputed mean/median data and
used multiple imputation, and since the results were similar for
all 3 imputation methods, we chose imputation using the most
frequent variables. Among the total 5.5 million individuals
identified, 30,875 had missing lifestyle factor data, accounting
for �0.6%.

To examine the contribution of risk factors to the familial
aggregation of gout, familial risk before and after controlling for
risk factors was examined. Familial risk was adjusted for age and
sex using a Cox model. Then, it was adjusted again for potential
risk factors, including smoking, BMI, hypertension, and hypergly-
cemia, in another Cox model.

Interactions were examined on an additive scale using the
assumption that family history and obesity or alcohol consump-
tion are independent of one another. Under the null hypothesis,
the risk difference related with 1 exposure (e.g., familial risk) is
constant across levels of other exposures (e.g., alcohol con-
sumption) and vice versa. We analyzed whether the combined
presence of family history and a given risk factor exceeded the
sum of their separate risks. This was done using categorical
variables, where each category was coded as a dichotomous
variable, and 4 disjoint categories were created for the combina-
tions of obesity/alcohol consumption and family history of gout.
Incidence was calculated using multivariate analysis for individ-
uals in each group. HRs were estimated by comparing the inci-
dence in each group to that of a reference group, defined as
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individuals with neither family history nor high BMI or alcohol
intake.

In the presence of an interaction, having both a family history
and a risk factor would increase the risk for gout more than
expected. The amount of interaction as a departure from additivity
was represented by relative excess risk due to interaction (RERI)
and the corresponding 95% CI. When RERI is zero, it indicates
that there is no interaction between the 2 exposures, while any
deviation suggests an interaction (17). Interaction analyses were
performed separately according to BMI and alcohol consumption
subcategories (moderate versus non-drinker and heavy versus
non-drinker; overweight versus normal weight and obese versus
normal weight). All statistical analyses were performed using Stata
version 15.0. Personal details were protected, and all data were
anonymized. This study was approved by the Korea University
Institutional Review Board.

RESULTS

Demographic characteristics of the risk population
and risk factors. Using the study database, we identified
5,524,403 individuals with a biological mother and father, com-
prising 1.7 million families. Demographic variables and lifestyle
and biologic characteristics of individuals with and those without
affected first-degree relatives are shown in Table 1. We found no
significant difference in terms of smoking, drinking, BMI, blood
sugar, blood pressure, and cholesterol between the 2 groups.

Familial risk analysis. Among individuals with affected
first-degree relatives, 29,391 cases developed gout during the
study period, with an incidence of 31.33 per 10,000 person-years
(95% CI 30.97, 31.69) (Table 2). Among individuals without
affected first-degree relatives, 103,719 cases developed gout,
with an incidence of 11.92 per 10,000 person-years (95% CI
11.85, 11.99). The age- and sex-adjusted HR of developing gout
in individuals with an affected relative compared to those without
affected first-degree relatives was 2.42 (95% CI 2.39, 2.46).

The incidence of gout in offspring with an affected mother
was 23.93 (95% CI 23.12, 24.76) and the incidence with an
affected father was 29.70 per 10,000 person-years (95% CI
29.28, 30.14) (Table 2). The corresponding HRs were 1.68
(95% CI 1.61, 1.75) and 2.33 (95% CI 2.29, 2.38), respectively.
Gout incidence among individuals with an affected brother or sis-
ter was 35.34 (95% CI 34.32, 36.40) and 22.44 per 10,000
person-years (95% CI 19.55, 25.75), with respective HRs of
3.00 (95% CI 2.90, 3.12) and 1.97 (95% CI 1.67, 2.33). In individ-
uals with >1 affected first-degree relative, the incidence was
63.78 per 10,000 person-years (95% CI 61.52, 66.13), with an
HR of 4.71 (95% CI 4.50, 4.94).

Sex-specific familial risk. The familial risk of gout
according to sex is shown in Figure 1. Overall, male patients with

a family history of disease had an increased risk of gout compared
to female patients, with HRs of 5.43 (95% CI 5.23, 5.63) and 2.98
(95% CI 2.43, 4.13), respectively. According to family relationship,
male patients with an affected father (HR 2.46 [95% CI 2.42,
2.50]), mother (HR 3.60 [95% CI 2.63, 4.82]), and sibling (HR 3.25
[95% CI 3.15, 3.35]) had a higher risk of disease compared to
female patients.

Risk of obesity and alcohol consumption on gout.
The association between risk factors and gout development in
the overall study population is shown in Table 3; among the
examined variables, we found that high BMI and heavy alcohol
consumption were significantly associated with disease develop-
ment. The HRs for overweight and obese were 3.27 (95% CI
3.08, 3.48) and 5.33 (95% CI 5.00, 5.67), respectively. Regarding
alcohol consumption, the HR for heavy drinking was 1.32 (95% CI
1.29, 1.36), compared to non-drinkers, while moderate drinking
was not associated with an increased risk of disease (HR 1.00
[95% CI 0.97, 1.02]).

To assess the relative contribution of risk factors to gout, we
adjusted the HR for lifestyle and biologic factors. The adjusted HR
decreased slightly from 2.42 (95% CI 2.39, 2.46) to 2.29 (95% CI
2.25, 2.32), suggesting that the impact of these factors may be
limited in familial aggregation.

Evaluationoftheinteractionbetweenobesity/alcohol
consumptionand familial risk.Our analyses of the interaction
between obesity and familial risk in gout development are shown
in Figure 2. Overweight individuals with a family history of gout
had a markedly increased risk of disease compared to individuals
in the general population who do not have either genetic risk or
high BMI, with a corresponding HR of 4.39 (95% CI 4.29, 4.49).
The combined effect of being overweight and a family history of
gout was higher than the sum of their separate effects (HR 4.39
versus 3.43), which indicates a statistically significant interaction
(RERI 0.96 [95% CI 0.85, 1.06]). Obese individuals with a family
history had a substantially increased risk of disease (HR 6.62
[95% CI 6.35, 6.91]), which was higher compared to overweight
individuals, indicating a dose-response interactive relationship
(RERI 1.88 [95% CI 1.61, 2.16]).

The sex-specific interaction analyses showed that the risk
of gout in overweight male patients with a family history
(HR 4.44 [95% CI 4.43, 4.55]) or obese male patients
(HR 6.67 [95% CI 6.39, 6.96]) with a family history was mark-
edly higher compared to female patients (overweight HR 2.64
[95% CI 2.17, 3.21], obese HR 4.53 [95% CI 3.43, 5.97]).
Interactions were also more pronounced in male patients
(RERI 1.84 [95% CI 1.56, 2.12]) compared to female patients
(RERI 1.70 [95% CI 0.44, 2.96]).

Drinkers with a family history of gout had an increased risk of
disease. In moderate drinkers, the combined effect with a family
history of gout was similar to the sum of their individual effects
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(HR 2.28 [95% CI 2.22, 2.35] versus 2.24), and the interaction
was not statistically significant (RERI 0.05 [95% CI –0.07, 0.17])
(Figure 3). Heavy drinkers with a family history demonstrated an
even higher magnitude of excess risk (HR 2.95 [95% CI 2.83,
3.09]) with statistical significance (RERI 0.36 [95% CI 0.20,
0.52]). Sex-specific analyses showed that interactions were more
prominent in heavy drinking compared to moderate drinking
among both male and female subjects, although the magnitude
of excess risk was higher in male subjects (HR 2.99 [95% CI
2.86, 3.13]) compared to female subjects (HR 2.09 [95% CI
1.52, 2.84]).

Influence of risk factors on gout among familial and
non-familial cases. An assessment of the association between
gout development and obesity and alcohol consumption was
performed separately in the familial group and non-familial groups
(see Table 3). The magnitude of the risk estimate for obesity was
higher in the familial group compared to non-familial group, with
HRs of 5.50 (95% CI 4.69, 6.46) and 5.36 (95% CI 5.01, 5.74),
respectively. The magnitude of the risk estimates for heavy alco-
hol consumption was similar between the familial group and
non-familial group, with HRs of 1.28 (95% CI 1.20, 1.36) and
1.34 (95% CI 1.30, 1.38).

Table 1. Demographic data in the total study population and their association with lifestyle risk factors in gout*

Subjects with an
affected first-degree
relative (n = 545,447)

Subjects without an
affected first-degree

relative (n = 4,978,956)
Standardized
difference

Sex
Male 351,809 (64.5) 3,217,360 (64.6)
Female 193,638 (35.5) 1,761,596 (35.4)

Year of birth 0.16
Up to 1971 120,531 (22.1) 976,909 (19.6)
1972–1981 238,775 (43.8) 1,933,466 (38.8)
1982–1991 172,132 (31.6) 1,873,014 (37.6)
1992–2001 14,009 (2.6) 195,567 (3.9)

Alcohol consumption 0.044
Non-drinker 97,665 (17.9) 976,473 (19.6)
<2 times per week or <5 drinks (men) 346,828 (63.6) 3,112,500 (62.5)
or <4 drinks (women) on any day

≥2 times per week and ≥5 drinks (men) 80,026 (14.7) 708,517 (14.2)
or ≥4 drinks (women) on any day

BMI, kg/m2 0.097
<18.5 32,415 (5.9) 358,419 (7.2)
18.5–<25 336,218 (61.6) 3,208,604 (64.4)
25–<30 145,508 (26.7) 1,181,253 (23.7)
≥30 31,306 (5.7) 230,680 (4.6)

Blood pressure, mm Hg 0.073
SBP <120 and DBP <80 (reference) 232,331 (42.6) 2,258,352 (45.4)
SBP ≥120 and SBP <130/DBP <80 63,620 (11.7) 597,050 (12.0)
SBP ≥130 and SBP <140 or DBP ≥80 and DBP <90 188,667 (34.6) 1,655,264 (33.2)
SBP ≥140 and SBP <180/DBP ≥90 59,481 (10.9) 459,036 (9.2)
SBP ≥180 and/or DBP ≥120 1,293 (0.24) 8,739 (0.2)

Fasting blood glucose, mg/dl 0.026
<110 504,662 (92.5) 4,639,225 (93.2)
110 to <126 26,438 (4.9) 223,094 (4.5)
≥126 14,230 (2.6) 115,630 (2.3)

Cholesterol, mg/dl 0.062
<200 365,975 (67.1) 3,475,386 (69.8)
200 to <240 135,939 (24.9) 1,160,541 (23.3)
≥240 42,616 (7.8) 333,431 (6.7)

Smoking, pack/year 0.059
Non-smoker 253,339 (46.5) 2,399,954 (48.2)
<5 93,721 (17.2) 895,058 (18.0)
5 to <10 85,428 (15.7) 758,290 (15.2)
10 to <20 78,205 (14.3) 643,410 (12.9)
20 to <30 25,358 (4.6) 202,470 (4.1)
≥30 9,396 (1.7) 79,774 (1.6)

Physical activity, times/week 0.013
None 256,696 (47.1) 2,345,919 (47.1)
1–2 200,904 (36.8) 1,852,306 (37.2)
≥3 86,032 (15.8) 765,371 (15.4)

* Except where indicated otherwise, values are the number (%) of individuals. BMI = body mass index; DBP = diastolic blood
pressure; SBP = systolic blood pressure.
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DISCUSSION

Using the NHI and NHSP databases, we identified
5,524,403 individuals with a blood-related first-degree relative.
Overall, individuals with affected first-degree relative had a
2.42-fold increased risk of disease. Although obesity and alcohol
consumption were significantly associated with disease risk, it
appears that a genetic component is the primary driver of familial
aggregation. Our findings indicate the possibility of a dose-
dependent gene–environment interaction, as the combination of
both a family history of gout and either high BMI or heavy alcohol
consumption was associated with a markedly increased risk of
disease, which was even further elevated among obese
individuals.

Although the importance of a hereditary factor in gout has
long been recognized, only a few studies of familial risk have been
performed. We identified 5 small-scale studies from the 1940s
and 1970s that demonstrated a higher risk of disease among
the family members of gout-affected patients, including small-
scale case series studies from the UK and US that demonstrated
familial incidence estimates of 36% (18) and 6–18% (19,20),
respectively. Similarly, a Hungarian study showed that 8.5% of
patients had a gout-affected family member (21). However, these
studies typically enrolled up to a few hundred participants from
specialized medical centers, which may have in turn led to the
inclusion of more selected cases that are not representative of
the general population. Moreover, these studies often relied on
self-reported questionnaires in order to acquire information
regarding family relationships and disease, which may be prone
to selective recall bias.

A recent large-scale Taiwanese study demonstrated an
overall prevalence risk ratio of 2.91 (95% CI 2.49, 3.42) among
first-degree relatives of gout patients (5). However, this cross-
sectional study calculated familial risk by comparing the gout
point prevalence between first-degree relatives of gout-affected

patients and the general population. In contrast, our cohort
design enabled us to concurrently follow up the first-degree rela-
tive of gout patients after diagnosis as well as follow up unaffected
first-degree relatives, and consequently we were able to provide
the time-related incidence pattern and incidence ratio as familial
risk, rather than prevalence.

Although the familial aggregation of gout is influenced by
both genetic and lifestyle/biologic factors, our findings suggest
that a genetic predisposition is the predominant driver of familial
aggregation. After adjusting for lifestyle and biologic characteris-
tics, the magnitude of familial risk reduced slightly from 2.42 to
2.29, suggesting a limited contribution of these factors on familial
aggregation. We found that the magnitude of familial risk
increased with increasing genetic relatedness, as risk was highest
among individuals with >1 affected first-degree relative, followed
by siblings, then offspring. These findings suggest that a genetic
component plays a substantial role in the familial aggregation
of gout.

High BMI and heavy alcohol consumption were associated
with an increased risk of gout in both the familial group and non-
familial group. Overweight individuals with a family history of
disease had a markedly increased risk of disease, and their com-
bined risk was significantly higher than the sum of their individual
risks (HR 4.39 versus 3.43) and was even higher among obese
individuals (HR 6.62 versus 4.74). This trend was observed
among both male and female patients, but the interaction was
more pronounced in male patients (RERI 1.84 [95% CI 1.56,
2.12]). Our findings contrast a recent US cohort study that found
that interactions between excess adiposity and gout genetic pre-
disposition were stronger among female subjects than male sub-
jects (22). Our findings suggest a dose-dependent interactive
relationship in which genetic factors and obesity potentiate
each other rather than operating independently. Moreover, in
the separate risk analyses for the familial group and non-familial
group, the magnitude of risk associated with obesity was
higher in the familial group compared to the non-familial group
(HR 5.50 versus 5.36).

The combined effect of heavy drinking with a family history of
gout was also higher than the sum of their separate effects
(HR 2.95 versus 2.60), suggesting an interaction, although the
magnitude was lower than that of obesity, and interactions were
not observed for moderate drinking (HR 2.28 versus 2.24). These
findings support the notion that the impact of alcohol consump-
tion and obesity is more pronounced among genetically predis-
posed persons. Based on our findings, we emphasize that
obese individuals or heavy drinkers with a family history of gout
should undergo genetic counseling, which includes risk commu-
nication and management, especially for obesity and alcohol con-
sumption. Genetic counseling should include informing the family
members of gout patients that these factors may further increase
their chance of developing gout, as well as the importance
of weight management and alcohol moderation for disease

Figure 1. Familial risk of gout according to sex. 95% CI = 95% con-
fidence interval; HR = hazard ratio.

GOUT INTERACTIONS AND FAMILIAL RISK 1961



prevention. Screening for hyperuricemia and gout in high-risk
patients should also be considered.

Few studies have investigated interactions between gout-
associated genes and obesity (23–26). For instance, Brandstatter
et al (23) identified 4 single-nucleotide polymorphisms (SNPs)
located within SLC2A9 associated with uric acid levels that are
modified by BMI. In addition, a T-allele of a SNP (rs2544390)
located in LRP2 demonstrated a nonadditive interaction with
alcohol consumption on the risk of gout among Japanese, Maori,
and Pacific Islander populations, though this was not observed in
European populations (12,13). In individuals of European
descent, an interaction was observed between alcohol consump-
tion and GCKR and A1CF genes, in which alcohol exposure
negated or fully suppressed the genetic effect (14). With respect
to other variables, gene–environment interactions have also been

observed between renal urate transporter genes SLC22A11

and SLC2A9 and thiazide or loop diuretics among hypertensive
patients (11), as well as between glucose transporter gene
ABCG2 and sweetened beverages (27). However, relatively
few studies have investigated gene–environment interactions
in the context of gout, most of which were limited in terms of
size and power and yielded inconsistent and nonreplicated
findings.

To date, genome-wide association studies have identified
hundreds of loci associated with serum urate levels, including
SLC2A9, ABCG2, PDZK1, SLC22A11, and SLC17A1, which
encode renal urate transporters or regulators, as well as GCKR,
R3HDM2-INHBC, and RREB1 (3,11). In East Asian populations,
SLC2A9, SLC22A12, and SCL2A12 demonstrated significant
genome-wide associations with serum urate levels, and 28 loci

Table 3. Gout risk factor analyses in the total study population and in the familial group and non-familial group*

Total

Subjects with
an affected

first-degree relative

Subjects without
an affected

first-degree relative

Sex
Male 1.00 1.00 1.00
Female 0.13 (0.13, 0.14) 0.10 (0.09, 0.10) 0.14 (0.14, 0.15)

BMI, kg/m2

<18.5 (reference) 1.00 1.00 1.00
18.5 to <25 1.68 (1.58, 1.78) 2.03 (1.74, 2.37) 1.62 (1.52, 1.73)
25 to <30 3.27 (3.08, 3.48) 3.68 (3.15, 4.30) 3.22 (3.01, 3.43)
≥30 5.33 (5.00, 5.67) 5.50 (4.69, 6.46) 5.36 (5.01, 5.74)

Alcohol consumption, drinks/week
Non-drinker 1.00 1.00 1.00
<2 times per week or <5 drinks (men)
or <4 drinks (women) on any day

1.00 (0.97, 1.02) 1.07 (1.01, 1.13) 0.98 (0.95, 1.01)

≥2 times per week and ≥5 drinks (men)
or ≥4 drinks (women) on any day

1.32 (1.29, 1.36) 1.28 (1.20, 1.36) 1.34 (1.30, 1.38)

Blood pressure, mm Hg
SBP <120/DBP <80 (reference) 1.00 1.00 1.00
SBP ≥120 and SBP <130/DBP <80 1.06 (1.03, 1.08) 1.07 (1.01, 1.13) 1.05 (1.03, 1.08)
SBP ≥130 and SBP <140 or DBP ≥80 and DBP <90 1.24 (1.22, 1.26) 1.23 (1.19, 1.28) 1.24 (1.22, 1.27)
SBP ≥140 and SBP <180 or DBP ≥90 1.58 (1.55, 1.62) 1.55 (1.48, 1.62) 1.60 (1.56, 1.63)
SBP ≥180 and/or DBP ≥120 2.66 (2.47, 2.86) 2.46 (2.10, 2.89) 2.73 (2.51, 2.96)

Fasting blood glucose, mg/dl
<110 (reference) 1.00 1.00 1.00
110 to <126 1.03 (1.00, 1.05) 1.03 (0.98, 1.09) 1.02 (1.00, 1.05)
≥126 0.79 (0.76, 0.82) 0.78 (0.72, 0.84) 0.79 (0.76, 0.82)

Total cholesterol, mg/dl
<200 (reference) 1.00 1.00 1.00
200 to <240 1.22 (1.20, 1.24) 1.25 (1.21, 1.29) 1.21 (1.19, 1.23)
≥240 1.48 (1.45, 1.51) 1.50 (1.44, 1.57) 1.48 (1.45, 1.51)

Smoking status, pack/year
Non-smoker (reference) 1.00 1.00 1.00
<5 0.99 (0.97, 1.01) 1.01 (0.97, 1.06) 0.98 (0.96, 1.00)
5 to <10 1.03 (1.01, 1.05) 1.00 (0.96, 1.04) 1.03 (1.01, 1.06)
10 to <20 1.02 (1.00, 1.04) 0.99 (0.95, 1.04) 1.03 (1.01, 1.06)
20 to <30 1.07 (1.04, 1.11) 1.02 (0.96, 1.09) 1.09 (1.06, 1.13)
≥30 1.24 (1.19, 1.29) 1.21 (1.10, 1.34) 1.24 (1.18, 1.30)

Physical activity, times/week
None 1.00 1.00 1.00
1–2 1.00 (0.97, 1.02) 1.01 (0.98, 1.04) 1.01 (0.99, 1.03)
≥3 1.08 (1.06–1.10) 1.08 (1.04, 1.13) 1.08 (1.06, 1.10)

* Values are the hazard ratio (HR) (95% confidence interval [95% CI]). DBP = diastolic blood pressure; SBP = systolic blood
pressure.
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have been identified among European populations (2). Although
relatively little is known regarding the genetic contribution to MSU
deposition or gouty inflammation, a genome-wide association

study identified an association between the gene ALDH2, which is
a well-known variation of alcohol-metabolizing enzymes, and
crystal-induced inflammation as well as hyperuricemia (28).

Figure 2. Combined effect of family history and being either overweight or obese overall (A and B, respectively) or stratified by male subjects
(C and D, respectively) or female subjects (E and F, respectively) on the risk of gout compared to those with a normal weight. a = Subjects
with no family history of gout nor high body mass index (BMI). b = Individual effect of the risk factor BMI in subjects with compared to those
without a high BMI. c = Individual effect of family history in those with compared to those without a family history of gout. d = Combined effect
of family history and high BMI. 95% CI = confidence interval; RERI = relative excess risk due to interaction.
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Our epidemiologic findings represent the average effect of an
interaction between these genes and obesity/alcohol consump-
tion, and therefore our analysis highlights the need for further
studies to assess the interaction of specific genes with obesity
and alcohol intake, especially at the genome-wide level. Given

that our study database included the entire Korean population,
our findings may be considered applicable to individuals of
Korean descent. While some studies report genetic variation in
gout risk between Asian and European populations (12,13),
gout-related genes are likely to overlap, and therefore the

Figure 3. Combined effect of family history and either moderate or heavy drinking overall (A and B, respectively) or stratified by male subjects
(C and D, respectively) or female subjects (E and F, respectively) on the risk of gout compared to non-drinkers. a = Subjects with no family history
of gout nor alcohol intake. b = Individual effect of the risk factor of alcohol intake in subjects with compared to those without alcohol intake.
c = Individual effect of family history in subjects with compared to those without a family history of gout. d = Combined effect of family history
and alcohol intake. 95% CI = 95%confidence interval; RERI = relative excess risk due to interaction.
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generalizability of our findings would likely extend to individuals
with other ethnic backgrounds; although, this should be investi-
gated in future studies.

The mechanisms by which alcohol consumption confers gout
risk include increasing the production of adenosine triphosphate
necessitated for alcohol metabolism and by reducing urinary excre-
tion due to the elevation of blood lactate produced by the oxidation
of ethanol (12). In obesity, it has been suggested that circulatingmol-
ecules such as saturated fatty acids and cholesterol crystals may
activate TLR2 and TLR4 signaling pathway and activate the NLRP3
inflammasome to cause obesity-induced inflammation. It is possible
that the genes involved in these biologicmechanisms related to alco-
hol consumption and obesity might also be involved in the patho-
genesis of gout and may mediate interactions. For instance,
studies have suggested that genetic factors in gout are related to
the function of proinflammatory cytokines, such as TNF, PRKG2,
and TGFB (29). Therefore, future studies are needed to elucidate
the relationship between specific alcohol/obesity–related genes
and gout development, which may explain the interactive relation-
ship between the 2 factors.

Our study is not without limitations. We aimed to demon-
strate gene–environment interactions based on the assumption
that familial and genetic factors are interchangeable. However,
the familial risk of gout is likely influenced not only by shared
genetics, but also by non-genetic factors such as diet, diuretic
use, or socioeconomic factors like education or occupation,
which could not be accounted for in our study (30). Additionally,
biologically based risk factors such as obesity are known to have
a genetic component, but the genetic influence of obesity could
also not be considered. However, after adjusting for risk factors,
the magnitude of familial risk only slightly decreased from
2.42-fold to 2.29-fold, indicating a limited contribution of these
factors to familial aggregation. Since these findings suggest that
genetic factors are the primary determinants of familial aggrega-
tion, we believe this limitation may be minimal.

Another limitation of our study was the use of administrative
data, which may raise particular concerns regarding the validity
of gout diagnosis. However, in order to maximize diagnostic
accuracy, case algorithms were developed based on the number
of hospital visits, and we selected a combination of algorithms
with 98.5% and 96% sensitivity. An additional weakness was the
length of the follow-up period, which may not have been sufficiently
long enough to cover all familial occurrences and may therefore have
resulted in the omission of some gout cases.

We found a 2.42-fold increased risk of disease among indi-
viduals with gout-affected first-degree relative, and our findings
suggest that a genetic component is the primary driver in familial
aggregation. Heavy drinkers and obese individuals who have a
family history of gout should be considered at high-risk, and
weight loss or cessation of alcohol consumption should be
advised. Screening for hyperuricemia and gout in high-risk
patients should also be considered.
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Mind the Mood: Momentary Depression and Anxiety
Moderate the Correspondence Between Subjective and
Objective Cognitive Functioning in Fibromyalgia

Anson E. Kairys, Thomas R. Valentine, Daniel Whibley, and Anna L. Kratz

Objective. Subjective cognitive dysfunction (SCD) affects 55–75% of individuals with fibromyalgia (FM), but those
reporting cognitive difficulties often lack corresponding objective deficits. Symptoms of depression and anxiety are
prevalent in FM and may account for part of this discrepancy. This study was undertaken to investigate whether
momentary (within-day, across 7 days) changes in mood moderate the relationship between within-the-moment SCD
and mental processing speed performance.

Methods. A total of 50 individuals with FM (mean age 44.8 years, mean education 15.7 years, 88% female, 86%
White) completed momentary assessments of subjective cognitive functioning, depressive and anxious symptoms,
and a test of processing speed. Assessments were completed 5 times per day for 8 consecutive days on a study-
specific smartphone application.

Results. Momentary ratings of SCD were positively associated with mean reaction time (P < 0.001) and variability
of processing speed (P = 0.02). Depressive symptoms moderated the relationship between SCD and processing
speed, with lower correspondence when depressive symptoms were higher (P = 0.03). A similar moderating effect
was demonstrated for both depression (P = 0.02) and anxiety (P = 0.03) on the association between SCD and variability
in processing speed performance.

Conclusion. Individuals with FM may have more accurate self-perception of momentary changes in mental pro-
cessing speed during periods of less pronounced mood symptoms based on their corresponding objective processing
speed performance. However, during moments of heightened depression and anxiety, we found increasingly less cor-
respondence between SCD and objective performance, suggesting that psychological symptoms may play an impor-
tant role in self-perception of cognitive dysfunction in FM as it relates to mental processing speed.

INTRODUCTION

Fibromyalgia (FM) is a chronic musculoskeletal pain disorder

commonly accompanied by symptoms of depression, anxiety,

fatigue, and cognitive dysfunction (1–4). Subjective cognitive dys-

function (SCD) refers to an individual’s perception of a reduction in

their cognitive capacity and is reported in�55–75% of adults with

FM (5). SCD encompasses a wide range of cognitive domains

including aspects of attention, mental processing speed, execu-

tive functioning, and memory (2,6,7) with significant negative

effects on daily functioning, occupational outcomes, and quality

of life, making it one of the most troubling symptoms in individuals

with FM (2,6–12).

Despite the prominent impact of SCD, individuals with FM do

not consistently demonstrate deficits regarding objective mea-

sures of cognition (6,12–15). Rather, there is often a “cognitive
discrepancy” (i.e., an overestimation or underestimation of sub-

jective cognitive functioning relative to objective performance)

observed in FM (12,16–18). One plausible explanation for this

observed cognitive discrepancy is the influence of mood symp-

toms, such as depression and anxiety, on an individual’s percep-

tion of their cognitive abilities (15,19).
Symptoms of depression and, to a lesser extent, anxiety are

common in individuals with FM (4). Prior research suggests that

symptoms of depression and anxiety can contribute to cognitive

biases that can negatively affect perception of cognitive function,
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such as negative self-directed thinking patterns (20), underesti-

mation of true capabilities (21), and excessive worry and hope-

lessness during cognitive challenges (22). However, it remains

unclear whether SCD corresponds with objective cognitive dys-

function and to what extent mood symptoms contribute to any

discrepancy between SCD and objective performance.
A potential limiting factor in previous research is that the

majority of studies utilized single time point assessments and
cross-sectional designs to assess cognition in FM, which fail to
account for the evidence that cognitive functioning and mood
symptoms tend to fluctuate within individuals across short
periods of time, even within a single day. These approaches also
do not allow for examination of the effects of transient mood
states on the association between perceived and objective cogni-
tion. Thus, more intensive approaches to data collection that use
multiple within-day assessments may shed additional light on this
perplexing issue.

Overall, the possible moderating influence of depressed and
anxious mood on the relationship between SCD and objective
cognitive performance is understudied in FM. This limitation
poses challenges in understanding the nature of SCD and in iden-
tifying focused interventions targeting SCD in FM. Therefore, the
goal of the present study was to assess the influence of momen-
tary changes in self-reported symptoms of depression and anxi-
ety on the relationship between SCD and objective cognitive
performance in individuals with FM. To this end, we utilized a
microlongitudinal study design wherein adults with FM completed
self-report measures of cognitive functioning (SCD), depression
and anxiety, and completed an objective measure of mental pro-
cessing speed multiple times a day. We hypothesized that there
would be a significant, negative association between momentary
ratings of SCD and processing speed. Further, we expected a
weaker relationship between SCD and objective performance at
times when symptoms of depression and anxiety were higher.

MATERIALS AND METHODS

Participants. Participants with FM who fulfilled the 2016
American College of Rheumatology survey criteria (23),
were ≥18 years old, and had at least a sixth-grade reading level in
English were eligible for inclusion in this study. Individuals were
excluded if they had 1) a comorbid neurologic disorder, learning
disability, or cognitive impairment; 2) current alcohol or recreational
drug use dependence or prolonged (≥5 years) history of substance
dependance; 3) visual or hearing impairment that would preclude
cognitive assessment; 4) a diagnosis of untreated obstructive sleep
apnea; or 5) atypical sleep-wake pattern (e.g., night shift workers).

Study procedures. All study procedures were approved by
the Medical Institutional Review Board at the University of Michigan
prior to study initiation. Participants were recruited through existing
patient registries, community groups, placement of fliers in health
centers and community settings, and advertisement on a
university-based recruitment website (umhealthreserach.org). This
paper addresses one of the primary study aims; previous articles
from the study have shown that ambulatory measures are able to
detect cognitive dysfunction in FM relative to individuals without
FM (24), that cognitive test performance is worse when participants
are distracted (25), and subjective and objective cognitive function-
ing is worse in those with FM when pain intensity is high (26).

Procedures for this study have been described previously
(24,25). Study participation involved a �90-minute baseline visit fol-
lowed by an 8-day home monitoring period (i.e., a 1-day run-in
period followed by 7 days of data collection). At the baseline visit,
enrolled participants completed a series of self-report measures
and standardized cognitive testing (baseline self-report and cogni-
tive testing data were reported previously [24]) and were given data
collection devices. At the conclusion of the home monitoring
period, participants returned the devices via a postage-paid return
box to the laboratory for data processing. Participants were com-
pensated ≤$175 for full completion of the study. Participants were
issued a ZTE Axon 7 mini smartphone, with a 5.2” display
(1,080 × 1,920 pixels), programmed with a customized study-
specific application to administer Ecological Momentary Assess-
ment (EMA) measures and ambulatory cognitive tests. Participants
were instructed to begin the first of the 5 daily EMA and cognitive
testing sessions upon waking. For the following 4 sessions, the
smartphone was programmed to play an audible alert to prompt
the respondent to complete EMA and cognitive assessments.
Alerts were programmed on a quasi-random schedule based on
each individual’s typical waking time, with scheduled intervals
between prompts ranging between 3 and 4.5 hours (27).

Measures. Baseline self-report measures and ambulatory

assessments. Participants completed surveys regarding demo-
graphic characteristics, medication use, and validated symptoms.
Results of the additional symptoms surveys have been reported

SIGNIFICANCE & INNOVATIONS
• This is the first study to evaluate the influence

that momentary changes in mood have on the
relationship between objective and subjective
cognitive functioning using momentary ecological
assessments.

• Individuals with fibromyalgia may bemore accurate
in their perception of momentary changes in men-
tal processing speed (i.e., better correspondence
between subjective and objective measures) when
mood symptoms are minimal.

• Increasing mood symptoms (i.e., higher ratings of
depression and anxiety) lead to a larger discrepancy
between perceived cognitive functioning and
objective cognitive performance, suggesting psy-
chological symptoms have an influence on cognitive
self-appraisal.
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previously (24). A study-specific smartphone app was pro-
grammed to administer EMA measures and cognitive tests in a
single assessment/testing session.

SCD. Two items from the Patient-Reported Outcomes Mea-
surement Information System applied general concerns item bank
(28) were used and adapted for momentary assessment. The items
“How slow is your thinking right now?” rated on a scale of 0–100
(where 0 = very fast, and 100 = very slow) and “How foggy is your
thinking right now?” rated on a scale of 0–100 (where 0 = very
clear, and 100 = very foggy) were averaged to produce an aggre-
gate score, where higher scores indicate worse SCD.

Objective cognitive functioning. Participants completed a
test of processing speed (symbol search) at each assessment
time point. During the task, participants were shown a row of
4 symbol pairs at the top of the screen and 2 symbol pairs at the
bottom of the screen. Participants were instructed to decide
which symbol pair at the bottom matched a symbol pair at the
top and to select the matching pair as quickly as possible by
touching their response on the screen. Stimuli were presented
until a response was provided. A lure stimulus wherein only 1 of
the symbols in a pair matched 1 of the symbols presented at the
top, but the pair did not match, was presented during 75% of
the trials. Each testing session contained 16 trials. Reaction time
(milliseconds) and accuracy were recorded.

Accuracy during each session was used to gauge participant
effort during the symbol search task. Indiscriminate selection of
responses with little or no effort would be consistent with accu-
racy rates of �50%. Intentional poor performance (i.e., “faking
bad”) would likewise be expected to correspond with low accu-
racy and could be expected to play a role in cases where accu-
racy was <50%. To ensure adequate task engagement,
accuracy of <70% was used as a conservative cutoff point to
indicate poor task engagement, which is consistent with
validation procedures used in the development of this task (27).
The mean ± SD reaction times were calculated for each testing
session. The SD reaction time was considered because within-
person variability has been identified as an independent indicator
of poor cognitive functioning and as a risk factor of future
cognitive decline (29–31).

Mood/affect. A subset of items from the Profile of Mood
States (32), adapted for use as a momentary measure, was used
to assess mood/affect. Participants were prompted with, “Right
now, I feel…” and rated each mood item on a 5-point scale, rang-
ing from 0 (not at all) to 4 (extremely). Momentary depressed mood
was assessed with 3 items: sad, hopeless, and discouraged.
Momentary symptoms of anxiety were assessed with 3 items: anx-
ious, on edge, and uneasy. For depressed and anxious mood, the
3 items were averaged to produce a single scale score.

Data analysis. Preliminary analyses. Descriptive statistics
were generated for sociodemographic and study variables. Since
the first day of home monitoring was a training/run-in day, data

from day 1 were excluded from all analyses. Individually averaged
variables for symbol search performance (mean ± SD response
time), depression, and anxiety were generated by averaging each
participant’s scores across the assessment period. Person-
centered variables for symbol search performance (mean ± SD
response time), depression, and anxiety were generated by sub-
tracting each participant’s score for the assessment period (aver-
age of 16 trials for symbol search performance variables) from
their individually averaged score.

Primary analyses. First, multilevel models (MLMs) tested the
within-person association between momentary changes in sym-
bol search performance and SCD. MLMs are able to model both
between- and within-person variance and retain all cases (regard-
less of missing data within-person). Person-centered symbol
search mean ± SD response times were included in separate
models. Models were adjusted for individually averaged symbol
search performance (to control for between-person variance),
within-day time point (ordinal variable, to control for within-day
variation in associations), age, and education. Next, MLMs tested
momentary depression and anxiety as moderators of the
within-person momentary association between symbol search
performance and SCD. The models included the person-
centered symbol search performance and psychological symp-
tom (depression and anxiety) variables and interaction terms for
each combination of person-centered symbol search perfor-
mance variable and person-centered psychological symptom
variable. Models were adjusted for individually averaged symbol
search performance and psychological symptoms, time point,
age, and education. Maximum likelihood estimation accounted
for missing data. P values less than 0.05 were considered signifi-
cant. All analyses were performed using SPSS version
26 software.

RESULTS

Fifty participants with FM were enrolled in and completed
study activities. Descriptive statistics for sociodemographic char-
acteristics and study variables are shown in Table 1. Participants
were a mean ± SD of 44.88 ± 13.95 years old with a mean ± SD
of 15.70 ± 2.03 years of education. The majority were female
(88.0%) and White (86.0%).

Results of objective cognitive functioning assess-
ments. At the within-person level, moments of slower process-
ing speed (higher symbol search mean response time) were
associated with more severe SCD (β = 0.003, P < 0.001)
(Table 2). Additionally, moments of higher variability in processing
speed (symbol search SD of response times) were associated
with more severe SCD (β = 0.002, P = 0.020).

Analysis of effort on the ambulatory symbol search
task. Accuracy on the symbol search task suggested good
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effort. Accuracy was >70% for 1,784 of 1,813 of sessions
(98.4%) (range 43.75–100.00%, median 100.00, mean ± SD
95.81 ± 6.83). Eight individuals were identified as having had ≥1
session with <70% accuracy. Of these, 3 participants had multi-
ple sessions with low accuracy (range 5–12 sessions) and were
identified as possible cases of low effort. No reaction time vari-
ables were calculated for low-accuracy sessions. Sensitivity anal-
yses, excluding the 3 participants who demonstrated repeated
low accuracy/effort, were conducted for all ambulatory cognition

analyses. The results with/without these 3 individuals did not
change the magnitude or significance of any results. Therefore,
results in the full sample are reported, aside from the several ses-
sions with low accuracy scores.

Moderating role of momentary depression.
Momentary depression significantly moderated the within-person
association between momentary symbol search mean response
time and SCD (β = –0.003, P = 0.03) (Table 3 and Figure 1A).

Table 1. Descriptive statistics for sociodemographic characteristics and study variables in 50 individuals with
fibromyalgia*

Possible range Observed range

Age, years 44.88 ± 13.95 – 20–70
Female sex, no. (%) 44 (88.0) – –

Race/ethnicity, no. (%)
White 43 (86.0) – –

African American/Black 5 (10.0) – –

Biracial/multiracial 2 (4.0) – –

Education, years 15.70 ± 2.03 – 10–21
Symbol search†
Mean response time, msec 2,444.19 ± 752.39 – 11,08.23–44,00.40
SD of response time, msec 1,027.99 ± 344.84 – 240.69–1769.45

EMA
Subjective cognitive dysfunction 49.04 ± 16.65 0–100 3.64–94.82
Depression 0.66 ± 0.77 0–4 0.00–3.56
Anxiety 0.78 ± 0.64 0–4 0.00–2.45

* Except where indicated otherwise, values are the mean ± SD. EMA = Ecological Momentary Assessment.
† Individual averaged.

Table 2. Results of multilevel models testing the within-person association between momentary symbol search per-
formance (mean and SD of response times) and subjective cognitive dysfunction in individuals with fibromyalgia*

Estimate/β† SE P 95% CI

Subjective cognitive dysfunction
Random effect
Intercept 241.54 52.17 <0.0001‡ 158.17, 368.84
AR1 0.22 0.03 <0.0001‡ 0.16, 0.27
Residual 202.75 7.69 <0.0001‡ 188.21, 218.40

Fixed effect
Between-person variables
Intercept 40.29 18.60 0.04‡ 2.87, 77.71
Symbol search mean response time 0.01 0.004 0.03‡ 0.001, 0.02

Within-person variable
Symbol search mean response time 0.003 0.001 <0.001‡ 0.001, 0.004

Subjective cognitive dysfunction
Random effect
Intercept 257.72 55.56 <0.0001‡ 168.91, 393.22
AR1 0.22 0.03 <0.0001‡ 0.16, 0.28
Residual 204.05 7.75 <0.0001‡ 189.40, 219.82
Fixed effect

Between-person variables
Intercept 37.44 19.58 0.06 –1.96, 76.85
Symbol search response time SD 0.01 0.01 0.17 –0.005, 0.03

Within-person variable
Symbol search response time SD 0.002 0.001 0.02‡ 0.000, 0.004

* All models were adjusted for age, education, and within-day time point of the assessment. 95% CI = 95% confi-
dence interval; AR1 = autoregressive; SCD = subjective cognitive dysfunction; SE = standard error.
† For random effects, values are the covariance parameter estimate, and for fixed effects, values are the unstan-
dardized β value.
‡ Statistically significant.
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Table 3. Results of multilevel models testing momentary depression symptoms as a moderator of the within-person
association between momentary symbol search performance (mean and SD of response times) and subjective cogni-
tive dysfunction in individuals with fibromyalgia*

Estimate/β† SE P 95% CI

Subjective cognitive dysfunction
Random effect
Intercept 203.87 45.61 <0.0001‡ 131.50, 316.06
AR1 0.21 0.03 <0.0001‡ 0.16, 0.27
Residual 178.70 6.78 <0.0001‡ 165.89, 192.50

Fixed effect
Between-person variables
Intercept 17.84 18.59 0.34 –19.64, 55.31
Symbol search mean response time 0.01 0.003 0.03‡ 0.001, 0.01
Depression –0.74 4.09 0.86 –8.99, 7.51
Anxiety 8.82 6.51 0.18 –4.31, 21.94

Within-person variables
Symbol search mean response time 0.003 0.001 <0.0001‡ 0.001, 0.004
Depression 6.70 0.88 <0.0001‡ 4.97, 8.43
Anxiety –0.63 0.82 0.44 –2.24, 0.97
Symbol search mean response time × depression –0.003 0.002 0.03‡ –0.01, –0.00

Subjective cognitive dysfunction
Random effect
Intercept 225.06 50.20 <0.0001‡ 145.35, 348.47
AR1 0.22 0.03 <0.0001‡ 0.16, 0.28
Residual 179.92 6.85 <0.0001‡ 166.99, 193.85

Fixed effect
Between-person variables
Intercept 17.12 19.75 0.39 –22.69, 56.94
Symbol search response time SD 0.01 0.01 0.35 –0.01, 0.02
Depression –0.08 4.32 0.99 –8.78, 8.63
Anxiety 6.65 6.76 0.33 –6.98, 20.29

Within-person variables
Symbol search response time SD 0.003 0.001 0.003‡ 0.001, 0.004
Depression 6.67 0.89 <0.0001‡ 4.93, 8.40
Anxiety –0.57 0.82 0.49‡ –2.18, 1.03
Symbol search response time SD × depression –0.005 0.002 0.02‡ –0.01, –0.001

* All models were adjusted for age, education, and within-day time point of the assessment. 95% CI = 95% confi-
dence interval; AR1 = autoregressive; SCD = subjective cognitive dysfunction; SE = standard error.
† For random effects, values are the covariance parameter estimate, and for fixed effects, values are the unstan-
dardized β value.
‡ Statistically significant.

Figure 1. A, Simple slopes depicting momentary depression ratings as a moderator of the within-person association between momentary sym-
bol search mean response time and subjective cognitive dysfunction. B, Simple slopes depicting momentary depression symptoms as moderator
of the within-person association between momentary symbol search SD of response times and subjective cognitive dysfunction.
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Specifically, the correspondence between moments of slower
processing speed and more severe SCD was strongest when
depressive symptoms were lower. In contrast, when depressive
symptoms were higher than usual, the correspondence between
SCD and reaction time was weaker. In moments of more severe
depression symptoms, SCD was relatively high across the range
of symbol search mean response times. Depression also signifi-
cantly moderated the within-person association between
momentary symbol search SD of response times and SCD
(β = –0.005, P = 0.02) (Figure 1B). That is, moments of higher var-
iability in processing speed were related to more severe SCD, but
this association was weaker (smaller positive association) when
depression symptoms were higher. In moments of more severe
depression symptoms, SCD was relatively high regardless of
symbol search SD of response times.

Moderating role of momentary anxiety. There was no
significant moderating effect of momentary anxiety ratings on the

association between momentary symbol search mean response
time and SCD (P = 0.34). However, momentary anxiety ratings
significantly moderated the within-person association between
symbol search SD of response time and SCD (β = –0.004,
P = 0.02) (Table 4 and Figure 2). Specifically, moments of higher
variability in processing speed were related to more severe SCD,
but this association was weaker (smaller positive association)
when anxiety symptoms were higher.

DISCUSSION

SCD is prominent in FM, and thus far our understanding of
the factors influencing the relationship between SCD and objec-
tive cognitive performance is limited. This is the first study to use
a microlongitudinal design to assess the moderating role of
momentary level of depression and anxiety on the association
between SCD and processing speed performance in FM.

Table 4. Results from multilevel models testing whether momentary anxiety symptoms moderate the within-person
association between momentary symbol search performance (mean and SD of response times) and subjective cogni-
tive dysfunction in individuals with fibromyalgia*

Estimate/β† SE P 95% CI

Subjective cognitive dysfunction
Random effect
Intercept 203.99 45.63 <0.0001‡ 131.58, 316.24
AR1 0.21 0.03 <0.0001‡ 0.15, 0.27
Residual 178.99 6.79 <0.0001‡ 166.17, 192.80

Fixed effect
Between-person variables
Intercept 18.12 18.59 0.34 –19.36, 55.61
Symbol search mean response time 0.01 0.003 0.03‡ 0.001, 0.01
Depression –0.73 4.09 0.86 –8.98, 7.51
Anxiety 8.83 6.51 0.18 –4.30, 21.96

Within-person variables
Symbol search mean response time 0.003 0.001 <0.0001‡ 0.002, 0.004
Depression 6.69 0.89 <0.0001‡ 4.95, 8.42
Anxiety –0.52 0.82 0.52 –2.13, 1.08
Symbol search mean response time × anxiety –0.001 0.001 0.34 –0.004, 0.001

Subjective cognitive dysfunction
Random effect
Intercept 225.70 50.33 <0.0001‡ 145.78, 349.42
AR1 0.22 0.03 <0.0001‡ 0.16, 0.27
Residual 179.62 6.82 <0.0001‡ 166.73, 193.50

Fixed effect
Between-person variables
Intercept 17.65 19.77 0.38 –22.22, 57.52
Symbol search response time SD 0.01 0.01 0.35 –0.01, 0.02
Depression –0.06 4.32 0.99 –8.77, 8.66
Anxiety 6.53 6.77 0.34 –7.12, 20.18

Within-person variables
Symbol search response time SD 0.003 0.001 0.003‡ 0.001, 0.004
Depression 6.63 0.89 <0.0001‡ 4.89, 8.37
Anxiety –0.39 0.82 0.64 –2.00, 1.22
Symbol search response time SD × anxiety –0.004 0.002 0.02‡ –0.01, –0.001

* All models were adjusted for age, education, and within-day time point of the assessment. 95% CI = 95% confi-
dence interval; AR1 = autoregressive; SCD = subjective cognitive dysfunction; SE = standard error.
† For random effects, values are the covariance parameter estimate, and for fixed effects, values are the unstan-
dardized β value.
‡ Statistically significant.
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The highest correspondence between SCD and processing
speed performance (mean ± SD reaction time) occurred when
symptoms of depression and anxiety were at their lowest, sug-
gesting that individuals were able to gauge their cognitive perfor-
mance more accurately when affective symptoms were
minimally influencing their self-perception. However, when
momentary ratings of depression and anxiety were higher, there
was an increased discrepancy between SCD and mental pro-
cessing speed as well as more variability in performance, support-
ing our hypothesis regarding the moderating influence of
depression and anxiety on the association between SCD and
objective cognitive performance.

Landro et al (16) studied a group of individuals with chronic
nonmalignant pain and found that self-reports of cognitive func-
tioning were largely consistent with objective neuropsychological
assessment. In contrast, Tesio et al found that while self-
perception and objective performance correlated in some
domains (e.g., working memory), there were poor correlations in
the majority of cognitive domains assessed (33). Our findings
expand on that previous research in several important ways. First,
a key difference is in our study design, which used multiple
momentary assessments rather than a single assessment point,
allowing for examination of within-person changes. Second, our
momentary assessments captured the changes in state experi-
enced by participants occurred in “real time,” and are not as sub-
ject to recall biases as other measures that rely on recollection of
cognitive symptoms over the past 7 days (33). Finally, rather than
relying on a broad measure of SCD, we selected 2 specific ques-
tions, one which corresponded directly to the processing speed
task at hand (i.e., “How slow is your thinking right now?”) and
another that represented a general cognitive complaint
(i.e., “How foggy is your thinking?”).

These findings can be interpreted within the context of theo-
retical frameworks that suggest that having symptoms of depres-
sion can make a person more prone to certain cognitive biases
that affect perceptions of self, including perceived cognitive func-
tioning (20–22). Although this study did not study depressed indi-
viduals, research in individuals with depression has shown that
more severe depressive symptoms are related to underestimation
of cognitive abilities due to mood-related biases such as negative
self-schemas and negative perceptions of thoughts and behaviors
(34). Evidence that depressive symptoms play a role in cognitive
biases related to perceived cognitive functioning is further sup-
ported by research showing that after depressive symptoms have
remitted, individuals tend to overestimate their own cognitive abili-
ties (35). This framework aligns well with our findings showing that
SCD becomes more disparate from objective functioning when
depressive symptoms are greater, supporting the notion that
depression may influence perception of cognitive performance
within the domain of mental processing speed (17). Because we
have only considered processing speed in this study, it will be
important for future work to determine whether heightened depres-
sive symptoms also influence perception of other cognitive abilities.

Anxiety can also negatively impact processing speed and
self-perception of cognitive abilities; however, the influence of
anxiety on the correspondence between SCD and objective per-
formance may be somewhat different than that found in depres-
sion. In one of the few studies examining the moderating effects
of mood symptoms on the relationship between SCD and cogni-
tive performance, Baker et al (36) found that individuals with
chronic pain who reported more severe symptoms of anxiety
demonstrated better correspondence between SCD and objec-
tive performance, compared to individuals with milder symptoms.
Other research suggests that when anxiety symptoms are severe,
there is a negative impact on processing speed performance;
however, anxiety can actually prove beneficial for rapid respond-
ing when symptoms are mild (37).

While individual’s experience of mood symptoms and psy-
chological distress are often considered to be primary factors in
self-perceived cognitive difficulties, it will be important to differen-
tiate the different effects depression and anxiety may have on
the subjective/objective cognitive discrepancy. Future research
should also seek to determine potential methods for determining
at what point an individual’s mood symptoms may be the primary
factor influencing cognition beyond other FM symptoms. Then,
focused intervention may be developed and administered for
those individuals identified to be at the highest risk of developing
cognitive symptoms to help avoid the negative impact these
symptoms may have on daily functioning.

These factors should be considered in the context of treat-
ment of cognitive and psychological symptoms in FM and suggest
that focused treatment on mood symptoms may lead to a more
accurate self-appraisal of cognitive functioning. However, longitu-
dinal data are needed to support this hypothesis. Cognitive

Figure 2. Simple slopes depicting momentary depression symp-
toms as a moderator of the within-person association between
momentary symbol search SD of response times and subjective cog-
nitive dysfunction. Color figure can be viewed in the online issue,
which is available at http://onlinelibrary.wiley.com/doi/10.1002/acr.
25086/abstract.
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behavioral therapy has been demonstrated to be effective in
reducing both pain catastrophizing and pain severity and has
effects on brain functioning associated with these symptoms
(38). Thus, a more individually tailored approach to such an inter-
vention that capitalizes on the daily experience of the individual
may help alleviate aspects of SCD. Utilizing an EMA-informed
approach to interventions such as these could lead to the identifi-
cation of what emotional states, life events, or diurnal factors most
strongly impact variability in SCD and cognitive perfor-
mance in FM.

This research has several limitations that potentially limit the
generalizability of our findings. Despite the various cognitive difficul-
ties reported by individuals with FM (9), our objective assessment
was limited to mental processing speed. Processing speed was
selected since it is often impaired in depression and anxiety and
represents a foundational cognitive skill underlying most other cog-
nitive functions, and therefore is likely to be sensitive to momentary
fluctuations. Additionally, we attempted to achieve the highest pos-
sible concordance between descriptions used in our subjective rat-
ings and the cognitive domain assessed (i.e., “How slow is your
thinking right now?”). Future research will be strengthened by
incorporating assessments of multiple cognitive domains to extend
these findings. Given that our primary research questions focused
on the moderating effects of mood symptoms, we did not evaluate
the effects of momentary pain in our analyses. However, recent
population-level data suggests that pain and mood symptoms
may differentially influence cognitive symptoms (5). Nonetheless, it
will remain important to understand these variables and their vari-
ous interactions in order to develop a more thorough understand-
ing of the myriad factors influencing cognitive appraisal in FM.

Finally, it is important to consider task engagement and effort
when interpreting performance on cognitive assessments. While
this study did not include a standalone measure of effort or perfor-
mance validity, we instituted a conservative cutoff score (70%
accuracy) as a means of detecting poor effort or engagement on
the processing speed task. Further, trials which did not meet that
cutoff were not analyzed for reaction time or included in analysis.
Sensitivity analyses also determined that there was no significant
impact of including the “valid” trials on an individual’s accuracy
(trials that were >70%) who may have had several trials below
our designated cutoff for accuracy. Future research will benefit
from including standalone measures to ensure adequate effort
on task performance. However, in a research context, individuals
with FM typically perform within normal limits on standalone mea-
sures of task engagement, suggesting that when disability or
other medicolegal aspects are not involved, there may be less
concern regarding performance validity in the context of FM
research (39). Finally, our own data comparing individuals with
and those without FM demonstrated that rates of instances of
poor accuracy were nearly identical in the 2 groups, suggesting
that individuals with FM do not demonstrate higher rates of poor
effort on the specific tests used in this study (24).

In conclusion, these data suggest that individuals with FM
can formulate a more realistic self-appraisal of their objective cog-
nitive ability when symptoms of depression and anxiety are less
prominent. This highlights the importance of thorough mental
health assessment of psychological symptoms during evaluation
of SCD in FM. Identifying mood symptoms during routine clinical
care may assist patients with accessing necessary, cost-effective
interventions. Research in this area will likely continue to benefit
from studying SCD using within-person study designs to ade-
quately account for the numerous interactions among the comor-
bid symptoms observed in FM.
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Development and Validation of a Simulation Model for
Treatment to Maintain Remission in Antineutrophil
Cytoplasmic Antibody–Associated Vasculitis

Zachary S. Wallace,1 John H. Stone,1 Xiaoqing Fu,2 Peter A. Merkel,3 Eli M. Miloslavsky,1

Yuqing Zhang,1 Hyon K. Choi,1 and Emily P. Hyle1

Objective. Fixed and tailored rituximab retreatment strategies to maintain remission in antineutrophil cytoplasmic
antibody (ANCA)–associated vasculitis (AAV) are associated with tradeoffs. The current study was undertaken to
develop a simulation model (AAV-Sim) to project clinical outcomes with these strategies.

Methods. We developed the AAV-Sim, a microsimulation model of clinical events among individuals with AAV initi-
ating treatment to maintain remission. Individuals transition between health states of remission or relapse and are at
risk for severe infection, end-stage renal disease, or death. We estimated transition rates from published literature,
stratified by individual-level characteristics. We performed validation using the mean average percent error (MAPE)
and the coefficient of variation of root mean square error (CV-RMSE). In internal validation, we compared
model-projected outcomes over 28 months with outcomes observed in the Rituximab versus Azathioprine in
ANCA-Associated Vasculitis 2 (MAINRITSAN2) trial, which compared fixed versus tailored retreatment. In external val-
idation, we compared outcomes with fixed rituximab retreatment from the AAV-Sim to outcomes from the
MAINRITSAN1 trial and an observational study.

Results. The AAV-Sim projected outcomes similar to those in the MAINRITSAN2 trial, including minor (AAV-Sim
6.0% fixed versus 7.3% tailored; MAINRITSAN2 6.2% versus 8.6%; MAPE 3% and 15%) and major relapse
(AAV-Sim 3.5% versus 5.5%; MAINRITSAN2 3.7% versus 7.4%; MAPE 5% and 26%), severe infection (AAV-Sim
19.4% versus 11.1%; MAINRITSAN2 19.8% versus 10.2%; MAPE 2% and 9%), and relapse-free survival (AAV-Sim
84.8% versus 82.3%; MAINRITSAN2 86% versus 84%; CV-RMSE 2.3% and 2.5%). Similar performance was
observed in external validation.

Conclusion. The AAV-Sim projected a range of clinical outcomes for different treatment approaches that were val-
idated against published data. The AAV-Sim has the potential to informmanagement guidelines and research priorities.

INTRODUCTION

Treatment of antineutrophil cytoplasmic antibody (ANCA)–

associated vasculitis (AAV) has evolved substantially in recent

decades. However, given the rarity of AAV and competing research

priorities, clinical trials and large observational studies are unlikely to

address all current and future knowledge gaps regarding treatment

strategies. For example, rituximab is one of the most frequently used

medications to maintain remission (1) and is recommended over

alternative strategies by recent guidelines (2). Additionally, fixed

rituximab retreatment is conditionally recommended over retreatment

guided by ANCA titers or CD19+ B cell counts (e.g., tailored strategy)

(2). This latter recommendation is based, in part, on the Rituximab

versusAzathioprine inANCA-AssociatedVasculitis 2 (MAINRITSAN2)

trial, in which fixed rituximab retreatment had a trend toward a

reduced relapse rate. However, fixed versus tailored retreatment also

had a trend toward a higher rate of serious infection (3). Overall, the

levels of evidence supporting these recommendations range from

very low to moderate (2), and additional data could strengthen

guideline recommendations and inform clinical trial development.
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Strategies to maintain remission, including fixed versus tai-
lored rituximab retreatment, are associated with tradeoffs regard-
ing risks of AAV relapse and severe infection, which affect
morbidity, mortality, quality of life, and costs. Simulation models
can produce scientific evidence that is complementary to data
from clinical trials and cohort studies and can be used by pro-
viders and other stakeholders (4). Simulation modeling has impor-
tant advantages: data from multiple sources can be incorporated
as input parameters, model structure and inputs can be revised in
real time as new data and strategies emerge, and model out-
comes can account for various clinical outcomes, quality of life,
and costs. Additionally, uncertain input parameters may be varied
to evaluate the impact of estimate uncertainty on outcomes.
Finally, models can project outcomes over longer time horizons
than typical clinical trials or observational studies. In other condi-
tions, simulation models have informed care and treatment guide-
lines (4,5).

Therefore, simulation models will be useful to address unmet
needs for AAV care. Models can be applied to identify patient
subgroups (e.g., by ANCA type, manifestation, genetic profile) or
scenarios (e.g., a pandemic in which infection risks and vaccina-
tion needs impact preferred strategies) in which one strategy
may yield superior outcomes. Additionally, models can be used
to identify influential areas of uncertainty where research funding
can generate new data to inform decisions that may have a sub-
stantial impact on practice. Simulation models may have particu-
lar value in the study of rare diseases where both funding and
trial sample sizes are limited compared to common diseases.

The objective of the current project was to develop and vali-
date a novel state-transition microsimulation model, the AAV sim-
ulation model (AAV-Sim), to project clinical outcomes among
individuals with AAV in remission. For the purposes of model
development and validation, we simulated rituximab-based
retreatment strategies to maintain remission with the capacity to
simulate additional strategies in future studies.

MATERIALS AND METHODS

Analytic overview. We developed the AAV-Sim model
(using TreeAge Pro Healthcare 2020 software) to project clinical
outcomes (i.e., relapse, infection, end-stage renal disease
[ESRD], death) among patients with AAV who were in their first
remission after induction therapy. Clinical experts contributed
to the development of the model structure and assessed its
face validity. We derived model input parameters from cohort
studies, clinical trials, and nationwide registries. We verified
model structure, assessed the face validity of input parameters,
and examined model outcomes using data from the
MAINRITSAN2 trial (3), which compared fixed with tailored
rituximab retreatment guided by serum ANCA and blood
CD19+ B cell test results. We then performed 2 external model
validations by populating the model with cohort characteristics
from the MAINRITSAN1 trial (fixed rituximab retreatment versus
azathioprine for maintenance of remission) (6) and an observa-
tional study reporting outcomes of long-term B cell depletion
in AAV (7).

Model structure. The AAV-Sim model is an individual-level,
microsimulation model with a monthly time step (Figure 1). Certain
assumptions are necessary when modeling a complex condition
but can be varied and updated as new data become available. At
model start, all individuals are in remission and draw for demo-
graphic (i.e., age, sex) and disease-specific characteristics
(i.e., renal involvement [yes/no], ANCA type [proteinase 3 (PR3)–
ormyeloperoxidase (MPO)–ANCA]) from user-defined distributions;
we selected these individual-level factors given their impact on out-
comes (e.g., ESRD, relapse, mortality risk). We defined renal
involvement as a history of AAV-related renal disease with an esti-
mated glomerular filtration rate (eGFR) of ≥45 ml/minute because
a tailored strategy may not be appealing in patients with severe
renal disease (see Supplementary Appendix A, available on the
Arthritis Care & Research website at http://onlinelibrary.wiley.com/
doi/10.1002/acr.25088). Each month, individuals can transition
between remission or relapse, stratified by major/minor severity,
and are at risk each month for severe infection, ESRD, or death.

We defined major relapse as organ- or life-threatening dis-
ease. The risk of relapse in the model is influenced by a patient’s
ANCA type and treatment strategy (e.g., fixed versus tailored
treatment). Individuals remain in the major relapse health state
for up to 6 months; they can exit temporarily for 1 month (due to
severe infection) or permanently (due to ESRD or death). At
6 months (inclusive of any temporary exits for infection), they
return to the remission health state. Individuals can experience a
2-month minor relapse (6,8), during which they face a monthly risk
of ESRD, severe infection, or death but not major relapse to reflect
the way these data were reported in clinical trials. After 2 months
in minor relapse, they return to remission and are again at risk for
relapse.

SIGNIFICANCE & INNOVATIONS
• Treatment of antineutrophil cytoplasmic antibody–

associated vasculitis (AAV) has evolved substantially
in recent years with multiple strategies that are
associated with tradeoffs in outcomes now avail-
able for maintenance of remission.

• Simulation models can produce scientific evidence
that is complementary to data from clinical trials
and cohort studies and can be used by providers
and other stakeholders but have not been robustly
developed for AAV.

• We developed and validated a novel state-transition
microsimulation model, the AAV simulation model,
to project clinical outcomes among individuals with
AAV in remission.
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We defined severe infection as an infection requiring hospi-
talization, and ESRD as permanent renal replacement therapy
(i.e., hemo- or peritoneal dialysis, or renal transplant). The monthly
risk of ESRD is stratified according to whether a patient has renal
involvement at model start or not. Individuals without renal
involvement at model start do not develop renal manifestations
of AAV in the future based on prior data indicating that this is rare
(9,10) and would be unlikely to strongly influence outcomes in the
modeled 28-month follow-up that patients enter with preserved
renal function. Individuals with ESRD do not experience major or
minor relapse based on prior literature suggesting that this is infre-
quent (11). Each health state has a distinct monthly mortality rate.

Cohort characteristics and AAV natural history
model input parameters. The characteristics of the cohort
reflect the distributions of age (mean 60.6 years), sex (58%
male), PR3-ANCA+ (58%), and renal involvement (71%) in the
MAINRITSAN2 trial (3) (Table 1). The monthly probability of
relapse and severe infection during remission are strategy
dependent (Table 1). The monthly probability of severe infection
during major relapse is based on results from the RITAZAREM
trial (12), which enrolled relapsing patients (Table 1 and Supple-
mentary Appendix A, available at http://onlinelibrary.wiley.com/
doi/10.1002/acr.25088). The monthly probability of ESRD
among individuals with prior renal involvement during major
relapse was derived from the Mass General Brigham (MGB)
AAV cohort and published literature (Table 1 and Supplementary
Appendix A, available at http://onlinelibrary.wiley.com/doi/10.
1002/acr.25088) (13).

The AAV-Sim simulates individuals who have achieved remis-
sion and have an eGFR of ≥45ml/minute for which data are limited
regarding ESRD risk. Among individuals with and without a history
of renal involvement, we assumed that the monthly probability of
ESRD during remission and major relapse is age dependent,
derived from the MGB AAV cohort and rates of ESRD due to
non-glomerulonephritis causes observed in the general popula-
tion, respectively (see Supplementary Appendix A, available
at http://onlinelibrary.wiley.com/doi/10.1002/acr.25088) (14–16).
ESRD risk during minor relapse is the same as during remission
among those with and without renal involvement at model start.

Although AAV cohort studies have demonstrated higher
mortality among patients with AAV than general population com-
parators (17), data are limited regarding the risk of noninfectious
and non-ESRD death among patients with AAV who survived
their initial remission induction treatment. We used data from the
MGB AAV cohort and National Vital Statistics report to determine
age- and sex-specific monthly probabilities of death (see Supple-
mentary Appendix A). We derived distinct age- and sex-specific
mortality rates for patients with ESRD from the US Renal Data
System (14–16) and for patients hospitalized with severe infection
from the Nationwide Inpatient Sample (see Supplementary
Appendix A) (18).

Strategies. Using the AAV-Sim, we can project the out-
comes associated with different strategies to maintain remission.
The monthly probability of minor and major relapse and severe
infection during remission vary based on the strategy: fixed (base
case strategy) or tailored (alternative strategy) retreatment. In the

Figure 1. Schematic of health states and transitions in the antineutrophil cytoplasmic antibody–associated vasculitis simulation model (AAV-
Sim). This figure represents a simplified depiction of health states and transitions (shown in sequence by lower-case letters) in the AAV-Sim. The
ovals represent health states: relapse (stratified by major and minor relapse); remission; end-stage renal disease; and severe infection. All individ-
uals are in remission at model start. The arrows indicate monthly transitions by which individuals can progress to a different state or remain in the
same health state at each monthly time step. Individuals spend 6 months in relapse after experiencing a major relapse; they then return to remis-
sion and are again at risk for major or minor relapse. Individuals spend 2 months in relapse after experiencing a minor relapse, after which they
return to remission and are again at risk for major or minor relapse. From remission, individuals can experience a relapse and transition to the
relapse health state. Once individuals develop end-stage renal disease, they remain in that health state until death. Death (not pictured) can occur
from any health state. Transitions a, c, j, and f are treatment strategy dependent.
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fixed strategy, individuals receive rituximab every 6 months. In the
tailored strategy, individuals are retreated with rituximab when
they experience a rise in their ANCA titer or a repopulation of
CD19+ B cells. Therefore, in the model, individuals who do not
have a relapse face a monthly probability of experiencing a repop-
ulation in their B cell count (i.e., any count >10 when the prior test
had no detectable B cell count), ANCA turning from negative to
positive (i.e., any titer ≥20), or a doubling of their ANCA titer, if pre-
viously detectable. If the patient experiences any of these events,
they receive rituximab and enter a post-rituximab remission
health state for 3 months, during which they face a probability
of ESRD, severe infection, or death without a probability of
relapse to reflect the decreased risk of relapse immediately fol-
lowing rituximab administration; the probability of experiencing
these outcomes during these 3 months is based on their
assigned treatment strategy and baseline demographic and dis-
ease features.

Strategy-specific model input parameters. Based on
estimates that patients with PR3-ANCA+ AAV have a 2-fold
higher risk of relapse than MPO-ANCA+ AAV (19–22), we derived
PR3- and MPO-ANCA–specific probabilities of minor and major
relapse from the MAINRITSAN2 trial (Table 1 and Supplementary
Appendix A, available at http://onlinelibrary.wiley.com/doi/10.

1002/acr.25088). We estimated strategy-specific monthly proba-
bilities of severe infection during remission and relapse using data
from the MAINRITSAN2 trial (3). Because minor relapses in trials
are often treated with only small increases in immunosuppression
(8,23), we assumed the risk of severe infection to be equal in
minor relapse and remission.

In the tailored strategy, retreatment with rituximab is deter-
mined by changes in B cell counts or ANCA titers, as described
above. To estimate the probability of B cell repopulation or ANCA
titer changes, we used data from patients randomized to rituxi-
mab in the Rituximab in AAV (RAVE) trial (see Supplementary
Appendix A) (24).

Model outcomes.We projected 6 primary outcomes using
the AAV-Sim: 1) minor relapse; 2) major relapse; 3) relapse-free
survival; 4) severe infection; 5) ESRD; and 6) all-cause mortality.
Secondary outcomes included: 1) number of rituximab infusions
triggered by a rising ANCA level or B cell repopulation; 2) cause-
specific death; 3) ANCA titer rise; and 4) B cell repopulation.
Table 2 shows outcomes assessed in validation.

Internal and external validation. For internal valida-
tion, we used the AAV-Sim to project outcomes over 28 months
using fixed and tailored strategies among patients in remission

Table 1. Model input parameters*

Input parameter Base case value Fixed schedule Tailored treatment Ref.

Baseline cohort characteristics 3
Age, mean ± SD years 60.5 ± 13.0 – –

Male, % 58 – –

PR3-ANCA, % 58 – –

Renal involvement, % 72 – –

Relapse, monthly probability 3
PR3-ANCA major relapse – 0.0017 0.00351
PR3-ANCA minor relapse – 0.0029 0.0047
MPO-ANCA major relapse – 0.0009 0.0017
MPO-ANCA minor relapse – 0.0015 0.0024

Severe infection, monthly probability
Major relapse – 0.00944 0.00944 12
Remission and minor relapse – 0.00785 0.00419 3

ESRD, monthly probability
Major relapse
Prior renal involvement 0.000851 – – †

No prior renal involvement Age-stratified‡ – – 14
Remission and minor relapse
Prior renal involvement Age-stratified‡ – – †

No prior renal involvement Age-stratified‡ – – 14
Mortality, monthly probability
Major relapse Age- and sex-stratified‡ – – 42
Remission and minor relapse Age- and sex-stratified‡ – – 42
End-stage renal disease Age- and sex-stratified‡ – – 14
Severe infection Age-stratified‡ – – 18

* ANCA = antineutrophil cytoplasmic antibody; ESRD = end-stage renal disease; MPO = myeloperoxidase;
PR3 = proteinase 3; Ref. = reference citation.
† Details regarding source data are available in Supplementary Appendix A, available at http://onlinelibrary.wiley.
com/doi/10.1002/acr.25088.
‡ Monthly probabilities are reported in the Supplementary Appendix A, available at http://onlinelibrary.wiley.com/
doi/10.1002/acr.25088.
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at baseline (Table 1). We simulated a population of 50,000
individuals with AAV with clinical characteristics (i.e., age, sex,
ANCA type, and renal involvement) of patients enrolled in
the MAINRITSAN2 trial (Table 1 and Supplementary Appendix A,
available at http://onlinelibrary.wiley.com/doi/10.1002/acr.25088).
In the MAINRITSAN2 trial, rituximab was not administered after
month 18. Therefore, for the purposes of external validation, we
assumed that individuals with a rising ANCA titer or B cell repopula-
tion had a 2-fold higher risk of flare once rituximab was held
(see Supplementary Appendix A).

We performed 2 external validations of our model using
demographic characteristics, disease-specific features, and
study design from the MAINRITSAN1 trial and the study by
Pendergraft et al (7) to compare projected outcomes to those
observed in these studies (see Supplementary Appendix A) (6,7).
We also conducted a 2-way sensitivity analysis to evaluate
the impact of age and risk of infection on relapse-free survival
(see Supplementary Appendix A).

Statistical analyses. We used mean average percent
error (MAPE) to assess how the cumulative incidence of model-
projected outcomes compared with observed outcomes in the

MAINRITSAN2 and MAINRITSAN1 trials (see Supplementary
Appendix A). To compare relapse-free survival curves for model-
projected outcomes with those observed in MAINRITSAN
2, MAINRITSAN1, and the observational study by Pendergraft
et al (7), we used the coefficient of variation of root mean square
error (CV-RMSE) (see Supplementary Appendix A).

RESULTS

Model outcomes. We first evaluated the outcomes proj-
ected by the AAV-Sim over 28 months among patients treated
with a fixed strategy (Table 3). At 28 months, 6.0% of patients in
the fixed strategy would experience at least 1 minor relapse, and
3.5% would experience at least 1 major relapse. We projected
that at least 1 severe infection would occur in 19.4% of individuals
treated with the fixed strategy in the AAV-Sim. Given the exclusion
of individuals with significant kidney disease, we projected the
incidence of ESRD to be rare (0.2%). We projected that 5.9% of
patients would die and 84.8% would attain relapse-free survival
with the fixed strategy over the 28-month period. We also proj-
ected cause-specific death: noninfectious causes in patients
without ESRD (4.3%), severe infection (1.6%), and ESRD

Table 2. Primary outcomes projected in the antineutrophil cytoplasmic antibody (ANCA)–associated vasculitis simulation model (AAV-Sim)
and observed in clinical trials and cohorts used for validation of the AAV-Sim*

Outcome
assessed

Internal validation, MAINRITSAN 2 (time
horizon 28 months)

External validation†

MAINRITSAN 1 (time horizon
28 months)

Pendergraft et al (time horizon
12 months)

Minor relapse

Major relapse

Severe infection

ESRD

Death

Relapse-free
survival

* ESRD = end-stage renal disease; MAINRITSAN = Rituximab versus Azathioprine in ANCA-Associated Vasculitis (trial). = reported in
trial/study; = not assessed or reported in trial/study.
† MAINRITSAN1 and Pendergraft et al (7) were not used to estimate input parameters.

Table 3. Internal validation comparing antineutrophil cytoplasmic antibody (ANCA)–associated vasculitis simulation
model (AAV-Sim) projected outcomes with those observed in the MAINRITSAN2 trial over 28 months according to treat-
ment strategy*

Fixed strategy Tailored strategy

AAV-Sim, % MAINRITSAN2† MAPE, % AAV-Sim, % MAINRITSAN2† MAPE, %

Minor relapse 6.0 6.2 (1.0–11.4%) 3 7.3 8.6 (2.5–14.8%) 15
Major relapse 3.5 3.7 (0.0–7.8%) 5 5.5 7.4 (1.7–13.1%) 26
≥1 severe infection 19.4 19.8 (11.1–28.4%) 2 11.1 10.2 (3.4–16.4%) 9
ESRD 0.24 1.2 (0.0–3.6%) 1 0.24 0 (0–0%) NR
Relapse-free survival 84.8 86 (79.2–94.2%) 1 82.3 84 (76.1–92.3%) 2
Survival 94.1 96.3 (89.6–99.2%) 2 94.8 98.8 (93.3–99.9%) 4

* Values are the percentage (95% confidence interval [95% CI]) unless indicated otherwise. ESRD = end-stage renal dis-
ease; MAINRITSAN2 = Rituximab versus Azathioprine in ANCA-Associated Vasculitis 2 (trial); MAPE = mean average per-
cent error; NR = not reported (due to the low number of observed outcomes in the MAINRITSAN2 trial).
† 95% CIs are reported for outcomes observed in the MAINRITSAN2 trial to demonstrate the accuracy of AAV-Sim
projections.
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(0.03%). Most deaths due to infection occurred during remission
(1.6%), as opposed to during active disease (0.02%).

Internal validation using MAINRITSAN2 outcomes.
Proportion with minor and major relapses. We then evaluated
the outcomes projected by the AAV-Sim over 28 months among
patients treated with a tailored strategy and compared the proj-
ected outcomes with each strategy (fixed versus tailored) to those
observed in the MAINRITSAN2 trial (Table 3). When a tailored
strategy was used, more minor and major relapses were
projected compared with the fixed strategy (minor relapse
7.3% versus 6.0%; major relapse 5.5% versus 3.5%). The proj-
ected proportion of individuals with at least 1 major relapse was
similar in the AAV-Sim compared with the MAINRITSAN2 trial in
each treatment strategy (fixed strategy 3.5% in AAV-Sim
versus 3.7% [95% confidence interval (95% CI) 0.0–7.8%] in
MAINRITSAN2, MAPE 5%; tailored strategy 5.5% in AAV-Sim
versus 7.4% [95% CI 1.7–13.1%] in MAINRITSAN2, MAPE 26%).

Proportion with severe infections. Among individuals treated
with the fixed strategy in the AAV-Sim, at least 1 severe infection
would occur more frequently than with the tailored strategy
(Table 3),whichwas similar to observed results in theMAINRITSAN2
trial (fixed strategy 19.4% in AAV-Sim versus 19.8% [95% CI
11.1–28.4%] in MAINRITSAN2, MAPE 2%; tailored strategy 11.1%
in AAV-Sim versus 10.2% [95%CI 3.4–16.4%], MAPE 9%).

Cumulative incidence of ESRD. The projected incidence of
ESRD in both treatment strategies was similar to that observed
in the MAINRITSAN2 trial (fixed strategy 0.2% in AAV-Sim versus
1.2% [95% CI 0.0–3.6%] in MAINRITSAN2, MAPE 1%; tailored
strategy 0.2% in AAV-Sim versus 0% in MAINRITSAN2; MAPE
cannot be calculated because 0 is in the denominator)
(Table 3).

Cumulative incidence of death and relapse-free survival.

Results were similar when comparing overall survival projected
by the AAV-Sim to that observed in the MAINRITSAN2 trial
(Table 3) for fixed (94.1% in AAV-Sim versus 96.3% [95% CI
89.6–99.2%] in MAINRITSAN2, MAPE 2%) and tailored strategies
(94.8% in AAV-Sim versus 98.8% [95% CI 93.3–99.9%] in
MAINRITSAN2, MAPE 4%). Relapse-free survival was similar to
observed results over the 28 months of the MAINRITSAN2 trial
in both the fixed and tailored strategies (fixed strategy 84.8% in
AAV-Sim versus 86.0% [95% CI 79.2–94.2%] in MAINRITSAN2,
MAPE 1%; tailored strategy 82.2% in AAV-Sim versus 84.0%
[95% CI 76.1–92.3%] in MAINRITSAN2, MAPE 2%). When com-
paring goodness of fit, we found that our projected outcomes
from the AAV-Sim were similar to those observed in the
MAINRITSAN2 trial for both strategies (RMSE 2.1 and 2.2, and
CV-RMSE 2.3% and 2.5%, respectively) (Figure 2).

Secondary outcomes. Using the AAV-Sim, we projected
that the proportion of patients experiencing noninfectious
death without a history of ESRD at 28 months would be 4.3%
with the tailored strategy, similar to projections in the fixed

strategy (4.3%). The projected proportion of deaths due to
infection was higher in the fixed than the tailored strategy
(1.6% versus 0.9%), with the majority occurring during remis-
sion as opposed to relapse in both treatment strategies,
respectively (1.6% versus 0.9%). The proportion of projected
deaths from ESRD was small in both strategies (0.03% versus
0.04%, respectively).

In the tailored strategy, we projected that 95.4% of simulated
individuals would experience at least 1 repopulation of peripheral
B cells and 89.6% would experience at least 1 ANCA rise or sero-
conversion over 28 months. The projected mean ± SD number of
rituximab infusions was 3.9 ± 0.9, which was similar to the
median number of infusions (3 [interquartile range 2–4]) adminis-
tered to this group in the MAINRITSAN2 trial. In a 2-way sensitivity
analysis varying the age and infection risk with fixed strategy, we
projected that differences in relapse-free survival were sensitive
to infection risk, especially at older ages (see Supplementary
Appendix A, available at http://onlinelibrary.wiley.com/doi/10.
1002/acr.25088).

External validation. MAINRITSAN 1 external validation.
We then compared the outcomes projected in the AAV-Sim with
the fixed strategy to those observed in the fixed strategy of the
MAINRITSAN1 trial (Table 4). At 28 months, the AAV-Sim proj-
ected a similar proportion of patients experiencing minor and
major relapse when compared with the MAINRITSAN1 trial (minor
relapse 6.6% in AAV-Sim versus 11.0% [95% CI 4.0–21.5%] in
MAINRITSAN 1, MAPE 40%; major relapse 4.0% in AAV-Sim
versus 5.0% [95% CI 1.1–14.6%] in MAINRITSAN 1, MAPE
21%). The proportion of individuals experiencing at least 1 severe
infection was also similar among those receiving fixed retreatment
in the AAV-Sim (19.4%) and MAINRITSAN1 (19.0% [95% CI
10.1–31.9%], MAPE 2%). There were no deaths observed in the
MAINRITSAN 1 trial among patients randomized to fixed retreat-
ment, whereas 5.9% of individuals in the AAV-Sim were projected
to die over 28 months in the fixed strategy. At 28 months, 89.2%
of individuals in the AAV-Sim experienced relapse-free survival
compared with 86.1% (95% CI 74.2–93.7%) of patients in the
MAINRITSAN1 trial (RMSE 2.5, CV-RMSE 2.7%) (Figure 2B).

Pendergraft et al (7) external validation. The relapse-free sur-
vival associated with the fixed strategy in the AAV-Sim at
12 months was similar to that observed in the observational study
of fixed B cell retreatment by Pendergraft et al (major relapse-free
survival 94.7% in AAV-Sim versus 97.0% in Pendergraft et al,
RMSE 1.7, CV-RMSE 1.8%; minor relapse-free survival 93.7% in
AAV-Sim versus 95.0% in Pendergraft et al, RMSE 1.5, CV-RMSE
1.5%) (Figure 2C).

DISCUSSION

We developed and validated the AAV-Sim, a novel state-
transition microsimulation model of clinical outcomes among
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patients undergoing treatment to maintain remission for AAV. This
is the first validated microsimulation model of AAV and is an
important first step in leveraging this methodology to inform and
advance care for patients with AAV. A particular strength of this
approach is its ability to incorporate data from multiple sources,
including clinical trials, observational studies, and nationwide reg-
istries, as well as opinions from experts in the field for aspects of
the disease course where data may be limited. Additionally, the
AAV-Sim can be used to project how the preferred treatment
strategies could vary when the associated outcomes are exam-
ined over longer time horizons, refined to reflect different priorities
(e.g., infection or relapse), or according to disease subgroups
(e.g., ANCA type, renal involvement, age).

We performed several validation steps to demonstrate the
accuracy of projected outcomes of the AAV-Sim. First, clinical
experts in AAV evaluated the structure of the model and
assessed input parameters to confirm face validity. Second,

we performed internal validation by comparing the outcomes
projected in the AAV-Sim to those observed in the MAINRIT-
SAN2 trial, which is the only study to evaluate both fixed and
tailored rituximab retreatment strategies. Third, we performed
external validation by comparing projected AAV-Sim outcomes
to those observed in MAINRITSAN1, a large clinical trial that
established the efficacy of the fixed rituximab retreatment strat-
egy, and in an observational study reporting a single center’s
experience with fixed retreatment. In internal and external valida-
tion, we found that model-generated results and observed data
were within a range generally accepted to indicate a good fit by
MAPE and CV-RMSE (25–27). Some larger MAPE values were
observed when projected and observed outcomes were close
to one another, but the frequency of these outcomes was close
to 0 (e.g., <10%). Projected outcomes were consistently within
the confidence intervals of observed outcomes in the trials used
for validation.

Figure 2. A, Internal validation of relapse-free survival: projected results from the antineutrophil cytoplasmic antibody–associated vasculitis sim-
ulation model (AAV-Sim) and observed relapse-free survival observed in the Rituximab versus Azathioprine in ANCA-Associated Vasculitis
2 (MAINRITSAN2) trial. This figure represents observed relapse-free survival in the internal validation among patients who received fixed B cell
depletion treatment (solid lines) and those who received tailored treatment (broken lines) in the AAV-Sim (blue lines) and the MAINRITSAN2 trial
(red lines). B, External validation of relapse-free survival: projected results from the AAV-Sim and observed relapse-free survival observed in the
MAINRITSAN2 trial. This figure represents observed relapse-free survival in the external validation among patients who received fixed B cell deple-
tion treatment and those who received tailored treatment in the AAV-Sim (blue line) and the MAINRITSAN1 trial (red line). C, External validation of
minor and major relapse-free survival: projected major and minor relapse-free survival observed in the AAV-Sim and observed results from the
study by Pendergraft et al (7). This figure represents observed minor (solid lines) and major (broken lines) relapse-free survival in the external vali-
dation among patients who received fixed B cell depletion treatment and those who received tailored treatment in the AAV-Sim (blue lines) and
the study by Pendergraft et al (black lines). CV-RMSE = coefficient of variation of root mean square error.
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In human immunodeficiency virus infection, and other
chronic conditions, simulation modeling has informed manage-
ment guidelines and policy (4,5). In contrast, simulation modeling
has been infrequently applied in inflammatory rheumatic diseases
(28–33). The AAV-Sim could have important influence because it
can address highly relevant and timely concerns in AAV care
(e.g., impact of delaying rituximab for vaccinations, use of alterna-
tive maintenance strategies). While our primary aim was to vali-
date the AAV-Sim, we also confirmed in a larger simulated
population that fixed versus tailored retreatment strategies yield
similar rates of relapse-free survival. We also projected higher risk
of death due to infection, especially during remission on fixed
retreatment, an observation that could not be made in the
MAINRITSAN2 trial due to lack of power.

We plan to expand the AAV-Sim to incorporate utilities and
costs as a next step to enable projections that can compare the
relative value of different treatments for AAV. These data can then
be used to inform management guidelines, especially when
resources are limited and/or costs are in a range that may be con-
sidered unacceptably high for payers. Incorporating patient pref-
erences and costs will facilitate analyses of novel drugs entering
the market to determine what society should be willing to pay
beyond currently available strategies (34). Such studies are
needed given the estimated price of avacopan, the newest US
Food and Drug Administration–approved medication for AAV:
$128,976 per year for Veterans Affairs beneficiaries (35). The
AAV-Sim can be further adapted to compare other maintenance
strategies and to project outcomes during remission induction.

AAV-Sim–projected deaths were more frequent than those
observed in the studies used for validation for several potential
reasons. First, clinical trials often exclude patients with certain
comorbidities, so the observed mortality risk is lower than in the
general population. For instance, the MAINRITSAN2 trial
excluded patients with recent infection or malignancy, advanced
heart failure, or lung disease, which increase mortality; our model

inputs for background mortality were based on national vital sta-
tistics, which do not exclude patients with these comorbidities.
Exclusion criteria are not detailed in MAINRITSAN1, but patients
with higher mortality risk were likely excluded. Additionally, the
number of patients in the MAINRITSAN1 arm treated with rituxi-
mab was small (n = 57), limiting the number of potential observed
deaths. Second, MAINRITSAN1 and MAINRITSAN2 were con-
ducted in France, where life expectancy is higher than in the US
(36). Third, we assumed no loss to follow-up in the AAV-Sim,
whereas 7 of 81 patients in the fixed strategy and 2 of 81 in the tai-
lored strategy were lost to follow-up from MAINRITSAN 2. This
loss to follow-up may have included patients who died.

Several factors influenced what may be perceived as lower
than expected incidence of ESRD in the AAV-Sim. First, we proj-
ected outcomes in patients who had survived their initial AAV pre-
sentation without ESRD; a large portion of ESRD in AAV occurs
during the initial presentation (11). Second, patients modeled in
this analysis of the AAV-Sim were assumed to have preserved
renal function, reflecting both the unlikely use of tailored rituximab
retreatment in patients at high risk of ESRD because of AAV, as
well as the patients enrolled in the trials used for validation.
A strength of the AAV-Sim and this methodologic approach is that
the input parameters can be varied to reflect the population of
interest in future studies, and additional complexity in model
structure can be developed to address other questions. Future
uses of the AAV-Sim may include incorporating changes in eGFR
over time in an individual and identifying an eGFR threshold over
which tailored strategies may be preferable to balance risks of
severe infection with relapse and ESRD. Third, we projected out-
comes for 28 months, limiting the number of observed long-term
outcomes.

Strengths of this study include the use of a novel methodol-
ogy to project outcomes for patients with AAV, guided by clinically
relevant questions, and a stepwise approach to validation that fol-
lows the recommended practices for simulation modeling (37).
Despite these strengths, our study has certain limitations. First,
this is a simplified model of a complex condition that required cer-
tain assumptions. Despite this, the AAV-Sim projected key out-
comes with close fidelity to those observed in clinical trials. In
future steps, we plan to compare alternative treatment strategies
and incorporate greater complexity of dosing using more sophis-
ticated programming methods. Second, although model out-
comes included relapse, ESRD, severe infection, and mortality,
additional relevant outcomes are not yet projected in the
AAV-Sim. In the future, we plan to incorporate toxicities of gluco-
corticoids and other medications, all-cause hospitalization, quality
of life, among other outcomes, especially given the focus on
glucocorticoids-sparing approaches in recent and ongoing trials
(38–41). Additionally, we plan to expand the model to project
outcomes, particularly ESRD, in individuals who present with or
develop more severe chronic kidney disease during follow-up.
Third, ESRD and death occurred rarely in the studies used to

Table 4. External validation comparing antineutrophil cytoplasmic
antibody (ANCA)–associated vasculitis simulation model (AAV-Sim)
projected outcomes for the fixed strategy with those outcomes
observed in the MAINRITSAN1 trial*

AAV-Sim,
% MAINRITSAN1† MAPE, %

Minor relapse 6.6 11.0 (4.0–21.5%) 40
Major relapse 4.0 5.0 (1.1–14.6%) 21
≥1 severe
infection

19.4 19.0 (10.1–31.9%) 2

Relapse-free
survival

89.2 86.0 (74.2–93.7%) 4

Overall survival 94.1 100 (93.7–100%) 6

* Values are the percentage (95% confidence interval [95% CI])
unless indicated otherwise. MAINRITSAN1 = Rituximab versus Aza-
thioprine in ANCA-Associated Vasculitis 1 (trial); MAPE = mean aver-
age percent error.
† 95% CIs are reported for outcomes observed in the MAINRITSAN1
trial to demonstrate the accuracy of AAV-Sim projections.
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validate the AAV-Sim; we will compare model projections with
observational data as they become available among patients
receiving long-term B cell depletion. Last, there are no studies
other than the MAINRITSAN2 trial that evaluate the impact of
tailored rituximab therapy to maintain remission, so we were only
able to perform an internal validation of this strategy. Reassur-
ingly, internal validation of this arm and external validation of fixed
treatment approaches closely approximated outcomes observed
in other studies (3,6,7).

In conclusion, we developed and validated the AAV-Sim, a
novel microsimulation model to project outcomes in individuals
with AAV. This model may be applied to inform clinical guidelines
and identify influential areas of uncertainty to guide the design
and prioritization of future studies. With the increasing availability
of multiple treatment strategies in AAV, this methodologic
approach will facilitate the development of guidelines to recom-
mend preferred treatments in all-comers with AAV and subgroups
identified by demographic characteristics, ANCA type, and AAV
organ involvement.
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Effectiveness and Persistence in SB4- and Reference
Etanercept–Treated Rheumatoid Arthritis Patients
in Ordinary Clinical Practice in Norway

Glenn Haugeberg,1 Gunnstein Bakland,2 Erik Rødevand,3 Inger Johanne Widding Hansen,4

Andreas Diamantopoulos,5 and Are Hugo Pripp6

Objective. Biosimilars represent cost-effective alternatives to reference biologic disease-modifying antirheumatic
drugs. Our objective was to compare drug effectiveness and drug persistence in the treatment of rheumatoid arthritis
(RA), assessing the etanercept biosimilar SB4 in efficacy and safety compared with reference etanercept in a Phase
III, randomized controlled trial. We applied EULAR Points to Consider for Comparative Effectiveness Research in a
retrospective database study of etanercept and SB4 in patients treated in clinical practice in Norway.

Methods. Patients with RA (n = 1,455) treated with etanercept or SB4 between 2010 and 2018 at 5 centers in
Norway with ≥1 year of follow-up were included. Disease outcomes (Disease Activity Score in 28 joints [DAS28] at week
52) and drug persistence were compared between unmatched etanercept (n = 575) and SB4 (n = 299) cohorts and
matched analyses (n = 172, both cohorts) using propensity score (PS) matching to adjust for confounders.

Results. In unmatched analyses, the difference in change from baseline between etanercept (n = 221) and SB4
(n = 106) for DAS28 at week 52 was mean –0.02 (95% confidence interval [95% CI] –0.32, 0.27), demonstrating equiv-
alence by the predetermined equivalence margin (±0.6). In PS-matched analyses, the difference between etanercept
(n = 49) and SB4 (n = 49) was 0.03 (95% CI –0.46, 0.52), within the predefined equivalence margin. Persistence using
the drug at week 52 was similar between etanercept (0.62 [95% CI 0.57, 0.65]) and SB4 (0.66 [95% CI 0.60, 0.71])
cohorts in the unmatched analysis; in PS-matched cohorts, persistence at week 52 was 0.52 (95% CI 0.44, 0.59) for
etanercept and 0.68 (95% CI 0.61, 0.75) for SB4.

Conclusion. Outcomes for disease status/drug persistence at week 52 were similar between patients with RA
treated with etanercept or SB4.

INTRODUCTION

The introduction of biologic disease-modifying antirheu-

matic drugs (bDMARDs) in 1999 led to a paradigm shift in

the treatment of chronic inflammatory arthritis disorders. The

tumor necrosis factor inhibitors infliximab and etanercept

(ETN), licensed for the treatment of rheumatoid arthritis (RA),

were the first to reach the market, receiving approvals for use

in the European Union in 1999 and 2000, respectively. The

costs of biologic drugs present challenges, causing restrictions

to the prescribing of these drugs in several countries and

subsequently contributing to inequalities of care (1–3).

However, the expiration of patents for bDMARDs allowed the

manufacture of biosimilars, which can be sold at lower prices.

Since the first biosimilar tumor necrosis factor inhibitor, inflixi-

mab CT-P13, was approved in the European Union in 2013,

additional biosimilars have become available. The ETN biosim-

ilar SB4 was approved by the European Medicines Agency in

January 2016. SB4 demonstrated similarity to reference ETN

in a comprehensive biosimilarity exercise, which included a
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52-week, double-blind, Phase III, randomized controlled trial

(RCT) in patients with RA (4,5).
Biosimilar drugs follow a tailored approval pathway com-

pared with reference drugs, including a Phase III RCT with high
internal but low external validity. Therefore, observational studies
with high external validity are important to reassure patients and
physicians that no clinically meaningful differences exist between
a biosimilar and its reference drug when used in routine clinical
practice. Unfortunately, recent comparative effectiveness studies
often do not disclose applied analytical methods in sufficient
detail, with many not adjusting for confounders (6) or accounting
for attrition or missing data, according to a EULAR task force sys-
tematic review (7). Compliance with these recommendations for
conducting comparative effectiveness studies may contribute
toward high-quality observational studies.

Although SB4 has been on the market for several years, pub-
lished real-world data are limited for patients with RA (8–12). The
objective of this real-world study was to compare drug effective-
ness and drug persistence in ETN treatment-naive patients with
RA who received treatment with ETN or the biosimilar SB4, apply-
ing the EULAR Points to Consider for Comparative Effectiveness
Research. Further, we aimed to examine drug effectiveness and
drug persistence in patients with RA treated with SB4 after a
mandatory nonmedical switch from ETN and to explore reasons
for cessation among the 3 RA treatment cohorts: ETN, SB4, and
SB4 switch.

MATERIALS AND METHODS

Study design. This was a retrospective database study of
ETN-naive patients who received treatment with ETN or SB4

and ETN-treated patients who switched to SB4 and had at least
1 year of follow-up data. Data extraction from the participating
centers was performed between June 26 and July 1, 2019. The
study followed the recommendations outlined in the EULAR
Points to Consider When Analysing and Reporting Comparative
Effectiveness Research with Observational Data in Rheumatology
(13), as well as the Strengthening the Reporting of Observational
Studies in Epidemiology (STROBE) and Good Research for Com-
parative Effectiveness (GRACE) guidelines (14,15).

Study population. ETN-naive patients with RA started
ETN treatment between January 2010 and July 2018 at 5 centers
in Norway and were followed for up to 2 years. The participating
centers were University Hospital of North Norway, Tromsø;
St. Olavs Hospital, Trondheim; Haukeland University Hospital,
Bergen; Sørlandet Hospital, Kristiansand; and Martina Hansens
Hospital, Sandvika.

Data collection. Data collection at participating centers
was performed at clinical visits made as part of routine practice.
Data variables collected by all centers included age, sex, body
mass index (BMI), duration of disease, anti–cyclic citrullinated
peptide antibodies (anti-CCP), C-reactive protein (CRP) level,
erythrocyte sedimentation rate (ESR), 28 swollen and tender joint
counts (SJC28 and TJC28), patient global assessment (PtGA)
reported on a 0–100-mm visual analog scale, Disease Activity
Score in 28 joints (DAS28), modified Health Assessment
Questionnaire (MHAQ), current use of methotrexate, current con-
ventional synthetic DMARDs (csDMARDs), including methotrex-
ate, and order of bDMARDs. Data extraction also included
reasons for drug cessation registered in the hospital clinical
GoTreatIT Rheuma databases. Data were collected for ETN-naive
patients who started treatment on ETN or SB4 and for patients
who switched from ETN to SB4. At the time of data extraction,
we examined how many patients had remained on ETN and
how many patients who switched to SB4 had switched back to
ETN. Data are available upon reasonable request.

Study objectives. The primary objective was to compare
drug effectiveness and drug persistence of ETN and SB4 at week
52 in treatment-naive patients with RA treated in ordinary clinical
practice in Norway. Secondary objectives were to further assess
drug effectiveness and persistence at week 52 and week 104 in
patients with RA treated with SB4 after a mandatory nonmedical
switch from ETN and to explore reasons for drug cessation
across the 3 RA treatment cohorts (ETN, SB4, and SB4 switch).

Study end points. Primary outcome measures were dis-
ease outcomes (DAS28 at week 52, assessed as a continuous
variable) and drug persistence (measured as time to treatment
discontinuation during a 52-week follow-up). The equivalence of
DAS28 was determined based on a predefined equivalence

SIGNIFICANCE & INNOVATIONS
• SB4 has demonstrated similarity to etanercept

(ETN) in a comprehensive biosimilarity exercise,
which included a 52-week, double-blind, Phase III,
randomized controlled trial in patients with rheu-
matoid arthritis (RA). However, published real-
world data on SB4 are limited.

• This study reports similar effectiveness, persis-
tence, and safety for patients with RA who initiated
treatment with ETN or SB4 for up to 2 years as part
of routine clinical care at outpatient clinics in
Norway. However, when accounting for differences
between cohorts at baseline using propensity score
matching, persistence was greater on SB4 than on
ETN. Effectiveness was maintained in patients with
RA who had a mandatory switch from ETN to SB4.

• These findings support outcomes from earlier biosi-
milarity studies and indicate that SB4 is an effective
option for switching from ETN for the treatment of
patients with RA.
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margin of ±0.6 (16). Unmatched (primary) and propensity score
(PS)–matched (supportive) analyses were conducted, including a
sensitivity analysis of PS-matched samples using all available data
in the statistical analysis.

Secondary outcome measures included DAS28 at
week 104, assessed as a continuous variable, and DAS28 at
week 52 and week 104, assessed as a categorical variable
based on EULAR response criteria of good, moderate, and no
response to treatment (17). Other clinical outcomes assessed
at week 52 and week 104 included CRP levels, ESR, SJC28,
TJC28, PtGA, and MHAQ. Reasons for drug cessation were
recorded. At data extraction, the number of patients who had
remained on ETN without switching to SB4 was quantified, as
was the number of patients who had switched back to ETN from
SB4. Reasons for discontinuing treatment were also assessed;
where an adverse event (AE) was given as the reason for discon-
tinuation, specific AEs were reported if they had been recorded
in the registry.

Statistical analysis. Independent samples t-tests and chi-
square tests were used to compare baseline characteristics by
treatment cohort in unmatched data. For matched data, paired
samples t-test and McNemar’s test were used to compare base-
line characteristics for continuous variables and proportions,
respectively.

For the primary, unmatched analysis of DAS28 outcomes
between patients treated with ETN and patients treated with
SB4, a conventional independent samples t-test was used (model
0). For the supportive, matched analyses of DAS28, PS matching
was used and analyzed with a paired samples t-test. The primary
PS model was based on clinical knowledge and adjusted for the
following confounders at baseline: age, sex, DAS28, order of bio-
logics, and concomitant csDMARDS. Additional supportive mod-
els that matched for different sets of confounders were also
investigated (model 1 [M1], M2, M3, and M4): M1 adjusted for
age; M2 adjusted for age and sex; M3 adjusted for age, sex,
and DAS28; and M4 adjusted for age, sex, DAS28, order of bio-
logics, and concomitant use of csDMARDs and the other clinical
outcome measures (CRP level, ESR, SJC28, TJC28, PtGA, and
MHAQ). The primary PS-matched model was found to be the
most supportive based on clinical knowledge and data availability.
A standardized difference of <0.1 indicates a good match. Drug
persistence was analyzed by the Kaplan-Meier method. Kaplan-
Meier estimates were calculated for week 52 and week 104 in
unmatched (primary) and matched (supportive) analyses.

Secondary efficacy end points were analyzed based on the
same approach as used for DAS28 and PS-matched models for
supportive analyses. No imputation of missing data was per-
formed for the yearly assessments. However, a sensitivity analysis
for DAS28 that included all available data in the matched samples
using regression analysis with standard errors for matched clus-
ters was performed. For example, PS-matched pairs with only

DAS28 data for 1 of the drugs at week 52 were excluded in the
main matched analysis, but included in the sensitivity analysis.

Ethics approval and patient involvement. The study
was approved by the regional ethical committee (Regional etisk
komite Midt-Norge 2010/3078). No consent from patients was
required by the committee, as all data were anonymized and col-
lected as part of routine clinical care. Patients were not involved in
the design, conduct, reporting or dissemination of this research.

RESULTS

Disposition and baseline characteristics. A total of
1,455 patients with RA from 5 participating outpatient clinics were
included in this analysis (see Supplementary Figure 1, available on
the Arthritis Care & Research website at http://onlinelibrary.wiley.
com/doi/10.1002/acr.25092), including 575 patients in the ETN
cohort, 299 patients in the SB4 cohort, and 581 patients who
had switched from ETN to SB4. Based on unmatched compari-
sons between the ETN and SB4 cohorts, there was a difference
in DAS28 at baseline, with a mean ± SD of 4.3 ± 1.2 and
4.0 ± 1.3, respectively (Table 1). This results in a standardized dif-
ference (d) of 0.25. Differences were also observed at baseline
between the 2 cohorts in age (d = 0.16), BMI (d = –0.13), SJC28
(d = 0.29), TJC28 (d = 0.19), and order of bDMARDs (d = 0.46).

After matching based on the primary PS model, there were
172 patients each in the ETN and SB4 cohorts; the mean ± SD
DAS28 was 4.1 ± 1.3 and 4.1 ± 1.3, respectively (d = 0.00)
(Table 1). Baseline characteristics showed a good overlap
between the PS-matched cohorts based on d ≤ 0.1, with the
exceptions of BMI (–0.24), anti-CCP positivity (0.25), and CRP
level (–0.17). For patients who switched from ETN to SB4, the
mean ± SD DAS28 at baseline was 2.7 ± 1.2.

Primary outcome measure: DAS28 at week
52 (continuous). Before PS matching, the mean DAS28 at
week 52 was 3.2 (95% confidence interval [95% CI] 3.0, 3.3) for
the ETN cohort (n = 268) and 2.9 (95% CI 2.7, 3.1) for the SB4
cohort (n = 134) (Table 2 and Figure 1). After matching based on
the primary PS model, the mean DAS28 in the baseline to
week 52 period was 3.0 (95% CI 2.7, 3.3) for the ETN cohort
(n = 49) and 3.2 (95% CI 2.8, 3.7) for the SB4 cohort (n = 49)
(Table 3). For the switch cohort, the mean DAS28 was 2.4 (95%
CI 2.3, 2.5) for the same period (n = 235). Details on the availability
of patient data for the primary analysis are reported in Supple-
mentary Figure 2, available on the Arthritis Care & Research

website at http://onlinelibrary.wiley.com/doi/10.1002/acr.25092.
The disease status in patients in the ETN cohort and the SB4

cohort at week 52 is shown in Figure 2. In the primary unmatched
analysis, the mean difference in change from baseline/week
0 between ETN (n = 221) and SB4 (n = 106) cohorts was –0.02
(95% CI –0.32, 0.27) at week 52, demonstrating equivalence
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based on an independent samples t-test. In the PS-matched
analysis, the mean difference between ETN (n = 49) and
SB4 (n = 49) for the primary outcome DAS28 at week 52
was 0.03 (95% CI –0.46, 0.52) using a paired samples t-test
of matched pairs with complete data. Outcomes were consis-
tent between the unmatched and PS-matched analyses for
disease status based on DAS28 at week 52 (Figure 2).
In the primary and supportive PS models for the matched
analyses, 95% CIs included zero, but equivalence between
the ETN and SB4 cohorts could not be determined in all
models, based on 95% CIs not being entirely confined within
the predefined equivalence margin of ±0.6. Equivalence was
shown in all PS models, with the sensitivity analysis using all
available data for PS-matched pairs.

DAS28 at week 104 (continuous). Before PS matching,
the mean DAS28 in the week 52–104 period was 3.0 (95% CI
2.8, 3.1) for the ETN cohort (n = 178) and 2.5 (95% CI 2.2, 2.9)
for the SB4 cohort (n = 46) (Table 2 and Figure 1). After PSmatch-
ing, the mean DAS28 in the week 52–104 period was 3.4 (95% CI
2.7, 4.2) for the ETN cohort (n = 11) and 2.4 (95% CI 1.7, 3.0) for
the SB4 (n = 11) cohort. In both the unmatched and PS-matched

analyses, there was a reduction in disease activity as assessed
by DAS28 at week 104 compared with baseline, in both the
ETN- and SB4-treated patients (Figure 1).

Disease response: DAS28 at week 52 and week
104 (categorical). Disease response based on DAS28 at week
52 and week 104 was also assessed as a categorical variable
defined by the EULAR response criteria. Before matching, similar
proportions of patients in the ETN (n = 221) and SB4 (n = 106)
cohorts achieved a good response (40.3% versus 39.6%), a
moderate response (28.1% versus 24.5%), or no response
(31.7% versus 35.8%) at week 52 (see Supplementary Figure 3,
available on the Arthritis Care & Research website at http://
onlinelibrary.wiley.com/doi/10.1002/acr.25092). After matching
based on the primary PS model, 49 patients were in each of the
ETN and SB4 cohorts, of which 49.0% and 30.6%, respectively,
achieved a good response at week 52 (see Supplementary
Figure 3). Moderate responses at week 52 were observed in
14.3% and 34.7%, respectively, of patients in the ETN and SB4
cohorts, and no response in 36.7% and 34.7%. At week 52, the
proportions of patients in the switch cohort (n = 173) achieving

Table 2. Disease status prior to start of treatment, at baseline, and up to 104 weeks follow-up in ETN-naive patients with RA treated with ETN or
SB4 in unmatched patient cohorts and in patients switched from ETN to SB4*

52 weeks before baseline Baseline Baseline to 52 weeks 52–104 weeks

Variable/treatment No. Mean (95% CI) No. Mean (95% CI) No. Mean (95% CI) No. Mean (95% CI)

DAS28
ETN 174 3.8 (3.6, 4.0) 327 4.3 (4.2, 4.5) 268 3.2 (3.0, 3.3) 178 3.0 (2.8, 3.1)
SB4 125 3.5 (3.3, 3.8) 202 4.0 (3.8, 4.2) 134 2.9 (2.7, 3.1) 46 2.5 (2.2, 2.9)
Switch SB4 334 2.6 (2.5, 2.7) 331 2.7 (2.5, 2.8) 235 2.4 (2.3, 2.5) 200 2.4 (2.3, 2.5)

CRP, mg/liter
ETN 216 13.2 (10.8, 15.6) 397 13.7 (12.1, 15.2) 336 7.6 (6.4, 8.9) 228 6.7 (4.7, 8.7)
SB4 189 8.4 (7.0, 9.8) 282 12.3 (10.4, 14.2) 227 6.9 (5.2, 8.5) 85 5.2 (3.2, 7.2)
Switch SB4 413 4.7 (3.9, 5.4) 399 5.2 (4.4, 6.0) 318 5.2 (4.2, 6.1) 259 4.6 (3.6, 5.7)

ESR, mm/hour
ETN 194 21.7 (19.5, 23.9) 349 23.4 (21.6, 25.2) 286 17.1 (15.5, 18.7) 185 15.7 (13.8, 17.5)
SB4 140 20.4 (17.8, 22.9) 223 21.8 (19.6, 23.9) 155 15.7 (13.2, 18.2) 57 12.8 (8.5, 17.0)
Switch SB4 367 15.9 (14.5, 17.4) 364 16.2 (14.7, 17.7) 271 15.3 (13.4, 17.1) 231 15.6 (13.4, 17.7)

SJC28 (range 0–28)
ETN 233 2.7 (2.3, 3.1) 408 4.1 (3.7, 4.5) 350 2.0 (1.7, 2.3) 233 1.5 (1.2, 1.9)
SB4 193 1.9 (1.5, 2.3) 281 3.1 (2.7, 3.5) 225 1.4 (1.1, 1.8) 85 0.9 (0.6, 1.3)
Switch SB4 418 0.9 (0.8, 1.1) 415 0.9 (0.7, 1.1) 316 0.6 (0.5, 0.7) 263 0.6 (0.5, 0.8)

TJC28 (range 0–28)
ETN 233 4.1 (3.6, 4.7) 408 5.6 (5.2, 6.1) 350 3.0 (2.6, 3.4) 233 2.2 (1.8, 2.6)
SB4 193 3.5 (2.9, 4.1) 281 4.7 (4.2, 5.2) 225 2.8 (2.2, 3.3) 85 2.4 (1.6, 3.1)
Switch SB4 418 1.3 (1.1, 1.6) 415 1.6 (1.3, 1.9) 316 1.2 (0.9, 1.5) 263 0.9 (0.7, 1.2)

PtGA (0–100 mm)
ETN 226 43.7 (40.7, 46.6) 414 50.0 (47.9, 52.2) 355 34.9 (32.4, 37.4) 237 31.6 (28.6, 34.6)
SB4 191 42.3 (38.9, 45.7) 270 51.1 (48.5, 53.7) 223 37.2 (34.0, 40.4) 90 39.1 (33.4, 44.7)
Switch SB4 420 30.0 (27.7, 32.2) 406 32.2 (29.9, 34.4) 310 30.4 (27.7, 33.1) 260 30.3 (27.5, 33.2)

MHAQ (range 0–3)
ETN 213 0.6 (0.5, 0.6) 395 0.7 (0.6, 0.7) 351 0.5 (0.4, 0.5) 236 0.4 (0.4, 0.5)
SB4 191 0.5 (0.5, 0.6) 272 0.7 (0.6, 0.7) 224 0.5 (0.4, 0.5) 90 0.5 (0.4, 0.6)
Switch SB4 416 0.4 (0.4, 0.4) 405 0.4 (0.4, 0.5) 309 0.4 (0.4, 0.5) 258 0.4 (0.4, 0.5)

* 95% CI = 95% confidence interval; CRP = C-reactive protein; DAS28 = Disease Activity Score in 28 joints; ESR = erythrocyte sedimentation rate;
ETN = etanercept; MHAQ =modified Health Assessment Questionnaire; PtGA = patient global assessment; RA = rheumatoid arthritis; SB4 = ETN
biosimilar drug; SJC28 = 28 swollen joint count; TJC28 = 28 tender joint count.
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good or moderate responses were 9.8% and 14.5%, respec-
tively, whereas 75.7% achieved no response.

Before matching, 37.0% versus 44.1% of patients in the ETN
(n = 146) and SB4 (n = 34) cohorts, respectively, achieved a good
response, 30.1% versus 14.7% achieved a moderate response,

and 32.9% versus 41.2% achieved no response at week
104 (see Supplementary Figure 3, available at http://
onlinelibrary.wiley.com/doi/10.1002/acr.25092). Based on the
primary PS-matched analysis, 27.3% versus 54.6% of patients
in the ETN (n = 11) and SB4 (n = 11) cohorts, respectively,

Figure 1. Disease activity expressed as Disease Activity Score in 28 joints (DAS28) over 2 years of treatment in A, unmatched, and B, propensity
score–matched patients with rheumatoid arthritis. Numbers represent the numbers of patients in the unmatched and matched (primary PS model)
populations. Data are shown as the mean with 95% confidence interval (95% CI). No imputation of missing data was performed. ETN = etanercept.

Table 3. Disease status before start of treatment, at baseline, and up to 104 weeks follow-up in ETN-naive patients with RA treated with ETN or
SB4 in PS-matched cohorts in the primary PS model*

52 weeks before baseline Baseline Baseline to 52 weeks 52–104 weeks

Variable/treatment No. Mean (95% CI) No. Mean (95% CI) No. Mean (95% CI) No. Mean (95% CI)

DAS28
ETN 46 3.6 (3.2, 3.9) 172 4.1 (3.9, 4.3) 49 3.0 (2.7, 3.3) 11 3.4 (2.7, 4.2)
SB4 46 3.7 (3.3, 4.0) 172 4.1 (3.9, 4.3) 49 3.2 (2.8, 3.7) 11 2.4 (1.7, 3.0)

CRP, mg/liter
ETN 64 11.3 (7.8, 14.8) 169 11.5 (9.5, 13.6) 105 7.5 (5.0, 10.0) 18 7.6 (4.4, 10.9)
SB4 64 7.8 (5.6, 10.0) 169 14.4 (11.6, 17.2) 105 7.5 (4.7, 10.3) 18 4.2 (2.1, 6.3)

ESR, mm/hour
ETN 51 19.6 (15.9, 23.2) 172 21.8 (19.2, 24.3) 63 15.4 (12.4, 18.4) 13 17.1 (10.0, 24.2)
SB4 51 20.9 (17.0, 24.8) 172 22.4 (19.8, 24.9) 63 18.0 (13.6, 22.4) 13 11.0 (6.8, 15.3)

SJC28 (range 0–28)
ETN 76 2.7 (2.1, 3.4) 172 3.6 (3.1, 4.2) 108 2.0 (1.4, 2.5) 21 2.0 (0.7, 3.3)
SB4 76 1.6 (1.1, 2.1) 172 3.3 (2.8, 3.9) 108 1.7 (1.0, 2.3) 21 0.7 (0.1, 1.3)

TJC28 (range 0–28)
ETN 76 4.4 (3.3, 5.5) 172 5.1 (4.4, 5.7) 108 3.2 (2.4, 4.0) 21 2.2 (0.7, 3.8)
SB4 76 3.4 (2.5, 4.2) 172 5.0 (4.3, 5.7) 108 2.9 (2.1, 3.7) 21 2.0 (0.5, 3.6)

PtGA (0–100 mm)
ETN 76 47.2 (41.6, 52.9) 172 50.6 (47.2, 54.1) 111 35.7 (31.2, 40.1) 21 25.3 (14.0, 36.7)
SB4 76 40.7 (35.3, 46.2) 172 49.4 (46.1, 52.6) 111 35.6 (31.3, 39.8) 21 32.6 (22.5, 42.8)

MHAQ (range 0–3)
ETN 75 0.6 (0.5, 0.7) 167 0.7 (0.6, 0.7) 112 0.5 (0.4, 0.6) 21 0.4 (0.2, 0.6)
SB4 75 0.5 (0.4, 0.6) 167 0.6 (0.6, 0.7) 112 0.5 (0.4, 0.5) 21 0.3 (0.2, 0.5)

* CRP = C-reactive protein; DAS28 = Disease Activity Score in 28 joints; ESR = erythrocyte sedimentation rate; ETN = etanercept;
MHAQ = modified Health Assessment Questionnaire; PtGA = patient global assessment; PS = propensity score; RA = rheumatoid arthritis;
SB4 = ETN biosimilar drug; SJC28 = 28 swollen joint count; TJC28 = 28 tender joint count.
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achieved a good response, 27.3% versus 27.3% achieved a
moderate response, and 45.5% versus 18.2% achieved no
response at week 104 (see Supplementary Figure 3). At the same
time point, the proportions of patients in the switch cohort
(n = 148) who achieved good, moderate, or no responses were
11.5%, 15.5%, and 73.0%, respectively.

Drug persistence. In the unmatched sample, the esti-
mated persistence at week 52 was 0.62 (95% CI 0.57, 0.65) for
ETN and 0.66 (95% CI 0.60, 0.71) for SB4 (Figure 3A). The over-
lapping of 95% CIs for the unmatched population indicates similar
persistence between ETN and SB4 cohorts. In the matched sam-
ple using the primary PS model, the estimated persistence at
week 52 was 0.52 (95% CI 0.44, 0.59) for ETN and 0.68 (95%
CI 0.61, 0.75) for SB4 (Figure 3B). For switched patients, the esti-
mated persistence at week 52 was 0.80 (95% CI 0.76, 0.83).

In the unmatched sample, the estimated persistence at week
104 was 0.47 (95% CI 0.43, 0.51) for ETN and 0.56 (95% CI 0.49,
0.61) for SB4. In the matched sample using the primary

PS model, the estimated persistence at week 104 was 0.37
(95% CI 0.29, 0.44) for ETN (n = 63) and 0.60 (95% CI 0.51,
0.67) for SB4 (n = 24). For nonmedical switch patients, the esti-
mated persistence at week 104 was 0.73 (95% CI 0.69, 0.77).

A small number of patients with RA (n = 5) did not undergo
the nonmedical switch from ETN to SB4, including 1 patient at
Sørlandet Hospital and 4 at Martina Hansens Hospital; these
patients did not contribute to this study. Similarly, a number of
patients with RA (n = 48) switched back from SB4 to ETN: 3 at
University Hospital of North Norway, 3 at St. Olavs Hospital,
7 at Haukeland University Hospital, 8 at Sørlandet Hospital,
and 27 at Martina Hansens Hospital. Reasons for switching
back to ETN were often subjective and included lack of efficacy
and AEs.

Secondary effectiveness outcome measures.
Secondary outcomes for the unmatched analyses at week
52 and week 104 are reported in Table 2. After PS matching
based on the primary PS model, both ETN and SB4 cohorts

Figure 2. Comparison of effectiveness of etanercept (ETN) and the biosimilar SB4 in patients with rheumatoid arthritis on disease activity
(Disease Activity Score in 28 joints [DAS28]) at baseline and week 52 (W52) follow-up for unmatched and propensity score (PS)–matched popula-
tions. Baseline shows absolute values and the differences between cohorts at baseline. Week 52 follow-up shows the change from baseline for
each cohort and the differences between the cohorts at week 52. Mean differences are shown for baseline values; 1-year follow-up shows the
mean difference for change from baseline. Unmatched and primary model models are highlighted. Secondary models are M1, M2, M3, and M4.
95% CI = 95% confidence interval; W0 = week 0.
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experienced improvements from baseline to week 52 and
week 104 in measures of disease activity (CRP level, ESR,
SJC28, and TJC28) and patient-reported outcomes (PtGA and
MHAQ) (Table 3).

Safety. After 104 weeks, 52.9% (n = 304) of ETN, 41.5%
(n = 124) of SB4, and 26.2% (n = 152) of nonmedical switch
patients had discontinued treatment (see Supplementary
Table 1, available on the Arthritis Care & Research website at
http://onlinelibrary.wiley.com/doi/10.1002/acr.25092). The most
common reasons for drug discontinuation were AEs, occurring
in 17.4%, 16.4%, and 8.1%, and lack of effect/no effect, occur-
ring in 15.0%, 17.4%, and 9.6% of patients in the ETN, SB4,
and switch cohorts, respectively. The most frequent AEs leading
to discontinuation were skin involvement and infection. Reasons
for stopping treatment in the PS-matched population are summa-
rized in Supplementary Table 2, available on the Arthritis Care &
Research website at http://onlinelibrary.wiley.com/doi/10.1002/
acr.25092.

DISCUSSION

This retrospective database study assessed disease activity
and drug persistence in 1,455 patients with RA who were treated
with ETN or the biosimilar SB4 for up to 2 years in routine clinical
care at 5 outpatient clinics in Norway. Outcomes were compared
between treatment cohorts using unmatched and matched anal-
yses. For DAS28, unmatched analyses were based on indepen-
dent samples t-tests, whereas matched analyses used PS
models adjusted for confounders including age, sex, and baseline
disease status. The primary outcome measure of DAS28 after

52 weeks of treatment was equivalent between cohorts of
patients treated with ETN or SB4 based on independent samples
t-tests and the applied predefined equivalence margin of
±0.6 (16). Consistent results were observed applying the pri-
mary PS model, but owing to the low number of patients with
complete available disease scores at week 52 in the matched
pairs, results could be uncertain. Therefore, the observed results
may be limited by the nonsystematic capture of patients’ dis-
ease scores.

Differences in baseline characteristics in the unmatched
cohorts were observed, suggesting a selection bias in treatment
initiation; hence, PS matching was investigated as a supportive
analysis. The PS-matched models ensured comparability of treat-
ment cohorts at baseline. Persistence using the drug at week
52 was similar between ETN and SB4 treatment cohorts based
on the unmatched analysis, as indicated by overlapping 95%
CIs. However, in PS-matched cohorts, persistence was greater
for SB4 than for ETN at week 52 and week 104.

Although the frequency of drug discontinuation was higher in
the ETN cohort than in the SB4 cohort (52.9% versus 41.5%), the
reasons for discontinuation were consistent between cohorts and
included AEs and lack of effectiveness/no effect. Further, these
reasons for discontinuation occurred at similar frequencies
between the 2 cohorts.

Published real-world data on SB4 are limited, particularly in
patients naive to ETN. A study of the National Romanian Registry
of Rheumatic Diseases followed patients with RA for 6 months
and found no difference in effectiveness and safety between
ETN (n = 123) and SB4 (n = 119) (8). A 2019 systematic review
of SB4 real-world data found no difference in effectiveness and
safety between switch or ETN-naive patients (9). Similar to

Figure 3. Kaplan-Meier (KM) plots of treatment retention rates among patients with rheumatoid arthritis, A, treated with etanercept (ETN) or the
biosimilar SB4 or with a nonmedical switch from ETN to SB4, and B, treated with ETN or SB4 after propensity score (PS) matching based on the
primary PSmodel. Listed under the graphs are the numbers of patients at risk and the numbers of patients who experienced an event and stopped
treatment (shown in parentheses). 95% CI = 95% confidence interval.
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Norway, Denmark also operates a mandatory switch system. An
analysis of the Danish DANBIO registry in patients with RA who
switched from ETN to SB4 indicated no change in disease activity
3 months post-switch compared with the 3 months pre-switch
(10). In addition, the 1-year adjusted retention rate for SB4
post-switch (0.83 [95% CI 0.79, 0.87]) was found to be
somewhat lower than for a historical control group for ETN
(0.90 [95% CI 0.88, 0.92]). A limitation of these analyses was that
data were not reported for ETN or SB4 outcomes in treatment-
naive patients who initiated treatment on ETN or SB4 (10).

Across different countries and regions, a nonmedical switch
may follow a mandatory or nonmandatory switch model. Coun-
tries with mandatory switch models, including Denmark and
Norway, have been shown to be more successful in using biosi-
milars than countries using nonmandatory models. In 2015, the
infliximab biosimilar constituted as much as 90.6% of the total
infliximab prescribed in Denmark 4 months after the patent expi-
ration of the reference drug (18).

As for all observational studies, this study’s limitations relate
to measured and unmeasured confounding factors, attrition, and
missing data. To counteract these limitations, we aimed to ana-
lyze the data and report the results in accordance with observa-
tional study recommendations, including GRACE and STROBE.
The use of propensity statistics as supportive analyses mitigated
the risk of selection bias, simulating a randomized study design.
We analyzed the primary outcomemeasure with different propen-
sity matching adjustments to explore the robustness of the
results. In matched pairs analysis, missing data may have a sub-
stantial impact. Typically, a matched pair at baseline may only
have data for 1 of them at week 52 and then be lost. Therefore,
a sensitivity analysis was conducted using all available data, and
produced outcomes consistent with those from the primary
matched pairs analyses.

This study aimed to closely observe the recommendations of
the EULAR Points to Consider When Analyzing and Reporting
Comparative Effectiveness Research with Observational Data in
Rheumatology (see Supplementary Table 3, available on the
Arthritis Care & Research website at http://onlinelibrary.wiley.
com/doi/10.1002/acr.25092) (7,13). Although most recommen-
dations were followed closely, there were some minor deviations.
First, the numbers of patients who stopped and/or changed ther-
apies over time may not have been fully captured. Second,
although other analyses that are not reported here were per-
formed, a sensitivity analysis investigating the missing data pattern
was conducted by not excludingmatched pairs with partially miss-
ing data. Finally, although a full statistical analysis plan had not
been prepared, an outline was developed in advance of this study.

In conclusion, after 52 weeks of treatment, disease out-
comes based on DAS28 were comparable between cohorts of
patients treated with ETN or SB4, and equivalence for DAS28
was demonstrated based on independent sample t-tests.
Consistent results were observed applying the primary PS model

but should be interpreted with caution owing to missing patient
disease scores at week 52. Persistence was similar at week 52
between the ETN and SB4 cohorts in the unmatched populations
but greater for SB4 in the PS-matched analyses.
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R E V I EW

Recruitment and Retention Strategies for Underrepresented
Populations and Adults With Arthritis in Behavioral
Interventions: A Scoping Review

Christine A. Pellegrini, Sara Wilcox, Katherine E. DeVivo, and Scott Jamieson

Objective. To identify strategies used to recruit and retain underrepresented populations and populations with
arthritis or fibromyalgia (FM) into behavioral programs targeting exercise, physical activity, or chronic disease self
management.

Methods. Five bibliographic databases were searched for articles published between January 2000 and May 2022.
The search focused on strategies and best practices for recruiting and retaining underrepresented populations or popu-
lations with arthritis or FM into disease self-management or physical activity/exercise programs. Abstracts and full-text
articles were screened for inclusion by 2 independent reviewers, and 2 reviewers extracted data from included articles.

Results. Of the 2,800 articles, a total of 43 publications (31 interventions, 8 reviews, 4 qualitative/descriptive stud-
ies) met criteria and were included. The majority of studies focused on physical activity/exercise (n = 36) and targeted
African American (n = 17), Hispanic (n = 9), or arthritis populations (n = 7). Recruitment strategies that were frequently
used included having race- or community-matched team members, flyers and information sessions in areas fre-
quented by the population, targeted emails/mailings, and word of mouth referrals. Retention strategies used included
having race- or community-matched team members, incentives, being flexible, and facilitating attendance. Most stud-
ies used multiple recruitment and retention strategies.

Conclusion. This scoping review highlights the importance of a multifaceted recruitment and retention plan for
underrepresented populations and populations with arthritis or FM in behavioral intervention programs targeting exer-
cise, physical activity, or chronic disease self management. Additional research is needed to better understand the
individual effects of different strategies and the costs associated with the various recruitment/retention methods in
underrepresented populations and populations with arthritis.

INTRODUCTION

With over 54 million adults with arthritis, arthritis is the leading

cause of disability in the US (1). Participation in regular aerobic

physical activity is an effective strategy for reducing pain (2–6)

and fatigue (5,7–9), and improving physical function (2,3,6,10),

quality of life (4), and psychological wellness (11). Despite these

recommendations, only 36.2% of adults with arthritis in the US

met the aerobic physical activity guidelines in 2015 (12).
The Centers for Disease Control and Prevention along with

the Osteoarthritis Action Alliance have several recognized

arthritis-appropriate evidence-based programs focused on phys-

ical activity and chronic disease self management (13,14). These

programs are effective at increasing physical activity and improv-

ing symptoms of arthritis (15–17); however, participation in

behavioral programs and public health initiatives is typically lower

among underrepresented populations (18), including racial and

ethnic minorities (19), rural populations (20), and those with a dis-

ability (21,22). Challenges to participation in behavioral programs

or clinical trials that some of these populations face include dis-

trust of research (23), lack of access, transportation or resources

(24,25), time commitments involved with participation (26), and
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lack of awareness (27). There have been several studies examin-

ing the Walk With Ease program (28,29), a physical activity pro-

gram for adults with arthritis, among African American (30),

Hispanic (31), and rural populations (29); However, the majority

of studies include samples that were >50% White (28,29,32)

and highly educated (28,32). Increasing recruitment of underrep-

resented populations within these behavioral programs is critical

to expand generalizability and eliminate health inequalities seen

in these groups.
Maintaining high levels of engagement and retention in phys-

ical activity and disease self-management programs can also be
challenging among underrepresented populations (33,34). Many
populations face barriers that interfere with their ability to partici-
pate, including challenges with transportation (35,36), community
mobility barriers (35), and low socioeconomic status (37). To
achieve the greatest benefit from these programs, retention
throughout the entire program is critical.

Although reviews of recruitment and retention strategies in
underrepresented populations exist (38–40), they focus on a wide
range of interventions, populations, clinical disorders, and medi-
cal and behavioral outcomes. Unique barriers and enablers to
participation and retention in exercise/physical activity and
chronic disease self-management programs may exist, necessi-
tating unique strategies. Thus, the purpose of this scoping review
was to identify strategies that have been used to recruit and retain
underrepresented populations and populations with arthritis or
fibromyalgia (FM) into behavioral programs targeting exercise,
physical activity, or chronic disease self management. Further,
we aimed to identify the strategies that appear most effective for
recruitment and retention. Identifying these strategies will help
future programs recruit participants from typically underserved

populations, including those with lower socioeconomic status,
as well as help retain participants in evidence-based programs.

METHODS

Our protocol was guided by the Joanna Briggs Institute man-
ual for evidence synthesis (41) and the Preferred Reporting Items
for Systematic Reviews and meta-analyses guide for scoping
reviews (42).

Eligibility criteria. We included studies with reported
strategies and/or best practices for recruiting and retaining under-
represented populations and populations with arthritis in behav-
ioral programs (exercise, physical activity, or chronic disease self
management). Peer-reviewed journal articles were included if they
were published between 2000 and 2022; were written in English;
focused specifically on recruitment or retention or reported
recruitment or retention strategies; were focused on individuals
with arthritis, FM, or underrepresented populations (including
racial and ethnic minorities, rural residence, low socioeconomic
status, or individuals with arthritis or FM); and included an inter-
vention or program for physical activity, exercise, or chronic dis-
ease self management. Reviews and qualitative studies were
included if they met these criteria.

Studies that were conducted outside of the US were
excluded due to potential differences in recruitment and com-
monly used retention strategies. Conference abstracts, disserta-
tions, and records from ClinicalTrials.gov were excluded. While
studies did not need to focus specifically on individuals with arthri-
tis, we excluded studies if they focused entirely on a clinical diag-
nosis or diagnoses other than arthritis unless the study was
focused on prevention (e.g., prevention of heart disease in a sam-
ple of African Americans). Because we were focused on strate-
gies that would inform recruitment and retention of adults with
arthritis in behavioral interventions, we excluded studies that
focused on youth/adolescents, pregnant/postpartum women,
substance use, and mental disorders.

We were interested in studies conducted outside of clinical
settings (i.e., in the community) and as a result excluded studies
where study recruitment was conducted entirely through a clinical
setting or if the intervention was delivered entirely by clinical or hos-
pital staff. We also excluded faith-based interventions where only
churches were recruited, and the church was the sole delivery site
because strategies to recruit and intervene at the organizational
level differ from strategies to recruit and intervene at the individual
level. Studies that only examined participant-level factors related
to recruitment or retention were excluded since they would not pro-
vide examples of strategies to enhance recruitment or retention.
Finally, laboratory-based or one-time studies were excluded.

Information sources. To identify potentially relevant arti-
cles, the following bibliographic databases were searched from

SIGNIFICANCE & INNOVATIONS
• Many challenges exist in recruiting underrepre-

sented populations and populations with arthritis
or fibromyalgia (FM) to participate in physical activ-
ity and disease self-management programs, as well
as maintaining high levels of engagement and
retention throughout the duration of the program.

• Identifying recruitment and retention strategies can
help future physical activity or chronic disease self-
management programs meet enrollment targets
and maintain high levels of retention throughout
these evidence-based programs.

• This is the first scoping review focused specifically
on recruitment and retention strategies used to
reach underrepresented populations and popula-
tions with arthritis or FM.

• Amultifaceted planmay be necessary to recruit and
retain underrepresented populations and popula-
tions with arthritis or FM in behavioral intervention
programs targeting exercise, physical activity, or
chronic disease self management.
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January 2000 to May 2022: Web of Science, Ovid Medline,
CINAHL, PsycINFO, and Cochrane. The search strategies were
drafted in collaboration with an experienced librarian and further
refined through investigative team discussions. The final search
strategy for Ovid Medline is shown in the Supplementary Materials
(available on the Arthritis Care & Research website at http://
onlinelibrary.wiley.com/doi/10.1002/acr.25098/abstract). Final
search results were exported into EndNote and then into Covi-
dence systematic review software (Veritas Health Innovation).
Covidence removed identified duplicates, and a study investigator
(SW) removed additional duplicates not detected by Covidence.
The electronic database search was supplemented by scanning
reference lists in articles chosen for full-text review.

Selection of sources of evidence. An initial list of inclu-
sion and exclusion criteria was established, and 4 reviewers
(CAP, SW, KED, and SJ) went through 2 rounds of screening
50 publications (100 total). After each round, the reviewers dis-
cussed challenges and disagreements and revised definitions of
the inclusion and exclusion criteria. Publications that were identi-
fied in our search were evenly distributed across the 4 reviewers.
Each title and abstract was reviewed for inclusion by 2 indepen-
dent reviewers using Covidence software. Publications that could
not be excluded based on inclusion/exclusion criteria were
retained for the full-text review phase. Disagreements regarding
publication inclusion were resolved by 2 reviewers via discussion
until consensus was achieved.

Articles that were retained after the title and abstract reviews
were uploaded to Covidence and evenly distributed across the
4 reviewers. Each full article was reviewed for inclusion by 2 inde-
pendent reviewers. In the event of a discrepancy, 2 reviewers dis-
cussed until consensus was met.

Data extraction and data items. A data extraction form
was developed within Covidence by 2 reviewers. The publications
retained after the full-text review were evenly distributed across
the 4 reviewers, and a single reviewer completed extraction. The
following items were extracted from each article: study type (inter-
vention, review, qualitative or descriptive, protocol/design), study
population, study aims, inclusion and exclusion criteria, study set-
ting and locations, type of intervention (e.g., physical activity/exer-
cise, disease self management), intervention duration, sample
size and characteristics, dates of recruitment, recruitment strate-
gies, recruitment rates and goal, retention strategies, retention/
attrition rates, and retention goals. Study investigators (CAP and
SW) completed a review of data extracted to ensure accuracy.

Synthesis of results. The studies were grouped by type of
program (disease self management, physical activity/exercise)
and article type (intervention, descriptive/review). The programs
implemented, target population, and recruitment and retention
strategies were summarized.

RESULTS

Selection of sources of evidence. As shown in Figure 1,
our database search identified 2,800 publications, and our
review of reference lists generated an additional 30 publications.
The removal of duplicates left us with 1,377 publications for
title/abstract screening. The title/abstract screening excluded
1,226 publications, leaving 152 full-text articles to be assessed
for eligibility. The most common reasons for exclusion of full-text
articles were because they were not specifically focused on
recruitment or retention (n = 46), were not conducted in the US
(n = 18), were a conference abstract or protocol (n = 16), and
because they recruited churches (n = 9). A total of 43 publications
representing 41 studies were extracted and included in this
review.

Intervention and population characteristics. Most
articles were intervention papers (n = 24) (43–66) or protocol or
design papers describing interventions (n = 7) (67–73). The
remaining articles were qualitative or descriptive studies (n = 4)
(74–77) or reviews (n = 8) (21,78–84).

Of the interventions and protocol/design papers describing
interventions (Table 1), the studies were primarily focused on
physical activity or exercise (n = 25) (44–48,50–55,58,59,61–
66,68–73) with only 5 studies examining disease self-
management programs (43,49,56,57,60,67). Of the reviews
included (Table 2), 1 focused on recruitment strategies used for
disease self-management programs (78), and 7 summarized
recruitment and/or retention strategies for physical activity or
exercise interventions (21,79–84). Of the descriptive/qualitative
papers (Table 3), all focused on physical activity or exercise. One
descriptive paper summarized lessons learned regarding the
recruitment and retention of hard-to-reach populations for physi-
cal activity studies among individuals with arthritis (77). Of the
3 qualitative papers, 1 included interviews with African American
men (76), 1 included interviews with Hispanic men (75), and
1 included focus groups with older African American adults (74).
In the qualitative papers, participants were asked to discuss sug-
gested strategies to recruit and/or retain participants from their
demographic group.

Among disease self-management programs, target popula-
tions included adults with lupus (57) and those with arthritis
(49,56). Three study samples were primarily African American
individuals (43,57,60,67) and 2 studies included >35% Hispanic
or Latino individuals (49,56). Most studies included both men
and women (49,56,60); however, some only targeted men
(43,67) or women (57). The intervention duration of the disease
self-management programs ranged from 6 weeks (49,57) to
4 months (56), with follow-up lasting between 12 weeks (43,67)
and 18 months (57).

Among physical activity or exercise interventions, a
few studies targeted populations with arthritis, including
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osteoarthritis (58,73), rheumatoid arthritis (73), and FM (50).
The majority of studies included primarily African American
(44–48,51,52,54,55,59,64–66) or Hispanic or Latino populations
(53,54,62,66,69,71,72). The reviews of strategies used in physi-
cal activity/exercise interventions primarily focused on under-
served or underrepresented (21,79,82–84) or African American
populations (80). One study focused entirely on men (72) and
10 studies only included women (46–48,52,54,59,63–66). Of
the physical activity interventions with reported intervention
durations, many were ≤ 6 months in duration (46,48,50–
52,55,63–65,69,72), whereas other interventions lasted
12 months (47,53,58,59,61,70,71).

Recruitment strategies and results in disease self-
management programs. Recruitment strategies were
described in the 1 review (78) and in all 5 studies of disease self-
management programs (Tables 2 and 3), and each used multiple
strategies (43,49,56,57,60,67). Three of the programs, as well
as the review article, described the importance of building a rela-
tionship with the community and ensuring that those responsible
for recruiting participants were race- and community-matched
and trained in areas such as building trust and reaching minority
individuals (43,57,60,67,78). In fact, 1 study used past partici-
pants to recruit new participants (43,67). All studies used one-
on-one or face-to-face recruitment strategies, including talks,

Figure 1. Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) flow diagram.
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tabling at events, and on-site sessions. All studies distributed
recruitment packets and/or materials to the priority population
(e.g., flyers, posters, etc.), often at community events and
locations.

Traditional media such as radio, television, and magazine
advertisements or appearances (43,56,67) were used in several
studies and was one of the most frequent strategies identified in
the review (78). Other approaches used less frequently included
social media (43,67), word-of-mouth referrals (60,78), health fairs
(60,78), creating a culturally tailored recruitment video (57), email
and web announcements (56), professional referrals (56), and
recruitment from clinics/hospitals (60).

Although 4 of the 5 disease self-management studies
reported recruitment results (43,56,57,60,67), only 1 reported
recruitment yields and cost by strategy (60). In this study, flyers
generated the largest number of enrolled participants, whereas
information sessions had the highest enrollment yield (number
enrolled divided by number contacted). The average cost of
recruitment per enrolled participant was $142, with word of
mouth ($60), community referrals ($60), and flyers ($91) being
the least costly. Health fairs ($436) and recruitment from hospital
clinics ($248) were the costliest. In another study (56), it was
reported that the effectiveness of the recruitment strategy
depended on the population; public service announcements were
most effective for Hispanics, radio talks shows and personal con-
tact for African Americans, and advertisements in lay health mag-
azines and announcements on arthritis websites for non-Hispanic
White populations.

Retention strategies and results in disease self-
management programs. Three disease self-management
studies described retention strategies (43,49,57,67). Two of the
studies emphasized establishing strong relationships and trust
with the study participants (43,57,67). One included flexibility in
data collection, frequent reminders, and monetary and nonmone-
tary incentives (57). The third study described adapting the pro-
gram for African American and Hispanic participants (49). Three
studies reported retention results (49,56,57). In 1 study, retention
was higher after implementing several retention strategies
(e.g., increased contact with participants, more flexibility in data
collection, providing incentives) (57), and in the other, retention
was higher after making adaptations to the program to better suit
the priority population (49). The third study simply reported 4- and
9-month retention of participants without reporting retention
strategies (56).

Recruitment strategies and results in physical activ-
ity interventions. Recruitment strategies and results were
described in all but 1 (54,66) of the 24 physical activity intervention
studies as well as in 7 of the review papers (see Supplementary
Table 1, at http://onlinelibrary.wiley.com/doi/10.1002/acr.25098/
abstract) (21,79–84). The 1 descriptive paper described

successful recruitment strategies across a series of programs
(77), and in the 3 qualitative papers, suggested recruitment
strategies were reported from the participant perspective (74–76).
Like the chronic disease self-management studies, 7 physical
activity intervention studies (44,46,47,55,59,63,69), 1 descriptive
paper (77), 1 qualitative paper (74), and 5 reviews (21,79,82–84)
described ensuring that recruitment staff were race- and
community-matched, and 4 described having a community
advisory board or obtaining community input to inform recruitment
activities (46,47,59,63).

A wide range of recruitment strategies were employed across
the studies and reported in the reviews, and almost all studies used
multiple strategies. In most studies, flyers/brochures/printed mate-
rials were distributed to recruit participants from a wide variety of
sites including worksites, schools, churches, libraries, beauty and
nail salons, community centers, cafeterias, grocery stores, senior
housing sites, clinical centers, and other locations (21,44–47,50–
53,55,61,63–65,69–72,74,75,79–84), sometimes with tailoring
such as using images that reflected the study priority populations.
Often studies described general recruiting at community locations
where the priority population spent time such as outdoor
markets, laundromats, dollar stores, childcare settings, bus
depots, senior centers, community centers, and community events
(45,55,61,72,74,76,77,82,83). In many studies it was reported that
presentations were given and information sessions were held at
community locations, such as churches and synagogues, retire-
ment or assisted living communities, civic clubs, community agen-
cies or organizations, and clinics (44,46,47,55,58,59,61,79,84).
Community health fairs or screenings were used to recruit partici-
pants in 7 studies (44,46,47,55,59,64,68) and 3 reviews
(81,83,84). One descriptive paper (77) and a qualitative paper (75)
described how family involvement, particularly regarding spouses,
can be helpful in recruiting men into the study.

Although we excluded studies that delivered the intervention
entirely in a clinical setting or only recruited from a clinical setting,
12 studies (46,50,51,53,58,59,61,64,68,69,71,73) and 1 review
(80) used clinical practices and referrals from within them as part
of a broader approach to recruitment. Another common strategy
used in 13 studies (44–47,50,51,55,62–65,70,75), 3 qualitative/
descriptive papers (74,76,77), and mentioned in nearly all reviews
of physical activity interventions (21,79,81–84) was to recruit par-
ticipants via word of mouth, social networking, and/or referrals
from other study participants. In some cases, this was an inten-
tional strategy, and in other cases it was not.

Both social media (21,44,50,53,64,75,79,84) and websites
(50,64,70,79–81) along with traditional media such as newspapers
(44–46,50,52,53,61,68,71,79–84), radio (44,52,53,68,79,81,82,84),
television or news stories (45,52,63,79,81,82,84), and magazines
(56,68) were commonly used to recruit participants, including in qual-
itative/descriptive studies (75,76). Direct mailings were also reported
in several reviews (79–81,83,84), as well as in 7 studies
(44,45,51,53,68,70,71). Targeted email distribution lists were also
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used in 5 studies (46,53,58,63,65). Other strategies used included
using existing research infrastructure including research registries
(50,64,73) and recruiting participants taking part in current or past
studies/programs (48,51,58,72). Additional strategies were infre-
quently used across studies.

Although all but 1 intervention study reported recruitment
results, results were not reported in a uniform manner. In 1 study
the screening yield was reported (number screened divided by
number contacted for each source), and it was found that email
was most efficient (58). Screening sources were reported in
4 studies (number screened from that source divided by the total
screened); with word of mouth generating the most screens in
2 studies (44,45), flyers/brochures in 1 study (65), and a university
website in 1 study (64). Enrollment/randomization yield was
reported in 7 studies (number enrolled or randomized divided by
number contacted or screened for each source); with 2 studies
finding emails (58,63), 1 newspaper advertisements (50), and
1 flyers/tabletop cards (64) as most effective. Three demon-
strated no major differences across strategies (46,47,72) except
that health fairs were the least efficient in 1 study (46). Finally,
9 studies reported enrollment sources (number enrolled from that
source divided by the total number enrolled); with 3 demonstrating
that mass mailings (53,70,71), 2 word of mouth/social networking
(45,46), 1 flyers/brochures (65), and 1 using a university website
(64) yielded the most enrolled participants.

In the 2 other studies, source by participant race was exam-
ined. One showed that for both Black and White participants,
television and radio yielded the most enrolled participants (52).
The other study found that direct mail was most effective for Black
participants, direct mail and phone for Hispanic participants,
screening events and medical referrals for American Indians, and
print and direct mail for Asian Americans (68). The cost of recruit-
ment strategies was reported in 7 of the 23 studies
(47,50,53,64,65,68,71). Some studies reported total recruitment
costs (50,53,68,71) ranging from $26,874 ($118.91/participant)
(50) to $4,105,000 ($1,075/participant) (68). Sharp et al (65)
reported email recruitment was least expensive ($14/participant)
and Park et al (50) reported clinic referrals ($0), word of mouth
($0), and web advertisements ($9.38/participant) were the least
expensive. Newspaper advertisements were the most expensive
($212/participant). Wilbur et al (47) reported costs of $74.57/par-
ticipant, which included time for the telephone screening and
health assessment.

Retention strategies and results in physical
activity interventions. Strategies to retain participants
were reported in 12 of the 23 intervention studies (44,47,
52–55,58,59,63,66,69,71,72) as well as in 3 reviews (80,83,84),
1 descriptive study (77), and 1 qualitative study (74). Similar to
recruitment strategies, a common retention strategy was to have
peer advocates or members of the target population represented
on the study team and assist with retention and data collection

(74,77,80,83,84). Providing a monetary incentive for completing
study visits was the most commonly reported retention strategy,
cited in 6 of these studies (44,47,58,59,63,72) and 2 reviews
(80,84). Providing flexibility with study visits and study activities
was the next most cited strategy, reported in 4 studies
(55,58,59,69) and 2 reviews (83,84). Other retention activities
included visit reminders (58,59,72), providing detailed information
regarding the study and/or importance of visits (52,53,69), pro-
viding childcare (54,55,66,83,84), and providing other types of
nonmonetary incentives or assistance (47,52,69,74,77). Finally,
several studies detailed activities conducted to build rapport,
trust, and close connections with the participants and those in
their family and community (54,55,58,66,72,74,84). The 6 studies
that reported retention-related results only provided overall study
retention or attrition and did not link findings to strategies
(52,54,55,58,59,66,69). Retention rates ranged from 58%
to 95%.

DISCUSSION

In this review, we identified strategies that have been used to
recruit and retain underrepresented populations and populations
with arthritis or FM into behavioral programs focused on exercise,
physical activity, or chronic disease self management (Figure 2). A
key finding is that a multifaceted recruitment and retention plan is
necessary to overcome the challenges in recruiting and retaining
certain populations, including those with disability, low socioeco-
nomic status, those from rural areas, and minorities. Nearly every
study reviewed incorporated multiple recruitment strategies, and
although some strategies worked better than others across studies
and populations, multiple approaches were typically necessary to
reach enrollment targets. Retention strategies, although less fre-
quently mentioned, were often multifaceted. No studies reviewed
reported the independent effects of specific retention strategies
on retention rates; however, it was clear that many retention strate-
gies overlapped with effective recruitment strategies.

One of the common strategies reported for both recruitment
and retention was the involvement of members from the priority
population within the study team, either as part of the investigative
team or as advisors. Many studies highlighted how this strategy
helped build trust with community members, which is critical, par-
ticularly since mistrust in research is a common barrier for racial
and ethnic minority populations (85). This finding is consistent
with previous literature suggesting stakeholder and community
involvement within clinical trials and health research can improve
enrollment rates (86,87). Having race- and community-matched
members of the team or advisors allows the programs to be tai-
lored appropriately to the population, ensuring the population’s
beliefs, culture, and norms guide recruitment and program mate-
rials. Further, team members can help inform applicable recruit-
ment and retention strategies, which can enhance recruitment
yield and reduce recruitment costs.
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While it is difficult to directly link strategies, such as linking
including members of the target population within the study team
to recruitment yields, strategies that were directly tied to success-
ful recruitment yields in underserved populations were emails,
flyers/brochures, mailings, information sessions, and word of
mouth/referrals. Due to the limited number of studies examining
disease self-management programs and inconsistencies in
reporting, it is challenging to identify the most promising strategies
for each type of program. Common strategies across studies
were focusing on locations the priority populations frequented,
using targeted mass emails and mailings, and using passive tele-
vision and radio advertisements that could reach large audiences.
Some studies in this review also suggested that different recruit-
ment strategies may be more effective in certain populations.
Researchers should be encouraged to track and report enroll-
ment rates by recruitment strategies, allowing future reviews to
shed light on the most effective strategies for targeting specific
underrepresented populations.

Our search also highlights the sparsity of literature focusing
on strategies among individuals with arthritis or FM. Only 14% of
included studies focused on adults with some form of arthritis,
including lupus and FM, and only 16% of studies focused on
recruitment and/or retention strategies for chronic disease self-
management programs. This paucity of studies is surprising, par-
ticularly given the high prevalence of arthritis in the US (1) and
known health benefits from chronic disease self-management
programs (88). Since this review focused on community-based
programs, research studies were omitted if recruitment was
exclusively conducted through a clinical setting, thus precluding
the discovery of disease self-management and physical activity

programs that targeted individuals with rheumatic conditions in
health care settings. Likewise, we excluded faith-based studies
that solely focused on recruiting churches, although we recognize
that churches are a promising setting for reaching African Ameri-
cans, and increasingly, Latinos, for the promotion of physical
activity (89–91).

Retention strategies were not as commonly reported as
recruitment strategies and were not specifically linked to retention
outcomes. Besides having members of the target population on
the team and building trust, one of the most common strategies
was the use of incentives, including monetary and nonmonetary.
Incentives have been shown to increase retention (92) and aid in
recruitment (93,94); however, the optimal ways to use them,
when to use them, and what to provide are unknown.

Additional strategies frequently used to help with retention
focused on flexibility and facilitating attendance. Many studies
reported being flexible with scheduling study visits and activities,
providing reminders of study appointments, and providing child-
care. Additionally, several studies demonstrated the importance
of building rapport and trust and emphasizing the importance of
study visits to participants. Recently the Methods-Motivational
Interviewing (MMI) approach was proposed, which has shown
promise in helping with recruitment and participant engagement
(95) and has been used in a Latino population (53). MMI includes
an interactive prerequisite orientation session prior to the start of
the program in which participant expectations and the scientific
premise of the study are discussed.

While this review is novel in its focus on best practices for
recruitment and retention in adults from underrepresented popu-
lations or those with arthritis or FM, this study has several

Figure 2. Summary of common recruitment and retention strategies used for underrepresented populations and adults with arthritis or
fibromyalgia.
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limitations. First, only studies that focused specifically on recruit-
ment or retention were used, and strategies had to be explicitly
described. Researchers might not have described all of their
recruitment strategies. Further, many recruitment and retention
strategies overlapped; as a result, some strategies that were used
primarily for recruitment may have also influenced retention. Sec-
ond, all included studies were from the US and were published
in English. Finally, included studies were conducted before the
COVID-19 pandemic, and only a few studies reported the use of
social media. Social media may be a viable recruitment strategy
(96), particularly after the pandemic resulted in shifts to more vir-
tual and remotely delivered programs. Recruitment and retention
strategies for those types of programs may differ from traditional
in-person programs.

In conclusion, this review highlights the importance of a mul-
tifaceted recruitment and retention approach in underserved
populations and populations with arthritis or FM in behavior inter-
vention programs targeting exercise, physical activity, or chronic
disease self management. Including race- or community-
matched members within the study team and/or receiving advice
regarding appropriate program tailoring and recruitment was
common to aid with both recruitment and retention. Additional
research is needed to better understand the individual effects of
different strategies and the costs associated with the various
recruitment/retention methods in underrepresented populations
and populations with arthritis.
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Uptake and Spending on Biosimilar Infliximab
and Etanercept After New Start and Switching Policies
in Canada: An Interrupted Time Series Analysis

Alison R. McClean,1 Lucy Cheng,1 Nick Bansback,1 Fiona Clement,2 Mina Tadrous,3 Mark Harrison,1

and Michael R. Law1

Objective. Uptake of biosimilars has been suboptimal in North America. This study was undertaken to quantify the
impact of various policy interventions (namely, new start and switching policies) on uptake and spending on biosimilar
infliximab and etanercept in British Columbia (BC), Canada.

Methods. We used administrative claims data to identify BC residents ≥18 years of age with rheumatoid arthritis,
ankylosing spondylitis, psoriatic arthritis, and/or plaque psoriasis who qualified for public drug coverage from January
2013 to November 2020. Using interrupted time series analysis, we studied the change in proportion spent on and
prescriptions dispensed of biosimilar infliximab and etanercept out of the total amount per agent after new start and
biosimilar switching policies were implemented.

Results. Our study included 208,984 individuals living with rheumatoid arthritis, ankylosing spondylitis, plaque
psoriasis, and/or psoriatic arthritis, corresponding to 5,884 patients taking infliximab and etanercept. After the new
start policy, we detected a small gradual increase in the proportion of dispensed biosimilar etanercept prescriptions
of 0.65% per month (95% confidence interval [95%CI] 0.44, 0.85). The trend related to the proportion of total spending
on biosimilar etanercept also increased (0.51% [95% CI 0.28, 0.73]). After the switching policy, there was a sustained
increase in the proportion of dispensed biosimilar etanercept and infliximab prescriptions of 76.98% (95% CI 75.56,
78.41) and 58.43% (95% CI 52.11, 64.75), respectively. Similarly, there was a persistent increase in monthly spending
on biosimilar etanercept and infliximab of 78.22% (95% CI 76.65, 79.79) and 71.23% (95% CI 66.82, 75.65),
respectively.

Conclusion. We found that mandatory switching policies were much more effective than new starting policies for
increasing the use of biosimilar medications.

INTRODUCTION

Worldwide spending on prescription drugs has been

predicted to reach $1.6 trillion by 2026 (1). Specialty drugs,

including biologics, have become a major driver of this expen-

diture, representing �30% of expenditure despite accounting

for <2% of prescriptions dispensed (2,3). Two of the costliest

biologics in the US, infliximab and etanercept, were

responsible for $4.86 and $7.78 billion in spending, respec-

tively, in 2019 alone (4).
Akin to generics, biosimilars can seek regulatory approval

after the patent expires on the reference product. In order to gain

market authorization, the Food and Drug Administration requires

biosimilar manufacturers to demonstrate that their products are

highly similar to the reference biologic with no clinically significant

differences in efficacy, effectiveness, safety, or quality (5).
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Biosimilars offer one potential avenue to decrease spending on

biologics, and projections suggest that they could reduce drug

expenditures by $215 billion globally between 2022 and 2026

(1). Despite this potential, biosimilar uptake has been low in some

countries, including the US and Canada (6–10).
The Centers for Medicare and Medicaid Services (CMS) have

encouraged uptake of biosimilars through passive approaches,
such as the introduction of unique billing codes for biosimilars
(thereby facilitating unique pricing of biosimilars), necessitating
biosimilar manufacturer discounts in the Part D donut hole for
beneficiaries, and requiring biosimilar copayments at a rate similar
to generics for those enrolled in the Low-Income Subsidy
plan (11–13).

In Canada, the cost of prescription drugs may be covered by
federal payers (e.g., eligible veterans), provincial or territorial gov-
ernments, private commercial entities, or out-of-pocket pay-
ments. All residents are eligible for their respective provincial or
territorial plan, although deductible and copayment amounts vary
by income and geographic region, among other factors. Previous
research has suggested that 59.5% residents of British Columbia
(BC) have private insurance (14).

For the most part, Canadian policymakers have encouraged
biosimilar uptake through passive new start policies, which
require individuals initiating a biologic for the first time to begin
treatment with a biosimilar. However, in 2019, the province of
BC became the first region in North America to require individuals
established on therapy to switch to a biosimilar in order to main-
tain provincial drug coverage. Under the first phase of these
switching policies, individuals living with inflammatory arthritis
and psoriasis and receiving reference etanercept and infliximab
were given 6 months to switch to the relevant biosimilar. Specifi-
cally, individuals taking reference etanercept were required to
switch to Brenzys (approved in 2016) or Erelzi (2017), while

individuals receiving reference infliximab switched to Inflectra
(2014) or Renflexis (2018) (15,16). Given the novelty of this policy
in North America, we assessed changes in the uptake and spend-
ing on biosimilar infliximab and etanercept in BC following these
2 distinct policy changes.

MATERIALS AND METHODS

Study data, sample, and setting. We used linked
deidentified province-level outpatient physician billings (Medical
Services Plan [MSP] payment information file), hospital dis-
charges and separations (Discharge Abstract Database [DAD]),
emergency department visits (National Ambulatory Care Report-
ing System [NACRS]), outpatient prescription dispensation data
(PharmaNet), and the Consolidation file (MSP registration)
from Population Data BC from January 2013 to November
2020 (17–21). Individuals were eligible for inclusion if they 1)
were ≥18 years, 2) had rheumatoid arthritis, ankylosing spondy-
litis, psoriatic arthritis, and/or plaque psoriasis, and 3) qualified
for public drug coverage during the study period.

We identified individuals living with conditions of interest by
searching for ≥1 instance of International Classification of
Diseases, Ninth Revision (ICD-9)/International Statistical Classifi-
cation of Diseases and Related Health Problems, Tenth Revision,
Canada (ICD-10-CA) codes 714.X, M05.X, M06.X (rheumatoid
arthritis); 720.X, M45.X (ankylosing spondylitis); and/or 696.X,
L40.X (psoriatic arthritis/plaque psoriasis) present in the MSP,
DAD, and/or NACRS. The aforementioned categories were not
mutually exclusive. We used brand names in order to identify dis-
pensations of infliximab (Remicade, Inflectra, Renflexis) or etaner-
cept (Enbrel, Brenzys, Erelzi) in PharmaNet. As infliximab is also
indicated for the treatment of Crohn’s disease and ulcerative coli-
tis, but these indications were not subjected to the policies of
interest, individuals with instances of these billing codes were
excluded from the infliximab cohort (Crohn’s disease 555.X,
K50.X; ulcerative colitis 556.X, K51.X). The number of individuals
who had ever filled a prescription for infliximab and etanercept
during the study period was tabulated, and those individuals were
reported as taking these medicines. Groupings based on medi-
cine use were not mutually exclusive. Demographic information
was derived from the consolidation file. Age and neighborhood
income quintile were defined at the first instance of an
ICD-9/ICD-10-CA code of interest during the study period.

Policies of interest. In BC, access to infliximab and etan-
ercept requires the prescriber to receive prior authorization
(termed ‘special authority’) in order for these medicines to be cov-
ered under the provincial drug plan. On February 16, 2016 and
July 18, 2017, the BC government required individuals initiating
infliximab and etanercept, respectively, for certain inflammatory
conditions to begin treatment with a biosimilar after receiving spe-
cial authority approval. From May 27 to November 25, 2019,

SIGNIFICANCE & INNOVATIONS
• Potentially cost-saving biosimilars have been

underutilized in North America; in 2023, biosimilars
for the top-selling drug in the world (adalimumab)
will become available in the US, raising questions
regarding policies to support biosimilar change for
economic stewardship.

• Although policy approaches to enhance use of bio-
similars have been mostly passive, the province of
British Columbia became the first jurisdiction in
North America to mandate switching from refer-
ence biologics to biosimilars in order to maintain
drug coverage.

• Switching policies have the potential to greatly
enhance uptake of biosimilars beyond what was
detected for the more passive new start initiatives,
and payers seeking to increase use of biosimilars
should consider switching programs.

McCLEAN ET AL2012



individuals living with inflammatory arthritis and psoriasis receiving
reference etanercept or infliximab were required to switch to a
biosimilar version in order to maintain prescription drug coverage
offered by the provincial government of BC. As pharmacists were
not authorized to switch patients from the reference biologic to
the biosimilar medicine without prescriber involvement, the gov-
ernment provided a 6-month period for patients and prescribers
to work together to make the switch. Large commercial insurers
that provide supplementary drug coverage, including Pacific Blue
Cross and Green Shield Canada, also introduced biosimilar adju-
dication rules that mirrored the government’s policies. Under the
biosimilar switching policies, the provincial government continues
to provide exceptional coverage for the reference product if med-
ically needed (15).

In order to quantify biosimilar uptake prior to the biosimilar
new start program, we stipulated a preintervention period of
6 months prior to the introduction of the policy (Figure 1). Obser-
vation of the new start policy ran from its introduction until the
switching policy was implemented. In alignment with the
6-month phase-in period provided by the provincial government
during the biosimilar switch, we incorporated a phase-in period
from June to December 2019 in our model. Our postintervention
period ran from the end of the phase-in period until the end of
our data availability in November 2020.

Outcomes of interest. Using PharmaNet, we examined
all retail pharmaceutical claims for reference and biosimilar etaner-
cept and infliximab among our cohort members. We examined
both public expenditure as well as nonpublic spending
(i.e., patient and/or private insurer) on etanercept and infliximab
per month. We studied the proportion of prescriptions dispensed
of and the proportion of total spending on the biosimilars out of
the total amount per agent (i.e., either etanercept and infliximab)
during the study period.

Statistical analysis. We used interrupted time series (ITS)
analysis, a rigorous quasi-experimental design, to adjust for

secular trends in the study data (22). ITS utilizes repeat measures
over time, before and after a program of interest is implemented,
in order to estimate the effect of said policy. ITS permits the quan-
tification of both the immediate-level change in the outcome of
interest as well as the change over time (trend change). The sus-
tained change in the proportional uptake or spending on biosimi-
lar etanercept and infliximab was determined from the difference
between the pre- and postintervention level and trend (i.e., the
counterfactual).

Using segmented linear regression, we modeled the level
and trend change in biosimilar etanercept and infliximab use and
spending after each of the 2 policy interventions. We used gener-
alized least squares models and included autoregressive moving
average with p autoregressive and q moving-average terms
based on standard diagnostic tests (23). Following best prac-
tices, we also completed a sex-stratified analysis, as well as a
neighborhood income quintile–stratified analysis, for both biosim-
ilar spending and use (24). Data were prepared using SAS, ver-
sion 9.4, and analyses were conducted with R, version 4.0.5.

Ethics approval and data availability. This research
was conducted in compliance with the Declaration of Helsinki,
and ethics approval was obtained from the University of British
Columbia’s Behavioural Research Ethics Board (H20-00252).
Access to data provided by the Data Steward(s) is subject to
approval but can be requested for research projects through the
Data Steward(s) or their designated service providers.

RESULTS

We identified 208,984 individuals, of which 104,796 (50.1%),
99,261 (47.5%), and 23,371 (11.2%) were living with rheumatoid
arthritis, plaque psoriasis, or psoriatic arthritis and/or ankylosing
spondylitis, respectively (these groups were not mutually exclu-
sive) (Table 1). Our study included 4,697 (79.8%) and 1,187
(20.2%) individuals who had ever filled a prescription for etaner-
cept and infliximab, respectively, during the study period (these

Figure 1. Study timeline. † = infliximab (INF) and etanercept (ETA) biosimilar switching among individuals with inflammatory arthritis and
psoriasis.
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groups were not mutually exclusive). Overall, our study included
123,475 female subjects (59.1%), and individuals were most
often age 50–69 years (n = 92,592, 44.3%).

New start policy. For etanercept, we detected a gradual
monthly increase in the proportion of prescriptions dispensed that
were biosimilar of 0.65% (95% confidence interval [95% CI] 0.44,
0.85), with no significant level change in use (Table 2 and
Figure 2). Similar changes were quantified for the change in pro-
portion of total spending on biosimilar etanercept post new start
(Table 3). No significant changes in use or spending were
detected for biosimilar infliximab after the new start policy was
introduced. Comparable results were quantified among our
disease-specific cohorts.

Switching policy. In terms of total spending and number of
prescriptions dispensed, proportional use of biosimilar infliximab
increased from 21.6% to 74.6% and 33.7% to 78.9%, respec-
tively, over the preintervention period. Similarly, biosimilar etaner-
cept increased from 15.8% to 71.9% and 21.6% to 79.8% in
terms of proportion of total spending and prescriptions dis-
pensed, respectively.

From our ITS, we observed significant level and trend
changes among all study cohorts with respect to the proportion
of biosimilar etanercept prescriptions dispensed and total spend-
ing after the switching policy was introduced (Tables 2 and 3 and
Figure 2). For example, we detected a step change of 76.98%
(95% CI 75.56, 78.41) in terms of the proportion of etanercept
prescriptions dispensed post switch, in addition to a persistent
gradual decrease of –0.95% per month (95% CI –1.04, –0.85),
in our overall cohort in the post-switch period.

We also detected significant level changes in the proportion
of biosimilar infliximab prescriptions dispensed and total spending
among all cohorts. Among the overall cohort, we found a step
change of 58.43% (95% CI 52.11, 64.75), accompanied by a
gradual decrease of –0.66% per month (95% CI –1.13, –0.20) in
terms of the proportion of biosimilar infliximab prescriptions dis-
pensed after the switch policy. With respect to the proportion of
total spending on biosimilar infliximab, we observed nonsignifi-
cant monthly trend changes for all groups.

Stratification by sex and neighborhood income
quintile. When the proportion of biosimilar prescriptions dis-
pensed were stratified by sex, we found similar associations
across most groups (Table 4). However, a significant level change
was detected post new start amongmale subjects receiving etan-
ercept (but not among female subjects or overall) in terms of the
proportion of biosimilar prescriptions dispensed and total spend-
ing. We also identified unique associations in terms of biosimilar
spending among female subjects receiving infliximab after the
new start and switch policy: there was a significant positive trend
in the post new start period and a significant downward trend
post switch detected among female subjects and nonsignificant
changes among male subjects.

In general, our neighborhood income quintile–stratified anal-
ysis of the proportion of prescriptions dispensed of and total
spending on biosimilar infliximab and etanercept demonstrated
similar results to those from our overall cohort (Table 4). Notable
deviations in terms of the proportion of biosimilar prescriptions
dispensed include a significant level change (3.83 [95% CI 0.08,
7.59]) post infliximab new start among the fourth highest neigh-
borhood income quintile and a nonsignificant trend post
switch among lower income quintiles. There was also a positive

Table 1. Sociodemographic characteristics of study participants*

Characteristic
Rheumatoid
arthritis†

Psoriatic arthritis/
plaque psoriasis†

Ankylosing
spondylitis†

Infliximab
utilizer‡

Etanercept
utilizer‡ Overall

Sex
Female 69,823 (66.6) 52,129 (52.5) 12,268 (52.5) 708 (59.6) 2,949 (62.8) 123,475 (59.1)
Male 34,973 (33.4) 47,132 (47.5) 11,103 (47.5) 479 (40.4) 1,748 (37.2) 85,509 (40.9)

Neighborhood income quintile
1 (lowest) 21,316 (20.3) 19,102 (19.2) 4,520 (19.3) 233 (19.6) 813 (17.3) 41,361 (19.8)
2 21,696 (20.7) 19,848 (20.0) 4,621 (19.8) 228 (19.2) 921 (19.6) 42,421 (20.3)
3 21,020 (20.0) 20,033 (20.2) 4,681 (20.0) 258 (21.7) 957 (20.4) 42,115 (20.2)
4 20,644 (19.7) 20,438 (20.6) 4,806 (20.6) 248 (20.9) 984 (20.9) 42,145 (20.2)
5 (highest) 19,376 (18.5) 19,044 (19.2) 4,512 (19.3) 210–220§ 987 (21.0) 39,312 (18.8)
Missing 744 (0.7) 796 (0.8) 231 (1.0) 5–15§ 35 (0.8) 1,630 (0.8)

Age group, years
18–29 3,738 (3.6) 9,842 (9.9) 1,904 (8.1) 86 (7.2) 266 (5.6) 14,654 (7.0)
30–49 20,484 (19.5) 27,492 (27.7) 7,302 (31.2) 394 (33.2) 1,399 (29.8) 50,707 (24.3)
50–69 49,575 (47.3) 42,432 (42.7) 9,559 (40.9) 560 (47.2) 2,466 (52.5) 92,592 (44.3)
70+ 30,999 (29.6) 19,495 (19.6) 4,606 (19.7) 147 (12.4) 566 (12.1) 51,031 (24.4)

* Values are the number (%) unless indicated otherwise.
† Groups based on diagnosis codes were not mutually exclusive.
‡ Groups based on biologic use were not mutually exclusive.
§ In order to protect individual privacy related to small cell counts, ranges were reported.
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relationship between increasing neighborhood income quintile
and the magnitude of level change post infliximab switch: the low-
est income quintile demonstrated an immediate increase of
49.81% (95% CI 39.62, 59.99) compared to 66.38% (95% CI
56.76, 76.00) among the highest income quintile. In terms of pro-
portion of total spending, we detected a negative trend post inflix-
imab switch among the highest income quintile only (0.59 [95%CI
–1.02, –0.16]). No deviations were detected with respect to etan-
ercept. Those with missing neighborhood income quintile data
were excluded due to low cell counts.

DISCUSSION

Our findings suggest that mandatory biosimilar switching
policies have the potential to greatly increase use beyond what
was detected for new start programs. While the new start policies
may have had a small impact on the monthly trend of biosimilar
use, introduction of mandatory biosimilar switching resulted in an
immediate increase in proportional spending and uptake, ranging
from 58.43% to 78.22%, among the overall cohort.

We detected sex-based differences in the use of biosimilars.
For instance, male subjects receiving etanercept demonstrated a
significant level change post new start policy, whereas female
subjects did not. On the other hand, a significant positive trend
post infliximab new start and a significant negative trend post
infliximab switch was detected among female subjects but not
male subjects. Previous research has suggested that there may
be differences in medication use by sex; e.g., female subjects
may be less adherent to medications and may receive guideline-
based care less often compared to male subjects (25). However,
from this work alone, it is unclear whether there are differences
in use of biosimilars by sex or whether these findings were due
to random chance.

Similarly, we quantified some variations in proportional use of
biosimilar infliximab based on neighborhood income quintile. We
found that lower income quintiles had nonsignificant trend
changes in terms of the proportion of biosimilar prescriptions dis-
pensed post infliximab switch. In addition, there was an increase
in the magnitude of the step change post switch with increasing
neighborhood income quintile. A recent large systematic review

Figure 2. Interrupted time series analyses of the overall proportion of prescriptions dispensed that were biosimilar etanercept (A) and infliximab
(B) and the proportion of total spending on biosimilar etanercept (C) and infliximab (D) after the new start and switching policies were introduced.
Each dot represents the actual proportion of prescriptions dispensed (A and B) or the proportion of total payment (C and D) that was biosimilar in
each month; the broken lines indicate the new start and switching period counterfactual.

McCLEAN ET AL2016



T
ab

le
3.

C
ha

ng
e
in
th
e
pr
op

or
tio

n
of

to
ta
ls
pe

nd
in
g
on

bi
os

im
ila
ri
nfl
ix
im
ab

an
d
et
an

er
ce

pt
af
te
rn

ew
st
ar
ta

nd
sw

itc
hi
ng

po
lic
ie
s
w
er
e
in
tr
od

uc
ed

*

G
ro
up

Et
an

er
ce

p
t
ne

w
st
ar
t

p
ol
ic
y
(F
eb

ru
ar
y
20

16
)

Et
an

er
ce

p
t
sw

itc
hi
ng

p
ol
ic
y
(M

ay
20

19
to

N
ov

em
b
er

20
19

)
In
fl
ix
im

ab
ne

w
st
ar
t
p
ol
ic
y

(Ju
ly
20

17
)

Sw
itc

hi
ng

p
ol
ic
y

(M
ay

20
19

to
N
ov

em
b
er

20
19

)

Le
ve
l(
95

%
C
I)

Tr
en

d
(9
5%

C
I)

Le
ve
l(
95

%
C
I)

Tr
en

d
(9
5%

C
I)

Le
ve
l(
95

%
C
I)

Tr
en

d
(9
5%

C
I)

Le
ve
l(
95

%
C
I)

Tr
en

d
(9
5%

C
I)

O
ve
ra
ll

0.
34

(–
0.
60

,1
.2
8)

0.
51

(0
.2
8,

0.
73

)
78

.2
2
(7
6.
65

,7
9.
79

)
–
0.
79

(–
0.
90

,–
0.
69

)
0.
77

(–
1.
65

,3
.2
0)

0.
47

(–
0.
13

,1
.0
7)

71
.2
3
(6
6.
82

,7
5.
65

)
–
0.
01

(–
0.
33

,0
.3
0)

R
A

0.
32

(–
0.
55

,1
.2
0)

0.
53

(0
.3
3,

0.
74

)
80

.7
1
(7
9.
25

,8
2.
17

)
–
0.
86

(–
0.
96

,–
0.
76

)
0.
30

(–
2.
64

,3
.2
3)

0.
46

(–
0.
27

,1
.1
9)

71
.5
5
(6
6.
21

,7
6.
89

)
–
0.
09

(–
0.
48

,0
.2
9)

PS
–
0.
05

(–
1.
21

,1
.1
0)

0.
24

(–
0.
03

,0
.5
1)

76
.5
5
(7
4.
59

,7
8.
50

)
–
0.
52

(–
0.
65

,–
0.
40

)
1.
00

(–
2.
79

,4
.7
9)

0.
45

(–
0.
49

,1
.3
9)

67
.6
5
(6
0.
78

,7
4.
52

)
0.
47

(–
0.
02

,0
.9
5)

A
S

1.
33

(–
0.
21

,2
.8
8)

0.
76

(0
.4
0,

1.
13

)
76

.3
9
(7
3.
81

,7
8.
97

)
–
1.
19

(–
1.
36

,–
1.
02

)
0.
73

(–
2.
75

,4
.2
1)

0.
43

(–
0.
45

,1
.3
1)

69
.9
7
(6
3.
50

,7
6.
44

)
0.
00

2
(–
0.
47

,0
.4
7)

*
95

%
co

n
fi
d
en

ce
in
te
rv
al
s
(9
5%

C
Is
)
ex

cl
u
d
in
g
1
ar
e
in
d
ic
at
iv
e
o
f
st
at
is
ti
ca

l
si
gn

ifi
ca

n
ce

at
P
<
0.
05

.
A
S
=
an

ky
lo
si
n
g
sp

o
n
d
yl
it
is
;
P
S
=
p
la
q
u
e
p
so

ri
as

is
an

d
/o
r
p
so

ri
at
ic

ar
th
ri
ti
s;

R
A
=
rh

eu
m
at
o
id

ar
th
ri
ti
s.

INFLIXIMAB AND ETANERCEPT UPTAKE AND SPENDING 2017



T
ab

le
4.

C
ha

ng
e
in
th
e
pr
op

or
tio

n
of

pr
es
cr
ip
tio

ns
di
sp

en
se
d
of

an
d
to
ta
ls
pe

nd
in
g
on

bi
os

im
ila
ri
nfl
ix
im
ab

an
d
et
an

er
ce

pt
af
te
rn

ew
st
ar
ta

nd
sw

itc
hi
ng

po
lic
ie
s
w
er
e
in
tr
od

uc
ed

,s
tr
at
ifi
ed

by
se
x
an

d
ne

ig
hb

or
ho

od
in
co

m
e
qu

in
til
e*

G
ro
up

Et
an

er
ce

p
t
ne

w
st
ar
t

p
ol
ic
y
(F
eb

ru
ar
y
20

16
)

Et
an

er
ce

p
t
sw

itc
hi
ng

p
ol
ic
y
(M

ay
20

19
to

N
ov

em
b
er

20
19

)
In
fl
ix
im

ab
ne

w
st
ar
t
p
ol
ic
y

(Ju
ly
20

17
)

In
fl
ix
im

ab
sw

itc
hi
ng

p
o
lic
y

(M
ay

20
19

to
N
ov

em
b
er

20
19

)

Le
ve
l(
95

%
C
I)

Tr
en

d
(9
5%

C
I)

Le
ve
l(
95

%
C
I)

Tr
en

d
(9
5%

C
I)

Le
ve
l(
95

%
C
I)

Tr
en

d
(9
5%

C
I)

Le
ve
l(
95

%
C
I)

Tr
en

d
(9
5%

C
I)

Pr
op

or
tio

n
of

p
re
sc
ri
p
tio

ns
d
is
p
en

se
d
b
y
se
x

Fe
m
al
e

0.
37

(–
0.
66

,1
.4
0)

0.
71

(0
.4
7,

0.
96

)
76

.0
5
(7
4.
33

,7
7.
76

)
–
0.
97

(–
1.
08

,–
0.
85

)
2.
56

(–
1.
44

,6
.5
5)

0.
77

(–
0.
24

,1
.7
7)

52
.7
5
(4
5.
60

,5
9.
90

)
–
0.
70

(–
1.
19

,–
0.
22

)
M
al
e

1.
56

(0
.6
4,

2.
48

)
0.
60

(0
.3
6,

0.
83

)
78

.8
8
(7
7.
29

,8
0.
47

)
–
0.
91

(–
1.
00

,–
0.
83

)
0.
72

(–
2.
94

,4
.3
9)

0.
60

(–
0.
32

,1
.5
1)

65
.3
2
(5
8.
57

,7
2.
08

)
–
0.
57

(–
1.
06

,–
0.
09

)
Pr
op

or
tio

n
of

to
ta
ls
p
en

d
in
g

b
y
se
x

Fe
m
al
e

–
0.
01

(–
1.
11

,1
.0
9)

0.
56

(0
.3
0,

0.
82

)
77

.6
8
(7
5.
84

,7
9.
51

)
–
0.
79

(–
0.
91

,–
0.
67

)
0.
91

(–
1.
27

,3
.1
0)

0.
57

(0
.0
3,

1.
11

)
68

.4
1
(6
4.
36

,7
2.
46

)
–
0.
35

(–
0.
65

,–
0.
05

)
M
al
e

1.
07

(0
.2
4,

1.
89

)
0.
47

(0
.2
7,

0.
67

)
79

.5
8
(7
8.
18

,8
0.
97

)
–
0.
81

(–
0.
90

,–
0.
72

)
0.
54

(–
2.
10

,3
.1
7)

0.
36

(–
0.
32

,1
.0
3)

75
.2
3
(7
0.
55

,7
9.
91

)
0.
26

(–
0.
03

,0
.5
5)

Pr
op

or
tio

n
of

p
re
sc
ri
p
tio

ns
d
is
p
en

se
d
b
y

ne
ig
hb

or
ho

od
in
co

m
e

q
ui
nt
ile

1
(lo

w
es
t)

0.
66

(–
0.
93

,2
.2
4)

0.
70

(0
.3
0,

1.
09

)
79

.9
7
(7
7.
28

,8
2.
66

)
–
0.
85

(–
1.
01

,–
0.
68

)
0.
39

(–
5.
41

,6
.1
8)

0.
88

(–
0.
57

,2
.3
3)

49
.8
1
(3
9.
62

,5
9.
99

)
–
0.
34

(–
0.
99

,0
.3
1)

2
2.
31

(0
.5
3,

4.
09

)
0.
63

(0
.2
0,

1.
05

)
73

.4
7
(7
0.
50

,7
6.
43

)
–
0.
96

(–
1.
16

,–
0.
76

)
1.
60

(–
4.
45

,7
.6
4)

0.
59

(–
0.
99

, 2
.1
6)

54
.8
0
(4
2.
85

,6
6.
75

)
–
0.
86

(–
1.
76

,0
.0
5)

3
0.
25

(–
1.
04

,1
.5
4)

0.
87

(0
.5
7,

1.
18

)
74

.3
2
(7
2.
17

,7
6.
47

)
–
1.
16

(–
1.
30

,–
1.
02

)
1.
64

(–
3.
0,

6.
28

)
0.
73

(–
0.
43

,1
.8
9)

59
.1
4
(5
1.
00

,6
7.
29

)
–
0.
47

(–
0.
99

,0
.0
5)

4
0.
37

(–
0.
39

,1
.1
4)

0.
29

(0
.0
6,

0.
51

)
80

.4
3
(7
8.
96

,8
1.
91

)
–
0.
78

(–
0.
90

,–
0.
66

)
3.
83

(0
.0
8,

7.
59

)
0.
76

(–
0.
20

,1
.7
2)

60
.1
5
(5
3.
47

,6
6.
83

)
–
0.
77

(–
1.
18

,–
0.
36

)
5
(h
ig
he

st
)

–
0.
21

(–
1.
48

,1
.0
6)

0.
65

(0
.2
8,

1.
01

)
75

.7
5
(7
3.
30

,7
8.
20

)
–
0.
92

(–
1.
12

,–
0.
73

)
0.
28

(–
5.
20

,5
.7
5)

0.
73

(–
0.
64

,2
.1
1)

66
.3
8
(5
6.
76

,7
6.
00

)
–
0.
83

(–
1.
45

,–
0.
22

)
Pr
op

or
tio

n
of

to
ta
ls
p
en

d
in
g

b
y
ne

ig
hb

or
ho

od
in
co

m
e
q
ui
nt
ile

1
(lo

w
es
t)

0.
05

(–
1.
76

,1
.8
5)

0.
50

(0
.0
7,

0.
92

)
81

.8
1
(7
8.
80

,8
4.
82

)
–
0.
67

(–
0.
87

,–
0.
47

)
–
0.
31

(–
3.
77

,3
.1
5)

0.
55

(–
0.
32

,1
.4
2)

72
.8
2
(6
6.
38

,7
9.
26

)
–
0.
14

(–
0.
63

,0
.3
4)

2
1.
56

(–
0.
53

,3
.6
5)

0.
51

(0
.0
2,

1.
01

)
74

.4
3
(7
0.
95

,7
7.
92

)
–
0.
85

(–
1.
09

,–
0.
62

)
1.
67

(–
2.
62

,5
.9
6)

0.
51

(–
0.
54

,1
.5
5)

64
.8
1
(5
7.
26

,7
2.
36

)
0.
06

(–
0.
45

,0
.5
7)

3
–
0.
25

(–
1.
8 4

,1
.3
5)

0.
70

(0
.3
2,

1.
07

)
76

.3
0
(7
3.
64

,7
8.
97

)
–
0.
90

(–
1.
08

,–
0.
72

)
0.
00

(–
2.
89

,2
.8
8)

0.
48

(–
0.
25

,1
.2
2)

70
.4
4
(6
5.
32

,7
5.
56

)
0.
37

(0
.0
5,

0.
69

)
4

0.
88

(–
0.
54

,2
.2
9)

0.
37

(0
.0
4,

0.
71

)
81

.7
2
(7
9.
36

,8
4.
09

)
–
0.
60

(–
0.
75

,–
0.
44

)
2.
03

(–
1.
23

,5
.2
9)

0.
44

(–
0.
39

,1
.2
7)

69
.5
8
(6
3.
79

,7
5.
36

)
–
0.
06

(–
0.
42

,0
.3
0)

5
(h
ig
he

st
)

–
0.
37

(–
2.
22

,1
.4
9)

0.
48

(0
.0
2,

0.
94

)
77

.3
9
(7
4.
16

,8
0.
62

)
–
0.
92

(–
1.
15

,–
0.
68

)
0.
12

(–
3.
73

,3
.9
7)

0.
42

(–
0.
55

,1
.3
9)

80
.8
1
(7
4.
02

,8
7.
58

)
–
0.
59

(–
1.
02

,–
0.
16

)

*
95

%
co

n
fi
d
en

ce
in
te
rv
al
s
(9
5%

C
Is
)e

xc
lu
d
in
g
1
ar
e
in
d
ic
at
iv
e
o
f
st
at
is
ti
ca

ls
ig
n
ifi
ca

n
ce

at
P
<
0.
05

.

McCLEAN ET AL2018



of 81 studies of rheumatoid arthritis, medicine use, and socioeco-
nomic status found variable relationships between income and
medication use. For instance, lower income was associated with
reduced adherence in Canada, but the reverse was true in the
US (26). However, we only detected income quintile–based
variation in use among infliximab switching and not with respect
to etanercept. This may indicate variation according to specific
factors associated with infliximab use or chance associations
detected by our study.

Large increases in biosimilar use are likely in Canada as BC
has continued to roll out biosimilar switching programs for
patients receiving rituximab, adalimumab, enoxaparin, filgrastim,
and a number of insulins, and similar policies have now been
announced in a number of jurisdictions (7,15). Greater biosimilar
use may make the Canadian market more appealing for biosimilar
manufacturers to enter, having a feedforward effect on biologic
competition.

In the US, biosimilars for the top-selling drug in the world,
adalimumab, are set to be available for the first time in 2023 (13).
Recent calls from the US Department of Health and Human
Services for the CMS to do more to incentivize biosimilar use
could consider mandatory biosimilar switching policies (11). From
our findings, it appears that simply enacting biosimilar new start
programs may not be sufficient to greatly enhance use of these
medicines.

Notably, we detected a small but significant downward trend
in the post-switch period, potentially indicating treatment failure
and switches back to the reference product. Studies examining
biosimilar infliximab and etanercept switching in BC found no dif-
ferences in health care utilization (e.g., emergency department
visits or hospitalizations) post policy (27,28). Nevertheless, con-
cerns around the use of biosimilars remain, stemming in part from
their regulatory designation as similar but not identical to the refer-
ence product in terms of efficacy and safety, their interchangeabil-
ity and substitutability, and the use of clinical trial data from one
disease state to substantiate claims of efficacy and safety in
another (i.e., extrapolation of indication), among other factors
(13,29–31). However, research examining biosimilar infliximab
and etanercept switching in Denmark found no deleterious out-
comes associated with the national policies, and systematic
reviews have also not found evidence of significant safety or effi-
cacy concerns with biosimilar switching (32–34).

Prior to this analysis, it was unclear to what extent a biosimi-
lar switching policy would capture the market for a particular
agent. For instance, with less expensive biosimilars (e.g., insulin
glargine), one may expect that private insurers and/or individuals
would be more likely to pay the difference between the biosimilar
and reference in order to maintain treatment with the reference
product. In addition, the BC government maintained a system by
which patients would be able to receive exceptional coverage for
the reference product on a case-by-case basis (15). Both provide
mechanisms by which the impact of biosimilar switching policies

may be decreased. Future work should examine the post-switch
market structure over a longer time period, as it is unclear whether
the large increases in uptake of biosimilars will be eroded as the
market reaches a new equilibrium. Indeed, we detected a nega-
tive gradual trend post switch that should be monitored. Our sen-
sitivity analysis also detected sex- and neighborhood income
quintile–based differences in the use of biosimilar infliximab and
etanercept, which should continue to be tracked. Our findings
may be of particular interest to jurisdictions with large public
payers and private insurers who are considering implementing
biosimilar switching policies.

However, rapid biosimilar penetration via switching policies is
just one potential policy lever. By combining national drug tender-
ing and procurement with rapid uptake of biosimilars via both
switching and new start policies, Denmark saved nearly $2 for
every $3 spent on infliximab, and tendering provided similar levels
of biosimilar infliximab savings in Norway (35,36). Countries
including France and Belgium have combined biosimilar price
caps, with prescribing quotas aimed at increasing use of biosimi-
lars (37). The US recently approved the first interchangeable biosi-
milars for insulin glargine and adalimumab (which may be
automatically substituted at the level of the pharmacy depending
on state law), although it is too early to discern the impact of this
designation (38). Interchangeable biosimilars may be particularly
compatible with switching policies.

Our study has a number of limitations. We relied on adminis-
trative data to identify our cohort, which could have inaccuracies
related to the diagnoses of interest. This was likely partially miti-
gated by the fact that etanercept is only indicated for treatment
of the conditions of interest in our study and has limited off-label
use. Further, any misclassification would likely have persisted over
the entire study period, so it would not have modified the relative
changes we observed. Our study also required only 1 instance
of a diagnosis code of interest. However, by design, our study
only included individuals who also received a prescription for
either etanercept or infliximab and who had no previous instance
of a diagnosis code for Crohn’s disease or ulcerative colitis
(in the case of infliximab). Therefore, we believe the potential
impact of this less stringent approach on our denominators of
interest (namely, total number of prescriptions dispensed or
spending per month on either etanercept or infliximab) would be
at least partially mitigated by design. Of note, individuals with pla-
que psoriasis and receiving etanercept were not required to
switch until 2021. However, it was not possible to exclude individ-
uals with plaque psoriasis from the etanercept analyses, as the
relevant diagnosis codes pertain to both plaque psoriasis and
psoriatic arthritis.

The NACRS does not cover all emergency department visits
in BC, although this is unlikely to impact our findings. The general-
izability of our results may be limited, as the magnitude of impact
of biosimilar switching policies may vary by patient, physician,
and payer-related factors and may also differ depending on the
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medication of interest (39). Due to the nature of our study, we
were unable to comment on the impact of these policies at an
individual level. In addition to further exploration of the relative fac-
tors that may influence biosimilar uptake post switch, future work
should examine the more long-term impacts of these policies. We
were unable to comment on pricing and cost-savings related to
these policies due to the presence of confidential rebates and list-
ing agreements in Canada.

Overall, our study clearly shows that a mandatory switching
policy was much more effective than a new starter policy at
increasing the use of biosimilars. Thus, although new start policies
may result in some small gradual increases in biosimilar use,
payers can substantially influence the use of biosimilars through
the implementation of mandatory biosimilar switching policies.
Given the clinical similarity in their effect and potential savings,
other jurisdictions and payers should seriously consider the use
of these policies.
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Birth Outcomes and Rehospitalizations Among Pregnant
Women With Rheumatoid Arthritis and Systemic Lupus
Erythematosus and Their Offspring

Namrata Singh,1 Julianna Sabo,1 Deborah A. Crane,1 David R. Doody,2 Melissa A. Schiff,3 and Beth A. Mueller4

Objective. To compare obstetric/birth outcomes and rehospitalization among women with and without rheumatoid
arthritis (RA) or systemic lupus erythematosus (SLE) and their infants.

Methods. This population-based retrospective cohort study identified women with RA (n = 1,223) and SLE
(n = 1,354) and unexposed women with singleton births 1987–2014 in Washington State in linked vital hospital dis-
charge records. Outcomes, including cause-specific hospitalizations <2 years postpartum, were compared by esti-
mating adjusted relative risks (RRs) and cause-specific rehospitalization hazard ratios (HRs) with 95% confidence
intervals (95% CIs).

Results. We observed increased risks of several adverse outcomes; RRs were often greatest for SLE. Women with
RA/SLE more often required rehospitalization, most notably at <6 months postpartum (RA: 4% versus 2%; RR 2.22
[95% CI 1.62–3.04]; SLE: 6% versus 2%; RR 2.78 [95% CI 2.15–3.59]). Maternal postpartum rehospitalization was
greatest for musculoskeletal conditions (RA: HR 19.1 [95% CI 13.6–26.8]; SLE: HR 29.8 [95% CI 22.1–40.1]). Infants
of women with SLE more often had malformations (9% versus 6%; RR 1.46 [95%CI 1.21–1.75]), and increased mortal-
ity at <2 years (RR 2.11 [95% CI 1.21–3.67]). Infants of women with SLE also experienced more frequent rehospitaliza-
tions in their first year of life.

Conclusion. Women with RA or SLE and their infants experienced adverse outcomes, particularly infants of women
with SLE. Maternal/infant rehospitalization was more common; most marked in the early months postpartum. Close
follow-up during these time periods is crucial to minimize adverse outcomes.

INTRODUCTION

Steady increases have occurred in the number of pregnan-

cies among women with rheumatoid arthritis (RA) or systemic

lupus erythematosus (SLE) during recent decades (1,2), both

conditions involving increased risks of adverse obstetric and birth

outcomes (3–5). Among autoimmune conditions, SLE carries the

greatest risk of poor outcome (4). These risks are well described

and include intrauterine growth restriction, low birthweight, and

increased caesarean delivery, among others (6,7).
Several studies have examined early outcomes among

infants of mothers affected by RA or SLE, but less is known about

maternal or infant longer-term postdelivery experience. In 1 study,

women with SLE without a prior diagnosis of heart disease were

observed to have a greater than 4-fold increased risk of new car-

diac disease development requiring readmission in the postpar-

tum period (8). A comprehensive evaluation of postdelivery

rehospitalizations among women with RA or SLE or their infants

has not been conducted. We aimed to compare obstetric out-

comes among women with and without RA or SLE, and birth out-

comes among their infants, including maternal and infant

rehospitalization occurrence and reasons for rehospitalization

within 2 years of delivery. Increased knowledge of the postpartum

experience of this population will help identify time periods of

greatest risk and help develop strategies to best support them

postdelivery.
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MATERIALS AND METHODS

Institutional Review Board approvals for this project were
obtained fromWashington State and the Fred Hutchinson Cancer
Research Center. This retrospective cohort study evaluated the
associations of RA and SLE with selected adverse pregnancy
and neonatal outcomes among pregnant women in Washington
State from 1987 to 2014.

Study cohort. Washington State birth-hospital discharge
data (Comprehensive Hospital Abstract Reporting System) (9)
contain patient-level information on all nonfederal inpatient and
observation discharges in nonfederal facilities in the state. Multiple
International Classification of Diseases, Ninth Revision (ICD-9)
codes were available for each discharge, using Medicare-
Medicaid billing standards. This file has been routinely linked to
state birth records to build a linked file of birth and hospital dis-
charge records for the delivery hospitalizations of the mother
and infants and has been used extensively to examine pregnancy
outcomes (10,11). Using methods previously described (12), we
identified all women with live birth deliveries in Washington State
during 1987–2014 in linked Washington State birth/fetal death-
hospital discharge records. Briefly, we screened up to 25 hospital
discharge fields in the linked birth-hospital discharge records to
identify all women with ICD-9 diagnosis codes indicating RA
(714.X, 725.X [n = 1,252]) or SLE (710.X [n = 1,404]) on their deliv-
ery hospital discharge record for the delivery. For each, we ran-
domly selected from the remaining linked birth-hospital
discharge records 10 women with deliveries in the same year to
serve as our unexposed cohort. After excluding women with mul-
tiple gestations and/or fetal deaths, our data included 1,223
women with RA, 1,354 women with SLE, and 12,293 and
13,751 unexposed women, respectively, for analyses.

Covariate and outcome assessment. The linked birth-
hospital discharge records for the delivery provided information
concerning pregnancy course and maternal and infant outcomes

and conditions noted at delivery and during the delivery
hospitalization. To examine longer term outcomes and rehospitali-
zations, we further linked all subject records to subsequent hospital
discharge and death records for the 2 years after delivery to assess
the occurrence of, and reasons for, subsequent nonpregnancy-
related rehospitalizations (ICD-9 630–679, 760–779 excluded),
and to measure mortality among mothers and children.

Maternal characteristics at delivery and pregnancy informa-
tion available from the birth record included the age at delivery
(ranges 12–19, 20–24, 25–29, 30–34, 35–39, 40+ years), marital
status, education (<12, 12, >12 years), Medicaid status, numbers
of prior pregnancies and births (1, 2, 3, 4+), prior fetal deaths
(0, 1+), prenatal smoking, prepregnancy body mass index (BMI;
<18.5, 18.5–24.9, 25.0–29.9, 30.0+), use of fertility treatment,
adequacy of gestational weight gain per American College of
Gynecology recommendations (13) calculated from gestational
weight gain, gestational length, and maternal prepregnancy BMI
as reported on the birth record, and the Kotelchuck index of pre-
natal care adequacy (inadequate, intermediate, adequate, inten-
sive) (14). Race and ethnicity (White, Black, Hispanic, Asian,
American Indian/Alaska Native, and Pacific Islander, the latter
2 categories combined due to small numbers) were obtained
from the birth record, largely self-reported by the mother around
the time of delivery using a birth certificate worksheet with check-
boxes. The 2003 standard birth certificate revision incorporated
multirace checkboxes; bridging and classification of categories
follows the National Center for Health Statistics guidelines (15).

Selected pregnancy and neonatal outcomes were identified
by screening both the birth and linked hospital discharge records
for the delivery hospitalization, as the use of both resources in
combination improves the accuracy of identification of pregnancy
conditions and outcomes (16). Birth records use a checkbox for-
mat and hospital discharge records contain up to 25 ICD-9 diag-
nosis codes to indicate outcomes. Hospital discharge records
were screened to augment identification of chronic hypertension
(ICD-9 401–405, 642.0–642.2, 642.7, 642.9), diabetes
mellitus (ICD-9 250, 362.0, 648.01, 648.02), gestational diabetes
mellitus (ICD-9 648.8, assessed only among women without exist-
ing diabetes mellitus), preeclampsia/eclampsia (ICD-9 642.4,
642.5, 642.6, 642.7), severe preeclampsia (ICD-9 642.5, 642.6),
placental abruption (ICD-9 641.2, 762.1), preterm premature
rupture of membranes (ICD-9 658.1, 658.2, 761.1, restricted to
<37 weeks of gestation per birth record), urinary tract infection/
pyelonephritis (ICD-9 599.0, 590.1, 590.8, 590.9), preterm labor
(ICD-9 644.0, 644.1, 644.2), postpartum hemorrhage (ICD-9 666.
X), anemia (ICD-9 280.9, 648.2), and cesarean delivery (ICD-9
diagnosis codes 669.7, 763.4 and procedure codes 74.x). Deep
venous thrombosis (DVT)/pulmonary embolism (PE) (ICD-9 453.4,
415.1, 671.3, 671.4, 673.0, 673.2, V12.51, 673) was identified
only by the maternal hospital discharge record.

Neonatal outcomes assessed from the birth record included
gestational age at delivery <32, 32 to <37, 37+ weeks),

SIGNIFICANCE & INNOVATIONS
• Pregnant women with rheumatoid arthritis (RA) or

systemic lupus erythematosus (SLE) have greater
risks of adverse outcomes such as preeclampsia
(9% RA, 15% SLE versus 6% in unexposed women)
and preterm labor (10% RA, 15% SLE versus 5% in
unexposed women).

• Care providers for women with these conditions
should be aware of an increased rehospitalization
risk in the 2 years postpartum, especially in the first
6 months.

• Infants of women with SLE have increased risks of
serious outcomes, including malformations, rehos-
pitalization, and mortality.
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birthweight (<2,500, 2,500+ grams, the largest nonmissing value
being 7,460 grams), small size for gestational age (<10th percen-
tile for gestational age using birth weight nomograms derived
from the population-based Washington State birth data), Apgar
score <7 at 5 minutes, use of assisted ventilation for >30 minutes
after delivery, neonatal intensive care unit (NICU) stay, and breast-
feeding initiation (no/yes). Infant conditions assessed using the
birth record and hospital discharge record in combination
included fetal distress (ICD-9 656.3, 768.2–768.4) and congenital
malformations (ICD-9 740–759). Maternal and infant lengths of
stay for the delivery hospitalization (<3, 3–5, 6+ days) were
assessed from the hospital discharge records.

Statistical analysis. Descriptive statistics characterized
women with RA/SLE and unexposed women. We used multivariate
Poisson regression with robust SEs to account for common out-
comes to estimate relative risks (RRs) and 95% confidence intervals
(95% CIs) to assess the associations of RA or SLE with selected
adverse outcomes, adjusting a priori for maternal age, delivery year,
and parity. Potential confounding by marital status, race/ethnicity
and education was assessed, but none of these meaningfully
changed the RR (>10%) so they were not retained in the final esti-
mates. Results based on cell count sizes of <5 were suppressed.
As our study period encompassed nearly 3 decades during which
therapies have changed, we stratified the analyses into 2 time
periods, 1987–1999 and 2000–2014, to assess possible temporal
changes and tested for significant differences in risk estimates over
time using a Wald test of the coefficient for the interaction of case/
comparison by time period. A sensitivity analysis was also conducted
by repeating analyses for nulliparous women only (RA: 516 exposed,
4,997 unexposed; SLE: 555 exposed, 5,596 unexposed).

To assess relative occurrences of rehospitalizations by
ICD-9/ICD-10–based diagnosis group categories (17,18) of
mothers and infants during the 2 years after delivery, Cox regres-
sions were performed to compute hazard ratios (HRs) and 95%
CI, accounting for the matching variables (birth year, sex), mater-
nal age, and parity via baseline hazard stratification. Follow-up
accrued from the delivery date through whichever came first: first
rehospitalization after delivery, death, or December 31, 2014.
Analyses were performed using Stata, version 15.

RESULTS

Women with RA and SLE were more likely than unexposed
women to be age >35 years at delivery, slightly more likely to be
married, have >12 years of education, and to have private health
insurance (Table 1). They were also disproportionately more
likely to be American Indian/Alaskan Native (6% RA, 4% SLE
versus 2% unexposed). A lower proportion of women with RA
were identified as Asian (5% versus 10% unexposed), but greater
proportions of women with SLE were Asian (12% versus
8% unexposed) or Black (6% versus 4% unexposed). Prior

pregnancy histories were similar between women with RA and
SLE and their comparators, except women with these conditions
were slightly more likely to have used fertility treatments and a
greater number of women with SLE had prior fetal losses (9% ver-
sus 3% unexposed). Established diabetes mellitus levels were
generally similar between women with RA and SLE and unex-
posed women, but chronic hypertension was more common in
women with RA (5%) and SLE (10%) versus 2–3% unexposed.

Maternal outcomes. Women with RA or SLE more often
required intensive levels of prenatal care (RA: 34% versus 23%;
RR 1.46 [95% CI 1.33–1.60]; SLE: 55% versus 22%, RR 2.42
[95% CI 2.27–2.58]) and were more likely than women without
these conditions to have less than appropriate gestational weight
gain (RA: 28% versus 22%; RR 1.30 [95% CI 1.16–1.47]; SLE:
28% versus 21%; RR 1.28 [95% CI 1.12–1.45]) (Table 2). Gesta-
tional diabetes mellitus was not increased in either group, but all
other conditions examined occurred more often in women with
these conditions, with the exception of placental abruption and
postpartum hemorrhage, which were statistically significantly
increased only among women with SLE at 2% (versus 1%
exposed) and 5% (versus 4%), respectively. Preeclampsia
occurred more often during pregnancies of women with RA
(9% versus 6%; RR 1.42 [95% CI 1.17–1.71]) or SLE (15% versus
6%; RR 2.33 [95% CI 2.01–2.70]), as did preterm rupture of
membranes (RA: 6% versus 2%; RR 2.86 [95% CI 2.20–3.72];
SLE: 6% versus 2%; RR 3.28 [95% CI 2.54–4.23]). Cesarean
deliveries were more common among nulliparous women in both
groups (RA: 40% versus 28%; SLE: 39% versus 27%; RR 1.32
[95% CI 1.18–1.48] for both conditions). To examine whether
increased cesarean delivery occurrence was due to increased
levels of adverse pregnancy conditions that are indications for
surgical delivery, we recalculated the RR after excluding women
with preeclampsia, eclampsia, macrosomia, placenta previa, fetal
distress, or malpresentation; the risk remained increased (RA: RR
1.51 [95% CI 1.25–1.83]; SLE: RR 1.46 [95% CI 1.18–1.79]).
Women with RA or SLE more often had long delivery hospitaliza-
tions of 6 or more days (RA: 9% versus 2%; RR 2.43 [95% CI
1.78–3.31]; SLE: 10% versus 2%; RR 5.57 [95% CI 4.52–6.86]).
Maternal deaths in both groups were too few to assess.

Infant outcomes. Infants of women with these conditions
experienced all adverse outcomes examined, with the exception
of fetal distress, malformations, and 5-minute Apgar score <7
among infants of women with RA. Infants of women with RA or
SLE were more likely to weigh <2,500 grams (RA: 10% versus
5%; RR 2.08 [95% CI 1.72–2.52]; SLE: 21% versus 5%; RR
4.88 [95% CI 4.27–5.58]), be small for gestational age (RA: 11%
versus 9%; RR 1.26 [95% CI 1.07–1.50]; SLE: 10% versus 9%;
RR 2.30 [95% CI 2.04–2.59]), be delivered at <32 weeks’ gesta-
tion (RA: 2% versus 1%; RR 1.83 [95% CI 1.13–2.97]; SLE: 4%
versus 1%; RR 5.13 [95% CI 3.75–7.01]), or require NICU
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admission (RA: 12% versus 6%; RR 1.89 [95%CI 1.56–2.30]; SLE:
16% versus 6%; RR 2.71 [95% CI 2.25–3.28]) (Table 3). Infants
of women with SLE were more likely to have a malformation

(9% versus 6%; RR 1.46 [95% CI 1.21–1.75]) or die within 2 years
(RR 2.11 [95% CI 1.21–3.67]). There were too few deaths at
<2 years among infants of women with RA to assess.

Table 1. Characteristics of women with and without RA or SLE with singleton live birth deliveries in Washington
State, 1987–2014*

Characteristic at delivery
With RA Comparison With SLE Comparison

(n = 1,223) (n = 12,293) (n = 1,354) (n = 13,762)

Maternal age, years
12–19 40 (3.3) 957 (7.8) 36 (2.7) 1,157 (8.4)
20–24 173 (14.1) 2,707 (22.0) 217 (16.0) 3,113 (22.6)
25–29 297 (24.3) 3,531 (28.7) 389 (28.7) 4,055 (29.5)
30–34 416 (34.0) 3,222 (26.2) 433 (32.0) 3,425 (24.9)
35+ 297 (24.3) 1,875 (15.3) 279 (20.6) 2,012 (14.6)

Marital status
Unmarried 330 (27.0) 3,896 (31.7) 357 (26.4) 4,133 (30.1)
Married 330 (27.0) 3,896 (31.7) 996 (73.6) 9,594 (69.9)

Race and ethnicity
White 908 (75.9) 8,664 (72.1) 931 (70.3) 9,892 (73.6)
Hispanic 91 (7.6) 1,255 (10.4) 95 (7.2) 1,465 (10.9)
Asian 63 (5.3) 1,174 (9.8) 158 (11.9) 1,079 (8.0)
Black 55 (4.6) 564 (4.7) 78 (5.9) 589 (4.4)
American Indian/Alaska Native, or Pacific Islander 79 (6.6) 356 (2.9) 63 (4.7) 412 (3.0)

Education, years†
<12 126 (11.0) 1,993 (17.3) 105 (8.6) 2,196 (18.0)
12 240 (21.0) 2,846 (24.7) 273 (22.5) 3,121 (25.5)
13+ 778 (68.0) 6,681 (58.0) 836 (68.9) 6,916 (56.5)

Health insurance
Medicaid 442 (36.1) 5,005 (40.7) 464 (34.3) 5,519 (40.1)
Private 781 (63.9) 7,286 (59.3) 890 (65.7) 8,243 (59.9)

Prior pregnancies
0 388 (32.5) 3,912 (32.5) 377 (28.5) 4,286 (31.8)
1 317 (26.5) 3,294 (27.3) 331 (25.0) 3,777 (28.0)
2+ 490 (41.0) 4,842 (40.2) 617 (46.6) 5,426 (40.2)

Prior live births
0 516 (42.9) 4,997 (41.3) 555 (41.8) 5,596 (41.4)
1 377 (31.4) 3,848 (31.8) 423 (31.9) 4,346 (32.1)
2+ 309 (25.7) 3,241 (26.8) 349 (26.3) 3,587 (26.5)

Prior fetal deaths‡
0 194 (97.5) 1,894 (96.9) 360 (91.4) 3,744 (96.9)
1+ 5 (2.5) 61 (3.1) 34 (8.6) 118 (3.1)

Prenatal smoking
No 1,086 (90.6) 10,893 (89.8) 1,180 (89.5) 11,967 (88.7)
Yes 113 (9.4) 1,239 (10.2) 138 (10.5) 1,518 (11.3)

Chronic hypertension
No 1,161 (94.9) 11,989 (97.5) 1,216 (89.8) 13,469 (97.9)
Yes 63 (5.2) 305 (2.5) 139 (10.3) 294 (2.1)

Preexisting diabetes mellitus
No 1,206 (98.6) 12,159 (98.9) 1,337 (98.7) 13,622 (99.0)
Yes 18 (1.5) 135 (1.1) 17 (1.3) 141 (1.0)

Prepregnancy BMI§
<18.5 (low) 20 (2.3) 244 (2.8) 31 (4.3) 203 (2.8)
18.5–24.9 408 (47.5) 3,939 (46.0) 343 (47.6) 3,493 (48.2)
25.0–29.9 (overweight) 208 (24.2) 2,254 (26.3) 162 (22.5) 1,855 (25.6)
30.0+ (obese) 223 (26.0) 2,126 (24.8) 184 (25.6) 1,691 (23.3)

Fertility treatment
No 908 (98.5) 9,198 (99.1) 768 (98.3) 7,829 (99.0)
Yes 14 (1.5) 82 (0.9) 13 (1.7) 81 (1.0)

* Values are the number (%). Numbers may not sum to totals due to missing data. BMI = body mass index;
RA = rheumatoid arthritis; SLE = systemic lupus erythematosus.
† Data available for deliveries 1992 or later: 1,179 women with RA, 11,862 women without; 1,257 women with SLE,
12,751 women without.
‡ Fetal deaths at 20+ weeks among women with prior pregnancies only, data available for deliveries prior to 2003
only: 199 women with RA, 1,947 women without; 396 women with SLE, 3,868 women without.
§ Data available for deliveries 2003 or later: 935 women with RA, 9,395 women without; 792 women with SLE, 8,011
women without.
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Maternal and infant rehospitalization at <2 years of
delivery.Women with RA or SLE were more likely to be rehospi-
talized for nonpregnancy-related causes during the 2 years after
delivery than were unexposed women (RA: 12% versus 10%;
RR 1.33 [95% CI 1.13–1.56]; SLE: 16% versus 11%; RR 1.48
[95% CI 1.29–1.69]) (Table 4). Rehospitalization risks among
women with RA (4% versus 2%; RR 2.22 [95% CI 1.62–3.04])
and SLE (6% versus 2%; RR 2.78 [95% CI 2.15–3.59]) were
increased and remained increased during the first year postpar-
tum. Infants of women with these conditions were also more likely
to be rehospitalized at <2 years (RA: 10% versus 9%; RR 1.22
[95% CI 1.01–1.46]; SLE: 13% versus 9%; RR 1.59 [95% CI
1.36–1.84]). Infants of women with SLE had the greatest rehospi-
talization risks in the first year (RR 1.64 [95% CI 1.36–1.98] at
<6 months; RR 1.63 [95% CI 1.10–2.42] at 6 to <12 months).

Maternal rehospitalization HRs were increased for women
with RA or SLE for most causes, being greatest for
musculoskeletal-related conditions (RA: HR 19.1 [95% CI 13.6–
26.8]; SLE: HR 29.8 [95% CI 22.1–40.1]), but also increased for
injury and mental health conditions (Figure 1). Among infants of

women with RA, rehospitalization HRs were only increased for
genitourinary conditions (HR 2.2 [95% CI 1.2–4.0]), although
borderline statistically significant increases were also noted
for infection- and respiratory-related conditions. Infants of
women with SLE had increased rehospitalization HRs for
nearly all causes, the greatest being for musculoskeletal
conditions (HR 4.2 [95% CI 1.8–9.6]), with HRs >2.0 also
observed for hematologic, circulatory, digestive, and genitouri-
nary conditions, and significantly increased HRs >1.4 for
infection-, endocrine-, nervous system–, and respiratory-related
conditions.

Time period stratified and sensitivity analyses.Most
results for mother and infant were similar when compared across
the periods 1987–1999 and 2000–2014, with only modest and
statistically nonsignificant changes noted from the earlier to the
later time period for both RA and SLE (Table 5). The only statisti-
cally significant change noted was for SLE, with decreased pre-
term delivery (P = 0.02), although the RR remained markedly
increased in both time periods.

Table 2. Pregnancy outcomes and complications among women with and without RA or SLE in Washington State, 1987–2014*

RA SLE

Yes No Yes No
Outcome (n = 1,223) (n = 12,293) RR (95% CI)† (n = 1,354) (n = 13,762) RR (95% CI)†

Prenatal care adequacy
Inadequate 10.3 13.9 0.86 (0.71–1.03) 9.0 13.5 0.76 (0.63–0.92)
Intermediate 12.7 16.2 0.80 (0.68–0.84) 6.9 17.1 0.41 (0.33–0.51)
Adequate 42.8 47.3 1.00 [Ref.] 28.8 47.1 1.00 [Ref.]
Intensive 34.1 22.5 1.46 (1.33–1.60) 55.3 22.3 2.42 (2.27–2.58)

Pregnancy weight gain‡
Appropriate 31.5 32.2 1.00 [Ref.] 34.2 31.0 1.00 [Ref.]
Less than appropriate 27.7 21.7 1.30 (1.16–1.47) 27.6 21.4 1.28 (1.12–1.45)
Excessive 40.8 46.1 0.89 (0.82–0.97) 38.2 47.5 0.81 (0.74–0.90)

During pregnancy
Anemia 13.9 10.4 1.43 (1.23–1.67) 12.6 9.7 1.38 (1.19–1.61)
DVT/PE§ – – – 2.1 0.1 20.73 (10.42–41.25)
Preeclampsia/eclampsia 9.3 6.4 1.42 (1.17–1.71) 14.8 6.1 2.33 (2.01–2.70)
Severe preeclampsia 2.1 0.8 2.51 (1.62–3.90) 2.9 0.9 3.12 (2.13–4.57)
Gestational diabetes mellitus¶ 9.0 6.6 1.16 (0.95–1.41) 6.8 5.6 1.08 (0.87–1.33)

Cesarean delivery# 40.3 27.7 1.32 (1.18–1.48) 38.6 26.5 1.32 (1.18–1.48)
Placental abruption 0.8 1.2 0.62 (0.31–1.22) 2.0 1.0 1.84 (1.21–2.78)
Preterm rupture of membranes 6.0 2.0 2.86 (2.20–3.72) 5.8 1.8 3.28 (2.54–4.23)
Intrauterine growth retardation 4.8 2.9 1.59 (1.21–2.09) 9.2 2.6 3.50 (2.87–4.27)
Preterm labor 10.0 5.4 1.79 (1.48–2.16) 15.1 5.1 3.07 (2.65–3.56)
Postpartum hemorrhage 4.9 4.1 1.26 (0.96–1.64) 5.3 3.9 1.34 (1.05–1.71)
Length of stay, days**
<3 62.8 74.1 1.00 [Ref.] 51.6 74.7 1.00 [Ref.]
3–5 33.0 24.5 1.12 (1.03–1.21) 37.8 23.8 1.26 (1.17–1.36)
6+ 4.3 1.5 2.43 (1.78–3.31) 10.6 1.6 5.57 (4.52–6.86)

* Values are the percentage unless indicated otherwise. 95% CI = 95% confidence interval; DVT = deep venous thrombosis; PE = pulmonary
embolism; RA = rheumatoid arthritis; Ref. = reference; RR = relative risk; SLE = systemic lupus erythematosus.
† RR estimated from Poisson regression with robust SEs, adjusted for birth year, maternal age, and parity.
‡ Data available for deliveries 2003 or later: 935 women with RA, 9,395 women without; 792 women with SLE, 8,011 women without.
§ Results suppressed if cell size <5.
¶ Among women without established diabetes mellitus: 1,206 women with RA, 12,159 women without; 1,337 women with SLE, 13,622 women
without.
# Among women without prior deliveries: 516 women with RA, 4,997 women without; 555 women with SLE, 5,596 women without.
** Additionally adjusted for method of delivery.
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Table 3. Selected outcomes among singleton infants of women with and without RA or SLE with deliveries in Washington State, 1987–2014*

RA SLE

Outcome
Yes No Yes No

(n = 1,223) (n = 12,293) RR (95% CI)† (n = 1,354) (n = 13,762) RR (95% CI)†

Fetal distress 9.8 8.4 1.12 (0.93–1.34) 13.1 10.2 1.26 (1.09–1.46)
Birthweight <2,500 grams 10.1 4.9 2.08 (1.72–2.52) 20.8 4.5 4.88 (4.27–5.58)
<37 weeks’ gestation 14.8 6.9 2.11 (1.81–2.46) 23.4 6.6 3.65 (3.24–4.11)
<32 weeks’ gestation 1.6 1.0 1.83 (1.13–2.97) 4.4 1.0 5.13 (3.75–7.01)
Small for gestational age 11.1 9.0 1.26 (1.07–1.50) 20.3 9.0 2.30 (2.04–2.59)
Apgar score <7 at 5 minutes‡ 2.6 1.9 1.26 (0.87–1.82) 4.0 1.9 2.01 (1.51–2.69)
Malformation 7.6 6.6 1.15 (0.93–1.42) 9.1 6.3 1.46 (1.21–1.75)
NICU admission§ 12.0 6.4 1.89 (1.56–2.30) 15.6 5.9 2.71 (2.25–3.28)
Not breastfed§ 10.7 7.7 1.60 (1.31–1.96) 12.9 7.9 1.77 (1.45–2.16)
Assisted ventilation >30 min.¶ 1.7 0.8 2.21 (1.37–3.58) 2.9 0.7 4.20 (2.84–6.23)
Days hospitalized‡
<3 69.2 81.4 1.00 [Ref.] 62.4 81.1 1.00 [Ref.]
3–5 21.6 14.4 1.19 (1.07–1.32) 22.2 15.1 1.05 (0.95–1.16)
6+ 9.2 4.2 1.98 (1.61–2.43) 15.4 3.8 3.67 (3.15–4.28)

Death at <1 year# – – – 1.1 0.5 2.27 (1.30–3.98)
Death at <2 years# – – – 1.1 0.6 2.11 (1.21–3.67)

* Values are the percentage unless indicated otherwise. 95% CI = 95% confidence interval; NICU = neonatal intensive care unit;
RA = rheumatoid arthritis; Ref. = reference; RR = relative risk; SLE = systemic lupus erythematosus.
† RR estimated from Poisson regression with robust SEs, adjusted for birth year, maternal age, and parity.
‡ 5-minute APGAR score, additionally adjusted for method of delivery.
§ Data available for deliveries 2003 or later: 935 women with RA, and 9,395 women without; 792 women with SLE, and 8,011 women without.
¶ Data available for 1,202 women with RA, and 12,087 women without with deliveries in 1989 or later.
# Results suppressed if cell size <5.

Table 4. Maternal and infant rehospitalization in first 2 years after delivery among women with and without RA and SLE*

RA SLE

Rehospitalization
Yes No Yes No

(n = 1,223) (n = 12,293) RR (95% CI)† (n = 1,354) (n = 13,762) RR (95% CI)†

Maternal
Ever 12.3 9.9 1.33 (1.13–1.56) 15.9 11.2 1.48 (1.29–1.69)
No. of rehospitalizations
0 87.7 90.1 1.00 [Ref.] 84.1 88.8 1.00 [Ref.]
1 9.2 8.5 1.15 (0.95–1.39) 11.6 9.8 1.24 (1.06–1.45)
2+ 3.2 1.4 2.43 (1.71–3.45) 4.3 1.5 3.09 (2.31–4.14)

Months to rehospitalization
No event 87.7 90.1 1.00 [Ref.] 84.1 88.8 1.00 [Ref.]
<1 2.2 0.9 2.48 (1.63–3.77) 2.7 0.9 2.89 (1.99–4.20)
1 to <3 0.7 0.4 1.77 (0.87–3.58) 1.6 0.6 2.99 (1.85–4.85)
3 to <6 0.8 0.4 2.10 (1.08–4.08) 1.3 0.5 2.37 (1.38–4.07)
6 to <12 2.0 1.2 2.10 (1.36–3.25) 2.3 1.4 1.91 (1.31–2.79)
12 to <24 6.5 7.0 0.98 (0.79–1.23) 8.1 7.8 1.07 (0.88–1.29)

Infant
Ever 9.6 8.6 1.22 (1.01–1.46) 12.8 8.7 1.59 (1.36–1.84)
No. of rehospitalizations
0 90.4 91.4 1.00 [Ref.] 87.2 91.3 1.00 [Ref.]
1 7.8 7.2 1.17 (0.95–1.44) 9.4 7.2 1.41 (1.18–1.69)
2+ 1.9 1.4 1.48 (0.95–2.31) 3.4 1.6 2.39 (1.74–3.28)

Months to rehospitalization
No event 90.4 91.4 1.00 [Ref.] 87.2 91.3 1.00 [Ref.]
<1 3.4 3.4 1.05 (0.77–1.45) 4.3 3.2 1.41 (1.07–1.84)
1 to <3 1.8 1.5 1.27 (0.81–2.00) 3.0 1.7 1.97 (1.41–2.75)
3 to <6 1.3 0.9 1.62 (0.96–2.72) 1.5 0.9 1.93 (1.20–3.10)
6 to <12 1.5 1.3 1.23 (0.74–2.04) 2.1 1.4 1.63 (1.10–2.42)
12 to <24 1.6 1.4 1.30 (0.81–2.09) 1.9 1.5 1.33 (0.88–2.01)

* Values are the percentage unless indicated otherwise. 95% CI = 95% confidence interval; RA = rheumatoid arthritis; Ref. = reference;
RR = relative risk; SLE = systemic lupus erythematosus.
† RR estimated from Poisson regression with robust SEs, adjusted for birth year, maternal age, and parity.
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Sensitivity analyses of maternal and infant outcomes restricted
to records of nulliparous women did not materially change results
for either condition, with the exception that the placental abruption
risk among women with SLE was markedly attenuated (odds ratio
1.07 [95% CI 0.46–2.46], results not shown).

DISCUSSION

In this population-based study, women with RA and SLE
required a more intensive level of prenatal care, had inadequate
weight gain, had preeclampsia, and had increased cesarean
deliveries and longer hospitalizations than comparators. Infants
of women with these conditions had higher rates of small for ges-
tational age, preterm birth, and NICU admissions than unexposed
women’s infants. Both women with RA and SLE were more likely
to be rehospitalized for nonpregnancy-related causes during the
2 years after delivery. However, reassuringly, the majority of
women with RA and SLE did not have these complications, and
we observed a decrease in RRs of preterm delivery over time.
Our study builds upon prior literature by reporting on rehospitali-
zation and longer-term mortality after delivery among mothers
with RA or SLE and their infants.

Our results are consistent with prior studies of many
outcomes, including an increased risk for intrauterine growth
restriction, preeclampsia/eclampsia, preterm labor, and cesarean
deliveries in women with RA or SLE (3–6) and postpartum

hemorrhage in women with SLE (19). We found an increased
occurrence of anemia in women with RA (14%) or SLE (13%),
although an increased risk has only been previously reported in
SLE (20). This complication may be explained as an association
with the underlying chronic disease (in RA and SLE) and/or the
increased tendency for postpartum hemorrhage among women
with SLE.

Despite women with RA or SLE being more likely to receive
intensive prenatal care, they were 28–30%more likely to have less
than appropriate gestational weight gain (28% of women with
either condition). This finding could be from the burden of their
disease that prohibits adequate nutrition for the mother and fetus
and may also be why we observed infants with low birthweight
and size for gestational age in their mothers.

Although RA and SLE have both been identified as risk fac-
tors for the development of DVT/PE (21), the condition occurred
too infrequently for us to evaluate among those with RA. We
observed it among 2% of women with SLE, but with a greater
than 20-fold increased risk relative to women without that condi-
tion. A synergistic effect of a baseline possibly increased DVT/PE
risk during pregnancy in all women (22), and underlying SLE led
to such a dramatically increased risk. The immune and coagula-
tion systems have been postulated to share a common evolution-
ary origin (23), which may further explain the association between
SLE and increased venous thromboembolism (VTE) risk. Addi-
tionally, we found that women with RA or SLE were more likely

Figure 1. Hazard ratios and 95% confidence intervals for cause-related rehospitalization postdelivery among women with rheumatoid arthritis
(RA) or systemic lupus erythematosus (SLE) and their infants. a = no cancer hospitalizations observed in infants of women with RA.
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to experience prolonged delivery hospitalizations, consistent with
previous studies (24); prolonged hospitalization is known to lead
to an increased VTE risk. Glucocorticoid use may contribute to
an increased VTE risk in inflammatory states (25). Although we
lacked information on medication use, at least a portion of the
women with SLE were likely taking glucocorticoids at some point
during pregnancy, perhaps contributing to the increased VTE risk.

Women with RA or SLE exhibited an increased risk of pre-
eclampsia, with severe preeclampsia present in 2% of women with
RA and 3% of women with SLE. This risk may have contributed to
the relatively longer delivery hospitalizations we observed, possibly
also due to closer monitoring by care providers even in the absence
of complications. An abnormal placenta, often observed in SLE (26),
holds a central role in preeclampsia and intrauterine growth restric-
tion development. Placental abnormalities in women with RA remain
a topic for future study. An increased risk of preeclampsia/eclampsia
may explain the increased placental abruption risk we observed in
women with SLE (27), as these complications frequently overlap
(28). Our results did not indicate an increased risk of gestational
diabetes mellitus in women with SLE, consistent with a previous
meta-analysis (29). However, the authors of that analysis observed
that glucocorticoid use among SLE patients was positively associ-
ated with an increased gestational diabetes mellitus risk.

Neonates of women with RA or SLE are often preterm and
have low birthweight (30,31). Although preeclampsia (often asso-
ciated with preterm delivery) was increased in women with SLE,
the vast majority (73%) of preterm infants of women with SLE in
our study did not have mothers with preeclampsia, suggesting
that other pathways are also relevant. Our observed increased
NICU admission in infants of women with RA (12%) or SLE
(16%) may be partly due to preterm birth. Neonates of women
with SLE experienced an increased risk of death within the first
2 years of life, possibly due to complications of prematurity/low
birthweight or malformations, which were increased among
infants of affected women.

Neonates born to women with RA or SLE were less likely to
be breastfed, as indicated on the birth record. There are many
possible reasons for this finding. Babies of mothers with RA or
SLE are more often in the NICU, affecting the mothers’ ability
to breastfeed due to physical distance or stress affecting their
milk supply. Overall, breastfeeding is decreased in babies born
preterm (32). Concern over medication safety while breastfeed-
ing is common (33), but many medications used to treat RA and
SLE are safe to use while breastfeeding, some with special
instruction such as delayed breastfeeding after taking the med-
ication. Given the many benefits of breastmilk, women with

Table 5. Selected outcomes and complications among women with and without RA or SLE and their infants in Washington
State during 2 time periods, 1987–1999 and 2000–2014*

RA SLE

Time period and outcome
1987–1999 2000–2014 1987–1999 2000–2014
(206/2,077)† (1,017/10,216)† (403/4,114)† (951/9,648)†

Maternal
Intensive prenatal care 1.20 (0.94–1.55) 1.50 (1.36–1.66) 2.26 (2.00–2.55) 2.48 (2.30–2.67)
Anemia 1.74 (1.20–2.53) 1.38 (1.17–1.62) 1.28 (0.94–1.74) 1.42 (1.19–1.69)
Preeclampsia/eclampsia 0.98 (0.57–1.70) 1.50 (1.23–1.84) 2.49 (1.91–3.25) 2.26 (1.89–2.69)
Severe preeclampsia 0.66 (0.09–5.10) 2.81 (1.79–4.43) 4.29 (2.12–8.69) 2.75 (1.74–4.34)
Gestational diabetes mellitus‡ 1.37 (0.73–2.57) 1.14 (0.93–1.39) 1.53 (0.96–2.43) 0.99 (0.78–1.26)
Cesarean delivery§ 1.35 (1.04–1.76) 1.33 (1.18–1.50) 1.46 (1.19–1.80) 1.26 (1.10–1.45)
Placental abruption 0.68 (0.33–1.40) 0.68 (0.33–1.40) 1.63 (0.74–3.57) 1.93 (1.18–3.14)
Intrauterine growth retardation 1.77 (0.86–3.65) 1.57 (1.17–2.11) 3.69 (2.52–5.40) 3.44 (2.73–4.34)
Preterm labor 1.64 (1.00–2.68) 1.81 (1.48–2.22) 3.27 (2.49–4.29) 2.97 (2.49–3.54)
Postpartum hemorrhage 0.91 (0.46–1.80) 1.35 (1.01–1.80) 1.15 (0.70–1.89) 1.42 (1.07–1.88)
Rehospitalized¶ 1.27 (0.90–1.77) 1.34 (1.12–1.61) 1.46 (1.18–1.82) 1.48 (1.25–1.74)

Infant
Fetal distress 0.94 (0.65–1.38) 1.18 (0.96–1.45) 1.22 (0.99–1.52) 1.28 (1.06–1.55)
Birthweight <2,500 grams 2.01 (1.24–3.26) 2.10 (1.71–2.58) 5.60 (4.40–7.14) 4.58 (3.89–5.37)
<37 weeks’ gestation# 1.75 (1.14–2.69) 2.17 (1.84–2.56) 4.41 (3.56–5.47)** 3.35 (2.91–3.87)**
Small for gestational age 1.30 (0.90–1.89) 1.26 (1.04–1.53) 2.40 (1.96–2.95) 2.25 (1.93–2.61)
Malformation 1.26 (0.75–2.10) 1.13 (0.89–1.42) 1.80 (1.31–2.46) 1.32 (1.06–1.66)
Rehospitalized¶ 1.43 (0.96–2.13) 1.17 (0.95–1.44) 1.80 (1.36–2.36) 1.51 (1.26–1.80)

* Values are the relative risk (RR) (95% confidence interval). RA = rheumatoid arthritis; SLE = systemic lupus erythematosus. RR
was estimated from Poisson regression with robust SEs, adjusted for birth year, maternal age, and parity.
† Cases/comparison.
‡ Among women without established diabetes mellitus: 1,206 women with RA, 12,159 women without; 1,337 women with SLE,
13,622 women without.
§ Among women without prior deliveries: 516 women with RA, 4,997 women without; 555 women with SLE, 5,596 women
without.
¶ Rehospitalized within 2 years of delivery discharge.
# P = 0.01 for difference between time periods in RRs of <37 weeks gestation for infants of women with SLE.
** Statistically significant.

REHOSPITALIZATIONS AMONG PREGNANT WOMEN WITH RA OR SLE 2029



these conditions should be encouraged to breastfeed, if
possible.

Increased maternal and infant rehospitalization postdelivery
in women with RA or SLE has not been reported previously and
yet carries significant clinical implications. Relatively large num-
bers of women with RA (12%) or SLE (16%) experienced a rehos-
pitalization after delivery, with similar numbers among their infants
(10% and 13%, respectively). The burden of rehospitalizations for
affected families is large, especially given the challenges of self-
care postpartum and of childcare in infancy and early childhood
during the 2 years after delivery. Reasons for rehospitalization var-
ied, with musculoskeletal conditions exhibiting the greatest risk of
maternal rehospitalization. A flare of disease possibly contributed
to these findings. Skin-, respiratory-, and genitourinary-related
hospitalizations may be related to maternal immunosuppression
and resultant infection. As women with SLE had an increased risk
of VTE, perhaps stroke contributed to the increased occurrence
that we observed of nervous system- or hematologic-related
rehospitalizations. Hematologic-related rehospitalizations may
also have been due to cytopenia, commonly seen in RA or SLE,
and specifically anemia, which was notable in our study. Plausibly,
endocrine-related rehospitalization was related to glycemic con-
trol in the setting of glucocorticoid use.

Preterm infants experience increased rehospitalization rates
due to respiratory- and infection-related causes (34). Infants of
women with SLE may have a greater likelihood of infection (35),
suggesting that this increased risk may be due to the women’s
impaired ability to provide antibodies to their offspring in the set-
ting of immunosuppression. Maternal immunosuppressive medi-
cation has not been shown to cause increased infant infection
risk or significant immune system dysfunction beyond slight alter-
ation to cell counts within the first year of life (36).

This study has several limitations. Our data included no infor-
mation about disease activity, SSA/SSB positivity, antiphospholipid
antibody positivity, or medications, all of which would have been
helpful to understand disease severity and reasons for rehospitali-
zation. Another limitation is that the state hospital discharge data
do not include federal (military) hospitals. This absence is unlikely
to have affected results, given the fact that few deliveries (3–5%) in
Washington State occurred in military hospitals, and that pregnant
women with conditions requiring intensive prenatal care who might
otherwise use military hospitals were likely referred to high-level
obstetric care in community hospitals for delivery.

The use of ICD codes at the time of delivery to identify
exposed women and the lack of outpatient information were limi-
tations. Inclusion of women with RA or SLE in the unexposed
group would have biased results toward null. Conversely, women
with preeclampsia or other pregnancy complications may have
been more likely to have RA or SLE identified at delivery hospital-
ization (biasing results away from null). If the exposed groups con-
tained largely women with more severe disease, this selection
bias would render results relevant to only a segment of this

population. Based on earlier work with these data, the positive
predictive value (PPV) for identification of RA based on ICD codes
in these records is 100% (37), indicating that our exposed women
truly had this disease; 40% sensitivity suggests that some mis-
classification of women with RA into the unexposed group may
have occurred. Identification of RA in administrative data is
improved when medication, laboratory, and specialist care data
are available, and with access to >1 patient contact record (38).
The PPV for SLE diagnosis (versus medical records review) was
93% using health plan and birth certificate records (during 1 year
prior to pregnancy through delivery) including >1 inpatient visit
with a relevant diagnosis code or >2 outpatient visits >30 days
apart (39). PPV ranges from 60% to 98% using other algorithms,
including hospital discharge records (40–42).

Our results are based on a single state. Results from other
regions may differ, due to underlying differences in populations
(e.g., Washington State has lower prenatal smoking and obesity
levels than some other states) or health care delivery. Finally,
although our data are population-based, they are based on the
largely White population of our state. Future analyses with similar
data from more diverse regions are needed.

Our study also has several strengths. It is a large population-
based cohort study spanning multiple years with evaluation of
selected less-studied outcomes in pregnancy among women
with RA or SLE. We also present results on rehospitalizations
within 2 years of delivery among women with RA or SLE and their
infants.

Women with RA or SLE should be monitored closely in the
year following delivery tominimize rehospitalization, particularly dur-
ing the first 6 months postpartum. Infants of women with SLE
should be monitored closely following delivery, and further study
should be conducted to elucidate reasons for poor outcomes.
These novel findings can improve the health of these groups as well
as minimize the burden on the medical system. Hospitalizations are
burdensome for the patients, their caregivers, and the health care
system. Further research is needed to understand their cause and
to develop strategies for preventing rehospitalizations postpartum.
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